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Abstract

Positive interactions among non-native species could greatly exacerbate the problem of

invasions, but are poorly studied and our knowledge of their occurrence is mostly limited

to plant-pollinator and dispersal interactions. We found that invasion of bullfrogs is

facilitated by the presence of co-evolved non-native fish, which increase tadpole survival

by reducing predatory macroinvertebrate densities. Native dragonfly nymphs in Oregon,

USA caused zero survival of bullfrog tadpoles in a replicated field experiment unless a

non-native sunfish was present to reduce dragonfly density. This pattern was also evident

in pond surveys where the best predictors of bullfrog abundance were the presence of

non-native fish and bathymetry. This is the first experimental evidence of facilitation

between two non-native vertebrates and supports the invasional meltdown hypothesis.

Such positive interactions among non-native species have the potential to disrupt

ecosystems by amplifying invasions, and our study shows they can occur via indirect

mechanisms.

Keywords

Aeshnidae, amphibians, biological invasions, facilitation, fishes, indirect effects, Lepomis

macrochirus, non-native species, pond communities, Rana catesbeiana.

Ecology Letters (2003) 6: 343–351

I N T R O D U C T I O N

Biological invasions threaten agriculture, commerce and

biodiversity worldwide, and understanding mechanisms of

invasions is one of the greatest challenges for ecology today

(Soulé 1990; Lövei 1997). Positive interactions among non-

native species could exacerbate the problem of invasions,

contributing to what Simberloff & Von Holle (1999) termed

an �invasional meltdown�. Facilitation among invaders is

thought to be common, but experimental evidence for

positive interactions has been sparse and mostly limited to

plant-pollinator and dispersal interactions (Simberloff & Von

Holle 1999; Richardson et al. 2000). We combined a field

experiment with field surveys to test the hypothesis that a

coevolved, positive interaction with non-native sunfish is

facilitating the invasion of bullfrogs (Rana catesbeiana Shaw).

Native to eastern North America, bullfrogs are broadly

invading western North America and have also been

introduced in Mexico, western Canada, Hawaii, Japan, Italy,

the Netherlands, Cuba and Jamaica (Green 1978; Stebbins

1985; Stumpel 1992). They are often introduced deliberately

for aquaculture but are then capable of rapid and

widespread expansion on their own (Jennings & Hayes

1985). Movements of 2.8 km have been documented but

bullfrogs are generally philopatric (Bury & Whelan 1984).

They are voracious predators and are considered detrimental

to native amphibians and other fauna (Moyle 1973; Bury &

Luckenbach 1976; Rosen & Schwalbe 1995). In both their

native and introduced range, bullfrogs are described as

occupying a wide range of aquatic habitats including lakes,

ponds, swamps, bogs and backwaters (Conant 1975;

Stebbins 1985). Bullfrogs are highly aquatic and breeding

appears generally confined to permanent water for the

multi-season development of their larvae (Bury & Whelan

1984). Several authors suggest that bullfrogs may have a

preference for human-created or human-altered water-

bodies, such as millponds and reservoirs (Wright & Wright

1949; Bury & Luckenbach 1976; Jennings 1988), but this has

seldom been tested (but see Zampella & Bunnell 2000).

In their native range, bullfrogs have been shown to have

a positive association with centrarchid sunfish (Werner &

McPeek 1994). Many eastern centrarchids have been widely

introduced in western North America (Moyle 1986)

representing a major, but often overlooked, ecosystem

alteration (Rahel 2000; Schindler et al. 2001). In western

North America, native fish are mostly riverine and most

Ecology Letters, (2003) 6: 343–351
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ponds are presumed to have been fishless historically (Moyle

1986; Bahls 1992). For example, 95% of western montane

lakes and ponds formerly lacked fish (Bahls 1992). The

introduction of fishes can be detrimental to native organisms

(Hurlbert et al. 1972; Knapp et al. 2001) and generally

benefits organisms with specific behavioural, chemical or

life-historical adaptations that allow coexistence with fish

(Kats et al. 1988; Wellborn et al. 1996). Bullfrogs are such an

organism; they are unpalatable to a variety of fishes (Kruse &

Francis 1977) but are consumed by predaceous macro-

invertebrates such as dragonfly nymphs (Aeshnidae, Odo-

nata) and diving beetle larvae (Dytiscidae, Coleoptera) that

are prey for some eastern warm-water fishes (Werner &

McPeek 1994). The presence of fish gives bullfrogs a

competitive advantage over other anuran larvae that sacrifice

growth to avoid predation by both fish and macroinverte-

brates (Werner & McPeek 1994; Kupferberg 1997).

Because of the coevolution of bullfrogs with centrarchids

in eastern North America, we hypothesized that predation by

introduced centrarchids on native macroinvertebrates is

indirectly facilitating the survival of bullfrog tadpoles in their

introduced range. Native fish in our area are small, gape

limited, and rare relative to non-native fish in lentic sites

where bullfrogs occur; they are not expected to impact

populations of large-bodied, predaceous macroinvertebrates

(Hynes 1950). We further hypothesized that an indirect

positive effect of non-native fish is leading to higher bullfrog

abundance and broader distribution in their introduced

range. We investigated the role of non-native fish in bullfrog

invasions using a manipulative field experiment and an

analysis of bullfrog distribution and abundance from pond

surveys in the Willamette Valley of Oregon, USA. The field

experiment used a factorial design to test the predictions that:

(1) non-native fish (bluegill, Lepomis macrochirus Rafinesque)

lower the abundance of native dragonfly nymphs, (2) native

dragonfly nymphs reduce the survival of bullfrog tadpoles

and (3) survival of larval bullfrogs improves when a non-

native fish is present. The field surveys were used to

determine how the effect of non-native fish on bullfrogs

compared with other factors could potentially relate to

bullfrog distribution and abundance. Our findings provide

the first experimental evidence of a positive interaction

between two non-native vertebrates.

M A T E R I A L A N D M E T H O D S

Study area

Our research was conducted in the Willamette Valley, which

is a 150-km stretch of the Willamette River flowing between

the Cascade Range and the Coast Range from Eugene to

Portland in western Oregon, USA. The valley is c. 30-km

wide on average and is characterized by deep soil deposits

from the Missoula floods 12 000 years ago. It is predom-

inately agricultural, but several urban centres including

Portland and Eugene exist and are growing rapidly (Holland

et al. 1995). Lentic habitats are numerous and are mostly

riverine in origin or are constructed (i.e. excavated or

impounded). They are a mix of ephemeral and permanent

hydroperiods and tend to fill during fall rains and dry in mid

to late summer. The climate is maritime and freezing

temperatures occur annually but are rare. The average

elevation is c. 150 m. Rana catesbeiana has invaded through-

out the valley. Native fish are mostly riverine, but several

species arrive at ponds via flooding or connections to

lotic habitats with some regularity: Richardsonius balteatus

(Richardson, 1836), Gasterosteus aculeatus Linnaeus, 1758 and

Cottus spp. The Willamette Valley is sometimes considered a

southward extension of the Puget Trough (Franklin &

Dyrness 1988) in terms of flora and fauna, but soils and

aquatic habitats differ considerably justifying its classifica-

tion as a separate ecoregion (Omernik 1987).

Field surveys

We used data from a 3-year study (1999–2001) of the habitat

associations of amphibians in the Willamette Valley of

Oregon to explore the factors associated with bullfrog

distribution and abundance. During the 3-year study, we

surveyed a total of 85 ponds and wetlands (hereafter ponds)

for bullfrogs and fish throughout the Willamette Valley

using a combination of visual encounter surveys, dip-

netting, and funnel trapping. Visual encounter surveys

involved two observers searching for fish and amphibians

by walking the perimeter of ponds in tandem and also

walking a zig-zag pattern through the portion of ponds

<0.75-m deep while searching for amphibians (Thoms et al.

1997). To allocate trapping and dip-netting effort within

ponds, we identified one to five major habitat associations

within each pond based on depth, vegetation and shading.

We allocated traps proportionately to the habitats using a

minimum of three traps for any habitat covering 50 m2. We

added an additional trap each time the area of the habitat

>50 m2 doubled (e.g. three traps for a 50-m2 habitat, four

for 100 m2, five for 200 m2, etc.; adapted from Adams et al.

1997). We also did three to five 2-m long sweeps with a

long-handled dip net in each habitat. A breeding population

of bullfrogs was considered present if eggs or larvae were

detected by any method. Bullfrog abundance was the

number of larvae captured in funnel traps per trap night.

Native or non-native fish were considered present if they

were detected by any method.

In addition to bullfrog and fish variables, we recorded

eight pond characteristics thought to be associated with

bullfrog distribution and abundance (variable names are in

capital letters). We determined if ponds were permanent by

344 M. J. Adams, C. A. Pearl and R. B. Bury
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visiting in late summer to see if they had dried (PERM).

Bullfrogs generally require permanent water for successful

recruitment in our area (Bury & Whelan 1984). We visually

estimated the percentage of a pond’s surface area that had

reed canarygrass (Phalaris arundinacea L.) which is an

aggressive invader that grows in dense, emergent stands

(PHALARIS). It often invades disturbed or created ponds,

and we hypothesized that it would have a positive

association with bullfrogs. As bullfrogs have the warmest

thermal tolerance of any anuran in North America (Bury &

Whelan 1984), we characterized SHADE by measuring the

angle from the pond centre at eye height to the top of the

tree line or horizon east, south and west using a handheld

clinometer. We used the mean of these measurements as an

index of shading.

We included three additional pond variables to test the

assertion that bullfrogs are associated with large, deep

waters that are altered or created by humans (Bury &

Whelan 1984). We measured AREA in m2 by obtaining

coordinates for multiple points around the perimeter of

each pond using a global positioning system and then by

measuring the area within the points using ArcInfo. We

visually estimated the percentage of a pond’s surface area

that had depth <0.75 m (SHALLOW). Finally, we classified

the ORIGIN of each pond as naturally occurring, altered (if

characteristics of the pond had been altered by onsite

construction), or constructed (if the pond would not have

existed without construction). We determined ORIGIN by

visual inspection, queries of management agencies, and

personal knowledge of a pond’s history.

We also obtained two landscape-scale variables: percent-

age FOREST and length of ROADS per hectare. Both were

measured using ArcInfo within a 1000-m belt around each

pond. Forest coverage data were from the 1998 Willamette

Valley Land Use/Land Cover Map available from the

Oregon Department of Fisheries and Wildlife. Although

bullfrogs are highly aquatic, we hypothesized that the adults

may need upland forest for dispersal and aestivation. Road

data were from 1999 and are available from the Bureau of

Land Management (http://www.or.blm.gov/gis/projects/

transportation/gtrn.asp). We included ROADS and a

measure of development around each pond because

bullfrogs have been described as a species well-adapted to

human-altered landscapes (Zampella & Bunnell 2000).

While traditional hypothesis testing would have allowed

a direct test of the association of bullfrogs with fish, we

preferred to rank the ability of multiple competing models

to approximate the observed distribution and abundance

of bullfrogs in the Willamette Valley. Ranking competing

models allows us to compare the importance of factors,

including non-native fish, thought to be associated with the

distribution and abundance of bullfrogs. Thus, we used an

information theoretic approach (Burnham & Anderson

1998) to compare the ability of 71 models to describe each

of two bullfrog response variables: (1) detected/not

detected (hereafter DETECTED) and (2) relative abun-

dance based on trap rate (hereafter ABUN). The 71 models

consisted of 11 univariate regressions, all but two pairwise

combinations of those 11 variables (see below), six

interaction models and the null model containing only an

intercept. The 11 variables used were the eight pond

characteristics described above and the presence of native

fish (NFISH), non-native fish (NNFISH), and any fish

(FISH). The six interaction models consisted of each fish

variable crossed with PHALARIS and with SHALLOW.

These were included because we hypothesized that the

effect of fish might depend on the structural characteristics

of a pond. The two pairwise combinations of predictors that

we excluded were NFISH + FISH and NNFISH + FISH

because we could think of no unique interpretation for these

models.

We used generalized linear modelling to fit each of the 71

models using binomial error when the response variable was

DETECTED and using Poisson error when the response

was ABUN. The latter was only approximately Poisson. We

fit these models using S-Plus 2000 (Anonymous 1999). We

used the function �extractAIC�, available in the MASS library

of S-Plus (version 6.2) and created by Venables and Ripley

(Venables & Ripley 1994), to calculate Akaike’s Information

Criterion (AIC) for each model. We then modified the

output AIC to achieve the small sample version called AICc,

which is recommended in cases such as ours when sample

size divided by the number of parameters is <40 (Burnham

& Anderson 1998).

The AICc provides a means of selecting the best model or

set of models given the data from a set of a priori models

(Burnham & Anderson 1998). It is a measure of the relative

information content of a model given the number of

parameters. After ranking the models, a probability that each

model is the best of R competing models given the data, can

be calculated based on the difference in AICc between the

given model and the best model. This is termed the AICc

weight (w) and can be calculated for model i as

wi ¼
expð�0:5DAICiÞ

PR
r¼1 expð�0:5DAICr Þ

where DAIC is the difference between the given model and

model with the lowest AIC (Burnham & Anderson 1998).

The cumulative weight (wcum; Table 1) is the probability that

the given model or one of the better models is the best

model given the data.

We used w to further evaluate the results of our analysis.

We considered w ‡ 0.9 to strongly suggest that the given

model is the best of the candidate models given the data. If

multiple models were necessary to obtain a cumulative

Facilitated invasion 345
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weight of 0.9 or higher, we concluded that the analysis did

not support a single model alone and then evaluated the

similarities and dissimilarities of the set of models with

wcum £ 0.9 (including the first model to exceed this limit).

To assess fit, we give the deviance for the best five models

and for the null model. Deviance is a measure of

goodness-of-fit, and residual df divided by residual

deviance is expected to be c. 1 for a well fit model

(McCullagh & Nelder 1989). Deviance is equivalent to

variance for normal error.

Field experiment

The experimental units were 96 · 132 · 107 cm wood-

frame enclosures completely covered with grey, fibreglass

window screen (mesh size c. 2 mm) which was removable

on top to provide access to the interior. To create structure,

we added three 70-cm, leaved willow stems (Salix sp.) and a

2-m length of nylon rope tied at opposite, upper corners of

each enclosure and allowed to hang in a U-shape draped on

the bottom of the enclosure. Four blocks of four enclosures

were set within a 24-year-old excavated pond in Corvallis,

OR, USA. Water depth was c. 1 m and did not vary over

time because of a stand pipe that regulated water level in the

pond. Treatments followed a factorial design, and factors

were fish (none or one bluegill) and aeshnid dragonfly

nymphs (none or 15). Bluegills were chosen because they are

the most common introduced centrarchid and because they

were shown to facilitate bullfrog survival in their native

range (Werner & McPeek 1994).

The dragonfly nymphs were comparably sized mid- and

late-instar Aeshna multicolor Hagen, 1861, Aeshna californica

Calvert, 1895 and Anax junius (Drury, 1773). The density of

dragonfly nymphs varies widely in nature with densities as

high as 150–290 m)2 in lakes and 25 m)2 in experimental

enclosures with fish present (Johnson et al. 1996). Densities

in our region have not been reported, but one study found

up to 9.2 late instar nymphs per m2 using dip-netting, which

likely undersamples density (C. Beatty, Oregon State

University, unpublished data). We used 12 mid-instar

nymphs (9.2 m)2) and three late-instar nymphs, making a

total density of 11.5 m)2. Most of the late-instar nymphs

(�xx ¼ 2:3, range 1–3), as expected, emerged within 11 days

of initiating the experiment.

The experiment began with the addition of 50 bullfrog

tadpoles (2 days post-hatching) on 28 June 2000. We then

randomly assigned each of the four treatment combina-

tions to an enclosure within each block. Aeshnids were

added 24 h after the tadpoles and fish were added 24 h

after the aeshnids. We terminated tests on 7 August (two

blocks) and 8 August 2000 (remaining two blocks) by

pulling the enclosures from the water and preserving all

tadpoles, fish and aeshnids for quantification in the

laboratory. At the beginning of the experiment, aeshnids

averaged 29.7 mm total length (SD ¼ 7.4); bluegill aver-

aged 26.6 g (SD ¼ 1.7) and had gapes averaging 6.3 mm

(SD ¼ 0.5). All the bluegill survived. A variety of

alternative prey species for fish and aeshnids invaded the

enclosures (e.g. chironomid larvae, amphipods, microcrus-

taceans) during the experiment, but 12 zygopteran larvae

(damselfly; total length 10–17 mm) were added to all

enclosures on three occasions to ensure availability of

larger prey items.

Response variables were the proportion of tadpoles and

the proportion of aeshnids surviving till the end of the

experiment. Proportional responses are best modelled using

logistic regression, which incorporates binomial error and

uses a logit link to make the model linear (McCullagh &

Nelder 1989). We used the GLM function in S-Plus 2000

(Anonymous 1999) to produce such a model. To test the

significance (a ¼ 0.05) of the main effect of fish, the

main effect of aeshnids and the interaction, we evaluated

the deviance explained by each factor (McCullagh &

Nelder 1989). To compensate for overdispersion (residual

error > residual df), we used an F statistic rather than chi-

square to test significance (Crawley 1993). The number of

tadpoles or aeshnids originally stocked in each enclosure

was the binomial denominator.

Table 1 The top five models describing occurrence of bullfrog breeding populations (detected/not detected) in the Willamette Valley, OR,

USA. Ranking of models is based on the small sample version of Akaike’s Information Criterion (AICc). The null model, containing only the

intercept, is shown for comparison. The weight (w) is the probability that a model is the best of the candidate models given the data, and wcum

is the cumulative sum of the w�s. df are shown as model, residual

Model df Residual deviance AICc w wcum

FISH + SHALLOW 3, 82 74.56 83.06 0.449 0.449

NNFISH + SHALLOW 3, 82 75.99 84.49 0.220 0.669

FISH · SHALLOW 4, 81 74.50 85.26 0.149 0.818

NNFISH · SHALLOW 4, 81 75.25 86.01 0.103 0.921

FISH + ROADS 3, 82 79.05 87.55 0.048 0.969

Null 1, 84 115.17 119.32 <0.001 1.000
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R E S U L T S

Field surveys

Four models were necessary to reach wcum ‡ 0.9 when the

response variable was presence of a breeding population of

bullfrogs: FISH + SHALLOW (w ¼ 0.45), NNFISH +

SHALLOW (w ¼ 0.22), FISH · SHALLOW (w ¼ 0.15),

and NNFISH · SHALLOW (w ¼ 0.10) (Table 1). Bull-

frogs were most common in relatively deep ponds where

non-native fish were detected (bullfrogs occupied 86% of

such ponds). The probability that bullfrogs would be

present increased from 0.13 at ponds where fish were not

detected to 0.67 when fish were detected or from 0.20 at

ponds where non-native fish were not detected to 0.74 when

non-native fish were detected. The interactions were only

weakly supported, but are apparently because of a small

increase in the positive effect of FISH or NNFISH as

SHALLOW increased (Fig. 1). As all four models contain

SHALLOW and a term for some type of fish, this analysis

provides strong evidence that the effects of fish in general

and the bathymetry of ponds are the best predictors of

bullfrog presence given the data. However, because four

models were necessary to reach wcum ‡ 0.9 and because

these models differed with respect to the fish variable, the

analysis does not conclusively indicate whether the type of

fish is important.

The best predictors of the abundance of bullfrogs were

NNFISH and SHALLOW, with the model that included

both main effects and the interaction being strongly

favoured over all others (w ¼ 0.99; Table 2). The trap rate

of bullfrogs increased from 0.1/trap-night in ponds where

non-native fish were not detected to 0.9/trap-night in

ponds where non-native fish were detected. The interac-

tion was because of an increase in the positive effect of

NNFISH as SHALLOW increased (Fig. 2). The abun-

dance of bullfrogs had a positive association with

SHALLOW when non-native fish were detected and a

negative association with SHALLOW when non-native fish

were not detected.

A total of 45 of 85 ponds had at least one species of

fish. The non-native fish found were (with number of

ponds in parentheses) Gambusia affinis (Baird and Girard

1853) (25), Lepomis spp. (20) (L. gibbosus (Linnaeus 1758);

L. macrochirus Rafinesque, 1819; and apparent hybrids),

Micropterus salmoides (Lacepede 1802) (6), Ictalurus spp. (3),

Perca flavescens (Mitchill 1814) (1) and Pomoxis sp. (1). Native

fish were Gasterosteus aculeatus (22), Cottus spp. (7),

Richardsonius balteatus (4), unknown salmonids (3) and

Rhinichthys sp. (1). Of the 45 ponds with fish, 34 ponds

had at least one species of non-native fish present, and 18

had only non-native fish. A total of 26 ponds had at least

one native fish present, and 10 had only native fish. One

pond had only an unidentified fish.

Field experiment

The field experiment supported the hypothesis that non-

native bluegill facilitate bullfrog survival by decreasing the

abundance of native aeshnid dragonfly nymphs. Survival of

bullfrogs decreased from 57% in the no-aeshnid treatments

to 10% in the aeshnid treatments (F1,9 ¼96.96, P < 0.001;

Fig. 3). The main effect of fish was not significant

(F1,9 ¼ 1.49, P ¼ 0.253) but a significant interaction with

aeshnids indicated that fish decreased the negative effect

of aeshnids on bullfrog survival (F1,9 ¼ 20.82, P ¼ 0.001;

Fig. 3). Aeshnid survival decreased from 85% in the control

treatments to 13% in the bluegill treatment (F2,9 ¼ 70.95,

P < 0.001; Fig. 3). Bluegill presence explained 88% of the

total deviance in aeshnid survival, and aeshnid presence

explained 76% of the total deviance in bullfrog survival.

Percent shallow

0

10

20

30

40

50

60

70

80

90

Non-native fish

P
er

ce
nt

 o
f p

on
ds

 w
ith

 b
ul

lfr
og

s

21 17 13 34

P
er

ce
nt

 o
f p

on
ds

 w
ith

 b
ul

lfr
og

s
Any fish

0

10

20

30

40

50

60

70

80

90
26 12 19 28

Not detected

Detected

Figure 1 Comparison of pond occupancy by breeding populations

of bullfrogs at 85 ponds in the Willamette Valley, OR, USA. The

Y-axis is the percentage of ponds in the indicated category where

we detected breeding populations of bullfrogs. Sample size is

shown above each column.
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D I S C U S S I O N

The �invasional meltdown� hypothesis (Simberloff & Von

Holle 1999) suggests that positive interactions among non-

native species are prevalent and that establishment of non-

native species can increase the probability of further

invasion. This runs counter to the biotic resistance theory,

but has gained some support from observations in the Great

Lakes and in San Francisco Bay showing an accelerating rate

of invasion (Cohen & Carlton 1998; Ricciardi 2001) and
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Figure 2 A comparison of bullfrog relative abundance (number

caught per trap-night) at 85 ponds in the Willamette Valley, OR,

USA. Data are mean and standard error (SE). Sample size is shown

above each column.
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Figure 3 Results of a manipulative field experiment conducted in

2000. Data are mean and standard error (SE) of survival of bullfrog

and aeshnid larvae in field enclosures.

Table 2 The top five Poisson regression models describing the trap rate of bullfrogs for the Willamette Valley, OR, USA. Ranking of models

is based on the small sample version of Akaike’s Information Criterion (AICc). The null model, containing only the intercept, is shown for

comparison. The weight (w) is the probability that a model is the best of the candidate models given the data, and wcum is the cumulative sum

of the w�s. df are shown as model, residual

Model df Residual deviance AICc w wcum

NNFISH · SHALLOW 4, 81 100.50 111.26 0.998 0.998

FISH · SHALLOW 4, 81 114.74 125.50 0.001 0.998

NNFISH + ORIGIN 4, 81 115.24 126.00 0.001 0.999

NFISH · SHALLOW 4, 81 115.30 126.06 0.001 1.000

PERM + ORIGIN 4, 81 118.46 129.22 <0.001 1.000

Null 1, 84 163.11 167.25 <0.001 1.000
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from numerous comparative studies suggesting positive

interactions among invaders (Simberloff & Von Holle

1999). More rare has been the coupling of manipulative

experiments with comparative studies to test suspected

positive interactions among non-native species (Simberloff

& Von Holle 1999). Positive interactions among non-native

vertebrates have not, to our knowledge, been experimentally

documented prior to our study.

Our experiment shows that an indirect, positive interac-

tion between bluegill sunfish and bullfrogs facilitates the

survival of bullfrog tadpoles. Moreover, presence of non-

native fish coupled with the percentage of a pond <0.75 m

deep, explains bullfrog abundance in the Willamette Valley

ponds we sampled decidedly better than any of the other

models we examined. However, when the presence of a

breeding population of bullfrogs was the response variable,

our analysis of field surveys did not lead to a clear

distinction between non-native fish and a general variable

indicating the presence of any species of fish. Ten of the 51

sites we surveyed that lacked non-native fish hosted

breeding populations of bullfrogs. Native fish do not

explain this pattern as six of the 10 ponds lacked fish

completely. Bullfrogs are known to sometimes persist in the

absence of fish in other parts of their native (Werner &

McPeek 1994) and introduced range (Schwalbe & Rosen

1988). We hypothesize that natural variation in the size or

density of predaceous macroinvertebrates could explain this

pattern.

Our analysis of bullfrog abundance at ponds in the

Willamette Valley strongly supports the hypothesis that non-

native, rather than native, fish facilitate bullfrogs. However,

the ambiguity in our analysis of bullfrog presence leaves

open some possibility that native fish could have a similar

effect. We suggest that native fish are unlikely to have an

important effect on the distribution of bullfrogs because:

(1) native fish are strongly gape limited, and available

information suggests they do not ingest many predaceous

macroinvertebrates (e.g. Hynes 1950), (2) native fish are

comparatively rare in lentic habitats in the Willamette Valley

(natives occupied 31% of the ponds we surveyed compared

with 53% for non-native fish), and (3) native fish were not

an important predictor of bullfrog distribution and abun-

dance compared with other variables. Thus, our study

suggests that the introduction of bluegill and perhaps other

centrarchids in the Willamette Valley is facilitating the

invasion of bullfrogs. However, further research is needed

to conclusively demonstrate whether this effect is because of

a difference in the feeding habits of native and non-native

fish or whether it is simply because of an increase in the

proportion of ponds occupied by fish.

Facilitation between non-native species can fall into a

number of categories, but the most commonly suspected

examples involve plant–pollinator interaction or dispersal-

related cases (Simberloff 1986). In the case of bullfrogs and

centrarchids, the facilitation stemmed from a co-evolved,

commensal relationship. The positive effect of bluegill

sunfish on bullfrogs results from fish predation on macro-

invertebrates that prey on bullfrog larvae in both their native

(Werner & McPeek 1994) and introduced range (this study).

The macroinvertebrate species involved differed between

the native and non-native range of the bullfrog.

The variable SHALLOW was included in every model of

field surveys with wcum ‡ 0.9 for both response variables,

but its effect was mixed. Bullfrogs were less likely to breed

in SHALLOW ponds whether or not fish were present, but

also reached their highest abundance in relatively shallow

ponds with non-native fish present (Fig. 1). This suggests

that shallow ponds can be productive bullfrog breeding sites

if non-native fish are present, but that bullfrogs are unlikely

to be found at such ponds. Shallow ponds are less likely to

be permanent (in our study, 28% of shallow ponds were

classified as permanent compared with 76% of deep ponds)

and bullfrogs may avoid them for that reason. Given that we

assessed permanence for some ponds during drought

conditions, the variable SHALLOW may have been a better

indicator than PERM of the probability that surface water

will persist through a more average year (see below). Shallow

ponds also tend to have more aquatic vegetation, which

provides cover, oviposition sites and hunting perches for

aeshnids (Corbet 1999). We do not know if the effect of

SHALLOW is related to macroinvertebrate densities, but

this could explain the increase in the effect of non-native

fish on abundance in shallow compared with deeper ponds.

General descriptions of bullfrog preferences for large,

altered or constructed lentic habitats were not well-supported

in our analysis and have not been well-documented in other

parts of the bullfrog’s range (Wright & Wright 1949; Stebbins

1985; Jennings 1988; but see Zapella & Bunnell 2000). Our

results gave little support for the effects of pond origin, size or

permanence. The low importance of permanence is especially

surprising because bullfrogs typically require permanent water

for their larvae to overwinter in our area (Stebbins 1985).

There was a positive trend (bullfrogs were found breeding in

61% of 42 permanent ponds compared with 20% of 43

temporary ponds), but PERM was not a good predictor

compared with NNFISH and SHALLOW. As we did not

observe the success of breeding we do not know if

recruitment in temporary and permanent ponds was

comparable. Our study overlapped a drought, and many of

the ponds that we classified as temporary may be permanent

most years.

The invasions of non-native fishes and bullfrogs are both

contributing to amphibian declines in western North

America (Kupferberg 1997; Adams 1999; Knapp et al.

2001; Blaustein & Kiesecker 2002). Hayes & Jennings (1986)

argued that effects of non-native fish merit greater concern
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than bullfrogs in low elevation habitats. Recent field studies

in the Pacific north-west support this argument (Richter &

Azous 1995; Adams 1999, 2000). Many invasions, including

that of the bullfrog, will be very difficult to control directly,

but managing habitats and communities to resist invasion

offers hope for progress. We suggest that fish can be viewed

as a sort of keystone invader in the formerly fishless ponds,

lakes and wetlands that were once common in the west.

Organisms must possess special adaptations like small size,

low-activity levels, or unpalatability to co-occur with fish,

and fish predators alter pond trophic dynamics via a variety

of direct and indirect pathways (Kats et al. 1988; Wellborn

et al. 1996; Schindler et al. 2001). Our study suggests that

reducing the distribution and abundance of bluegill and

perhaps other non-native fishes of similar feeding charac-

teristics has potential to reduce the abundance of bullfrogs

in their introduced range.

It is increasingly clear that indirect trophic effects,

including positive interactions, are critical to the formation

of ecological communities (Werner & McPeek 1994;

Stachowicz 2001). Positive interactions among non-native

species can occur directly or indirectly and are thought to be

prevalent in the process of invasion, but have seldom been

experimentally demonstrated (Simberloff & Von Holle

1999; Richardson et al. 2000). Our findings provide the first

experimental evidence of an indirect, faciliatory relationship

between two non-native vertebrates and underscore the

need for greater attention to positive interactions among

non-native species.
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Water Table and Plant Species Relationships in 
Sierra Nevada Meadows 

BARBARA H. ALLEN-DIAZ 
Department of Forestry and Resource Management, 145 Mulford Hall, 

University of California, Berkeley 94720 

ABSTRACT.-Baseline information on water table fluctuation patterns was collected at 
Sagehen Creek Field Station, near Truckee, California, from June 1987 through November 
1989. Relationships between plant community types and water table patterns were examined. 
Water table patterns were determined from bimonthly measurements of piezometers. Species 
composition was determined using a 10-point frame placed randomly near each piezometer. 
Four distinctive water table patterns were identified based on examination of specific water 
table variables during 2 growing seasons. Five plant community types were identified, 
designated Deschampsia caespitosa/Carex nebrascensis, Poa pratensis/Potentilla gracilis, Poa 
pratensis/Carex, Carex angustata/Poa pratensis and Carex angustata. These plant communities 
were related to specific water table patterns. The D. caespitosa/C. nebrascensis type expe- 
rienced the greatest annual fluctuation in water table of any of the types. The P. pratensisl 
Carex plant community type occupied sites with the smallest water table fluctuation. Water 
table patterns associated with the P. pratensis/Potentilla gracilis community type indicated 
dry sites, whereas Carex angustata sites had small overall water table fluctuations and were 
generally wet to moist sites. The complexity of the physical and biological components of 
meadow ecosystems was demonstrated, suggesting site variation and changes in meadow 
species may be predicted by monitoring water table pattern. 

INTRODUCTION 

Meadows occupy less than 10% of the land area in California's Sierra Nevada (Ratliff, 
1985). Meadow systems contrast with surrounding forests providing specialized habitat for 
terrestrial and avian fauna, unique habitat for meadow-endemic species and forage and 
water for grazing animals. 

Sierra Nevada meadows have a 130-yr history of human use. Livestock grazing began 
in California with the founding of the Spanish missions in 1769 (Burcham, 1957). By 1830 
ca. 400,000 cattle grazed in the state, primarily along the coast and Central Valley of 
California associated with the missions. With the gold rush and great influx of people about 
1850, cattle numbers had risen to about 1 million head. By 1860, with increasing human 
populations and concomitant settlements, fencing, and the rise of industrial agriculture, 
stockraisers began to trail their animals to Sierra Nevada meadows to take advantage of 
the green forage and water and relief from the long, hot summer months in California's 
Central Valley (Allen, 1989; Kosco and Bartolome, 1981). 

Unregulated cattle and sheep grazing degraded meadow resources (Ratliff, 1985; Shar- 
smith, 1959; Sumner, 1941). Early efforts by the Forest Service and National Park Service 
to control grazing were ineffective (Kosco and Bartolome, 1981). However, by the 1920s 
domestic livestock numbers were being reduced and efforts commenced in some areas to try 
to repair damaged meadow systems. The installation of dams to slow stream flow, check 
streambank erosion and raise water tables to encourage meadow species (Burcham, 1957) 
had limited success. 

Although livestock numbers on mountain meadows have been reduced, other uses have 
increased (Ratliff, 1985). Human recreational use of meadows has resulted in trampling 
damage. Horses and mules still use meadows although the large pack trips of the early 
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1900s, often with as many as 100 head of stock, are gone (Ratliff, 1985; McClaran, 1989). 
Timber harvesting and road building have had an unknown effect on meadow hydrology 
and sediment loading. 

Classification of Sierra Nevada meadows serves two major purposes. Early classifications 
focused on the condition and grazing capacity of meadows (Sumner, 1941; Crane, 1950; 
Ellison et al., 1951; Bennett, 1965). Later researchers have sought to explain the ecologic 
variability of meadow types and relate them successionally (Strand, 1972; Ratliff, 1982; 
Benedict, 1982). With the exception of Crane (1950), research has focused on meadows W 
of the Sierra crest. 

Baseline ecological studies relating meadow plant communities to environmental factors 
were conducted in the W-central Sierra by Heady and Zinke (1978). They found that soil 
texture, development and pH were not related to observed differences in botanical com- 
position of the meadows. Rather, drainage or water table levels appeared to be the main 
determinants of vegetation types within meadows. Six classes of meadows were distinguished 
based on the degree of drainage (Heady and Zinke, 1978). Wood (1975) stated that the 
single most important factor explaining the distribution of meadows in the southern Sierra 
Nevada is the presence of a shallow water table throughout the year. 

No other Sierra Nevada studies of meadows, exclusive of fens, have had their water table 
patterns examined for longer than 6 mo. Halpern (1986) recorded water table fluctuation 
for 4 mo and related plant community composition to water table variables in Sequoia 
National Park. He found that depth to water table, water movement and shading were the 
most important variables explaining plant community composition. Manning et al. (1989) 
presented 6 mo of water table data from western Nevada to help explain plant community 
type and rooting patterns. 

The objectives of this study were to (1) collect baseline information describing water table 
fluctuation over a yearly cycle, and (2) determine if there is a relationship between water 
table pattern and meadow species composition in Sierra Nevada meadows. 

METHODS 
The study site. -Sagehen Creek Basin is located on the eastern slope of the northern 

Sierra Nevada, approximately 13 km north of Truckee, California. Elevation of the basin 
averages 1900 m. The basin is in the orographic rainshadow of the Sierra and thus is 
occupied in the lower elevation and xeric areas by species characteristic of the Great Basin 
like Artemesia tridentata ssp. wyomingensis with scattered patches of Purshia tridentata. The 
shrub types merge into open stands of Pinus jeffreyi with P. ponderosa and P. washoensis in 
association with Wyethia mollis and Arctostaphylos patula. Higher elevations in the Basin 
are dominated by Abies concolor and A. magnifica forests commonly associated with Ceanothus 
velutinus, C. prostratus and Symphoricarpos spp. (Morrison et al., 1985). 

The mesic meadow/riparian areas are occupied at the border by Pinus contorta var. 
murrayana in stands of various densities with understory species including Ceanothus prostra- 
tus, Rosa woodsii, Monardella ordoratissima and Artemesia tridentata. 

Fens are found throughout the Basin at the lower elevations along Sagehen Creek and 
in the meadows within 200 m of the creek. The fens are alkaline peatlands dominated by 
mosses, especially Drepanocladus aduncus and Cratoneuron filicinum, Carex spp. and other 
hydrophytes like Tofeldia glutinosa (Bartolome et al., 1990). Vaccinium occidentale and Salix 
eastwoodiana occupy the margins of the fens. 

Grass- and forb-dominated meadows and mesic sedge/grass meadows occur throughout 
the Basin. Two large meadow systems were selected for this study. A 4-ha meadow called 
Sagehen Meadow is adjacent to the Field Station and has been ungrazed for the last 35 yr. 
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Another 4-ha meadow named Kiln Meadow is approximately 1.5 km upstream from the 
Station, adjacent to a public campground, and is grazed by sheep for approximately 2 wk 
each year in late August. All other meadow systems in the Basin have been grazed by 
livestock since the late 1800s. 

Precipitation averaged 93 cm/yr from 1961-1989 (University of California, 1988). Most 
precipitation falls as snow generally between November and March. November snowfall 
averages 55 cm, while average January snowfall is 101 cm. Snow often stays on the meadows 
into April. Mean monthly temperatures vary with an average high temperature of 13.9 C 
and a low average of -4.3 C during the 1961-1989 recording period. The warmest months 
are July and August (26 C) and the coldest months are December through February, 
averaging -10.5 C. 

During the study, precipitation was less than average (66 cm/yr) and average snowfall 
was 75% of the long-term average. However, 16 yr of the 28-yr recording history had 
precipitation and snowfall less than the long-term average. Temperatures during the study 
were on average 0.5 C deg warmer than the high temperature average, and 0.3 C deg cooler 
than the long-term low temperature average. 

Data collection-water table data. -Water table information was collected from 60 piezom- 
eters placed in randomly located transects within Sagehen and Kiln meadows. A grid was 
placed over aerial photographs of the meadow systems and random numbers were used to 
select five grid lines perpendicular to Sagehen Creek. The lines were located on the ground 
using trees and other landmarks. Each of the five resulting transects was placed perpen- 
dicularly to Sagehen Creek. Piezometer pipes were placed systematically along the transects 
at intervals of 2 m, then 10 m, 10 m, 10 m and finally 50 m apart to span the distance 
from creek edge to the forest. This resulted in different numbers of piezometers per transect 
depending on the width of the meadow at the location of transect. 

The piezometers were constructed from 8-cm diam by 1.5-m PVC pipe, which was 
perforated in the bottom third and wrapped with landscape filter cloth. Each piezometer 
was capped and placed along the transect in a hole bored with a standard soil auger to a 
depth of approximately 1 m, or until water, gravel or rocks prevented further drilling. 
Finally, each piezometer hole was packed with bentonite clay around the hole opening. 

After waiting several days for the water table to stabilize within the pipes, a dipstick was 
used to obtain measurements twice a month during the growing season and once a month 
during the winter. Winter measurements were occasionally missed because of bad weather. 
Measurements were recorded from June 1987 through December 1989. Measurements 
were taken before 9 a.m. in the summer to minimize diel influences. Distance from the 
ground to the top of the pipe and from the top of the pipe to the water table level inside 
the pipe were recorded. Water table level was determined by subtraction. 

The ground height of each pipe relative to Sagehen Creek was determined after conducting 
an elevation survey using a standard surveyor transit. Sagehen Meadow and Kiln Meadow 
pipes were referenced separately. 

Data collection-meadow species data. -Square 50-cm x 50-cm plots were located adjacent 
to each piezometer. Random numbers representing degrees of a circle determined direction 
from each pipe, while other numbers were randomly selected to determine distance from 
the piezometer up to a maximum of 1 m. The squares were marked with stakes to prevent 
trampling. 

Species composition was determined using a 10-point frame randomly placed within each 
50 cm x 50 cm plot. Fifty, first-hit points were recorded to species for each plot in July 
1989. Species composition, including litter and bare ground, was converted to percent cover. 
At each plot, canopy cover was recorded using a scale of 1-5. Open sites, shaded less than 

This content downloaded  on Wed, 6 Mar 2013 22:11:15 PM
All use subject to JSTOR Terms and Conditions

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page27

http://www.jstor.org/page/info/about/policies/terms.jsp


1991 ALLEN-DIAZ: WATER TABLE AND PLANT RELATIONSHIPS 33 

10% of the day, were rated 1; sites shaded 90% of the day were rated 5. Sites shaded 
approximately half the day were rated a 3, while ratings 2 or 4 were assigned to conditions 
in between. 

Aboveground production, at peak standing crop in July 1988, was clipped in 25 cm x 
25 cm sq quadrats at random locations within 1 m of each piezometer. Each sample was 
bagged, dried for 36 h at 65 C and weighed. 

Data analysis.-Data analyses first examined water table patterns, both graphically and 
through careful selection of water table variables for examination in cluster analysis. Next, 
meadow species composition data were classified using TWINSPAN (Hill, 1979a), and 
ordinated using DECORANA (Hill, 1979b) to investigate environmental gradients. Finally, 
water table patterns and meadow types were compared to elucidate relationships between 
them. 

Water table analysis. -Water table pattern was first graphed (depth over time) for each 
piezometer in order to get an idea of the variability in water table fluctuation. Variables 
were then selected to quantify the observed patterns with a focus on water table fluctuation 
during the growing season April through September. High water table, low water table, 
seasonal drawdown (high water table minus low water table), height above the creek, distance 
from the creek, canopy cover, aboveground biomass and number of months the water table 
was above 0, 20, 40 or 60 cm were variables used in the analysis. 

Each variable was examined for normality and log,0 transformations were made for the 
variables high water table, drawdown, and height above the creek to normalize their dis- 
tributions for specific analyses (Zar, 1984). Categorical variables, such as number of months 
the water table was above 20 cm, were used only in statistical tests which do not require 
normal distributions. A correlation matrix of water table variables was constructed in order 
to help select variables for later discriminant analysis (Ludwig and Reynolds, 1988); only 
uncorrelated variables were used in discriminant analysis. 

Water table variables were standardized (Z scores) to use in cluster analysis in the SPSS 
PC+ statistical package (Norusis, 1988). Each piezometer was treated as an independent 
site for cluster analysis. The SPSS PC+ cosine distance algorithm, which approximates 
Ludwig and Reynold's (1988) suggested chord distance, was used in the analysis. Un- 
weighted pair-groups method using arithmetic averages (UPGMA), called average linkage 
between groups in SPSS (Norusis, 1988), was used in construction of the classification 
dendrogram (Gauch, 1982). 

Water table variable means and standard errors were subsequently calculated for each 
water table group using the transect as the independent sampling unit. All variables without 
normal distributions and homogeneous variances (tested using Cochran's C and Bartlett- 
Box F tests) were subsequently examined using the nonparametric Kruskal-Wallis test for 
differences between means (Norusis, 1986). 

Finally, a classification rule was developed using discriminant function analysis in SPSS. 
The direct entry method was used as suggested by James (1985) and Ludwig and Reynolds 
(1988). Then stepwise analysis, setting P values to 0.1, was examined to compare results 
to the direct entry algorithm. All normally distributed (or normalized) interval or ordinal 
variables were used in analysis in different combinations. 

Vegetation analysis.-Meadow vegetation from 60 plots was classified using TWINSPAN, 
a polythetic divisive classification program developed by Hill (1979a). Fifty-four species 
were used in the analysis. Cutoff levels were set at the Braun-Blanquet cover scale of 0.5, 
3, 15, 38, 62 and 88% (Hill, 1979a; Mueller-Dombois and Ellenberg, 1974) for the analysis 
as these cut levels incorporated the variability in species cover. However, other cut levels 
including the program default of 0, 1, 3, 5, 10 and the DOMIN scale of 0, 1, 3, 8, 16, 30, 
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Water Table Patterns, Sagehen Creek, CA 
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FIG. 1.-Four distinctive water table patterns were identified in the Sagehen Creek Basin. Mean 

values for each sample date for each water table group are plotted. Water table pattern (WTP) 1 
exhibits little annual fluctuation and represents wet sites. Pattern 2 also exhibits little fluctuation, but 
overall mean water table depth is lower. Pattern 3 exhibits wide fluctuation in water table level, 
representing dry sites, but also sites with moss species, and Carex species which may not yet be 
responding to the drier conditions. Sites with water table pattern 4 tend to be drier grass/forb sites 

42, 68, 88 (Mueller-Dombois and Ellenberg, 1974) were used to determine if changes 
occurred in major vegetation types and how individual plots changed group membership. 

Plots were subsequently ordinated using DECORANA (Hill, 1979b), a detrended cor- 
respondence ordination technique derived from reciprocal averaging that orders plots (and 
species) along axes that may be ecologically significant (Gauch, 1982). Eight plots were 
removed as outliers from the ordination because each one contained two or fewer species 
with less than 5% cover or species composition which markedly affected the ordination 
space. The remaining 52 plots were arrayed along the DCA axes. 

Bivariate plots were constructed to examine potential relationships between each envi- 
ronmental variable and the DCA scores from axes 1, 2 and 3. Based on this initial exam- 
ination, environmental variables which had possible relationships were used in multiple 
regression to quantify correlations and relative contribution of different variables using SPSS 
(Norusis, 1986). Both stepwise and direct entry algorithms were used in multiple regression, 
again to compare model behavior with respect to the environmental variables. 

Environmental variable means and their associated standard errors were compared by 
vegetation groups identified in TWINSPAN. 

Finally, discriminant analysis (Norusis, 1988) was used to develop a classification rule 
for vegetation groups based on environmental variables alone, and environmental and species 
variables together. The environmental variables used in the analysis were low water table, 
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TABLE 1.-Mean values for important water table variables are listed by water table pattern group. 
The total number of piezometers within each group is shown in parenthesis. For each mean, standard 
errors (SE) are calculated for n equals five transects 

Water table pattern group 

Variable 1 (n = 18) 2 (n = 13) 3 (n = 18) 4 (n = 11) 

High water table (cm) -10.1 -35.0 -6.5 -42.9 
?1 SE -7.7/-12.5 -32.2/-37.8 -5.5/-7.5 -38.7/-47.1 
Low water table (cm) -25.7 -55.3 -90.2 -82.4 
?1 SE -20.9/-30.5 -53.3/-57.3 -88.4/-92.0 -77.6/-87.2 
Drawdown (cm) 15.5 20.1 83.7 39.7 
?1 SE 11.9/19.1 18.6/21.6 81.4/86.0 34.7/44.7 
Production (kg/ha) 3529 3387 2873 1690 
?1 SE 3483/3575 2705/4069 2257/3489 1230/2149 

high water table, canopy cover, distance from the creek, drawdown, production, and number 
of months the water table was above 40 cm. Important indicator species used in the analysis 
included Carex angustata, C. nebrascensis, C. lanuginosa, Poa pratensis and Deschampsia 
caespitosa. Results of stepwise entry in discriminant analysis with a set P value of 0.1 were 
compared with direct entry methods, again to examine how the model would respond and 
to look for patterns in results. 

Water table/plant community relationships. -Plant community types and water table pat- 
tern groups were first compared to determine the affinity of plant community types to a 
specific water table pattern. Next individual plant species distributions were compared to 
water table patterns and individual water table variables in order to explain observed 
patterns. Results of discriminant analysis, which used both environmental variables and 
species, were used to describe the plasticity of specific meadow species. 

RESULTS 

Water table results.-Cluster analysis identified four distinctive water table patterns in 
the Sagehen Creek Basin (Fig. 1). Mean comparisons among water table groups showed 
that high water table, low water table, drawdown and aboveground biomass production 
differed significantly among the water table groups (Table 1). Differences in canopy cover 
and height above the creek were insignificant among water table groups. Differences in 
distance of the piezometer along the transect were also insignificant among water table 
groups. Adjacent piezometers do not necessarily have similar water table patterns; often a 
piezometer water table pattern located close to the creek is most similar to a piezometer 
water table pattern located 30-100 m away. The only other variable differing significantly 
among water table pattern groups was the number of months the water table is above 40 
cm (determined by Kruskal-Wallis mean comparisons). Depth to water table during the 
growing season of group 1 was less than 40 cm for an average of 4.8 mo. Other group 
means averaged 1.5 mo for group 2, 2.1 mo for group 3, and 0.8 mo for group 4. 

Discriminant analysis using either direct entry or stepwise entry of variables identified 
two discriminant functions based on the variables low water table, high water table, and 
canopy cover. Low water table and high water table were significant with an expected 
classification result of 90% (Fig. 2). Water table pattern 3 has the most variability within 
the group. 
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FIG. 2.-Discriminant analysis plot of water table groups found at Sagehen Creek Field Station. 
Important discriminating variables include low water table (cm), high water table (cm) and degree 
of canopy cover. The predicted correct classification is 90%. * indicates a group centroid. All 60 
piezometers were used in the analysis 

Plant community results. -Analysis using TWINSPAN split major plant communities 
based on the presence or absence of Deschampsia caespitosa, Poa pratensis, Carex nebrascensis, 
C. angustata and C. lanuginosa. Other important species included Polygonum bistortoides and 
Potentilla gracilis. 

Five plant community groups were identified (Fig. 3). Group 1 is dominated by Des- 
champsia caespitosa and Carex nebrascensis. Group 2 is dominated by Poa pratensis and 
Potentilla gracilis and group 3 is largely composed of P. pratensis, Carex lanuginosa, and C. 
nebrascensis. Groups 4 and 5 are dominated by Carex angustata, though group 4 also contains 
P. pratensis and C. lanuginosa. 

These species have distinct individual distributions relative to the water table variables 
high water table and low water table (Fig. 4). Comparison of means and 1 SE about the 
mean shows that Carex angustata occupies wetter sites than C. nebrascensis, for example. 
Deschampsia caespitosa and Polygonum bistortoides occur in sites that have the lowest mean 
water table of any of the sites displayed in Figure 4. 

In the community analysis, regression analysis indicated that canopy cover (R = 0.65) 
and low water table (R = 0.73) were significantly correlated with the first DECORANA 
axis, indicating increasing canopy cover (shade) and rising low water tables from left to 
right. High water table (R = 0.62) and aboveground biomass production (R = 0.71) were 
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Tabular arrangement of meadow plant 
communities and primary species. 

.en vo~~ 

ot )C 

Q_U C CO 

Deschampsia ~ ~ ~ ~ C casits + 

Ul) C U1) la) 0 

oU) +_- 9_ a 

Aster~~~~~~~~~ occidetalisO 

c~C~ CI IO C U) _ D 

o.U c c 

Carex cn C+ 
co x U) U)O CL CL x~~~ 

L o 0- 0 0 0 

Deschampsia caespitosa + 

Aster occidentalis + 

Polygonum bistortoides + 

Carex nebrascensis + + + 

Trifolium longipes + + + 

Taraxacum officinale + + 

Potentilla gracilis + 

Poa pratensis + + + 

Carex lanuginosa + + + 

Carex angustata + + 

FIG. 3.-A tabular arrangement of meadow plant communities and major plant species condensed 
from TWINSPAN analysis of plots and species. Fifty-four species and 52 plots were used in the 
TWINSPAN analysis. Distinctive differences in species composition between the plant community 
types are displayed in terms of presence 

significantly correlated with the third DECORANA axis. However, only production was 
weakly (R = 0.30), but significantly (P = 0.02) correlated with the second DECORANA 
axis. 

Significant differences between vegetation groups occur in high water table, low water 
table, amount of drawdown, canopy cover and production (Table 2). No significant differ- 
ences in distance from, or height above the creek occurred between plant community groups. 

Discriminant analysis confirmed the importance of low water table level, high water table 
level, canopy cover and production as variables for distinguishing between meadow plant 
communities. These environmental variables alone resulted in a 69% correct classification 
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FIG. 4.-The distribution of several prominent plant species are displayed relative to mean high 

water table and mean low water table for the species. The symbol represents the intersection of means 
for the axes. Bars represent ?1 SE about the mean for each axis variable 

of plant community groups (Fig. 5). However, the addition of three plant species (Des- 
champsia caespitosa, Carex angustata and C. lanuginosa) to the model resulted in the expected 
correct classification increasing to 96% (Fig. 5). However, addition of the plant species to 
the model caused the group covariance matrix (as tested by Box's M statistic) to become 
unequal. Results using the direct entry and stepwise entry algorithms were the same. 

The eight plots removed from the TWINSPAN and DECORANA analyses are sites 
within the meadow systems, and indicate site variation within the meadow community as 
a whole. Two samples were fen communities which are characterized by the presence of 
mineral-rich, neutral pH water near the surface year-round (Bartolome et al., 1990) and 
have a water table pattern similar to #1 (Fig. 1). These sites are dominated by moss, and 
characterized by the presence of Eleocharis pauciflora, Aster alpigenus and Mimulus primu- 
loides. One other plot is associated with the fen sites because of the presence of Aster alpigenus; 
however, it is also dominated by Muhlenbergia filiformis, and has a water table pattern most 
similar to water table pattern 3. Two other plots were similar with the presence of Poa 
scabrella and Aster sp., though one of these two had 20% cover of moss. The moss site is 
flooded for a short period during the year. Finally, three sample sites were unusual because 
of their lack of vegetation; one site had 2% cover of Perideridia parishii, one site had 6% 
cover of Polemonium sp., and the third site had 2% cover of Osmorhiza chilensis and 2% 
cover of grass. These three sites had low water tables, often below -120 cm. 

Water table pattern/plant community relationships.-Eight of nine samples from plant 
community group 1, the Deschampsia caespitosa/Carex nebrascensis community, were asso- 
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TABLE 2.-Comparison of water table (WT) variable means by plant community type. Standard 
error (SE) of the mean is calculated for each variable based on five transects. The number of sample 
sites for each plant community is shown in parenthesis. Plant community group 1 is Deschampsia 
caespitosa/Carex nebrascensis; group 2 is Poa pratensis/Potentilla gracilis; group 3 is Poa pratensis/Carex; 
group 4 is Carex angustata/Poa pratensis; and group 5 is Carex angustata 

Plant community group 

Variable 1 (n = 9) 2 (n = 13) 3 (n = 13) 4 (n = 11) 5 (n = 6) 

High WT (cm) -6.4 -25.8 -18.6 -31.7 -2.9 
? 1 SE -3.8/-9.0 -20.7/-30.0 -16.2/-21.0 -23.1/-40.3 -0.1/-5.7 
Low WT (cm) -93.8 -61.7 -50.4 -51.2 -36.0 
?1 SE -88.5/-99.1 -46.3/-77.1 -41.6/-59.2 -46.6/-55.8 -27.8/-44.2 
Drawdown (cm) 87.4 35.0 44.3 18.2 31.2 
? 1 SE 82.1/92.7 21.4/48.6 31.4/64.1 14.6/21.8 22.2/40.2 

Canopy cover 1.5 2.5 3.4 4.2 4.8 
?1 SE 1.2/1.8 2.2/2.8 3.0/3.8 3.5/4.9 4.6/5.0 

ciated with water table pattern 3. This community occurs on sites with the greatest draw- 
down, the lowest low water table, and the lowest canopy cover during the growing season. 
One sample belonged to water table pattern 1, although species composition and lack of 
shade suggest that this site does belong to the D. caespitosa/C. nebrascensis community. 

The relationship between water table pattern and plant community group 2 was more 
complicated. This plant community type was dominated by Poa pratensis and Potentilla 
gracilis, with smaller amounts of sedges. Overall the water table pattern suggested drier 
sites than those sites with water table pattern 1. Ten of 13 samples belonged to water table 
pattern 2 or 4. These two water table patterns had the lowest seasonal high water table 
(see Fig. 1) and only differed in the amount of growing season water table fluctuation. 
However, one sample belonged to water table pattern 1 and two samples belonged to water 
table pattern 3. 

The third plant community was dominated by Poa pratensis, Carex lanuginosa and C. 
nebrascensis. Eleven of 13 sites belonging to this community belonged to water table pattern 
1 or 2. Although these two patterns differ in the absolute depth of the water table, their 
patterns exhibit the smallest water table fluctuation during the growing season (Fig. 1). 
Two sites of this community belonged to water table pattern 3, and plant species may not 
yet be responding to the greater water table fluctuation of pattern 3. 

Relationships between plant community group 4 and water table pattern were again 
more complicated. Group 4 was dominated by Carex angustata and Poa pratensis. Eight of 
11 samples belong to water table pattern 1 or 2, which are patterns with small growing 
season water fluctuation. Two samples belong to water table pattern 4 and one plot fell 
into water table pattern 3. 

Finally, four of the six samples representing plant community group 5 belonged to water 
table pattern 1. The other two samples belonged to water table pattern 3. These sites were 
dominated by Carex angustata with only minor amounts of other species. Carex angustata 
may be responding to high water table regardless of overall seasonal fluctuation. 

DISCUSSION 
Meadows of the Sagehen Basin occupy a physically and biologically complex system. 

This study identified distinctive water table patterns and determined that plant species cover 
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Fig. 5a. Fig. 5b. 

FIG. 5.-(a) Discriminant classification diagram of plant community types. Important discriminating 
variables in order of entry include canopy cover, high seasonal water table, production and low seasonal 
water table. With environmental variables only, plant community types 3 (Poa pratensisICarex) and 
4 (Carex angustata/Poa pratensis) do not separate well. Expected correct classification is 69%. * indicates 
a group centroid. (b) Discriminant classification diagram including Carex angustata, Carex lanuginosa 
and Deschampsia caespitosa in the analysis with the environmental variables in Figure 5a. Note that 
plant community groups 3 and 4 now separate. Including both environmental and species variables, 
the expected correct classification rises to 96%. * indicates a group centroid 

is related to these patterns. Water tables did not drop with distance from Sagehen Creek 
as was expected. Instead springs and seeps occurring throughout the meadow systems, with 
overland and underground water flows, resulted in local variation in water table pattern 
regardless of distance from the Creek. Evidence from soil borings also suggested that clay 
pans and other impervious layers may cause perched water tables. The water table pattern 
for any site was the same for both growing seasons (1988 and 1989) of the study, with the 
exception of slightly higher water tables for water table group 2 as a whole in the 1989 
season. 

Some of the plant community types identified in this research are similar to those identified 
by Ratliff (1982) in the southern Sierra. My Deschampsia caespitosa/Carex nebrascensis 
community is similar to Ratliffs D. caespitosa type. The Poa pratensisIPotentilla gracilis and 
P. pratensisICarex communities fall within Ratliffs P. pratensis type (Ratliff, 1982). How- 
ever, the two types dominated by Carex angustata/Poa pratensis and Carex angustata are not 
described by Ratliff or others in California. Carex angustata and C. nebrascensis closely 
resemble each other. Both are members of the Acutae. However, C. angustata is distinguished 
from C. nebrascensis primarily by the lack of blue-glaucous leaves, lack of red-dotted perigyni- 
um, and presence of a veined perigynium. 

Individual plant species occur in sites with wide fluctuation in a number of water table 
variables. For example, Carex angustata occupies habitats where the water table never gets 
below 55 cm. Dpsia aeshtosa itespitosa, on nl th ther hand, occupies sites where the seasonal 
water table drops below 70 cm. Some fen species such as Tofeldia glutinosa, may respond 
more to nutrients and pH than simple water table fluctuation (Bartolome et al., 1990). 

Association of individual plant species with a plant community as defined in this study 
is also variable. Carex angustata is more restricted than C nebrascensis relative to water table 
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patterns, and occurs in only two plant community types. Seventy-one percent of the samples 
with C. angustata occur in sites with very little water table fluctuation (pattern 1 or 2). 
However, 17% of the samples with C. angustata occur in sites with water table pattern 3, 
and 12% with water table pattern 4. Carex nebrascensis is much more variable relative to 
plant community association, occurring in three plant communities identified in this study, 
as well as more variable relative to water table pattern. Carex nebrascensis is associated 34% 
of the time with water table pattern 3, 26% with water table pattern 2, 23% with water 
table pattern 1, and 17% of the time with water table pattern 4. 

The eight samples which do not belong to one of the five plant communities identified in 
this study represent additional variation within the meadow ecosystem. The fen sites are 
distinguished by unusual water chemistry and soil development (Bartolome et al., 1990). 
However, the composition on the other sites is more difficult to explain. For some sites, the 
lack of species cover may be related to past grazing practices and these sites may be remnants 
of bedding grounds or other highly used areas. Although these sites did not have evidence 
of small mammal use, such past activity coupled with frost action in the soil surface may 
partially explain the inability of plants to recolonize these sites. The remaining sites, occupied 
by Poa scabrella and asters, are dry sites with rapid drawdown so that the water table level 
is below -120 cm, the depth of the piezometer. 

No differences in plant community type or water table pattern were apparent with respect 
to grazing. Kiln Meadow continues to be grazed by sheep for approximately 2 wk in late 
August. Sagehen Meadow has not been grazed by domestic livestock for ca. 35 yr. Both 
Kiln and Sagehen meadow sites contain representatives from all plant community types and 
all water table patterns. 

The potential for predicting change in meadow species composition based on changes in 
water table pattern is evident. The response in plant community will most likely be related 
to differences in individual species response, which will likely vary with type of water table 
change as well as rate of change. Some species such as Polygonum bistortoides and Carex 
nebrascensis are plastic relative to water table pattern; other species are much more restricted. 
However, in order to be useful to land managers, a change in water table pattern must be 
sensitive enough to predict changes in meadow species before they occur and regardless of 
the cause of the water table change. Future research will experimentally test the hypothesis 
that change in high water table, low water table, and drawdown affects individual plant 
species survival. 
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Introduction  

Over the last ten years, results from a series of meadow restoration demonstration 
projects in the Sierra Nevada have shown that large-scale meadow restoration will likely 
provide multiple benefits including water supply, water quality and habitat  (Heede 1979; 
Swanson, Franzen, and Manning 1987; Klein et al. 2007; Tague, Valentine, and Kotchen 
2008; Hammersmark, Rains, and Mount 2008; Loheide et al. 2009).  With support from 
NFWF, the US Forest Service, the Sierra Nevada Conservancy, Bella Vista Foundation and 
others, this work is now proceeding to a second phase of full-scale implementation across 
the Sierra.  In order to leverage the necessary support to make a landscape-level impact 
and efficiently learn from these restoration experiences there is a need for individuals and 
organizations who are involved in this exciting process to come to agreement around four 
dimensions of this future work: 

1) What meadows are there and how are they doing? 
2) Which ones should we restore or protect? 
3) How should we restore or protect them? 
4) Did the restoration succeed and can we do better next time? 

 
The objective of this project was to develop the framework and needed tools for 
answering these four questions and apply them in the Yuba and Mokelumne watersheds 
of the North-Central Sierra.  More specifically we groundtruthed meadow delineations 
and developed a rapid method for assessing their condition (question 1); we developed 
and applied methods for prioritizing meadows for restoration (question 2); we evaluated 
meadow restoration methods and populated a database of meadow restoration projects 
throughout the Sierra (question 3) and standardized data collection and reporting 
procedures for monitoring the effects of restoration (question 4).    

The methods we developed and the on-the-ground data for the Yuba and Mokelumne 
watersheds supply a replicable template that may be applied in other watersheds to focus 
meadow restoration effort where it will provide the greatest value.  The prioritized list of 
meadows we developed galvanized support of the top restoration candidate (see From 
Prioritization to Restoration, below) and, within six months, resulted in completed permits 
and three funding proposals.   

Our experience showed prioritization’s power to accelerate and focus restoration efforts.  
We also wanted to aid development of market-based funding for restoration, so funding 
may keep pace with increased restoration effort.  We compared costs of restoration using 
the database we developed, and where possible, estimated benefits of restoration.  The 
resulting cost to increase groundwater storage defines a price-point for market research 
on the demand for a meadow restoration credit (See Towards a Meadow Restoration 
Credit, below). 
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Our ultimate goal is to accelerate and improve meadow restoration.  The steps we took in 
this project focus on providing the infrastructure necessary for meadow restoration to 
gain and sustain momentum into its next phase, where watershed-scale impacts are 
anticipated.  This report briefly describes the methods we developed and presents 
findings from applying the methods in the Yuba and Mokelumne River watersheds.  

Meadow Definition 

An existing mountain meadow is an ecosystem type that is dominated by herbaceous 
species and supports plants that use surface water and/or shallow ground water 
(generally at depths of less than 1 m). Woody vegetation (e.g., trees and shrubs such as 
alder and willow) may occur, and be locally dense, but are not dominant. Historical 
mountain meadows are areas that once supported meadow vegetation as above but have 
been altered either hydrologically or by disturbance or both.  These alterations can be 
part of natural cycles or induced by human activity (from Weixelman, Cooper and Berlow, 
unpublished). 

Delineating Meadow Areas 

Thirty five meadows were delineated using GPS in the Yuba and Mokelumne watersheds 
and the resulting meadow outlines were compared with those in the California 
Department of Fish and Game (CDFG) meadow database, where meadows were identified 
from aerial photographs.  We found that GIS-derived values overestimate the meadow 
area in the Yuba and Mokelumne Watersheds by 100%.   

Our goal on the ground was to delineate the historic meadow area, including any conifer 
or shrub encroachment in order to estimate the potential area, if all meadows were 
restored.  To do this, we identified slope breaks and consistent boundaries of herbaceous 
meadow vegetation and selected these as the meadow edge.  In addition we estimated 
conifer encroachment (see Assessment, below).  Thus, the current meadow size can be 
determined by scaling the historic meadow area by the encroached-upon fraction.  The 
current meadow is also what would be visible on an aerial photograph –that is, one would 
expect our groundtruthed areas to be larger, rather than smaller than sizes estimated 
from aerial photographs. However, we found that, without exception, the CDFG aerial 
delineation overestimated meadow area, largely because the CDFG delineations include 
steep (>6% slope) alder and willow stringers (Figures 1 and 2) that are not considered 
meadows under the definition given above.  
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Figure 1. Freeman Meadow in the Yuba watershed is an example of the 
discrepancy between the CDFG aerial delineation (58 acres) and the 
groundtruthed meadow boundary delineation (34 acres).  Excluded areas are 
either >6% slope (bottom left) or narrow riparian stringers lacking meadow 
characteristics (center and right).  

In the Yuba River Watershed, the average groundtruthed area was only 52% ± 8% (95% CI, 
20 meadows) the size of the CDFG-delineated areas (Figure 2).   A similar discrepancy was 
found in the Mokelumne watershed, where the groundtruthed area is 53% ± 10% (20 
meadows) the size of the remotely determined area.  The total groundtruthed area of all 
meadows in both watersheds was 51% of the total CDFG-delineated meadow acreage.   
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Figure 2: CDFG-delineated and corresponding groundtruthed areas for each 
meadow.  Groundtruthed areas were always smaller than CDFG-delineated areas. 

In the Mokelumne and Yuba watersheds, the CDFG delineation overestimated meadow 
size in a consistent manner (R2 = 0.73, Figure 3).  The relation is simple:  a factor of 0.5 
corrects the CDFG estimate of average meadow size for these watersheds.  However, our 
watershed-specific approach will not allow us to extrapolate to correct estimates Sierra-
wide, until the relation is verified in other watersheds. Furthermore, we considered only 
meadows larger than 20 acres in the CDFG delineation (corresponding to an actual 
average size of 10 acres).  Because the current CDFG delineation often misclassifies 
riparian stringers as meadow, it seems likely that the aerial delineation may be more 
difficult for smaller meadows. 
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Figure 3 Meadow area calculated from the CDFG remote delineation consistently 
underestimates actual meadow area (y= 0.48x, R2= 0.73).  The 1:1 line is shown. 

Our results suggest a method to correct the current CDFG delineation.  The steeper slopes 
were easily flagged using GIS for likely exclusion from the delineation.  In addition, riparian 
stringers were usually visible in an aerial photograph, and after subtracting steep slopes 
and viewing a few images like Figure 1, we were able to improve the delineation markedly 
before going into the field.   

Meadow Assessment 

Our goal was to develop a rapid assessment method that can be used to quickly classify 
whole meadows based on condition. The resulting Condition Scorecard (Appendix B) is 
based on the framework of the EPA Physical Habitat Assessment (Barbour et al., 1999), 
with questions specific to mountain meadow ecosystems in the Sierra.  The assessment 
expands the methods of Purdy and Moyle (2008) to include condition indicators from 
outside the channel, such as conifer encroachment and the proportion of bare ground.  
The scorecard is qualitative in nature; however the scoring is based on quantitative 
measurements, such as bank height, percent bare ground, and length of gullies.  These 
measurements enable observers to be field-calibrated and return similar results.   

The meadow condition scorecard was developed and revised in collaboration with the 
following individuals: 

Katie Burdick, CABY IRWMP  

David Cooper, Colorado State University 

Kevin Cornwell, California Stat University, Sacramento  
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Steven Loheide, University of Wisconsin 

Amy Merrill, Stillwater Sciences 

Sabra Purdy, University of California, Davis 

Rodney Siegel, Institute for Bird Populations 

Jeff TenPas, US Forest Service 

Josh Viers, University of California, Davis 

Dave Weixelman, US Forest Service 

 

The scorecard was field tested and revised in collaboration with an interdisciplinary team 
from the Tahoe National Forest that included: 

Toby Bakos 

Tim Biddinger 

Genice Froehlich  

Carol Kennedy  

Victor Lyon  

Tina Mark 

Leigh Sevy 

Dan Teater 

Marilyn Terney 

Kathy Van Zuuk 

Dave Weixelman 

 

The original scorecard went through multiple revisions, based on field testing and peer-
review. A portion of the data we present for the Yuba Watershed was collected with an 
early version of the scorecard.  These data are identified with decimal scores.  All the low-
scoring meadows assessed with an early version of the scorecard were reassessed in the 
field with the final version to ensure that a uniform assessment was used for all meadows 
that were potential restoration priorities (see Rankings and Prioritization, below). 

Meadow condition was scored using six qualitative measures:   

1. Bank height 
2. Bank stability 
3. Length of gullies and ditches 
4. Vegetation cover (graminoid / forb ratio) 
5. Bare Ground 
6. Conifer or upland shrub encroachment. 

In addition, a checklist records anecdotal observations such as past restoration efforts, 
roads in or adjacent to the meadow and the amount of gopher disturbance. 
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An experienced field crew could conduct the assessment in 1-3 hours, depending on the 
size of the meadow and number of distinct meadow reaches.  Usually, including travel 
time, three meadows could be assessed in one day by a team of two observers. 

Scorecard Results  
American Rivers used the meadow scorecard to assess 47 meadows in the Yuba and 
Mokelumne River Watersheds.  This represented all publicly accessible meadows 20 acres 
or larger that were within a one-mile walk from a road. 

Six attributes of meadow condition were scored.  We will refer to the average meadow 
condition as scores averaged across all attributes.  The acute meadow condition indicates 
the fraction of attributes which scored in the lowest category.  This is calculated as one 
minus the fraction of scores in the lowest category, and results in acute conditions from 0 
(all attributes scored in the lowest category) to one (all attributes scored in the highest 
category).  For the lowest scoring meadows, the acute scores paralleled the average 
scores (Figure 4).  Thus the score ranking is robust to the choice of either average 
condition or acute condition, and we are not led astray by a meadow with high average 
scores, but some categories in heavily impacted condition.   

 

 

 

 

 

 

 

  

 Figure 4 Average score (the average across all six categories) and acute score (a 
measure of the number of categories receiving the lowest score) resulted in the 
same ranking for the lowest-scoring meadows. 

Meadows in the Yuba river watershed had fewer meadows in poor condition than the 
Mokelumne River Watershed (Figure 5) 
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Figure 5. The distribution of average scores in the Yuba and Mokelumne 
watersheds.  Meadows with an average score between 1 and 2 were heavily 
impacted.  The Mokelumne watershed had more meadows in heavily impacted 
condition (30%) than the Yuba watershed (6%). 

American Rivers currently maintains the database for scorecard data.  In addition to our 
work in the Yuba Watershed,  UC Davis used the meadow scorecard to assess 65 
meadows distributed throughout the Sierra Nevada (Jensen and Viers 2011) , and 
Stillwater Sciences used the scorecard to assess 12 meadows in the El Dorado National 
Forest. 

The rapid assessment data from the scorecard was used in conjunction with other 
attributes to rank meadows in their priority for restoration in the Yuba and Mokelumne 
River watersheds.   

Ranking & Prioritization 
We chose a structured prioritization process because it is repeatable, exportable to other 
watersheds, and can be tailored to work with the data available.  This method of 
prioritization uses a list of criteria that quantify restoration potential and ranks meadows 
based on these attributes.   

The alternative to a structured prioritization is a ranking by an expert panel or stakeholder 
group. This alternative method enables consideration of “one-of-a-kind” features that 
might move a meadow to top priority, but which can not be uniformly incorporated into a 
structured prioritization.  For example, if one meadow contains an interpretive trail, and 
would be an excellent teaching example, this would not show up in our prioritization 
structure.  Other special case attributes could include the presence of sensitive species in 
a meadow and water rights concerns (a potential barrier to restoration).  In these cases, it 
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should be recognized that the prioritization rubric we suggest may be accompanied by a 
parallel process, whereby meadows are nominated for prioritization as special cases.   

In the Yuba River watershed, we convened a facilitated one-day meeting with 30 
stakeholders in which we attempted to codify a value system that we would use to 
prioritize meadows for restoration.  This was patterned after other successful natural 
resource prioritizations in which values were used to rank restoration options, based on a 
hierarchy of locally-agreed-upon values.  This turned out to not work for meadows, given 
the level of information currently available.  That is, most meadows do not have a 
restoration plan, thus there is no proposed action, endpoint, or anticipated appreciation 
in value that is quantifiable for most meadow sites.  For example, an agreed upon value 
accruing from restoration in the Yuba watershed was improved fish habitat. It is then 
relatively simple to rank projects based on the benefits to fish habitat (here conifer 
removal projects would rank behind stream bank stabilization efforts), but it is impossible 
to rank each meadow site in the watershed based on how much fish habitat may improve, 
because the options for restoration (will it be conifer encroachment or bank 
stabilization?)  have not been agreed upon.  Yet looking forward to the time when 
multiple meadow restoration projects are described and seeking restoration funding, it 
will be possible to rank projects based on the anticipated values they provide.  The 
prioritization method we prototyped collaboratively for the Yuba watershed is available at 
www.americanrivers.org/meadowpubs.  It summarizes stakeholder values that not only 
rank projects; they can also be used to evaluate the special cases mentioned above.  
Without project-level information for most meadows in the Yuba and Mokelumne 
watersheds, we developed a structure for prioritizing meadow sites for restoration 
planning and design. 

We began the prioritization process with a desktop culling of meadows more than one 
mile from a vehicle-accessible road, smaller than 20 acres (which corresponds to an 
average on-the ground acreage of 10 acres, see Delineation section above), and those 
meadows for which we could not gain landowner support.  Our rationale was that 
restoration of remote meadows is challenging because of difficult access, and restoration 
programs have shied away from quite small meadows because of assumed increasing 
returns to scale  (although see Figure 9).   

The resulting list of meadows (27 in the Yuba watershed, 20 in the Mokelumne 
watershed) was assessed using the condition scorecard and prioritized based on site 
condition, and accessibility.  The top ten priority meadows are shown in rank order in 
Table 1.  The condition attributes from the scorecard are included and color coded.  
Spatial data that includes the prioritized meadows (Figure 6) are available at 
www.americanrivers.org/meadowpubs. 
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Meadow 
Name Watershed 

Bank 
Height 

Gullies 
outside Main 
Channel 

Bank 
Stability 

Vegetation 
Condition 

Bare 
Ground Encroachment 

Pacific Valley Mokelumne 1 2 1 2 1 1 

Indian Valley Mokelumne 1 1 2 2 1 2 

Castle Valley Yuba 1 2 3 2 1 1 

Deer Creek Yuba 4 4 3 1 1 3 

Tryon 
Meadow 

Mokelumne 2 2 2 2 1 4 

Little Indian 
Valley 

Mokelumne 2 1 3 3 2 3 

Magonigal Yuba 2 3 3 1 4 3 

Beartrap Yuba 4 4 2 3 4 1 

Loney Yuba 3 1 3 3 2 3 

 

Table 1 Meadows in rank order of priority for restoration.  Scores are shown for the 
six condition attributes. 

From Prioritization to Restoration 

After prioritization, we assisted the El Dorado National Forest in bringing one meadow to 
point where restoration is ready to proceed.  On behalf of, and in close partnership with 
the El Dorado National Forest, American Rivers completed CEQA and Water Quality (401) 
permitting for the second-highest scoring meadow, Indian Valley.  The top restoration 
candidate (Pacific Valley) is home to a campground and cabins and will need to balance 
more interests than Indian Valley, thus we decided to invest our effort in Indian Valley 
first.  Currently there are three funding proposals submitted for restoration in Indian 
Valley, and a strong collaboration has been built to support restoration of this important 
meadow.   
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Figure 6.  The location of top priority meadows for restoration in the Mokelumne 
watershed.  The meadows of the Yuba and Mokelumne watershed were prioritized 
together, so, for example, the third priority meadow (Castle Valley) is to the north 
of this map. 
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Evaluating Restoration Methods   

Stillwater Sciences completed an extensive literature review 

of existing restoration techniques and available monitoring 

data under subcontract from American Rivers. Quantitative 

data were insufficient to provide a basis for analysis; 

therefore, Stillwater Sciences reviewed techniques based on 

qualitative data and experience of experts.  Data gaps were 

identified and incorporated into monitoring 

recommendations.  The full report (Stillwater Sciences 2011) 

is available at www.americanrivers.org/meadowpubs.  

Monitoring to Improve Management, Increase 
Investment and Support Innovation 

There is a resounding call for monitoring from all sides:  restoration practitioners, 
downstream landowners, land managers and investors.  To date, monitoring efforts have 
been accomplished on shoe-string budgets.  These have provided critical information to 
initiate support for meadow restoration and quantify initial results (notably monitoring by 
the Feather River CRM).  Yet substantial gaps exist, which can only be filled by a 
coordinated and well-supported monitoring effort that is planned with the same 
commitment as restoration itself. 

The goal of the monitoring plan we developed is a standard, quantitative description, so 
that multiple restoration projects can be compared (See, for example Stewart 2009, 
Figure 2).  In the documents shown below, we identify methods of data collection and 
analysis, as well as statistics to report, and when possible, we suggest hypothesis tests.  
Both monitoring protocols are designed to dovetail with methods for avian and fish 
monitoring (Loffland, Siegel, and Wilkerson 2011; Purdy 2011) also sponsored by NFWF. 

 

 

 

 

 American Rivers 2012                                           Stillwater Sciences 2011 

Figure 7 Monitoring protocols available at www.americanrivers.org/meadowpubs 
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The goal of this nascent monitoring program is to spur data collection in support of three 
main purposes: 

1. Monitoring enables post-project management.  Adaptive management is 
especially important for restoration, where the goal is to employ natural 
processes, with the caveat that natural uncertainties are built in.   

2. Monitoring also provides the information to gauge success.  Documented 
successes and quantified benefits are critical for attracting investment and 
insuring continued support for meadow restoration.   

3. Monitoring enables advancement of the state of the art.  Effective monitoring 
enables learning and highlights unexpected outcomes.  This is particularly 
important at this stage of meadow restoration because techniques continue to 
develop, established techniques are applied in new geomorphic settings, and 
climate change is predicted to have a significant effect on the hydrology of the 
Sierra Nevada.   

 

In sum, monitoring is designed to improve management, promote investment and enable 
innovation.  The importance of integrating monitoring into the design and budget phases 
of a project cannot be overstated.  Not only will this ensure that sufficient pre-project 
information is collected, but a project with a stated monitoring plan will often be more 
successful, as it will be designed to match the project goals and evaluation criteria. 

Costs of Restoration 

Restoration projects differ greatly in scope, even within one restoration technique.  For 
example treating a channel that is one meter wide using pond and plug is a much smaller 
project than treating a channel 10 meters wide with the same technique.  The cost per 
meter of rehabilitating the 1 meter wide channel is much smaller.  However it is not yet 
possible to compare the value of the two projects because benefits are seldom possible to 
quantify using available monitoring data (see Standard Monitoring Methods, below). 

The cost data we present here are derived from 59 meadow restoration projects that 
reported costs.  It is seldom clear whether the cost reported is an accurate total.  For 
example, if the US Forest Service completed the permitting, their personnel costs may or 
may not be included.  The costs we present are the best available, and the only 
summarized cost information we are aware of.  However, because of the above caveat, 
they should be considered order-of-magnitude estimates. 

The costs per acre of various restoration techniques are shown in the boxplot in Figure 8. 
The cost per acre of channel reconstruction and bank stabilization are somewhat higher 
than the cost per acre of other techniques.  Channel reconstruction involves filling the 
channel and creating a new channel in the meadow.  Pond and plug may involve creating 
a new channel for isolated portions of the project, but it is distinct from channel 
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reconstruction in that the majority of the time historic (“remnant”) channels are used, 
rather than constructed, and the restored channel is not completely filled (Lindquist and 
Wilcox 2000).  Grazing management includes exclosure fencing and construction of out-of 
channel watering troughs.  Bank stabilization includes plantings and reshaping, but not in-
channel protections such as rock vanes and weirs. 
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 Figure 8 Costs per acre of meadow restored for pond and plug (n=18), check dams 
(n=3), bank stabilization (n=3) and channel reconstruction (n=5) techniques.  Data 
shown are median values, quartiles (boxes) and extreme values (whiskers).  

Figure 9 shows the cost per by meter of restored channel for the different techniques.  
Channel reconstruction remains more costly per meter, but bank stabilization has a similar 
per-meter cost to check dams and pond-and-plug.  Note that projects included in these 
two figures differ, because some reports included channel lengths but not area, and vice 
versa, and some reports included both measures.  Grazing management is excluded from 
this plot because these data are reported only on a per-acre basis. 

 

 

 

 

 

Figure 9.  Costs per meter of channel restored for pond and plug (n=16), check 
dams (n=3), bank stabilization (n=4) and channel reconstruction (n=8) techniques. 
Data shown are median values, quartiles (boxes) and extreme values (whiskers).  
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Restoration projects ranged in size from three acres to 800 acres.  We expected to see an 
economy of scale reflected as a decrease in cost per acre for larger projects, but, no such 
relation is apparent (Figure 10, R2 =0.02 for both relations).  Is there no economy of scale 
after all?  One possible explanation is that projects which address a larger area may also 
address a bigger and more systemic issue and therefore, incur a higher cost per acre.  If 
this is so, we would expect an increased benefit per acre, due to solving a bigger problem 
in a bigger meadow (for example a more deeply eroded channel) and the lack of scale-
dependant cost savings could be consistent with positive returns to scale.  Furthermore, 
costs such as mobilizing equipment, and to some extent permitting, should increase 
returns to scale.   Again, the primary uncertainty here is in the benefits which accrue from 
meadow restoration.   

 

 

 

 

   

 

Figure 10.  Project size does not predict project cost (R2=0.02).  See text for 
discussion. 

Toward a Groundwater Credit: Ballparking the Cost of 
Increased Storage 

Bonneville Environmental Foundation’s Water Restoration Certificates™ provide a model 
for businesses to offset their water use by funding the return of instream flows to a 
critically dewatered stream (http://www.b-e-f.org/business/products/wrcs/).  This 
program sparked interest in a groundwater credit for meadow restoration, whereby 
businesses could sponsor increases in groundwater stored high in the watershed by 
supporting meadow restoration.   Our first goal in this nascent effort was to quantify the 
groundwater benefits of meadow restoration and estimate a price for restoring a gallon of 
groundwater to a dewatered meadow. 

The groundwater effects of pond-and-plug restoration have been quantified by five 
studies (Table 2).  One study (Hammersmark et al 2008) estimated total acre feet 
restored.  The other four studies reported changes in groundwater depth.  We used the 
relation between raised groundwater calculated from Hammersmark et al. (2008) to 
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convert the average change in groundwater depth in the other studies to increased acre 
feet.  This assumption presumes that the other meadows respond identically, and that a 
change in groundwater of four feet results in four times the storage of a one-foot increase 
in groundwater.     

 Average change in 
Groundwater Depth (ft) 

Acres Restored Acre Feet 
Increased 

Acre Ft 
Increase/Acre 

Tague et al. 2008 1.3 67 10.6 0.2 

Cornwell and 
Brown 2008 

8.1 68 67.2 1.0 

Hammersmark, 
Rains, Mount 2008 

4 568 277.0 0.5 

Loheide and 
Gorelick, 2007 

6 90 65.8 0.7 

Feather River 
CRM 2009 

5 400 243.8 0.6 

Table 2 Published estimates of the change in groundwater depth and acres 
restored using the pond and plug technique.  See text for assumptions made in 
volume (acre feet) calculations 

We used the cost estimates (Figure 8) and the increased storage estimates (Table 2) to 
compute an expected range for the price of 1,000 gallons of increased storage as a result 
of pond and plug implementation.  We estimate a price point of $10 (range is $5-$21) for 
1,000 gallons of additional groundwater storage in a meadow rehabilitated using pond 
and plug.  The low estimate of cost per $1,000 gallons restored is computed from a low 
cost estimate (the 25th percentile cost) and a high estimate of groundwater increase (the 
75th estimate).     

Cost per 1,000 gallons of increased groundwater storage 

25 percentile cost/ 75 percentile increase in storage $ 5 

Median cost/ Median increase in storage $ 10 

75 percentile cost/ 25 percentile increase in storage $ 21 

Table 3. The cost of increasing groundwater storage by 1,000 gallons with the 
pond and plug technique.  The table provides high, middle and low estimates.  

Next Steps 

Reporting and Monitoring 
Now that standard monitoring protocols are in place, the next step is to ensure that the 
information is collected and that we learn from it.   Monitoring and reporting standards 
require a budget and pre-implementation planning.  Once meadows are prioritized for 
restoration, pre-project monitoring should be the next priority.  During the monitoring 
effort, a collaborative of partners may be nourished to support and guide the 
implementation.  After implementation, the project sponsors must require that 
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monitoring continues and that project information is submitted to a database such as 
NRPI, and that data are freely available.  These requirements were made early-on for gene 
sequence research and had a great impact on the field (see the NCBI example:  
http://www.ncbi.nlm.nih.gov/).  The lesson learned is that, when information sharing is 
required by a sponsoring organization, it rapidly becomes the norm and benefits the field. 
Monitoring will rapidly become a priority if organizations pursuing restoration funding are 
evaluated on their successful monitoring history, and if projects are not ready-to-proceed 
until pre-implementation data are in place. 

Evaluation and Prioritization 
We observed that evaluation and prioritization of meadows can lead almost immediately 

to on-the ground restoration (From Prioritization to Restoration).  Furthermore, tight 

collaborations build rapidly around a published focus.  

A promising strategy for accelerating meadow restoration is to support meadow 

assessment and prioritization by organizations poised to take a leadership role in meadow 

restoration in a given locality.  We expect that if organizations within the watershed, 

county, National Forest, etc.  completed the assessment, and prioritization, it would be 

much more effective than if the list were produced by an outside contractor.  Our 

experience with the Forest Service is that, when we collaborated on generating the 

assessment and prioritization, the next steps were already aligned and proceeded very 

quickly.   

There is likely no substitute for on-the ground assessment and two field technicians using 

the meadow scorecard who are paid $30 per hour would be able to assess meadows on-

the ground for approximately $150 per meadow.  At 30 large meadows per watershed, 

this would be less than $5,000 per watershed, plus additional funding for partnership 

building during the prioritization process.  Again, the value upon completion is more than 

an assessment; it is buy-in, momentum, and established support for meadow restoration 

from individuals who have visited numerous meadows. 

The NFWF Business Plan and Logic Model 
The NFWF Business Plan for meadow restoration (2010) identifies the goals of restoration 
and strategies to increase support.  At a surface level, the document identifies NFWF’s 
position; however because of NFWF’s lead role framing the discussion and setting 
objectives, numerous individuals and organizations (for example, ranching organizations 
and the USFS) seek to offer revisions, additional data, and counterpoints.  Participants in 
the meetings we held frequently asked us “How can we comment on the NFWF Business 
Plan?” 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page57

http://www.ncbi.nlm.nih.gov/


We observed that the Business Plan is often interpreted as the “State of Sierra Meadows 
and Meadow Restoration”, which is different from its role as a strategy document for 
NFWF.  This is exciting, in that it solidifies NFWF’s lead role in meadow restoration.  It also 
suggests that the two components of the document: 1) benchmarking progress and the 
state of knowledge and 2) identifying NFWF’s viewpoint and strategy, be updated 
separately.   

The State of Meadow Restoration (component 1) would benefit from a biannual literature 
review and stakeholder comment process, in which new information is synthesized and 
progress is tracked.  This may be best accomplished through a partnership with an 
academic or agency research lab.  The standard monitoring and reporting methods 
described above support and call for this synthesizing effort.  When new findings arise, 
they would update the logic model and provide strategic direction for NFWF and others 
promoting meadow restoration.  
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meadows throughout the study region although there is no extensive data set to confirm 

this very general assumption.   

Table 7.  Estimated volume of groundwater stored in mountain meadows throughout 
the CABY watershed (assumes a hydrologically healthy meadow and Clark’s Meadow 
subsurface characteristics and porosities (0.35) translate reasonably to meadows in 
this watershed).  

 
Watershed Area 

Estimated 
Meadow Area 

Estimated 
Meadow 
Volume a 

Estimated 
Meadow Water 

Volume b 
CABY (m3) 66,700,000 133,400,000 46,690,000 

CABY (acre-feet)   108,000 37,800 
a -  assumes a 4 meter thick sediment package and a 0.5 shape factor. 
b – assumes a 0.35 porosity 
 

Estimated total water volume (stored as groundwater) in mountain meadows in both the 

Feather and CABY watersheds totals 145,950 acre-feet (18.0 *106 m3) of water.  This 

water source likely provides stream flow through mountain meadows throughout much 

of the year.  The physical condition of most these meadows (hydrologically healthy or 

undergoing incision/erosion) are unknown so the potential loss from this volume is also 

unknown. 

In-situ hydraulic conductivity borehole tests suggest that groundwater transit through the 

meadow can be fairly rapid (almost 300 m/day – Table 4) in the coarser subsurface 

sediments (sands and gravel).  Shallower sediments are generally finer grained and 

yield slower overall transit times (~50 to 60 m/day).  It should be understood that there 

is a likely bias between the field in-situ tests and the laboratory test of hydraulic 

conductivity.  The field tests are conducted in the saturated borehole below the water 

table and sample that entire open interval instead of discreet sediment units within that 

interval.  Sediment units will contribute groundwater to the test according to their 
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inherent properties but the test will record their combined contribution over the entire 

interval.   

In the laboratory tests, bias enters into the sample interval as the more cohesive 

sediments are better retained in the sampling device than the coarser, non-cohesive 

materials.  Consequently, the more cohesive sediments (finer grained - low hydraulic 

conductivity results) are better represented in the sampling program than are the 

coarser (higher hydraulic conductivity) sediments. 

The unrestored portion of Clark’s Meadow showed substantial signs of active erosion 

(incised channel, collapsing banks, sediment bars in the active channel).  This condition 

appears to have dewatered the lower unrestored meadow by facilitating groundwater 

sapping through the incised river channel.  This process likely accounts for the absence 

of water in the several small basins that are remnant from the restoration activity.  

Ponds and basins in the upper restored meadow, still contained water in late summer 

and early fall, 2007 suggesting that the absence of groundwater sapping in this portion 

of the meadow allowed for a much slower rate of groundwater loss.  

6.0 CONCLUSION 

This study defined the subsurface geological conditions of Clark’s Meadow, a 0.46 km2 

mountain meadow in the Last Chance drainage basin.  The meadow itself transits flow 

from about 48 km2 of the upstream watershed.  Clark’s Meadow drains directly to the 

Last Chance stream.   

Unchecked historical erosion problems had resulted in a hydrologically unstable 

condition in the Meadow with substantial channel incision, channel widening and 

groundwater dewatering occurring.   In summer 2001, pond and plug restoration efforts 
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were conducted in the northern half (68 acres) of Clark’s Meadow.  The goal of the 

restoration work was to restore ecological and hydrological balance to that part of the 

meadow by filling in the incised channel (plugging) and allowing runoff flows to re-

establish a natural channel or series of channels on the floodplain.  Restoration efforts 

were in late summer 2001.  The lower half of the Meadow (48 acres), however, has not 

received restoration efforts and continues to undergo channel incision, stream bank 

erosion, and groundwater dewatering.   

Seismic surveys and borehole data collected throughout Clark’s Meadow suggest the 

relative thickness of meadow sediments ranges between about 3 and 5 meters and 

varies in sediment size from fine-grained silts and clays (generally near the surface) to 

coarser grained sands and gravels at depth.  Sediment properties (hydraulic 

conductivity and porosity) were measured from in-situ borehole tests and laboratory 

analysis of borehole samples.  The volume of void space in the meadow (the potential 

to store groundwater) was calculated from the porosity and volumes measured in the 

meadow and indicate that substantial groundwater storage is possible in the Meadow.  

Using a meadow-wide mean porosity value of n = 0.35, and multiplying that void space 

through the volume of sediment in the meadow, a total storage potential (under fully 

saturated conditions) of 269, 028 m3 (218 acre-feet) is produced.   

Clark’s Meadow however, is experiencing substantial subsurface water loss as a 

function of unchecked channel erosion and incision in the lower part of the meadow.  

Restoration efforts in the upper half of the meadow have effectively re-established a 

more ecologically sound hydrologic condition where the stream channel is shallow and 

narrow, groundwater is more closely connected to surface water conditions and higher 
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stream flows spread out across the floodplain during downstream transit.  Indeed, 

shallow groundwater (about 1.5 m at depth) during the dry late summer (2007) in the 

upper restored part of the meadow strongly suggests a more balanced surface water - 

groundwater condition exists there.  The non-restored lower part of the meadow shows 

the legacy of stream erosion and channel incision.  The resulting channel is deeper and 

wider with unstable channel walls.  No surface water flow or groundwater seeping was 

visible in the incised channel to a depth of about 4 meters (late summer, 2007) 

suggesting that the meadow had dewatered to at least 4 meters below the surface.  If 

these conditions are typical during summer months and almost total dewatering occurs 

in the lower non-restored part of the meadow, a total water loss of 142 acre-feet 

(175,000 m3) is experienced.  This loss of groundwater equates to about 65% of the 

total stored volume of groundwater.  In other words, water that might be available to 

streams and springs during the drier summer months is lost in the late spring early 

summer months to rapid dewatering.   

Extrapolating Clark’s Meadow subsurface conditions to mountain meadows across the 

Feather and CABY watersheds (a necessarily coarse extrapolation), yields a rough 

understanding of the volume of groundwater in play in this region (almost 150,000 acre-

feet of groundwater).  Of course not all meadows are hydrologically impaired in these 

watersheds and specific subsurface conditions will vary between meadows.     
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Abstract
In many areas, chemical and biological characteristics of soils change when trees colonize meadows. To determine if the

invasion of high meadows by forests in the central Cascade Mountains of Oregon altered soil properties, we measured soil

properties along transects from mountain meadows through transition zones, where trees were becoming established, into

mature forest. The differences observed in this study support the view that N is more available in meadow soils than in forest soils

and that N pools and cycling change markedly when trees invade mountain meadows. b-Glucosidase activity in the transition

zone soil was close to that in the forest soil and much lower than that in the meadow soil, suggesting qualitative changes in

microbial populations as microorganisms adjusted to changes in litter quality. High correlations between litter depth and most

variables in meadow soil, which were not observed in transition zone soil or mature forest soil, suggest that litter may control

other aspects of biogeochemical cycling in meadows. With the exception of laboratory respiration, the values observed in the

transition zone soil lay between those in meadow soil and those in forest soil; in most cases, they were closer to those in forest

soil. This suggests that soil properties shift rapidly toward those found in forests as trees invade meadows. These rapid changes

may alter soils so that they are more likely to support trees than grass.
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1. Introduction

Although forest meadows make up a relatively

small fraction of the total area of the central Cascade

Mountains of Oregon, their flora includes a large

variety of plant species that greatly enrich biodiversity

over the landscape (Hickman, 1976). Under present

climatic conditions and forest management, surround-

ing forests are invading many high-dry mountain

meadows of the Pacific Northwest, providing an
.
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opportunity to study changes in soil properties in

response to vegetative succession (Franklin et al.,

1971; Magee and Antos, 1992; Yakimenko, 1997;

Miller and Halpern, 1998).

Although the origin of these meadows is not known

with certainty, it is likely they have been maintained

by aboriginal burning (Popenoe et al., 1992; Miller

and Halpern, 1998). Factors responsible for the current

invasion also are not known with certainty, but climate

change, fire suppression, and termination of sheep

grazing may have all contributed (Popenoe et al.,

1992; Miller and Halpern, 1998). In a comprehensive

study of tree invasion in the central Cascade

Mountains of Oregon, Miller and Halpern (1998)

noted that autogenic factors (e.g., trees influencing the

establishment of seedlings by altering microclimate)

may also control this process. In addition to

controlling moisture, the pioneer trees could alter

soil properties, thereby increasing seedling establish-

ment.

Forest managers are looking for techniques to

reverse invasion of high elevation mountain meadows

by nearby forests while maintaining biological and

habitat diversity (Popenoe et al., 1992). One objective

of this study was to provide basic information about

biogeochemical transformations associated with tree

invasion that could be used to monitor the effective-

ness of different treatments.

Grasslands and forests differ greatly in soil

chemistry (Göceoğlu, 1988; Popenoe et al., 1992;

Hart et al., 1993; Ross et al., 1996; Yakimenko, 1997),

rates of litter decomposition (Hunt et al., 1988; Köchy

and Wilson, 1997), and food web composition (Hunt

et al., 1987; Ingham et al., 1989). Our study was

designed to measure changes in both chemical and

biological characteristics of high-elevation mountain

meadows as they are invaded by adjacent forests. We

included analysis of the transition zone in order to

obtain a rough idea of which soil properties change

most rapidly after tree invasion.
2. Materials and methods

2.1. Site descriptions and sampling

All five research sites were on ridge-tops on or near

the H.J. Andrews Experimental Forest (Blue River,
CABY Headwaters Resilience and Adaptability Progra
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OR) in the central Cascade Mountains. Because of

forest fire control and lack of grazing since the 1930s,

surrounding forest vegetation has been encroaching on

these meadows. The mature forests are dominated by

Abies grandis (Dougl. ex D. Don) Lindl. (grand fir),

Pseudotsuga menziesii (Mirb.) Franco (Douglas-fir),

and Pinus contorta Dougl. ex Loud. (lodgepole pine)

(Charles Halpern, University of Washington, Seattle,

WA, personal communication). Most of the invading

trees were A. grandis and P. contorta. The vegetation

in the meadows was dominated by grasses (35%),

forbs (38%), and sedges and rushes (18%). Festuca

rubra L. and Bromus carinatus Hook. & Arn. were the

most common grasses; Fragaria vesca L. and F.

virginiana Duchesne, Achillea millefolium L., Eurybia

radulina (Gray) Nesom, Lupinus latifolius Lindl. ex

J.G. Agardh, Hieracium gracile Hook. and Pteridium

aquilinum (L.) Kuhn, the most common forbs; Carex

pensylvanica Lam., the most common sedge; and

Phlox diffusa Benth., the most common shrub (Charles

Halpern, personal communication).

Meadow soils were Pachic Haplocryolls, fine-

loamy, mixed mineralogy, deep loams with very well-

developed mollic epipedons ranging from 63 to 90 cm.

The top mineral soil had a dark layer 63–90 cm deep.

Soils in the transition zone were Typic Haplocryolls

with much shallower and less well developed mollic

epipedons. In general, these soils had lighter colors

than meadow soils and a top mineral soil horizon

approximately 5–15 cm deep. In the forests, the soils

were Dystric Cryochrepts and were generally reddish

or yellowish with a top mineral soil horizon

approximately <3 cm deep. The mollic epipedons

in these soils were very shallow, only a few cm deep

(John Phillips, USDA Forest Service, Blue River, OR,

personal communication).

Five contiguous transects were sampled in five

separate meadow-forest transition zones from late July

to early August 1998. All five sites were selected to

have essentially the same aspect, slope, elevation, and

parent material. Four of the meadows were located

along the same ridgeline separated by forested areas.

The distance between the meadows was approxi-

mately 0.5 km; they should be considered distinct sites

for purposes of statistical analysis. The fifth site was

located on another ridge-top approximately 30 km to

the west. Each 225-m transect comprised three 75-m

segments (1 segment/zone): forest meadows; transition
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zones, where conifers were becoming established in

forest meadows; and forests with relatively little

understory vegetation and no grass. The leading edge

of the transition zone was well defined by a distinct line

of conifers at the meadow interface. The end of the

transition zone on the forest side was defined by the lack

of grass on the forest floor. Although we did not conduct

tree-ring analyses on the trees within the transition zone,

we judged trees at the meadow edge to be about 10–15

years old (seedlings excluded). The trees at the other end

of the transition zone were much older, possibly

approaching the age of the trees in the mature forest

zone. On the basis of fire history and other factors, we

estimated the age of the trees at the other end of the

transition zone to be about 100 years.

A 4.7 cm � 10 cm soil core was taken and field

observations were made every 5 m along each

transect. The samples were transported to the

laboratory in an ice chest and stored at 15 8C until

analysis, usually within 16 h of their receipt.

2.2. Field measurements

Litter depth, mineral soil respiration, soil tempera-

ture, and ectomycorrhizal mat percentages were

measured in the field. Mineral soil respiration was

measured with a nondispersive infrared CO2 analyzer

(LI-6200, LI-COR Inc., Lincoln, NE). Measurements

were made for 1 min after the chamber gas had

reached ambient CO2 concentration. The instrument

was calibrated at each location against a known

standard. A Q10 adjustment was made for ambient soil

temperature. Soil temperature was measured at a depth

of 10 cm by electronic thermometers calibrated at

0 8C with ice water.

The spatial distribution of ectomycorrhizal mats

was determined visually by inspecting the relative

abundance of mats in 4.7 cm � 10 cm cores. The

aerial extent of mats within five cores was reported as

a percent. This approach has been used successfully in

the past to document ectomycorrhizal mat distribution

patterns in coniferous forests of the Pacific Northwest

(Griffiths et al., 1996).

2.3. Laboratory analyses

In preparation for laboratory analyses, all soils

were sieved through a 2-mm sieve. Soil pH was
CABY Headwaters Resilience and Adaptability Progr
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measured in 1:10 (soil:distilled water) slurries of

oven-dried (100 8C) soil. These slurries were shaken

for 1 h before pH values were read with a Sigma model

E4753 electrode (Sigma Chemical, St. Louis, MO).

Soil organic matter (SOM) of oven-dried soil was

measured by loss-on-ignition at 550 8C for 6 h.

Percent soil moisture was calculated as the difference

in weight between field-moist soil and oven-dried soil

(100 8C for 8 h) divided by dried soil mass.

Denitrification potential was measured by the

method of Groffman and Tiedje (1989) as modified

by Griffiths et al. (1998). Each reaction vessel (25-ml

Erlenmeyer flask) contained 5 g of field-moist soil,

particles <2 mm. Flasks were sealed with rubber

serum-bottle stoppers and purged with Ar to displace

O2 in the headspace gas. After purging, 2 ml of a

1 mM solution of glucose and NO3
� was added to

each flask. Flasks were preincubated at 25 8C for 1 h.

This preincubation period was used because previous

time-series experiments showed a lag in N2O

production during this period, followed by linear

N2O production rates during the following 2–4 h

(unpublished data). After preincubation, 0.5 ml of

headspace gas was removed from the reaction vessel

and injected into a gas chromatograph (GC) fitted with

an electron capture detector (Hewlett-Packard model

5890 GC, connected to a Hewlett-Packard model 3396

integrator; Hewlett-Packard, Palo Alto, CA). The

integrator was calibrated by the external calibration

method with known gas standards. The stainless steel

column (2 m � 3 mm) was packed with Poropak-N.

The carrier was oxygen-free N. Oven temperature was

55 8C; injection temperature was 125 8C. A second

headspace N2O analysis was made after an additional

2-h incubation at 25 8C. The net N2O released over

these 2 h was used to estimate N2O production rates.

Laboratory respiration, which represents the basal

respiration rate for soil microorganisms, was mea-

sured on field-moist, sieved soils. Soils (4 g dry

weight) were brought to 75% moisture content by

adding enough sterile deionized water to equal 3 g

water per 25-ml Erlenmeyer flask. The flasks were

sealed with serum-bottle stoppers and incubated at

24 8C for 1 h before the first headspace CO2

measurement was made. The flasks were incubated

for another 2 h and headspace CO2 concentration was

again measured. The same GC, integrator, and

temperatures were used for this assay as were used
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to measure N2O, but in this case the GC was equipped

with a flame ionization detector and a methanizer in

series, and the column was packed with Poropak-R

(50/80 or 80–100 mesh). Long-term respiration rates,

a measure of labile soil C, were measured from the

same flasks, incubated at 24 8C for another 14 days

before the headspace CO2 assay was repeated.

Substrate-induced respiration (SIR) was also

measured in these soils. The reaction vessels were

prepared as before, except that 0.1 ml of 1 M glucose

solution (0.1 ml H2O in the controls) was added to

the reaction vessel. The assay for CO2 evolution was

the same as that for laboratory respiration. SIR was

calculated by subtracting CO2 evolution rates without

glucose from those with glucose.

Extractable NH4
+ was determined by shaking 10 g

of field-moist soil with 50 ml of 2 M KCl for 1 h

(Keeney and Nelson, 1982), adding 0.3 ml of 10 M

NaOH to the slurry, and measuring NH4
+ concentra-

tion with an Orion model 95–12 NH4
+ electrode

(Orion Research Inc., Boston, MA). Potential miner-

alizable N (PMN) was measured by the water-logged

technique of Keeney and Bremner (1966). For each

analysis, 10 g of field-moist soil was added to 53 ml of

distilled water in a 20 mm � 125 mm screw-cap test

tube and incubated at 40 8C for 7 days. Then 53 ml of

4 M KCl was added to the slurry, and NH4
+

concentration was determined with the NH4
+ elec-

trode. PMN was calculated as the difference between

initial and final NH4
+ concentrations.

b-Glucosidase is an enzyme that hydrolyzes

cellobiose. Its activity was determined by the spectro-

photometric assay of Tabatabai and Bremner (1969),

as modified by Caldwell et al. (1999). One milliliter of

10 mM p-nitrophenyl b-D-glucopyranoside substrate

was added to duplicate 1-ml subsamples containing a

soil slurry (1 g dry weight in 1 ml deionized H2O);

controls had no substrate. The tubes were shaken and

then placed in a 30 8C water bath for 2 h. After

incubating, 1 ml of substrate solution was added to the

controls, and all reactions were stopped immediately

by addition of 2 ml of 0.1 M tris[hydroxymethyl]a-

minomethane at pH 12.0. The mixtures were

centrifuged for 5 min at 500 � g and 0.2 ml of the

supernatant was diluted with 2.0 ml deionized water.

The optical density was measured at 410 nm. The

standard curve was prepared from 0.02 to

1.0 mmol ml�1 p-nitrophenol (pNP).
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2.4. Statistical analyses

Mean values for the three zones were compared by

multifactor ANOVA for each of the five transects, as

were mean values for all the meadow, transitional, and

forest segments. All data that were not normally

distributed were log transformed before ANOVA

analyses were performed. Significant differences

among means were determined with Fisher’s protected

least significant difference (P � 0.05). Correlations

among variables were made with Spearman rank

analysis. A discriminant analysis was made on all data

points; the variables were pH, litter depth, fungal mat

percentages, and b-glucosidase activity.

In addition to the ANOVA analysis to determine the

significance of treatment differences, change-point

analyses were made to determine when there was a

statistically significant pattern shift along the transect

moving from meadows into the transition zone and

from forests into the transition zone. Using mean

values from all transects, an overall mean for each

zone was calculated along with the standard error

(Wales, 1972). Smoothed data were generated, using a

five-point average. The point along the transect at

which the smooth value exceeded the mean � 1 S.E.

was the change point for that transition. Change points

going from meadow to the forest on one end of the

transect (MCP) and from the forest into the transition

zone on the other end (FCP) were calculated.

All statistical analyses were conducted with

Statgraphics1 Plus for Windows1 (Statistical Gra-

phics Corporation, Rockville, MD).
3. Results

3.1. Contrasts between meadow and forest soils

Soils in meadows differed significantly from those

in mature forests on the basis of the mean values for all

five transects for half of the variables: pH, soil

temperature, denitrification potential, litter depth, field

respiration, b-glucosidase activity, and ectomycor-

rhizal mats (Table 1). When individual samples along

each transect segment of the individual transects were

used in analysis, meadow and forest segments were

significantly different in soil moisture and labile C

concentrations along all five transects. Fungal mat
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Table 1

Mean values for all three segments of five transects

Variable Meadow Transition Mature

Soil

Moisture (%)a 23.6 30.1 30.3

pH 5.35a 5.25b 5.14c

Temperature (8C) 14.2a 13.4ab 12.0b

Extractable NH4
+

(nmol gdw�1)

0.42 0.29 0.19

Potential mineralizable N

(nmol gdw�1)

9.4 9.2 8.7

Denitrification potential

(ng N gdw h�1)

23.9a 9.7b 4.8b

Litter depth (cm2) 0.50b 3.15a 4.32a

Soil organic matter (%) 25.2 24.3 24.0

Labile C (mg C gdw day�1)a 10.3 13.6 14.0

Respiration

Field (g m2 h�1) 9.9b 15.0a 16.1a

Laboratory (mg C gdw h�1) 3.0 3.4 3.4

Substrate-induced

(mg C gdw h�1)

2.96 2.98 3.06

b-Glucosidase

(mmol gdw h�1)

0.21a 0.14b 0.12b

Total fungal mats (%) 0.11b 13.8a 33.6a

Within a row, values followed by different letters are significantly

different at P < 0.05 by ANOVA on the mean values for each

segment of each transect.
a Variables that showed significant differences between grass and

forest soils within each of the five transects. In these analyses, values

for all samples collected along each transect were treated as separate

observations. An autocorrelation analysis showed no consistent

autocorrelations at the 5-m sampling interval used in this study.

Table 2

Percent change between meadow and forest zones for the variables

that showed a statistically significant difference in the ANOVA for

the means of all sites or that showed significant differences by

transect for all five transects

Variable Change (%)a

Soil

Moisture 28.4

pH 39.7

Temperature (15.5)

Denitrification potential (79.9)

Litter depth 764

Labile carbon 35.9

Field respiration 62.6

b-Glucosidase (42.9)

Total fungal mats 30,455

a Values in parentheses are negative values.

Table 3

Spearman rank correlations (r values) between litter depth and other

variables in grass, transition, and mature transect segments

Variable Meadow Transition Mature

Extractable NH4
+ �0.07 0.46* 0.30*

Potential mineralizable N 0.52* �0.06 0.02

Denitrification potential 0.25* �0.25* 0.00

Soil organic matter 0.36* �0.13 0.16

Respiration

Field 0.23* 0.26 0.11*

Substrate-induced 0.31* �0.20 �0.15

b-Glucosidase 0.44* �0.33* �0.19*

* P < 0.05.
percentages, litter depth, denitrification potential, field

respiration, and b-glucosidase levels showed the

greatest percent difference between meadow and

forest zones (Table 2).

In meadow soils, litter depth was tightly coupled

with denitrification, b-glucosidase activity, SOM, and

PMN concentration in the Spearman rank correlations

(Table 3). In forest soils, on the other hand, litter depth

covaried positively with extractable NH4
+ and

negatively with b-glucosidase activity and substrate

respiration, a trend that was also observed in the

transition zone (Table 3).

3.2. Changes in the transition zone

Three variables (pH, b-glucosidase, and fungal

mats) showed linear responses throughout the transi-
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tion zone. Three variables (denitrification potential,

litter depth, soil moisture) reached forest levels well

within the transition zone (Fig. 1a–i).

With the exception of laboratory respiration rates,

values in transitional zones were intermediate between

those in the meadow and mature forest segments

(Table 1). In most cases, values in the transition zone

soils were closer to those in forests than to those in

meadows. The unique qualities of meadow and forest

soils were also seen in our discriminant analyses

(Fig. 2). The centroids for the transition zone fell

between those for the meadow and forest clusters,

further supporting the view that the transition zone

is moving meadow soils towards those typical of

forests (P = 0.0000 for Function 1 and 0.010 for

Function 2).
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Fig. 1. Scatter plots of smoothed data within the transition zone. The smoothed data were generated using a period of 5 and the smoothing

function of Statgraphics1 Plus for Windows1.
3.3. Change points

Change-point analysis showed significant

changes in most variables from mean meadow

values at or near the meadow-transition zone edge.

These are demonstrated in plots for soil moisture

and temperature, denitrification potential, litter

depth, b-glucosidase, and fungal mats (Fig. 3a–f).
CABY Headwaters Resilience and Adaptability Progra
Attachment 7 - Meadows Project References
Plots of transition zones using smoothed data

show an initial linear response in the transition zone

for all of these variables (Fig. 1a–i). Linear

correlations were tight for all but one variable in

the same segments (Table 4). In most cases, the

absolute values of slopes along the first half of

transition zones were higher than those along the

second half.
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Fig. 2. Centroids for meadow, transition and forest zones generated

by discriminant function analysis using pH, litter depth, fungal mat

percentages, and b-glucosidase activity. The P-values for Functions

1 and 2 are 0.0000 and 0.010, respectively.

Table 4

The results of linear regression analyses using smoothed data for

variables along the first (0–30 m) and second (35–75 m) half of the

transition zone

Variable First half Second half

Slope R2 P-value Slope R2 P-value

Soil

Moisture 0.147 99.0 0.0000 0.037 58.2 0.017

pH �0.004 95.4 0.0002 �0.002 97.3 0.0000

Temperature �0.028 99.4 0.0000 �0.006 55.4 0.025

Denitrification

potential

�0.46 97.5 0.0000 0.046 46.5 0.043

Litter depth 0.075 99.0 0.0000 0.024 92.3 0.0000

Labile carbon 0.173 97.5 0.0000 �0.082 81.5 0.0008

Field respiration 0.095 53.4 0.061 �0.031 37.5 0.080

b-Glucosidase �0.001 98.5 0.0000 �0.0009 98.9 0.0000

Fungal mats 0.403 94.9 0.0002 0.189 76.1 0.0022
4. Discussion

Our working hypothesis before we started this

study was that different variables would start changing
Fig. 3. Scatter plots of distances from the meadow-forest edge against the

location of the meadow-to-forest change point; FCP, location of the fore

CABY Headwaters Resilience and Adaptability Progr
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at different points along the transition zone as trees

invade mountain meadows, and the variables would

show different lags. This did not occur in the variables

that showed significant responses. In essentially every
mean values at each sample location for all five transects. MCP, the

st-to-meadow change point.
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case, change occurred either at the meadow-forest

edge or even within the meadow adjacent to the edge.

Even though grass was found throughout the transition

zone, the shift to forest values was essentially

complete for all variables at some point within the

transition zone.

4.1. Contrasts between meadow and forest soils

4.1.1. Carbon

Even though litter depth in meadows was only 12%

of that in forests, this variable apparently was pivotal

in cycling organic matter in meadows, as shown by

high positive correlations between litter depth and

other variables. These correlations may, however, be

driven by more than surface litter. Since a large portion

of fixed C is transported into the rhizosphere in grasses

(Parton et al., 1978; Oades, 1988), rhizosphere C in

meadows may have covaried with surface litter.

The transport of fixed C belowground may result in

qualitative differences in soil chemistry and organic

matter between meadow and forest soils. In Russia,

humic material accumulated within the grass rooting

zone, accompanied by lower bulk densities and

changes in pH and exchangeable Ca2+ and Mg2+,

during the first 50 years of meadow formation

(Yakimenko, 1997). According to Oades (1988), the

high percentage of organic matter allocated below-

ground in grasslands explains the occurrence of deep,

dark organic surface layers, such as those we observed

(unpublished field observations). This dark band of

soil was greatly reduced by the invasion of trees and

further reduced in mature forest soils.

The relatively large allocation of fixed C to the

rhizosphere by grasses may account for the elevated

SOM often found in grassland A horizon soils

(Göceoğlu, 1988; Hixson et al., 1990; Jenkinson,

1991; Popenoe et al., 1992; Feige et al., 1995; Ross

et al., 1996; Yakimenko, 1997). In the Popenoe et al.

(1992) study, however, no significant differences were

found between meadows and forest soil SOM

concentrations in the top 10 cm of mineral soil. This

result is essentially the same as ours.

Field respiration rates of meadow soil were only

49% of those in forest soil. Since soil respiration rates

may reflect relative indexes of productivity in different

vegetative assemblages (Ellis, 1969; Williams et al.,

1997; Law et al., 1999, 2000), reduced field respiration
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rates in meadow soil may reflect lower primary

productivity. This is what we would expect from

published data comparing grassland and forest net

primary productivity (NPP). NPP in grasslands

typically is roughly half those in forests (Schlesinger,

1991; McGuire et al., 1992; Chapin, 1993). The lower

NPP may also explain the lower (but not statistically

different) labile C concentrations and laboratory

respiration rates we found in meadow soils.

4.1.2. Nitrogen

In general, grassland organic matter tends to be

enriched in N relative to C (Hixson et al., 1990;

Popenoe et al., 1992; Köchy and Wilson, 1997), and,

on a mass basis, N in grass litter is roughly twice that

found in forest litter (Daubenmire and Prusso, 1963;

Henzell, 1973; Aber and Melillo, 1980). This, along

with faster decomposition in grasses, may explain why

N mineralization rates in grasslands are typically

higher than those in forests (Göceoğlu, 1988; Hixson

et al., 1990; Ross et al., 1996). Both direct measures of

N in our study (PMN and extractable NH4
+) were

higher in meadow than in forest mineral soil, but these

differences were not statistically significant.

Denitrification potentials in meadow mineral soils

were 5 times greater than those in forest soils. Since

these assays are conducted under standardized

conditions with excess NO3
� and glucose and

essentially no O2, this assay measures denitrifying

enzyme activity (DEA) (Groffman and Tiedje, 1989).

DEA is correlated with mineralized N and N

mineralization in soils (Melillo et al., 1983; Schipper

et al., 1993; Griffiths et al., 1998; Stenberg, 1998).

The higher denitrification rates in meadow soils

most probably reflect a higher availability of miner-

alized N to denitrifiers than is the case in forests

(Griffiths and Swanson, 2001). This suggests a system

that does not efficiently retain N, an observation made

earlier by Dickinson (1983). Several studies indicate

that N cycling may be accelerated in meadows. In New

Zealand, net N mineralization rates (14-day incuba-

tions) in forest soils were only 61.5% of those in

adjacent grassland soils in the top 10 cm of mineral

soils (Ross et al., 1996). Total and microbial N were

also significantly greater in the top 10 cm of grassland

soils and to depths up to 50 cm. When litter N was

added to the soil totals for the top 50 cm, N in the grass

system was twice that in forests. A study by Wedin and
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Pastor (1993) suggests that grassland systems that

have higher net mineralization also have greater N

availability. In a study comparing two forest meadows

with adjacent forest soils in the same general location

as the sites used in our study, Heichen (2002) found

nitrogen mineralization rates in forest soils to be 41%

of that in adjacent meadows. She also found that C:N

ratios were significantly greater (by 25%) in forest

than in meadow soils.

The lower denitrification rates in forest soils may

reflect, not only lower N cycling rates, but also better

retention of mineralized N (Johnson, 1992). In a study

of N mineralization in forest soils, Stark and Hart

(1997) observed that net mineralization rates were

low, even though gross rates were very high,

suggesting that the microbial community sequesters

mineralized N very efficiently. Ectomycorrhizal mats

can decompose litter directly and move the released N

directly to the host tree (Aquilera and Griffiths, 1993;

Read, 1993). Such mats occurred frequently in the

mature forest segments of our transects but were

essentially absent in meadows.

4.1.3. Differences in soil biota

The significantly lower concentrations of ectomy-

corrhizal mats and elevated b-glucosidase levels that

we found in grasslands support earlier observations

(Hunt et al., 1987; Ingham et al., 1989; Heichen, 2002)

that microbial assemblages differ in grassland and

forest soils. These differences also appear in the next

higher trophic level, microbial consumers (Cromack

et al., 1988; Ingham et al., 1989).

The hosts for ectomycorrhizae are trees; no

meadow vegetation is known to support them.

Reestablishment of these mats after stand harvest

may take decades (Griffiths et al., 1996). The large and

significant difference in the occurrence of mycorrhizal

mats was thus as expected from the distribution of

hosts and the time required to produce ectomycor-

rhizal mats after seedling establishment.

The phenomenon of microorganisms adjusting

their enzymatic production to reflect the relative

abundance of specific types of compounds in litter and

detritus has long been observed in various ecosystems

(Ladd, 1978; Griffiths et al., 1982; Sinsabaugh and

Linkins, 1990; Sinsabaugh, 1994; Wagner and Wolf,

1998). If more readily accessible cellulose and N

enhance the ability of a microbial population to
CABY Headwaters Resilience and Adaptability Progr
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decompose cellulose and cellobiose (a disaccharide

product of cellulose decomposition), SIR and b-

glucosidase should covary in meadows but not in

forests, as in fact, we observed. This suggests a

qualitative functional difference in microbial popula-

tions in meadow and forest soils, caused either by

increased enzyme production by similar microbial

populations or by actual shifts in the types of

organisms present.

Both bacteria and fungi can produce b-glucosidase,

which cleaves cellobiose (Eivazi and Tabatabai, 1988;

Wagner and Wolf, 1998) and is induced by this

substrate (Chróst, 1991). SIR is tightly correlated with

microbial biomass (Horwath and Paul, 1994; Beck

et al., 1997). Meadow and forest soils did not differ

significantly in SIR; however, b-glucosidase activities

were 66% higher in meadow soils. If b-glucosidase

activities also were directly correlated with microbial

biomass, we would expect no significant differences

between meadow and forest. The microbial population

thus may have shifted qualitatively toward one

adapted to the higher cellulose availability in grass

litter.

The relative abundance of cellulose in grass and

tree litter is similar, but the concentration and types of

lignin differ (Bailey, 1973; Berg and Staaf, 1980;

Edmonds, 1987). Lignin in tree litter tends to protect

cellulose from microbial attack. This, along with the

higher N levels (Daubenmire and Prusso, 1963;

Henzell, 1973; Aber and Melillo, 1980), may explain

why grass litter decomposes faster than tree litter

(Göceoğlu, 1988; Hixson et al., 1990; Ross et al.,

1996).

4.2. Changes in the transition zone and change

points

Smooth plots of the transition zone showed that the

initial response in the first half of the transition zone

was essentially linear; values approached those in

forests in the second half. This is also reflected in the

linear regression analyses. With one exception, the

linear response in the first half of transition zone was

tight and highly significant. These results all suggest

that soil changes caused by trees as they invade

meadows take place soon after trees get established in

the meadow. This response tapers off the further one

goes into the transition zone, as reflected by the lower
am - March 2013 Page75



R. Griffiths et al. / Forest Ecology and Management 208 (2005) 347–358356
slopes and generally poorer fit to linear responses in

the second half of the transition zone. The locations of

forest change points (FCP), where values indistin-

guishable from forest values were attained, in the

second half of the transition zone occurred at different

locations for different variables. This suggests that,

even though grass was present throughout the

transition zone, the trees were clearly dominating

soil biogeochemical cycling. This does not imply,

however, that the soils in the transition zone were

indistinguishable from those of forests. The discri-

minate analysis clearly shows that the soils in each of

these zones were significantly different from one

another.

4.3. Forest management implications

This study has shown that, as hypothesized,

meadow and forest soils have different properties

and that meadow soil rapidly assumes forest soil

characteristics as forests invade meadows. Although

the meadow soils were somewhat drier and warmer in

the summer, when these studies were conducted, than

those in the forest, these differences probably did not

persist during most of the year. The observed

differences likely were driven by qualitative differ-

ences in grass and tree litter, resulting in differences in

the biogeochemical properties of microbial decom-

posers, more than by differences in microclimate

generated by the vegetation.

Forests were invading all of the meadows studied.

In isolated areas on similar sites where individual trees

had become established within the meadow, islands of

conifer seedlings soon followed (Miller and Halpern,

1998). Where these pioneer trees were cut, new

seedlings rapidly reestablished, suggesting that the

trees had altered the soils so as to enhance seedling

survival. From a management perspective, cutting

trees in and adjacent to mountain meadows clearly is

unlikely to be the best strategy for expanding or

maintaining mountain meadows under current cli-

matic and disturbance regimes. Fire may well be the

best management tool for reestablishing grasses on

these sites, since this mechanism probably maintained

them before 1900 (Popenoe et al., 1992).

Managers faced with different options for reversing

the invasion of mountain meadows by surrounding

forests would find it useful to be able to evaluate the
CABY Headwaters Resilience and Adaptability Progra
Attachment 7 - Meadows Project References
effectiveness of various treatments by monitoring

treated sites. Of the variables studied, fungal mat

percentages, litter depth, denitrification potential, field

respiration, and b-glucosidase activities showed the

most dramatic shift from meadow to forest zones.

Although we did not document it formally, we

observed that the depth of the dark organic layer

associated with grass roots decreased dramatically as

grassy areas were converted to forest.

Our study was not designed to determine which of

these variables would revert most rapidly when trees

are removed and grasses reintroduced. It does provide

some clues, however, as to which variables might be

useful in assessing the effectiveness of meadow

restoration. If soils in the treated area are compared

with those of neighboring meadows and forests,

elevated denitrification potentials and b-glucosidase

and depressed soil respiration and fungal mat

percentages relative to forest soils would indicate

that conditions associated with meadow soils prevail.

On longer time scales, the development of a deep dark

organic soil layer and the absence of tree seedling

establishment would also be obvious indicators of a

successful manipulation.
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Small isolated aspen stands enrich bird communities in
southwestern ponderosa pine forests
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Abstract

Small aspen stands are disappearing from the landscape in the Southwest, so it is important to understand their contribution to

the avian community. We sampled birds in 53 small, isolated aspen stands and 53 paired plots within the ponderosa pine forest in
northern Arizona, during the 1996 and 1997 breeding seasons. Bird species richness and abundance were higher in aspen than in
pine. However, bird species richness and abundance did not vary with size of the aspen patch or isolation index. In addition, direct
ordination of species distributions with habitat factors suggested no distinct avian communities. This suggests that aspen stands do

not harbor separate populations, but rather are locations where the regional avifauna reaches high local density and richness and
may be crucial to birds in years of resource scarcity. Thus it is important for avian conservation to maintain many aspen stands
across the landscape, encompassing a diversity of vegetation structure and composition.

# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Over the past century, there has been little regenera-
tion of quaking aspen (Populus tremuloides) in northern
Arizona and New Mexico. This lack of regeneration is
due to overgrazing of domestic livestock (ca. 1870–
1910), continuing seasonal use by cattle, browsing by
larger than historically present elk populations, and fire
suppression (which favors succession to conifers and
precludes the open conditions necessary for asexual
reproduction by aspen; Krebill, 1972; Gullion, 1977;
Patton and Jones, 1977; Schier et al., 1985a,b; Rowley,
1985; Shepperd and Fairweather, 1994; Baker et al.,
1997; Kay, 1997; Bartos and Campbell, 1998). In
northern Arizona and New Mexico, aspen exists pri-
marily as small isolated stands within a forest domi-
nated by ponderosa pine (Pinus ponderosa). With the
exception of a handful of extensive, self-sustaining high-
elevation sites, active management is needed to enhance
and protect reproduction in order to maintain aspen in
these landscapes. Aspen is important to many forest
species of wildlife (Debyle, 1995). This study will deter-

mine whether small isolated aspen stands are important
to the conservation of avifauna, and should be main-
tained as a part of the larger forest matrix.
Avian communities respond with variations in total

abundance, species richness, and species composition to
physical and compositional changes across landscapes.
The configuration of physical structures and composi-
tion of vegetation act as cues that birds use to evaluate
resources (Ricklefs, 1979, pp. 167–168). Bird species
respond to these cues with patterns of habitat distribu-
tion. For example, deciduous trees, such as aspen in a
coniferous matrix, may provide a unique set of resour-
ces and hence may support higher bird diversity and
abundance (Winternitz, 1980; Dobkin et al., 1995;
Turchi et al., 1995). Additionally, riparian areas may
provide a unique arrangement of structure and compo-
sition as well as concentrating resources such as water
and food, and hence should harbor a higher bird diver-
sity and abundance (Whittaker, 1975; Stevens et al.; 1977,
Szaro, 1980; Knopf, 1985; Strong and Bock, 1990). Con-
sequently, we expect aspen stands to support a higher
bird diversity and abundance than similarly sized areas in
the pine matrix. Furthermore, we expect aspen associated
with riparian areas to support higher bird diversity and
abundance than aspen associated with hills.
The theory of island biogeography is often applied by

conservation biologists to terrestrial landscapes where

0006-3207/03/$ - see front matter # 2002 Elsevier Science Ltd. All rights reserved.

PI I : S0006-3207(02 )00237-9

Biological Conservation 110 (2003) 375–385

www.elsevier.com/locate/biocon

* Corresponding author. Present address: Department of Biology,

130 College Place, Syracuse University, Syracuse, NY 13244, USA.

Tel.: +1-315-443-1693; fax: +1-315-443-2021.

E-mail address: klgriffi@syr.edu (K.L. Griffis-Kyle).

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page79

http://www.elsevier.com/locate/biocon/a4.3d
mailto:klgriffi@syr.edu


habitat occurs in patches (Brown and Dinsmore, 1988;
Lomolino et al., 1989; Gustofson and Parker, 1994;
Kruess and Tscharntke, 1994; Schnitzler, 1994; Kita-
hara and Fujii, 1997; Conner et al., 2000; Ricketts,
2001). This theory provides a general basis for evaluat-
ing the effects of patch size and isolation on species
richness, and has been used to assess conservation
potential for wildlife reserves in fragmented landscapes.
In general, the theory of island biogeography predicts
that smaller and/or more isolated patches will have
lower species richness than large patches and/or close
patches. Studies of forest patches in non-forested
matrices have consistently found that avian commu-
nities differed markedly between forest and matrix, and
that diversity and abundance of forest birds increased
with patch size (e.g. Freemark and Merriam, 1986;
Robbins et al., 1989; Warburton, 1997; Beier et al.
2002). Most such studies also found that isolation (dis-
tance to nearest large forest) was inversely correlated
with avian abundance. However, this theory was
designed for islands in a hostile matrix. We may not
expect to see these predicted results for area or isolation
when the matrix is permeable and is also used as breed-
ing habitat, such as a landscape of ponderosa pine with
small inclusions of aspen.
We investigated whether small aspen stands in north-

ern Arizona supported a high richness and abundance
of forest birds relative to neighboring patches. We also
examined whether patch size or isolation influenced the
avian community. We then assessed whether certain
characteristics of aspen stands (based on size, isolation,
vegetation structure, or topographic setting) were rela-
ted to species richness or species composition. Finally,
we describe the responses of individual species to habi-
tat gradients, including aspen patch area and isolation,
within our study area.

2. Materials and methods

2.1. The study area

We studied bird communities in small quaking aspen
stands and the surrounding forest matrix in the Coco-
nino National Forest of northern Arizona. The forest
matrix was primarily ponderosa pine and ponderosa
pine–Gambel oak (Quercus gambelii). Overstory tree
species included quaking aspen, ponderosa pine, Gam-
bel oak, Douglas-fir (Pseudotsuga menziesii), and white
fir (Abies concolor). Shrub species included Gambel oak,
New Mexico locust (Robinia neomexicana), Arizona
rose (Rosa arizonica), snowberry (Symphoricarpos par-
ishii), narrowleaf cottonwood (Populus angustifolia),
and seedlings of ponderosa pine and aspen. Elevation of
our study sites ranged from approximately 2060 to 2480
m. We selected aspen stands >0.1 ha and that were

surrounded by forest matrix on at least two-thirds of the
stand’s edge. Our study occurred during a drought.
Annual precipitation was 11.8 cm in 1996 and 16.5 cm
in 1997, compared to a 16-year average (1970 through
1986) of 26 cm (standard deviation 13 cm) (National
Weather Service).

2.2. Sampling

We placed one plot in each aspen stand and a paired
plot in the ponderosa pine forest 275 m to 950 m
straight-line distance away from the edge of each aspen
stand. Plots within the aspen stands were located ran-
domly using a compass spin method for direction and
table of random numbers for distance. Each pine plot
was located to match the paired aspen plot in elevation,
slope, aspect, and topographic setting. In the study area,
aspen occurs in two topographic settings, namely hill-
sides and riparian areas (including drainage bottoms,
canyon slopes, and springs). There were a total of 28
pairs of plots in riparian settings and 25 pairs of plots
on hillside settings. Forty-eight pairs of plots, 26 ripar-
ian and 22 hill, were sampled in 1996 and 51 pairs, 27
riparian and 24 hill, were sampled in 1997. Forty-six
pairs, 25 riparian and 21 hill, were sampled during both
years; seven plots, three riparian and four hill, were
sampled only one year. We use the term overstory vege-
tation to distinguish between aspen and pine plots, the
term topographic setting to distinguish between riparian
and hill plots, and the term plot type to refer to one of
four combinations of tree species and topographic set-
ting, namely aspen–riparian, pine–riparian, aspen–hill,
and pine–hill.
We surveyed birds using point counts, recording all

birds detected within a 50-m radius of plot center
(Schieck, 1997). After arriving at the site we waited 2
min before starting the count so that the observer’s
breathing would slow down and their ear could attune
to the ambient acoustics, and birds could acclimate to
the observer’s presence. We then surveyed for 8 min.
All surveys were conducted within three h after sun-
rise. We did not sample during sustained rain or wind.
We excluded birds flying overhead if they did not land
in the plot. The same three observers conducted sur-
veys both years, and were trained each spring prior to
surveys. We surveyed each plot twice per breeding
season (1 June–15 July), rotating observers among
plots and the order of visitation with respect to time
of day to control observer and temporal biases. As a
measure of each species’ abundance, we used the
maximum of the two counts in each year, expressed as
detections per hectare. Bird species richness was the
number of species detected at a given plot during two
point counts a year. We collected habitat data
(Table 1) on 1000-m2 plots centered on the point count
station.
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2.3. Data analysis

We used a paired t-test (�=0.05) within years to
determine if the aspen plots were different from their
paired pine plots in bird abundance or species richness
(Ott, 1993, pp. 663–709). We used a repeated measures
general linear model (GLM; �=0.05), blocking for
year, to determine if bird abundance or species richness
varied between years or with overstory vegetation and
topographic setting interacting with year (Neter et al.,
1996, pp. 1164–1194; SPSS Inc., 1997a, pp. 145–156).
We used analysis of variance (�=0.0125) on both bird
abundance and species richness for each year to exam-
ine within year how abundance and richness varied by
overstory vegetation and topographic setting (Neter et
al., 1996, pp. 663–709). We tested bird abundance and
species richness for normality and homogenous error
variances (Kolmogorov–Smirnov test, Levene’s test,
respectively; SPSS Inc., 1997a, p. 358, 1997b, p. 53). We
used Bonferroni correction adjustments (Neter et al.,
1996, pp. 736–738) on all multiple comparisons. We
used square root transformations as appropriate to
meet the assumptions for a general linear model or
regression.
We used forward stepwise multiple regression (F=4.0

to enter, F=3.9 to remove) to identify environmental
factors affecting avian species richness in small aspen
stands (Neter et al., 1996, pp. 347–352, SPSS Inc.,
1997c, pp. 229–238). Because most plots were sampled
both years (and thus years were not independent), we

built individual models for 1996 (N=48) and 1997
(N=51).
Because responses of individual species are inherently

more important and meaningful than overall diversity,
we also describe the responses of individual species to
habitat gradients, including aspen patch area and isola-
tion, within our study area.
We used canonical correspondence analysis (CCA) to

examine relationships between avian communities and
habitat factors across our study area. This is a para-
metric ordination technique used to find and describe
patterns in multivariate data (ter Braak, 1986; Palmer,
1993; McCune and Mefford, 1997). This technique uses
a matrix of species detections and abundances and
combines this with a matrix of habitat and environ-
mental variables. This is a direct gradient analysis,
meaning it is a special form of multivariate regression
(multivariate regression combined with weighted aver-
aging techniques) whereby species composition is
directly related to measured environmental variables.
This technique performs well even when there are
skewed species distributions, extremely high noise levels,
or complex sampling designs. CCA does not compress
gradient extremes or generate an artificial arch, which is
unlike other ordination techniques, and it performs well
with nonorthogonal and collinear gradients (Minchin,
1987; Palmer, 1993).
The graph of this ordination represents complex data

in fewer dimensions. The canonical axes are linear
combinations of habitat variables that maximize the

Table 1

Habitat variables recorded in each 20�50-m plot available as candidates for selection as independent variables in multiple regression for aspen

stands only. Each plot was centered on each point count station, with long axis perpendicular to slope

Variable Classes or measurement units; methods

Aspen as overstory aspen trees present in overstory

Topographic setting in riparian area or on hillside

Elevation m; topographic maps

Aspect degrees azimuth; hand-held compass

Slope degrees of slope; clinometer

Area of aspen stand ha; paced length times paced width

Distance to nearest opening >20 m radius m; pacing (truncated at 250 m)

Distance to Nearest neighbor aspen stand UTM coordinates

Average distance to neighboring aspen stands Average distance to from stand to all other stands included in the study

Number of aspen in each of four diameter classes 0.1–12.7 cm dbh, 12.8–30.5 cm dbh, 30.6–45.7 cm dbh, or >45.7 cm dbh

Number of ponderosa pine in each diameter class same as above

Number of Gambel oaka in each diameter class same as above

Number of conifers (excluding ponderosa pine) in

each diameter class

same as above

Total number of trees in each diameter class by addition from previous

Aspen as percent of total trees calculated

Number of snags in each of two diameter classes 30.6–45.7 cm dbh, >45.7 cm dbh

Canopy cover% point intercept at 92 points, every 2 m along edge and short axis of plot

Number of shrubs count

Number of logs in each of two size classes small (12.8–30.5 cm diameter at center point and >1.2 m long),

large (>30.6 cm diameter at center point and >2 m long)

Ground Cover% in each of six classes (rock, soil, litter, woody debris, grass, or forb), assessed by point intercept at 92 points

a All deciduous trees other than aspen were included here, but 95% of such trees were Gambel oak.

K.L. Griffis-Kyle, P. Beier / Biological Conservation 110 (2003) 375–385 377

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page81



dispersion of the bird species in relation to these vari-
ables. We used CCA to generate graphs that show the
habitat variables as vectors, and each bird species as a
point in the ordination space defined by the three cano-
nical axes. We used a Monte Carlo simulation to test
the eiganvalues generated by the CCA procedure at
P=0.05 (McCune and Mefford, 1997).
We included bird species that differed by >20% in

abundance between aspen and pine and for which there
were at least three detections across all plots in 1996.
We chose 1996 because it had higher bird numbers and
more severe drought conditions, conditions under which
interspecific competition might force birds to more
strongly express their habitat affinities. We also did a
second ordination for only aspen stands, examining
area and isolation effects on individual species.
Finally, we tested whether aspen–pine pairs, on aver-

age, harbored bird communities more similar to each
other than the communities of environmentally similar
plots within aspen or pine. To do so, we first computed
similarity (Jaccard index) between bird communities on
paired pine–aspen plots. We then sorted all plots by tree
stem density; the environmental variable that best sepa-
rated types of aspen and types of pine stands in the
community analysis. We then computed (separately for
pine and aspen) the similarity between the bird com-
munities of each stand and the stand with the next
highest stem density. We compared bird similarity
between the paired plots and between environmentally
similar aspen and environmentally similar pine plots
using a t-test (P<0.05; Ott, 1993, pp. 260–270).

3. Results

3.1. Comparing bird abundance and richness between
aspen and pine

We detected a total of 51 bird species on 102 plots
during 1996 and 1997 (Appendix). Relative bird abun-
dance ranged from 3.82 to 43.29 detections/ha in aspen
(mean=17.35) and from 1.27 to 31.83 detections/ha in
the pine matrix (mean=10.42). Species richness ranged
from 3 to 17 species/plot in the aspen (mean=9.55) and
from 1 to 15 species/plot in the pine matrix (mean=6.10).
Five of the 51 bird species were detected only in aspen

stands during both years: acorn woodpecker (10 indivi-
duals), black-chinned hummingbird (eight individuals),
Williamson’s sapsucker (four individuals), Clark’s nut-
cracker (three individuals), and green-tailed towhee
(three individuals). Three bird species were detected
only in pine stands; Cassin’s finch (two individuals),
Brewer’s blackbird (one individual), and white-throated
swift (three individuals). However, all these species have
been detected at other times in both the aspen and pine
(K. Griffis-Kyle and P. Beier, personal observations).

The Jaccard similarity index, scaled from 0 (no overlap)
to 1 (complete similarity), was 0.82, indicating the pre-
sence of many of the same bird species in both aspen
and pine.
Relative bird abundance and bird species richness

were higher in aspen plots than their paired pine plots
during both 1996 and 1997 (P<0.0005 for all paired
t-tests; Fig. 1). Relative bird abundance varied by year
(P<0.0005) and by an interaction of overstory vegeta-
tion (i.e. aspen versus pine) and year (P<0.02), but not
by topographic setting (P=0.16; GLM of abundance by
year, overstory vegetation, and topographic setting),
with greater bird abundance during 1996 and in aspen
plots [Fig. 1(A)]. The decline in bird abundance between
1996 and 1997 coincided with a drought. The interac-
tion reflects that bird abundance decreased more in pine
(13 birds/ha in 1996 to 7 birds/ha in 1997) than in aspen
(19 birds/ha in 1996 to 15.5 birds/ha in 1997). Although
species richness, like abundance, was higher in aspen
[Fig. 1(B)] and decreased from 1996 to 1997 (P
<0.0005), there was no significant interaction of year
with overstory vegetation (P=0.42) and no effect of
topographic setting (P=0.10, GLM of richness by year,
overstory vegetation, and topographic setting).

3.2. Species richness within aspen stands

The 1996 multiple regression model explained 46%
(R2) of the variation in species richness among the 48
aspen stands, and identified three variables influencing
species richness in that year (Table 2). Species richness
was inversely related to slope and the number of sap-
lings (0.1–12.7 cm dbh, all species), and directly related
to the number of small oak trees (12.8–30.5 cm).
The 1997 model explained 24% (R2) of the variation

in species richness among the 51 aspen stands (Table 2).
Species richness increased at lower elevations and in
stands with fewer saplings (0.1–12.7 cm dbh trees, all
species).
The multiple regression models did not identify area

of aspen patch (range 0.1–128 ha, mean 13 ha, median 4
ha), nearest neighbor distance (range 192–4825 m, mean
1466 m, median 1039 m), or mean neighbor distance
(range 23–47 km, mean 30 km, median 28 km) as
important factors in 1996 or 1997 (in all cases, rj j<0.19
and P>0.19). Scatterplots failed to reveal non-linear
relationships or trends with either variable.

3.3. Individual species’ responses to habitat variation

The habitat variables in the CCA ordination
explained 50.1% of the variation in the distribution of
individual bird species. The first canonical axis was
positively correlated with herbaceous understory and
negatively correlated with the presence of snags and
small diameter aspen (Monte Carlo test, P=0.01)
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(Fig. 2; Table 3). This axis accounted for 26.9% of the
variation in the distribution of bird species. Virginia’s
warblers, violet-green swallows, brown-headed cow-
birds, and chipping sparrows were associated with the
positive end of axis one. Pine siskins and warbling vir-
eos were associated with the negative end of axis one
(Fig. 2).

The second canonical axis was positively correlated
with herbaceous understory and negatively correlated
with steep slope, litter, high canopy cover and large
diameter ponderosa pine. This axis accounted for
12.5% of the variation in species distributions (Monte
Carlo test, P=0.01; Fig. 2; Table 3). Olive-sided flycatch-
ers, violet-green swallows, pine siskins, black-chinned

Fig. 1. A comparison between aspen–ponderosa pine pairs of plots for (A) relative bird abundance and (B) species richness in 1996 and 1997, in the

northern Arizona ponderosa pine forest. Notice more points are located below the 45 degree line, indicating that in most cases the aspen plot has

more birds and more bird species than the paired pine plot.

Table 2

Species richness model from a multiple linear regression for small aspen stands in northern Arizona showing the summary statistics for the final

models

Factor Coefficient Standard error P

1996

Constant 12.611 0.635 0.000

Slope �0.084 0.029 0.006

Deciduous trees (excluding aspen) 12.8 to 30.5 cm dbha,b 0.584 0.132 0.000

Total number of trees 0.1 to 12.7 cm dbha �0.019 0.006 0.002

1997

Constant 30.221 0.635 0.004

Elevation �0.009 0.029 0.048

Total number of trees 0.1 to 12.7 cm dbha �0.023 0.006 0.000

Years were modeled separately because of significant differences in species richness between years and independence of samples. The model for

1996 explains 46% of the variation and the model for 1997 explains 24% of the variation in species richness.
a Tree numbers are based on a count in a 1000 m2 plot centered on the point count station.
b 215 trees out of 220 counted were Gambel oak.
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Fig. 2. This is a three-dimensional representation of bird species ordinated in relation to habitat vectors (arrows) (Table 3). The length of habitat

vectors indicates their relative strength in explaining variation in the distribution of species. The distance from the origin to the perpendicular drawn

from the bird species point to a habitat vector indicates how closely associated that bird is with that habitat variable. Perpendicular distance from

the vector to the bird species has no relationship to the correlation between the bird species and that habitat variable. Three bird species were left off

the graph to enhance readability; pine siskins which were strongly associated with snags, black chinned hummingbirds which were strongly asso-

ciated with shrubs and deciduous trees other than aspen, and Virginia’s warblers which were strongly associated with herbaceous cover as well as

shrubs and deciduous trees other than aspen. Note that there are no distinct groups of species associated with distinct groups of habitat variables.

Instead we see bird species distributed across the entire range of habitat measurements.
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hummingbirds, western wood-peewees, northern flick-
ers, brown-headed cowbirds, and acorn woodpeckers
were associated with the positive end of axis two. Vir-
ginia’s warblers, red-faced warblers, cordilleran fly-
catchers, downy and hairy woodpeckers, hermit
thrushes, and warbling vireos were associated with the
negative end of axis two (Fig. 2).
The third canonical axis was positively correlated

with a diverse understory, snags, and large aspen as well
as other deciduous and coniferous tree species (exclud-
ing ponderosa pine) and negatively correlated with litter
and ponderosa pine. This axis accounted for 10.7% of
the variance in the community matrix (Monte Carlo

test, P=0.01; Fig. 2; Table 3). Black-chinned hum-
mingbirds, Virginia’s warblers, house wrens, cordilleran
flycatchers, and violet-green swallows were associated
with the positive end of axis three. Chipping sparrows,
Steller’s jays, red-faced warblers, pine siskins, western
wood-peewees, plumbeous vireos, and white-breasted
nuthatches were associated with the negative end of axis
three (Fig. 2).
On average, similarity between bird communities of

an aspen plot and its paired pine plot (average Jaccard
index=0.289, standard deviation=0.136) was no dif-
ferent than between environmentally similar aspen plots
(average Jaccard index=0.255, standard deviation=0.010)

Table 3

Habitat variables recorded in each 20�50-m plot used in CCA analysis and their calculated correlations with axes one, two and three

Habitat variable Description Axis 1 Axis 2 Axis 3

Small POTR Density of aspen 0.1–30.5 cm dbh �0.469 �0.232 0.170

Large POTR Density of aspen greater than 30.5 cm dbh 0.049 0.088 0.354

Small PIPO Density of ponderosa pine 0.1–30.5 cm dbh 0.060 �0.171 �0.327

Large PIPO Density of ponderosa pine than 30.5 cm dbh 0.089 �0.350 �0.146

Deciduous treesa Density of Gambel oak �0.034 �0.182 0.521

Coniferous trees Density of coniferous trees, excluding PIPO 0.021 �0.247 0.295

Snags Density of snags �0.904 0.071 0.274

Canopy cover % of hits of canopy for 92 point intercepts �0.331 �0.414 0.236

Shrubs Density of shrubs �0.047 �0.212 0.581

Bare ground % of hits of rock or soil for 92 point intercepts 0.060 �0.004 0.262

Litter % of hits of litter for 92 point intercepts �0.174 �0.476 �0.478

Herbaceous cover % of hits of grass or forbs for 92 point intercepts 0.175 0.581 0.245

Slope Degrees of slope, clinometer �0.135 �0.770 0.063

a All deciduous trees other than aspen were included here, but 95% of such trees were Gambel oak.

Fig. 2 (continued).
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or between environmentally similar pine plots (average
Jaccard index=0.255, standard deviation=0.143)
(P=0.10 in all cases). Thus, aspen stands do not pro-
vide habitat for a different suite of birds.

3.4. Individual species’ responses to area and isolation

Two canonical axes were identified, one in relation to
size of aspen patch, the second in relation to nearest
neighbor distance. Neither axis was statistically sig-
nificant (Monte Carlo test, P=0.20), and no bird spe-
cies were significantly related to either patch size or
isolation.

4. Discussion

Within the larger ponderosa pine forest, small
aspen stands support a greater diversity and abun-
dance of birds per hectare; a result also noted by
Winternitz (1976) and Turchi et al. (1995). The high
overlap between aspen and pine communities demon-
strates that aspen stands do not harbor unique avian
communities, but rather are locations where the
regional avifauna reaches high local density and diver-
sity. For forest birds, the scattered patches of aspen
function as important landscape elements within the
ponderosa pine forest matrix, not as isolated islands of
habitat.
Within-patch habitat factors explained 46% (1996)

and 24% (1997) of the variation in species richness
among aspen stands. These low predictive values may
reflect that birds were responding to arthropod abun-
dance or other factors that we did not measure. We
believe that the lower explanatory power of the 1997
model is linked to decreased competition resulting from
fewer birds and a more abundant food supply. This is
assuming that arthropod abundance increased with a
39% increase in precipitation and that arthropod avail-
ability further increased with a decrease in bird abun-
dance. Thus, the 1996 model may better identify habitat
characteristics important during times of greater com-
petition.
Avian species richness decreased with increasing den-

sity of saplings (all species) in aspen stands in both 1996
and 1997; no other factor was consistently associated
with species richness in aspen stands. Young (1973) and
Flack (1976) noted similar patterns. High densities of
saplings are characteristic of young stands with high
canopy shading, depauperate understories, and an
altered vertical distribution of foraging and nesting
sites. We found the abundance of medium-sized Gambel
oak (12.8–30.5 cm dbh) associated with higher species
richness in 1996. Gambel oak is an important resource
for both bird foraging and nesting in northern Arizona
(Balda, 1969; Rosenstock, 1996, 1998).

Topographic setting (riparian versus hill) was not
related to avian abundance or diversity in pine or aspen.
This is an unexpected finding considering the impor-
tance of riparian areas to bird diversity and abundance
in more xeric landscapes in the Southwest (Whittaker,
1975; Stevens et al., 1977; Szaro, 1980; Knopf, 1985;
Strong and Bock, 1990). However, McGarigal and
McComb (1992) similarly found no difference in bird
diversity between riparian and upland sites in moist
coniferous forests in Oregon and attributed this to
subtle transpiration gradients between their riparian
and upland sites. No riparian sites in our study have
perennial water flow, and soil moisture probably dif-
fers little between upland and riparian sites. There-
fore in terms of microclimate, aspen on hills may not
be very different from aspen in riparian areas in the
Southwest.
In our study and other studies examining patches of

aspen within a forested matrix, area and isolation of
aspen stands did not affect bird abundance and diversity
or individual species distributions in a manner con-
sistent with the island theory of biogeography (Yahner,
1986; Turchi et al., 1995). Traditional terrestrial appli-
cation of the theory of island biogeography has been to
islands of forest in a matrix of agriculture, urbanization,
clearcuts, or meadows (e.g. Martin, 1980; Soulé et al.,
1988; Stouffer and Bierregaard, 1995; Stratford and
Stouffer, 1999; van Balen, 1999; Beier et al. 2002), i.e.
habitat surrounded by nonhabitat (Ricketts, 2001).
Matrix composition dramatically influences the effective
isolation of habitat patches (Ricketts, 2001). In our
study, the matrix of pine is so permeable as to make
aspen patch area and isolation non-issues. The fact that
the smallest and most isolated aspen patches had high
avian diversity and abundance, in addition to the pat-
terns of association for individual species, are consistent
with the view most bird species exist as continuous
populations across the pine-aspen landscape.
Researchers have long related the distribution and

abundance of bird species to various aspects of their
environment (Block and Brennan, 1993). Our canonical
analysis revealed species associated with various aspects
of forest structure and composition. We found that
most of the strongest species associations were with
structural factors such as herbaceous cover or the pre-
sence of snags. Nearly all of the species showed some
correlation with either aspen or ponderosa pine, but this
could be related to our species selection criteria for the
analysis (species had to show a 20% difference in num-
ber of detections between aspen and pine plots to be
included in the analysis). In addition, our results, rela-
ted to both habitat structure and components, rely
heavily on the theory of habitat selection. We acknowl-
edge that other factors, such as competition, predation,
and parasitism, also could influence this process (Cody,
1981; Rosenzweig, 1985).
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We found several consistencies between our analyses of
general patterns of avian relative abundance and species
richness and patterns for individual species. The size and
number of trees had a significant impact on the avian
community at both of these scales of resolution. The
canopy tree species also influenced individual bird species
presence, albeit not as dramatically as other factors.
Conversely, even though factors such as slope and
understory cover may not be associated with overall avian
relative abundance or species richness, they may still be
significantly related to distributions of individual species.
At the large scale, our results suggest there are more birds
and more species in aspen stands with an additional hard-
wood component. However, our description of avian
communities at the species scale demonstrates amuchmore
complex relationship of diversity with the environment.

5. Conservation implications

We found that small aspen patches are an important
component of the landscape to many species of birds in

the Southwest. From the perspective of conservation
and management of forest birds, the lack of area and
isolation effects, in combination with higher bird abun-
dance and diversity in aspen, demonstrates that even the
smallest and most isolated aspen patches contribute to
regional vigor of bird populations taken in the context
of a larger forest system. Thus management actions
(overstory thinning, burning, fencing against ungulates)
to maintain several small stands of aspen can be at least
as valuable as actions to conserve a single stand of the
same total size. To the extent that avian control of for-
est insects (Marquis and Whelan, 1994) is effective out-
side of these high-density stands, and to the extent that
they contribute potential breeders into the forest at
large, several small stands may be more valuable than
fewer, large stands. However, the aspen stands are not
functioning as isolated habitat patches, they are adding
to the diversity of forest structure within a larger sys-
tem. Future research should investigate the extent to
which regional stability and resilience of bird popula-
tions in the forest is enhanced by these small aspen
stands.

Appendix

The 51 bird species observed, scientific names (AOU, 2001), and numbers of birds detected during breeding seasons
of 1996 and 1997 in northern Arizona ponderosa pine forest matrix and quaking aspen stands. Detections are the
number of individuals of a species detected per plot per year summed over a particular plot type. Bird species analyzed
with the CCA are listed with their bird banding code and score for each of the canonical axes. Bird species were
selected for CCA analysis based on a minimum of 20% difference in detections between aspen and ponderosa pine
plots and a minimum of three detections across all plots during 1996

Species Scientific name Code Plot type Axis 1 Axis 2 Axis 3

Aspen

Hill

(N=25)

Aspen

Riparin

(N=28)

Pine

Hill

(N=25)

Pine

Riparian

(N=28)

Red-tailed hawk Buteo jamaicensis 2 1 0 1

Band-tailed pigeon Columba fasciata 1 0 1 1

Mourning dove Zenaida macroura 2 3 1 1

White-throated swift Aeronautes saxatalis 0 0 0 2

Black-chinned hummingbird Archilochus alexandri BCHU 2 6 0 0 �0.13307 0.531023 1.685292

Broad-tailed hummingbird Selasphorus platycercus BTHU 8 16 4 11 0.107956 �0.0123 0.168097

Acorn woodpecker Melanerpes formicivorus ACWO 13 7 0 0 0.151676 0.223198 0.012566

Downy woodpecker Picoides pubescens DOWO 4 4 2 1 �0.10779 �0.40636 0.073782

Hairy woodpecker Picoides villosus HAWO 8 11 3 7 0.02896 �0.34325 �0.21797

Northern flicker Colaptes auratus NOFL 20 24 6 6 0.046331 0.346244 0.067417

Williamson’s sapsucker Sphyrapicus thyroideus WISA 3 1 0 0

Cordilleran flycatcher Empidonax occidentalis COFL 35 46 8 18 0.04051 �0.51143 0.318648

Olive-sided flycatcher Contopus cooperi OSFL 7 6 0 1 �0.07528 0.708075 0.045878

Western wood-pewee Contopus sordidulus WWPE 38 22 9 10 0.17927 0.351399 �0.33767

Violet-green swallow Tachycineta thalassina VGSW 31 57 12 11 0.314407 0.578541 0.267694

Steller’s jay Cyanocitta stelleri STJA 29 22 17 22 0.059627 �0.07509 �0.42907

Clark’s nutcracker Nucifraga columbiana 2 1 0 0

American crow Corvus brachyrhynchos 0 1 1 0

Common raven Corvus corax 7 10 3 5

Mountain chickadee Poecile gambeli 39 43 28 56

Brown creeper Certhia americana BRCR 19 15 9 13 0.015253 �0.00023 �0.06462
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ABSTRACT

Stream restoration efforts, particularly within meadow systems, increasingly rely on ‘pond and plug’ type methods in which (a)
alluvial materials are excavated from the floodplain, forming ponds; (b) excavated alluvial materials are used to plug incised
channels and (c) smaller dimension channels are restored to the floodplain surface. A commonly stated objective of these efforts
is to restore ecologically significant hydrological processes to degraded riparian systems. However, little research has been
conducted to evaluate and quantify the restoration of these hydrological processes. Direct comparisons of pre- and
post-restoration hydrological observations are often misleading due to an inter-annual climatic variability. To overcome this
issue and accurately quantify the hydrological effects of restoration, we developed, calibrated and validated a hydrological
model of a 230 ha mountain meadow along a 3.6 km restored reach of Bear Creek in the northeastern California. We then applied
the model to simulate the pre- and post-restoration scenarios by altering the floodplain topography and stream channel networks.
Our results document three general hydrological responses to the meadow restoration effort: (1) increased groundwater levels
and volume of subsurface storage; (2) increased frequency/duration of floodplain inundation and decreased magnitude of flood
peaks and (3) decreased annual runoff and duration of baseflow. This study supports and quantifies the hypothesis that ‘pond and
plug’ type stream restoration projects have the capacity to re-establish hydrological processes necessary to sustain riparian
systems. In addition, the results of this study can be used to improve quantitative objectives for ‘pond and plug’ type stream
restoration activities in similar settings. Copyright # 2008 John Wiley & Sons, Ltd.

key words: stream restoration; hydrological model; surface–groundwater interaction; water table; flood peak attenuation; channel
modification; pond and plug; MIKE SHE
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INTRODUCTION

An increased appreciation of the multitude of environmental services that healthy stream systems provide has

prompted large investments in restoring degraded watercourses in the United States (U.S. Environmental

Protection Agency and U.S. Department of Agriculture, 1998) and throughout the world (Moser et al., 1997). An

exponential increase in river restoration projects over the last decade (Bernhardt et al., 2005), has made stream

restoration one of the most visible elements of hydrological sciences (Malakoff, 2004) and placed river restoration

at the forefront of applied hydrological sciences (Wohl et al., 2005). An increasingly popular stream restoration

strategy is the ‘pond and plug’ method, in which (a) alluvial materials are excavated from the floodplain, forming

ponds; (b) excavated alluvial materials are used to plug incised channels and (c) smaller dimension channels are

restored to the floodplain surface. Objectives of ‘pond and plug’ projects typically include: improved aesthetics,

improved land productivity, improved aquatic and terrestrial habitats, decreased streambank erosion and

downstream sediment delivery, increased water table elevations and enhanced baseflow conditions (Benoit and

Wilcox, 1997; Rosgen, 1997). Despite the popularity of this approach, only a small number of projects receive
*Correspondence to: Christopher Trevor Hammersmark, Center for Watershed Sciences, University of California—Davis, One Shields Ave.,
Davis, CA 95616, USA. E-mail: chammersmark@gmail.com
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sufficient monitoring and assessment to evaluate their effectiveness and to inform future restoration efforts

(Bernhardt et al., 2005), seriously limiting advancement in design and implementation.

The purpose of this study is to quantify the hydrological effects of a ‘pond and plug’ type stream restoration.

We hypothesize that topographic modification of channels and floodplains, typical of ‘pond and plug’ restoration

projects, will result in measurable changes to all surface and subsurface hydrological processes. Hydrological

processes of particular interest are the spatial and temporal changes to groundwater (e.g. water table elevation,

range of water table elevations and subsurface storage), surface water (e.g. floodplain inundation frequency, area

and duration, flood peak attenuation, baseflow duration and total annual runoff) and atmospheric exchange (e.g.

evapotranspiration). Direct comparisons of pre- and post-restoration hydrological observation data can be

instructive, yet also can be misleading due to the inter-annual climatic variability, which affects many surface

and subsurface hydrological processes. In order to quantify the effects specific to stream restoration, two linked

surface water-groundwater numerical models were developed with the MIKE SHE hydrological modelling

system using a well-documented ‘pond and plug’ stream restoration project as an example. The two models

(incised vs. restored) differ only in the size, shape and alignment of the channels and the presence/absence of

ponds on the floodplain surface. Identical boundary conditions are used to simulate the hydrological effects and

allow for a direct comparison of the stream restoration’s effects on the surface and subsurface hydrological

processes. The results of this work offer new insight into the impact of this restoration technique on meadow

hydrology. In addition, the methods used can guide future efforts to monitor and assess stream restoration

efforts.
STUDY AREA

Geology and hydrology

Bear Creek Meadow (meadow) is a low-gradient alluvial floodplain �100 km northeast of Redding in the

northern California, USA (Figure 1). The meadow is located at an elevation of �1010 m, and is situated at the

bottom of the �218 km2 Bear Creek watershed, immediately upstream of the confluence of Bear Creek with the

Fall River, the largest spring-fed river system in California (Grose, 1996), and among the largest spring-fed river

systems in the United States (Meinzer, 1927; Rose et al., 1996).

The meadow is approximately 3 km long, 1 km wide, 230 ha in size and is situated at the northwestern margin of

the Fall River Valley. The meadow is bounded on the south and west by the steep slopes of Soldier Mountain, to the

north and east by the low-relief basaltic flows of the Medicine Lake Highlands, and to the southeast by the Fall

River Valley. The head of the meadow lies at the base of a relatively steep, heavily-forested bedrock reach. The Fall

River Valley is underlain by lacustrine deposits consisting of clay, silt and sand. In the meadow, the lacustrine

deposits are overlain by 0.5 to 2 m of deltaic sands and gravels, and 1 to 3 m of floodplain silty loam soils (Grose,

1996). The meadow vegetation is dominated by grasses, sedges and rushes, in addition to stands of Oregon ash

lining inactive stream channels.

The climate of the Fall River Valley is semi-arid, receiving an annual average of 508 mm of precipitation

(California Irrigation Management System data for McArthur for water years 1984–2006). Most of the

precipitation in the Fall River Valley occurs as rainfall in the late fall-early spring. Higher elevation areas of the

Bear Creek watershed, located to the north and west of the meadow, receive considerably more precipitation, which

occurs as snow and rain in the late fall-early spring.

The hydrological system of the study area is complex, consisting of seasonal or intermittent surface-water

inflow from the Bear Creek and Dana Creek and perennial spring discharge from the Fall River spring

system (Figure 1). The latter system is fed by meteoric water, which falls on the Medicine Lake Highlands,

perches on low-permeability lacustrine deposits, flows south through fractured basalt and discharges at the

downstream end of the meadow (Rose et al., 1996). These springs form the headwaters of the Fall River

and several short tributaries (i.e. Mallard Creek and Lower Dana Creek). The local groundwater system

is unconfined and down-valley fluxes occur primarily through the deltaic silts, sands and gravels of the

shallow subsurface.
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Figure 1. Bear Creek Meadow study area. Portions of the incised channels were filled with alluvium excavated from ponds throughout the
meadow. A 3.6 km single thread restored channel reach was created from remnant channel segments and excavated where necessary. Flow

direction is from upper left to lower right. Surface and groundwater comparison locations are also shown

QUANTIFYING THE HYDROLOGICAL EFFECTS OF STREAM RESTORATION 737
Surface-water input to the meadow is supplied primarily by the intermittent Bear Creek and secondarily by the

intermittent Dana Creek, which bounds the southwestern edge of the lower meadow (Figure 1). Stream discharge

results from spring snowmelt, and fall, winter and spring rain events including episodic rain-on-snow events. In

7 years following the restoration in 1999 that is described below, the peak discharge in Bear Creek measured at

the head of the meadow ranged from 3.11 to 20.73 m3 s�1 (Figure 2). Based upon a flow frequency analysis of

15 discontinuous years of annual peak discharge data available, the 2-, 5- and 10-year recurrence interval

discharges are 12.7, 29.6 and 48.2 m3 s�1, respectively.

Anthropogenic disturbance, incision, widening and restoration

Prior to restoration, the meadow was channelized and overgrazed (Poore, 2003), resulting in degradation of both

aquatic and terrestrial ecosystems of the meadow and the Fall River immediately downstream (Spencer and

Ksander, 2002). After several years of pre-restoration data collection and consultation, the meadow’s incised
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Figure 2. Bear Creek discharge at the upstream extent of the restored reach for the water years from 2000 to 2006. Annual peak discharge ranged
from 3.11 to 20.73 m3 s�1. Stream discharge is intermittent with flood peaks resulting from rainfall, rain on snow, and spring snowmelt
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channels were restored in 1999 as a joint venture between California Department of Fish and Game and the private

landowner. The restoration design followed the ‘Natural Channel Design Using a Geomorphic Approach’ method

developed by David Rosgen (Rosgen, 1996; Malakoff, 2004). A ‘priority 1’ approach (Rosgen, 1997), more

commonly referred to as a ‘pond and plug’ strategy was utilized.

Following the usual ‘pond and plug’ method, the incised stream channels were intermittently filled with plugs of

locally derived alluvial material. The remaining unfilled incised channel segments were left as ponds, and many

were enlarged to provide the fill material necessary to plug portions of the incised channels. While configuring the

restored channel, the existing remnant channel segments were used when possible, connected by sections of an

excavated new channel. The restored channel was constructed with reduced width, depth and cross-sectional area

(Figures 3 and 4, Poore, 2003). The restored channel was classified as C4 and E4 types of the Rosgen classification

system (Rosgen, 1996; Poore, 2003). Upon completion, a 3.6 km single thread sinuous channel connected the

bedrock controlled upstream reach to the unaltered downstream reach (Figure 1). In addition, 17 ha of new ponds

(remnant gully segments and fill sources) exist throughout the meadow.
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Figure 4. Representative restored and incised cross sections of the Bear Creek channel
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METHODS

Model development

A numerical hydrological model was developed using the MIKE SHE modelling system (Refsgaard and Storm,

1995), which is based upon the Systeme Hydrologique Europeen (SHE) model (Abbott et al., 1986a, 1986b). MIKE

SHE is a commercially available, deterministic, fully distributed and physically based modelling system that has

been applied to a wide variety of problems where surface water and groundwater are closely linked (for examples

see Jayatilaka et al., 1998; Thompson, 2004; Sahoo et al., 2006). Using a finite difference methodology, MIKE SHE

solves partial differential equations describing the processes of saturated subsurface flow (three-dimensional

Boussinesq equation), unsaturated subsurface flow (one-dimensional Richards’ equation), channel flow

(one-dimensional St. Venant equations) and overland flow (diffusion wave approximation of the two-dimensional

St. Venant equations). Channel hydraulics are simulated with the one-dimensional MIKE 11 hydraulic modelling

system which is dynamically coupled to the MIKE SHE modelling system. The processes of interception and

evapotranspiration are handled with analytical solutions.

Separate MIKE SHE/MIKE 11 models were developed for the pre-project (i.e. incised) and post-project (i.e.

restored) scenarios. Initially, a base model of the restored scenario was developed, calibrated and validated.

Subsequently, the surface topography, channel size and alignments were altered to reflect the incised

pre-restoration scenario. The altered surface topography and channel configuration were the only differences

between the two models. All other components remained unchanged between the two models. The models were

comprized of 2898 30 m� 30 m grid squares, representing a total area of 261 ha.

Grose (1996) and three well logs from within the model domain provided the conceptual model of the

hydrostratigraphy. The vertical and horizontal extent of the various hydrostratigraphic units were further defined by

excavating shallow boreholes with hand augers, excavating test pits with a backhoe, and conducting a

three-dimensional survey of the contact of the upper two layers as observed in the restored channel and ponds.

Based upon the refined conceptual model, the subsurface component of the model was composed of three layers

with the lower layer a sandy clay, the middle layer a high-permeability alluvial sand and gravel mixture and the

upper layer an alluvial silty–clayey loam.

Slug tests were conducted at three piezometers and analysed using the Bouwer and Rice (1976) method. The

arithmetic mean for six slug tests performed in the upper silty–clayey loam was 9.3� 10�7 m s�1 with values

ranging from 6.3� 10�6 to 1.5� 10�8 m s�1. The arithmetic mean for five slug tests performed in the sand and
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gravel layer was 4.5� 10�2 m s�1 with values ranging from 1.5� 10�2 to 9.0� 10�2 m s�1. These values all lie

within values found in the literature for units with similar textural descriptions (Masch and Denny, 1966; Adams

and Gelhar, 1992; Martin and Frind, 1998; Woesner et al., 2001; Loheide and Gorelick, 2007). No slug tests were

conducted in the lower sandy clay unit, instead a value of 1.0� 10�9 m s�1 was taken from the literature (Freeze

and Cherry, 1979; Martin and Frind, 1998). These values for saturated hydraulic conductivity were used as a

starting point in the model development, and were subsequently varied during model calibration.

Surface topography was obtained from previous surveys of pre- and post-restoration scenarios. Two digital

elevation models (DEMs) were developed, one representing the incised scenario and one representing the restored

scenario. The one representing the restored scenario was updated in 2004 with an additional topographic survey.

The DEMs were sampled on a 30 m grid to provide surface elevations to the model. Two MIKE 11 models were

developed to reflect the altered channel configuration due to restoration. Channel alignments and cross sections

were extracted for each MIKE 11 model from the pre- and post-restoration DEMs (Figure 5).

Vegetation inputs included the spatial extent of various vegetation types, in addition to leaf area index (LAI) and

root depth (RD) of each prescribed vegetation type. Three vegetation types were employed in the model: ash forest,

pine forest and grassland (Figure 6). The distribution of each vegetation type was determined through a combination

of field reconnaissance and aerial photo interpretation. The ash forest was assigned a variable LAI with a maximum of

5 and a constant RD of 1.83 m. The pine forest was assigned a constant LAI of 5 and RD of 3.05 m (Misson et al.,

2005). The grassland was assigned a variable LAI with a maximum value of 2.5 (Xu and Baldocchi, 2004) and a

variable RD with a maximum of 0.45 m (Wu, 1985; Weixelman et al., 1996). Unsaturated soil conductivity and

moisture retention properties were adopted from Loheide and Gorelick (2007). Meteorological data were collected at

15 min intervals from a data logging weather station (HOBO weather station, Onset Computer Corporation) deployed

within the meadow (Figure 1). Reference evapotranspiration was computed using these meteorological data and the

FAO Penman–Montieth combination equation (Allen et al., 1998).

Additional input parameters included the leakage coefficient, which governs river-aquifer exchange, and channel and

overland flow roughness coefficients (i.e. Manning’s n). River-aquifer exchange was simulated using the reduced contact

(b) method with an initial value of 1.0� 10�5 s�1 adopted from the literature (Thompson et al., 2004). Manning’s n for

channel flow was estimated to be 0.033 s m�1/3 based upon values found in the literature for similar channel conditions

(Chow, 1959; Barnes, 1967; Coon, 1998). An initial floodplain Manning’s roughness value of 0.5 s m�1/3 was adopted

from the literature (Thompson et al., 2004). Each of these values was subsequently altered during model calibration.
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Boundary conditions

The subsurface domain boundaries consisted of a combination of no-flow and specified-flux subsurface external

boundary conditions and one internal specified-head boundary condition (Figure 7). Pre- and post-restoration

observation data from 28 piezometers arranged along four transects were used to define the subsurface external

boundary conditions. No-flow boundaries were on the upper portion of the meadow and along the southwestern

border of the meadow. A short specified-flow boundary was along the northeastern border where subsurface

irrigation runoff from an irrigated pasture discharges to the meadow. A flux of 2� 10�2 m3 s�1 was applied during

the June–September irrigation season with zero flow applied to the remaining portion of the year. The spring-fed,

perennial streams Mallard Creek, Lower Dana Creek and Fall River bound the downstream portion of the model

domain (Figures 1 and 5). While no-flow boundaries were used in the subsurface, these surface channels were

linked to the subsurface, essentially acting as specified-head boundaries. The advantage to this approach was that

while a constant inflow to these surface channels was specified, stream stages were calculated by the model and

differed between the incised and restored scenario runs. The specified head internal boundary was used for an area

that received subsurface spring discharge. Water levels in this area were not affected by the stream restoration, and a

geochemical analysis of groundwater in this area indicated that the groundwater is similar to nearby springs and

dissimilar to Bear Creek surface water (Hammersmark, unpublished data). The low-permeability lacustrine clay

underlying the meadow justified the use of a no-flow boundary along the bottom of the model domain.

The surface domain boundaries for each MIKE 11 model were developed from flow records from Bear Creek

inflow, Mallard Creek inflow, Fall River inflow, Dana Creek inflow, Dana spring inflow to Lower Dana Creek and

Fall River stage at the downstream extent of the model domain (Figure 5). Data logging pressure transducers
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Figure 7. Domain and subsurface boundary conditions for the hydrological model. Subsurface boundary types include no flow, specified flow
and specified head
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(Solinst LT 3001 Leveloggers) were installed in spring 2004 to provide stage hydrographs at each location. At the

five inflow locations, over a wide range of flow levels, discharge was measured using standard velocity-area

methods (Harrelson et al., 1994), with water velocity measurements collected with a flowmeter (Marsh-McBirney

Flo-Mate). Flow measurements and corresponding stage levels were used to create rating curves/tables for each

inflow location to allow the conversion of the stage hydrographs to discharge hydrographs. Several additional

no-flow boundaries were employed at minor channels’ heads, which did not experience surface inflow but

nevertheless played important roles in regulating the elevation of the water table.

Model calibration and validation

Model calibration parameters included hydraulic conductivity, the leakage coefficient, and channel and overland

roughness coefficients. Uniform values for each of the parameters were used. The calibration consisted of

individual parameter manipulation and subsequent model performance evaluation. Only the post-restoration model

was calibrated and validated because water table and stream flow data of sufficient temporal resolution were not

available for the pre-restoration period.

The 2005 water year (i.e. 1 October 2004 to 30 September 2005) was used for model calibration. Values of

saturated hydraulic conductivity, the leakage coefficient and channel roughness were varied during the calibration

process, but the best fit was achieved with the initial value estimates, which all fall within reasonable ranges of

values found in relevant literature. The value of overland roughness was decreased from 0.5 to 0.1 s m�1/3. This final

value resulted in improved channel stage agreement and more closely resembles values for floodplains found in the

literature (Chow, 1959).

The 2006 water year (i.e. 1 October 2005 to 30 September 2006) was used for model validation. Model

performance evaluation during both calibration and validation was based upon a combination of graphical

assessment and statistical methods. The Nash-Sutcliffe efficiency coefficient (Nash and Sutcliffe, 1970; McCuen

et al., 2006) was employed to statistically judge the performance of the model simulation as compared to observed

data. The Nash-Sutcliffe efficiency coefficient is widely used when evaluating the statistical goodness-of-fit of

model simulations, however time-offset bias and bias in magnitude have been observed (McCuen et al., 2006). In

addition to the Nash-Sutcliffe efficiency coefficient, the correlation coefficient and the mean error for each

comparison location were calculated and evaluated. Modelled and observed hydraulic heads were compared at

28 shallow piezometers, and modelled and observed stages were compared at two locations on Bear Creek within

the meadow and one location on Bear Creek below the meadow.

Model application

Once model development, calibration and validation were completed, the two models were used to simulate an

identical 2-year time period (i.e. 1 October 2004 to 30 September 2006). The only differences between the two

models were the altered channel configuration (alignment and size), the topography of the meadow surface (ponds

vs. no ponds) and the initial water table elevation. Starting both model simulations with the same potentiometric

surface was unrealistic because the incised scenario could not possibly support the same elevated water table

elevations that occur in the restored scenario at the beginning of the water year. To address this issue, both models

were first run with initial hydraulic heads determined by interpolating hydraulic head data collected in early

October 2004. Each scenario model was then run for the 2005 water year. Water table elevations from the end of this

run were then utilized as initial conditions for the comparison model simulations described below.
RESULTS

Model calibration and validation

The hydrological model of the restored scenario successfully simulates observed conditions (Figures 8 and 9).

Nash-Sutcliffe efficiency coefficients are all greater than 0.90, correlation coefficients are all greater than 0.95 and

mean error values are all less than �0.05 m (Table I).

The agreement between modelled and observed hydraulic heads was particularly strong during the winter, spring

and summer, when Bear Creek was flowing. The agreement between modelled and observed hydraulic heads was
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Figure 8. Comparison of simulated and observed groundwater depth at four piezometer locations within the meadow. The 2005 water year (left
side) was used for model calibration and the 2006 water year (right side) was used for model validation. Negative groundwater depths indicate

surface inundation that is common in the restored meadow. Piezometer locations are shown on Figure 1
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less strong during late fall, prior to the initiation of flow in Bear Creek, and as initial surface flow began to recharge

the subsurface.

The agreement between modelled and observed stage was strong throughout the simulation. However, modelled

values were variously higher or lower than observed values during many overbank flow events when flows are

largely controlled by floodplain topographic features that are below the resolution of the 30 m grid DEM.

Furthermore, modelled stage values were lower than observed values during baseflow conditions downstream of the

meadow when Bear Creek ceased to flow in the meadow but continued to flow below the meadow due to discharge

from spring-fed Mallard Creek.

Model application—incised and restored scenario comparison

Groundwater. Groundwater levels were higher in the restored scenario (Figures 10 and 11). Restoration had the

smallest hydrological effect during the summer and fall when Bear Creek ceased to flow and groundwater levels

were lowest, and the largest effect during the winter and spring when Bear Creek was flowing and groundwater

levels were highest. Winter and spring meadow average groundwater levels were increased by 0.72 and 1.20 m,
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respectively, above incised levels. Smaller seasonal differences occurred in summer and fall when restored average

groundwater levels for the entire meadow were 0.34 and 0.06 m higher, respectively. Restoration had the smallest

effect in the lower meadow, where inflows from springs maintained relatively stable groundwater levels throughout

the year, and the largest effect in the upper and middle meadow where inflows from the springs were absent and

groundwater levels were therefore more related to intermittent stream flows. Restoration increased the range of
Table I. Nash-Sutcliffe efficiency coefficient, correlation coefficient and mean error statistics for the 2-year model simulations
at four subsurface and three surface comparison locations

Location Nash-Sutcliffe Correlation coefficient Mean error (m)

Groundwater comparisons
GWA 0.95 0.98 �0.01
GWB 0.93 0.98 0.02
GWC 0.90 0.95 �0.05
GWD 0.91 0.97 0.04

Surface water comparisons
SW1 0.98 0.99 0.01
SW2 0.97 0.99 0.03
SW3 0.93 0.97 0.02

Subsurface locations compare simulated and observed groundwater depths as shown in Figure 8. Surface locations compare simulated and
observed water surface elevations as shown in Figure 9.
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Figure 10. Comparison of water table elevations for the restored and incised scenarios at four locations within the meadow. The largest water
table elevation differences are seen in the winter and spring, corresponding to surface flow in Bear Creek. In the restored condition, the elevation
of the water table is above the ground surface for extended periods at each location. Comparison locations coincide with the locations of

piezometers shown on Figure 1
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water table fluctuations throughout the meadow. Groundwater levels were at or above the ground surface at least

once during the simulation at 3.8 and 76.7% of the model grid squares in the incised and restored scenarios,

respectively.

Maximum groundwater storage and residual groundwater storage was greater in the restored scenario

(Figure 12). Maximum groundwater storage was 10.11� 105 and 12.11� 105 m3 for the incised and restored

scenarios, respectively. Residual groundwater storage (i.e. the groundwater storage that remained at the end of the

2006 water year) was 5.83� 103 and 3.48� 105 m3 for the incised and restored scenarios, respectively.

Groundwater residence time was greater in the restored scenario. In the incised scenario, the centre of mass of
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Figure 11. Seasonal water table elevation (WTE) differences between the 2005 water year incised and restored simulations. Clockwise from top
left: mid-fall (15 October 2004), mid-winter (14 February 2005), mid-spring (16 May 2005) and mid-summer (15 August 2005). Positive
difference indicates the restored water table is higher than the incised water table. Spatial patterns in water table elevation differences are
complex due to differing channel alignments, pond locations, subsurface and surface water inputs. This figure is available in colour online at

www.interscience.wiley.com/journal/rra
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the annual groundwater storage occurred on 14 March 2006, while in the restored scenario, the centre of mass of the

annual groundwater storage occurred 16 days later on 30 March 2006.

Surface water. Overbank flows were more frequent in the restored scenario (Figure 13). The average channel

capacity was 61.7 and 5.35 m3 s�1 in the incised and restored scenarios, respectively. While average channel

capacity values are useful for communication purposes, minimum channel capacity values exert a larger influence

upon the frequency and duration of flooding. The capacity of the restored channel varied between 1.2 and

9.7 m3 s�1. In the restored scenario, local floodplain inundation occurred when stream discharge exceeded the

minimum channel capacity, and widespread floodplain inundation occurred when discharge surpassed the average

channel capacity. The minimum capacity of the incised channel was 28.0 m3 s�1, thus floodplain inundation due to

overbank flooding did not occur in the incised scenario. Floodplain inundation also occurred when groundwater

levels rose above the ground surface. Annual surface water storage on the floodplain increased in the restored

scenario (Figure 12). Maximum surface water storage on the floodplain was 0.27� 105 and 6.47� 105 m3 for the

incised and restored scenarios, respectively.

Floodplain storage was positively correlated with surface water inflow to the meadow in the restored scenario

(Figure 14). Due to this floodplain storage, flood peak discharges were attenuated in the restored scenario

(Figure 15). Within the restored reach, flood peak stages were increased, but downstream of the reach flood peak

stages were reduced. Instantaneous inflow and outflow were essentially equal in the incised scenario, indicating that

floodwaters remained within the channel in the incised scenario. Conversely, instantaneous inflow exceeded

instantaneous outflow in the restored scenario, indicating that floodwaters flowed overbank onto the floodplain in

the restored scenario. The effects of restoration were most apparent when discharge exceeded the 5.35 m3 s�1

average channel capacity. Subsequent flood peak reductions ranged from 12.6 to 25.0% of the upstream peak value

with the largest reductions of 23.3, 25.0 and 24.4% for largest magnitude flood peaks of 15.71, 17.25 and
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Figure 12. Storage volume change for subsurface storage, floodplain storage and combined (subsurface & floodplain) storage for (a) incised and
(b) restored scenarios. The restored scenario stores a larger volume in each of the three categories with a maximum combined storage of
10.45� 105 and 18.52� 105 m3 for the incised and restored scenarios, respectively. Due to negligible amounts of water stored on the surface in
the incised scenario, the combined storage time series plots nearly on top of the subsurface storage time series. For ease of comparison, stored

volume is set equal to 0 m3 for the beginning of the 2005 water year (i.e. 1 October 2004) in the incised scenario
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20.67 m3 s�1, respectively. Most of the overbank water was stored temporarily and returned to the channel at

downstream locations, while some of the overbank water infiltrated and/or evapotranspired.

Within the restored reach, baseflow duration was shorter in the restored scenario (Figure 13). When compared at

the longitudinal midpoint of the meadow, baseflow ceased 16 days earlier in the restored scenario in each of the

years simulated. Increased baseflow levels occurred downstream of the restored reach.

Total annual runoff was higher in the incised scenario. During the 2005 water year, total annual runoff

was 4.11� 107 and 4.05� 107 m3 for the incised and restored scenarios, respectively. Therefore, total annual runoff

was 6.60� 105 m3 (i.e. 1.6%) higher in the incised scenario. During the 2006 water year, total annual runoff was

9.09� 107 and 8.99� 107 m3 for the incised and restored scenarios, respectively. Therefore, total annual runoff

was 9.38� 105 (i.e. 1.0%) higher in the incised scenario.

Evapotranspiration. ET was higher in the restored scenario (Figure 16). Daily ET rates were very similar in both

scenarios until mid-April. After this point, daily ET rates declined in the incised scenario, but continued to increase

in the restored scenario. During the 2005 water year, the peak daily ET rate of 6.5 mm d�1 occurred on 22 May 2005

in the incised scenario, while the peak daily ET rate of 7.0 mm d�1 occurred 41 days later on 2 July 2005 in the

restored scenario. During the 2006 water year, the peak daily ET rate of 5.5 mm d�1 occurred on 2 May 2006 in the

incised scenario, while the peak daily ET rate of 6.9 mm d�1 occurred 56 days later on 27 June 2006 in the restored

scenario. The maximum difference of 3.6 mm d�1 occurred on 11 July 2006. During the 2005 water year, total

annual ET was 1.22� 106 and 1.52� 106 m3 for the incised and restored scenarios, respectively. During the 2006

water year, total annual ET was 9.63� 105 and 1.44� 106 m3 for the incised and restored scenarios, respectively.

Therefore, total annual ET was 25 and 50% greater in the restored scenario for the 2005 and 2006 water years,

respectively.

SUMMARY AND DISCUSSION

This analysis of the Bear Creek Meadow restoration project indicates that plugging of the incised channels and

construction of a shallow, sinuous, single-thread channel initiated at least three significant hydrological responses

that are likely to have important ecological effects (Table II). These include: (1) increased groundwater levels and
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Figure 13. Time series of surface inflow and outflow for the (a) incised and (b) restored scenarios. Channel-floodplain exchange did not occur in
the incised scenario, but occurred frequently and for extended periods in the restored scenario. Incised outflow was nearly identical to inflow,
however restored outflow was lower than inflow. For the restored scenario, two floodplain inundation thresholds are shown. The dotted line
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volume of subsurface storage; (2) increased frequency of floodplain inundation and decreased magnitude of flood

peaks and (3) decreased baseflow and annual runoff.

Increased groundwater levels and volume of subsurface storage

Stream channelization and subsequent incision lower water tables (Choate, 1972; Schilling et al., 2004) resulting

in altered riparian vegetation patterns and species composition (Jewitt et al., 2004; Loheide and Gorelick, 2007).

Consequently, a commonly stated objective of many ‘pond and plug’ type stream restoration projects is to raise

groundwater levels in order to improve the health of riparian vegetation (Benoit and Wilcox, 1997; Rosgen, 1997;

Doll et al., 2003; Poore, 2003). Based upon simulations, we demonstrate significant increases in groundwater levels

and subsurface storage, which occurred largely in response to the raised channel bed. In the incised scenario, the

channel bed was well below the meadow surface, acting as a deep linear sink that efficiently drained the subsurface

of the meadow. In the restored scenario, the channel bed was raised, the deep linear sink was removed (i.e. plugged)

and groundwater levels were raised (e.g. average increase during spring of 1.2 m), in some cases up to and above the

meadow surface. Consequently, subsurface storage was consistently greater in the restored scenario.

The increased water table elevations simulated in this study are consistent with the one-dimensional groundwater

modelling simulations of Schilling et al. (2004), and the three-dimensional groundwater modelling simulations of
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Figure 16. Daily evapotranspiration rates for the restored and incised scenarios. The difference between these two values is also provided. Daily
ET rates were similar in both scenarios until mid-April of each year. After this point, daily ET rates declined in the incised scenario, but continued
to increase in the restored scenario. Peak daily ET rates occurred 41 days and 56 days later for the restored scenario in the 2005 and 2006 water

years, respectively. The maximum difference of 3.6 mm d�1 occurred on 11 July 2006
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Table II. Hydrological effects and their causes due to pond and plug stream restoration

Hydrological effect Cause

(a) Raised groundwater levels Raised channel bed no longer acted as a deep line sink
(b) Increased subsurface storage Raised channel bed no longer acted as a deep line sink
(c) Increased frequency of floodplain

inundation
Channel capacity reduced, reconnecting channel
and floodplain at lower flow levels

(d) Decreased magnitude of flood
peaks

Water transferred from channel to floodplain,
and temporarily stored

(e) Increased surface storage Increased channel-floodplain exchange and increased
surface storage in ponds

(f) Decreased duration of baseflow Raised channel bed no longer drains groundwater after
surface water inflow terminates

(g) Decreased total annual runoff Increased subsurface storage and ET
(h) Increased evapotranspiration Elevated groundwater levels available to root zone

and increased evaporation from ponds
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Loheide and Gorelick (2007). However, these previous studies focused on groundwater alone (i.e. floodplain flow

was not simulated), in hypothetical situations with perennial stream flow. Conversely, this study simulated actual

conditions where substantial overland flow and intermittent stream flow occurred, creating a more complex

hydrological response. In addition, the results of this study support the findings of Bradley (2002), who showed that

spatial and temporal trends in groundwater levels are closely linked to the stages of adjacent river channels.

Increased frequency of floodplain inundation and decreased magnitude of flood peaks

The natural flow regime has been identified as the key determinant in the ecology of river and riparian systems

(Poff et al., 1997). In addition, multidimensional connectivity (Vannote et al., 1980; Junk et al., 1986; Ward and

Stanford, 1995; Tockner et al., 2000) and the resulting variable levels of natural disturbance determine successional

patterns and habitat heterogeneity in floodplain river systems. Lateral connectivity, in particular is responsible for

the transfer of water, sediment, nutrients and organic matter between river channels and their adjacent floodplains

(Tockner et al., 1999). In this study, simulations demonstrate a significant increase in the hydrological connectivity

of Bear Creek to its floodplain due to stream restoration. The changes in frequency, duration and magnitude of

floodplain inundation, along with declines in the magnitude of peak flood flows exiting the meadow appear to be a

response to the decreased channel capacity. The average channel capacity of the incised channel was more than

11 times the average capacity of the restored channel (i.e. 61.7 m3 s�1 vs. 5.35 m3 s�1). For the 2 years simulated

here, overbank flooding did not occur in the incised scenario. Conversely, overbank flooding was frequent and of

long duration in the restored scenario, with 13 widespread flooding events (defined as when flows reached sufficient

magnitude to exceed the average channel capacity of 5.35 m3 s�1) for a total duration of 106 days (i.e. 27% of time

the stream was flowing) of overbank flooding. This is the most dramatic change in the hydrology of the meadow.

These simulation results are consistent with the qualitative observations of local landowners, who recall extremely

rare floodplain inundation in the pre-restored condition (i.e. only during 100þ year return interval events), and

frequent and long-duration floodplain inundation in the post-restored condition. Increased inundation frequency

due to channel restoration is consistent with the findings of Helfield et al. (2007).

Floodwater storage on the floodplain acted to attenuate flood peaks at the base of the meadow. The peak

discharge values for the largest events simulated, which lie between 2- and 5-year return interval flow values, were

reduced by up to 25%. Even greater flood-peak reduction is expected for larger flood pulses than those simulated

here. However, the magnitude of flood-peak reductions is capped by floodplain accommodation space. Therefore,

flood-peak reductions for very large floods are likely to be less dramatic for lower-frequency, higher-magnitude

flood flows. Flood peak attenuation coincident with wetland restoration is consistent with the results of other studies

where off-channel areas were hypothetically reconnected to adjacent river channels (Hey and Philippi, 1995;

Hammersmark et al., 2005).
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Decreases in baseflow and annual runoff

There is a general perception that stream restoration will improve all hydrological components of a river-riparian

system, resulting in improved conditions for all native plant and animal communities. In the meadow restoration

simulated here, anticipated improvements in aquatic habitat associated with increases in baseflow did not occur.

The decline in channel capacity and the raising of the channel bed decreased the total amount of runoff by 1–2%

and shortened the duration of baseflow by 2 weeks, extending the period of flow disconnection in the meadow.

The decline in baseflow is largely in response to the raised channel bed and the related changes in

evapotranspiration and groundwater flow paths. Increases in ET were responsible for roughly half of the decreases

in total annual runoff. In the incised scenario, much of the groundwater flowed laterally across the valley,

discharged to the incised channel and flowed out of the meadow as stream flow. In the restored scenario,

groundwater flowed down the valley, in some cases discharging to the meadow surface and flowed out of the

meadow as either shallow groundwater or overland flow. Therefore, some water that flowed out of the meadow as

stream flow in the incised scenario instead left the meadow as evapotranspiration or groundwater discharge in the

restored scenario.

The increased ET occurred largely in response to both the raised channel bed and the decreased channel capacity

and the related increased groundwater levels, increased the frequency of floodplain inundation and increased

surface storage. In the restored scenario, groundwater levels were higher, providing water to the root zone over a

greater area and for longer duration. Furthermore, in the restored scenario, surface water—both the overbank flows

and floodplain ponds—covered a greater area and for a longer duration. These results are consistent with the

findings of Loheide and Gorelick (2005) who measured ET rates in degraded and pond and plug restored meadows

in northern California.
CONCLUSION

Hydrology is the primary driver of the establishment and persistence of wetlands (Mitsch and Gosselink, 2000).

Natural flow regimes (Poff et al., 1997) and multidimensional connectivity (Ward and Stanford, 1995; Stanford

et al., 1996) have been identified as key determinants in the ecology of river-riparian systems. Moreover, hydrology

is so crucial that a National Research Council report on the management of riparian areas states that ‘repairing the

hydrology of the system is the most important element of riparian restoration’ (National Research Council, 2002).

The restoration of the meadow channel studied here resulted in the restoration of shallow groundwater levels. The

project also resulted in the restoration of the natural flow regime and channel-floodplain connectivity, primarily

reflected in the increased frequency and duration of floodplain inundation. These changes to the physical attributes

of the system are having and will continue to have profound effects upon the ecology of the meadow

(Hammersmark et al., in preparation).

While this work focuses on the hydrological effects of a particular ‘pond and plug’ restoration project, the results

should be utilized towards improved goal setting, restoration design and performance monitoring in similar

degraded environments. The methods utilized in this study provide an essential tool for monitoring and assessing

the performance of restoration efforts. Considerable complexity and uncertainty exist in the emerging

multidisciplinary science of river restoration (Wohl et al., 2005). This approach to evaluating the hydrological

response of a restored meadow provides an improved understanding of the magnitude of change and the causes of

those changes, supplying a learning tool to improve the science of river restoration. Lessons learned in this study

should be used in support of similar methods in appropriate environments, and towards setting realistic and

quantifiable objectives for similar projects (see Reference Klein et al., 2007 for example).
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R E S E A R C H A R T I C L E

Simulated Effects of Stream Restoration
on the Distribution of Wet-Meadow
Vegetation
Christopher T. Hammersmark,1,2 Solomon Z. Dobrowski,3 Mark C. Rains,4 and Jeffrey F. Mount1

Abstract
Meadow restoration efforts typically involve the modifica-
tion of stream channels to re-establish hydrologic condi-
tions necessary for the maintenance of native vegetation.
To predict change in the distribution of common meadow
plant species in response to meadow restoration, a hydro-
logic model was loosely coupled to a suite of individual
plant species distribution models. The approach was tested
on a well-documented meadow/stream restoration project
on Bear Creek, a tributary to the Fall River in north-
eastern California, U.S.A. We developed a surface-water
and groundwater hydrologic model for the meadow. Veg-
etation presence and absence data from 170 plots were
combined with simulated water-table depth time series to
develop habitat-suitability models for 11 herbaceous plant
species. In each model, the habitat suitability is predicted
as a function of growing-season, water-table depth, and

range. The hydrologic model was used to simulate water-
table depth time series for the pre- and post-restoration
conditions. These results were used to predict the spa-
tial distribution of habitat suitability for the 11 herba-
ceous plant species. Model results indicate that restoration
changed water levels throughout the study area, extend-
ing well beyond the near-stream region. Model results also
indicate an increase in the spatial distribution of suitable
habitat for mesic vegetation and a concomitant decrease in
the spatial distribution of suitable habitat for xeric vege-
tation. The methods utilized in this study could be used to
improve setting of objective and performance measures in
restoration projects in similar environments, in addition to
providing a quantitative, science-based approach to guide
riparian restoration and active revegetation efforts.

Key words: stream restoration, pond and plug, hydrologic
model, water-table, GAM, habitat-suitability model.

Introduction

Stream channelization and subsequent incision lower the
water-table (Choate 1972; Schilling et al. 2004), resulting
in altered riparian vegetation patterns and species compo-
sition (Jewitt et al. 2004; Loheide & Gorelick 2007). In
an effort to improve the ecological condition of degraded
streams and their adjacent riparian corridors, stream restora-
tion has grown in popularity. An increasingly common tech-
nique for raising the water-table in degraded meadow envi-
ronments with incised stream channels is the “pond and plug”
method, also referred to as meadow re-watering or prior-
ity 1 stream restoration (Rosgen 1997; Loheide & Gore-
lick 2005). In these projects, degraded stream channels (i.e.,
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incised and widened) are intermittently filled with locally
derived alluvial material. A new, smaller-capacity channel
is commonly constructed that increases the hydraulic con-
nectivity to the meadow floodplain. The fill excavation sites
and segments of the “plugged” channel become meadow
ponds. A stated objective of many of these “pond and
plug” projects is to raise water-tables in order to improve
the composition and cover of riparian vegetation (Benoit
& Wilcox 1997; Rosgen 1997; Doll et al. 2003; Poore
2003).

Previous studies have demonstrated the relationship between
vegetation and water-table depth in minimally disturbed,
degraded, and/or restored meadows in northern California
(Rains et al. 2004; Hammersmark 2008), central Nevada
(Chambers et al. 1999; Castelli et al. 2000), eastern Ore-
gon (Stringham et al. 2001; Dwire et al. 2006), the Sierra
Nevada (Allen-Diaz 1991; Loheide & Gorelick 2007), and
western Montana (Law et al. 2000). Despite the body of liter-
ature relating riparian vegetation to water-table depth, con-
siderable uncertainty regarding the effects of system mod-
ification accompanies most stream-restoration efforts (Wohl
et al. 2005). Palmer and Bernhardt (2006) suggest that
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efforts to evaluate the ecological effectiveness of floodplain-
reconnection and channel-reconfiguration projects should be
given top research priority. In an effort to address the uncer-
tainty surrounding the ecological effectiveness of “pond and
plug” stream-restoration efforts, we developed a quantitative,
science-based tool to predict the potential changes in herba-
ceous species distributions due to stream restoration. Toward
this end, our objectives were to: (1) develop, calibrate, and
validate a hydrologic model of a well-documented “pond
and plug” restoration project; (2) develop a suite of species-
distribution models that relate water-table depth to habitat suit-
ability for common herbaceous-meadow species; and (3) use
these models in concert to predict the potential changes in
distribution of individual species due to hydrologic restora-
tion.

Methods

Study Area

Bear Creek Meadow (meadow) is a 230-ha, low-gradient
floodplain located at an elevation of 1010 m, in northeastern
California, U.S.A., near the intersection of the Modoc Plateau
and the Cascade Range (Fig. 1, lat (41◦ 7′15′′N, long 121◦

34′12′′W). Located at the northwestern margin of the Fall
River Valley and at the base of the 218 km2 Bear Creek
watershed, the meadow lies just upstream of the confluence
of Bear Creek with the Fall River, one of the largest spring-
fed river systems in the United States (Meinzer 1927; Rose
et al. 1996). The Fall River Valley is underlain by fine-
texture lacustrine deposits and in the meadow, these lacustrine
deposits are overlain by 0.5–2 m of deltaic sands and gravels
and 1–3 m of floodplain silty loam soils (Grose 1996). Based

Figure 1. Bear Creek Meadow study area. Portions of the incised channels were filled with alluvium excavated from the floodplain, forming ponds
throughout the meadow. A 3.6 km single thread restored channel reach was created from remnant channel segments and excavated where necessary.
Flow direction is from upper left to lower right (modified from Hammersmark et al. 2008).
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on the soil survey, the dominant soil type is the Matquaw
gravelly sandy loam, a mixed, active, mesic Pachic Ultic
Haploxeroll (NRCS 2003).

The climate of the Fall River Valley is semiarid, receiving an
annual average of 508 mm (± 243 SD) of precipitation (Cal-
ifornia Irrigation Management System data for McArthur for
water years 1984–2006), most of which occurs as rainfall in
late fall–early spring. However, higher elevation areas of the
Bear Creek watershed receive considerably more precipitation
as snow and rain. The hydrologic system of the meadow con-
sists of intermittent surface-water inflow and perennial spring
discharge from the Fall River spring system, which forms
the headwaters of the Fall River and Mallard Creek (Fig. 1).
Surface-water input to the meadow is supplied primarily by
intermittent Bear Creek and secondarily by intermittent Dana
Creek (Fig. 1); thus stream flow in the restored reach of Bear
Creek is intermittent. In the 7 years following the restoration
(i.e., the water years of 2000–2006), peak discharge in Bear
Creek measured at the head of the meadow ranged from 3.1
to 20.7 m3/second and the annual duration of surface flow for
each water year ranged from 98 to 229 days.

In the 1960s, the meadow was channelized and heavily
grazed (Poore 2003), which resulted in degradation of terres-
trial and aquatic ecosystems of the meadow and the Fall River
(Spencer & Ksander 2002). After 5 years of pre-restoration
data collection and consultation, the meadow was rehabili-
tated in 1999 using a “pond and plug” strategy. Bear Creek’s
incised channels were discontinuously filled with plugs of
floodplain sediment obtained from the meadow. The remain-
ing unfilled incised channel segments were left as ponds, with
several segments enlarged to provide the material necessary
to intermittently fill the incised channels, resulting in 17 ha
of ponds throughout the meadow. The restored channel was
constructed with reduced width, depth, and cross-sectional
area, as compared to the incised channels (Poore 2003). Pre-
existing, natural channel fragments were used where possi-
ble. Average channel depth at riffles was reduced from 2.69
to 0.89 m and average channel capacity was reduced from
61.7 to 5.35 m3/second, with these values calculated at the
initiation of overbank flow to the floodplain (Hammersmark
et al. 2008). Topographic modification of the stream chan-
nels and floodplain surface resulted in substantial changes to
the surface-water and groundwater regimes of the meadow,
including (1) decreased water-table depths and increased vol-
ume of subsurface storage; (2) increased frequency of flood-
plain inundation and decreased magnitude of flood peaks;
(3) decreased baseflow and annual runoff; and (4) increased
evapotranspiration (Hammersmark et al. 2008). Based on qual-
itative field observations and a visual comparison of pre- and
post-restoration aerial photographs, these hydrologic changes
resulted in changes to the distribution of herbaceous vegetation
in the meadow (Fig. 2).

Hydrologic Model

A hydrologic model was developed for the meadow and
surrounding area employing the MIKE SHE modeling sys-
tem (Hammersmark et al. 2008). As employed in this study,
the MIKE SHE hydrologic model includes the processes of
three-dimensional saturated subsurface flow, one-dimensional
unsaturated subsurface flow, one-dimensional channel flow,
two-dimensional overland flow, interception, and evapotran-
spiration (Refsgaard & Storm 1995). Separate versions of
the hydrologic model were developed to represent the pre-
restoration (i.e., incised) and post-restoration (i.e., restored)
scenarios, with altered surface topography and channel
configuration being the only differences between the two sce-
narios. The hydrologic model of the post-restoration scenario
was calibrated with data from water year 2005 (i.e., 1 Octo-
ber 2004 to 30 September 2005) and validated with data from
water year 2006. The Nash–Sutcliffe efficiency coefficient,
the correlation coefficient, and the mean error were employed
to judge the performance of the model simulation as com-
pared to observed data (Nash & Sutcliffe 1970; McCuen et al.
2006). Modeled and observed water levels were compared at
three stage gages along Bear Creek, and at 28 piezometers dis-
tributed along four transects within the meadow (Fig. 1). For
further details on the hydrologic model, see Hammersmark
et al. (2008).

Following calibration and validation, each version of the
hydrologic model was used with identical boundary conditions
to simulate the 3-year period of water years 2004, 2005,
and 2006. Precipitation was average to above average during
the 3 water years simulated, with annual precipitation being
510 mm (i.e., 100.2% of average), 529 mm (i.e., 104.1% of
average), and 653 mm (i.e., 129.4% of average) for water
years 2004, 2005, and 2006, respectively (California Irrigation
Management System data for McArthur for water years
1984–2006).

For each vegetation plot (discussed below), a time series of
water-table elevation was generated from the post-restoration
hydrologic model, and combined with the ground-surface
elevation to yield a water-table depth time series, from which
average and range of water-table depth during the growing
season were calculated. The growing season was defined as
May through August, the period in which the aboveground
parts of herbaceous plants were observed to be actively
growing on site.

Vegetation Sampling

Plant species composition and aerial cover were sampled in
2 × 2–m plots placed along 15 transects aligned perpendicular
to the down-valley gradient (Fig. 1). Along each transect, plots
were systematically placed at 2-, 5-, 10-, 20-, 40-, 80-, 120-,
160-, 200-, 300-, 400-, and 500-m distances from the stream
edge, as allowed by the width of the meadow, resulting in a
total of 170 plots. Vegetation data were collected from 30 June
to 20 July 2005 (post-restoration) when plants were in flower
and therefore more easily identified. Percent aerial cover of all
vascular plants was ocularly estimated by three observers in
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Figure 2. Pre- (1998) and post-restoration (2006) aerial photographs of the meadow. Qualitative comparisons indicate an increase in mesic and hydric
vegetation in the post-restoration photograph. The region immediately below the irrigated pasture and the pine forest experienced the largest degree of
hydrologic alteration, and subsequent herbaceous vegetation change. Wet region labels indicate the area occupied by mesic–hydric vegetation
communities.

1% classes from 1 to 5% and then in 5% classes from 5 to
100% (Daubenmire 1959). In addition, rare species with only
one or two individuals were recorded as 0.1% and species with
less that 1% cover were recorded as 0.5%. The three ocular
estimates were then averaged. Nomenclature follows Hickman
(1993). Each species encountered was assigned to a wetland
indicator status category based upon its U. S. Fish and Wildlife
Service wetland indicator status in the California region (Reed
1988, 1996).

Habitat-Suitability Models

Post-restoration vegetation data and water-table simulation
results were used to develop habitat-suitability models for
11 herbaceous species to investigate the effect of hydrologic
alteration due to stream restoration on potential species dis-
tributions (Table 1). These models were used to simulate the
distribution of suitable habitat for the pre- and post-restoration
conditions as simulated by the hydrologic model. In building
the habitat-suitability models, simulated water-table data were
used for the 170 vegetation plots. The use of simulated pre-
dictor variables (direct and indirect gradients) is common in

predictive distribution modeling conducted at spatial scales
at which instrumentation and collection of in-situ data are
impractical and cost-prohibitive (see Guisan & Zimmermann
2000; Austin 2002 for reviews).

Species were chosen based on two criteria: frequency of
presence in the 170 2 × 2–m plots and wetland indicator status
category membership (Reed 1988, 1996). Only species with
greater than or equal to 30 occurrences in the 170 plots were
considered. From this subset of the most frequently occur-
ring herbaceous species, two to three species were chosen
from each of the five wetland indicator status categories: Obli-
gate wetland (OBL), facultative wetland (FACW), facultative
(FAC), facultative upland (FACU), and obligate upland (UPL).
For each of the resulting 11 species, habitat-suitability models
were developed with generalized additive modeling (GAM).

GAM is a semiparametric regression technique that uti-
lizes nonparametric smoothing functions (e.g., loess or spine
smoothers) when relating predictor and response variables
(Hastie & Tibshirani 1990). Thus, GAMs can accommodate
for nonlinear and complex response shapes. In each GAM,
the habitat suitability for a given species is determined as a
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Table 1. Summary of wetland indicator status category, regression model analysis, and cross-validation AUC results for the 11 herbaceous species
studied.

Explained Deviance

Species WISCa nb Total Deviance Average (%) Average and Range (%) AUCc

Aster occidentalis (Nutt.) Torrey & A. Gray FAC 30 158.4 24.2∗∗ 28.1∗ 0.81
Bromus japonicus Murr FACU 107 224.2 46.1∗∗ n.s. 0.86
Carex athrostachya Olney FACW 48 202.4 31.7∗∗ 46.6∗∗ 0.90
Carex nebrascensis Dewey OBL 34 170.1 33.1∗∗ 41.3∗∗ 0.86
Eleocharis macrostachya Britton OBL 30 131.0 31.4∗∗ 43.4∗∗ 0.88
Epilobium brachycarpum C. Presl UPL 76 233.8 37.4∗∗ 39.5∗ 0.86
Epilobium densiflorum (Lindley) P. Hoch & Raven OBL 42 190.1 26.9∗∗ 34.0∗∗ 0.83
Juncus balticus Willd. FACW 98 231.7 19.4∗∗ 25.0∗∗ 0.78
Leymus triticoides (Buckley) Pilger FAC 39 183.1 19.1∗∗ 32.0∗∗ 0.85
Poa bulbosa L. UPLd 50 206.0 45.7∗∗ 49.4∗ 0.91
Poa pratensis L. ssp. pratensis FACU 100 230.3 34.0∗∗ 36.7∗ 0.82

aWetland indicator status category (WISC) designation (Reed 1988, 1996). FAC, facultative; FACU, facultative upland; FACW, facultative wetland; OBL, obligate wetland;
UPL, obligate upland.
bn indicates the number of 2 × 2–m plots where each species was found to be present.
cAverage area under the curve (AUC) statistic of five training-evaluation dataset combinations. AUC is a threshold-independent metric of a model’s goodness-of-fit (Fielding &
Bell 1997). AUC values scale from 0.5 (indicating a completely random model) to 1.0 (perfect agreement of predicted and observed).
dP. bulbosa L. is not assigned to a wetland indicator status category and is assumed to be an obligate upland species in this study.
∗ p < 0.05,∗∗ p < 0.0001.

function of one or more environmental variables. These envi-
ronmental variables included average growing-season water-
table depth and range of the growing-season water-table depth.
Models were first developed using average growing-season
water-table depth alone as a predictor and subsequently devel-
oped using average and range of the growing-season water-
table depth. Water-table range was included as a predictor
variable when deviance was significantly reduced as judged
with a chi-square statistic at the 5% level.

Prior to GAM development, species abundance data were
converted to presence–absence data. The number of species-
absent observations often outnumbered the number of species-
present observations. Consequently, each dataset was screened
to reduce the leverage of the large number of species-absent
observations along a particular gradient (sensu Dobrowski
et al. 2006). In each GAM, a quasibinomial error term and
a logit link function were used. Additionally, a third order
spline smoothing function was used to relate response and
predictor variables. GAMs were developed using Generalized
Regression Analysis and Spatial Prediction (GRASP), a suite
of tools within R (Lehmann et al. 2002; R-Development Core
Team 2004).

Model performance was quantitatively assessed using the
area under the curve (AUC) statistic, a threshold-independent
metric of a model’s goodness-of-fit (Fielding & Bell 1997).
AUC values scale from 0.5 (indicating a completely ran-
dom model) to 1.0 (perfect agreement of predicted and
observed). A 5-fold, cross-validation technique was employed
for model-performance assessment. Each species’ predictor-
response dataset was randomly divided into five groups, four
of which were used for model training and the remaining of
which was used for model-performance evaluation (i.e., valida-
tion). Individual AUC values for each of the five permutations

of the partitioned datasets were averaged to provide the cross-
validated AUC statistic.

Water-table depths were generated by subtracting water-
table elevations (as predicted by the pre- and post-restoration
hydrologic model simulations of water years 2004–2006)
from surveyed pre- and post-restoration digital elevation
models. Predictor variables included average and range of
the growing-season water-table depths for both pre- and post-
restoration hydrologic-topographic scenarios. These surfaces
were sampled on a 2-m grid to provide a raster dataset for
habitat-suitability predictions. GAM predictions were analyzed
with ArcMap 9.2 (Environmental Systems Research Institute,
Inc., Redlands, California, U.S.A.).

Results

Hydrologic Model

The hydrologic model successfully simulates observed condi-
tions, with Nash–Sutcliffe efficiency coefficients, calculated
for the combined calibration and validation period at each of
the 28 piezometers and three stage gage locations, all greater
than 0.90, correlation coefficients all greater than 0.95, and
mean error values all less than ± 0.05 m (Fig. 3). The agree-
ment between modeled and observed hydraulic heads was
particularly strong during the growing season and less strong
during late fall as initial surface flow began to recharge the
subsurface.

Water-table depths were shallower in the restored scenario
(Fig. 4). Spatially averaged, simulated, growing-season water-
table depths were 0.82 and 1.86 m for pre- and post-restoration
conditions, respectively. Thus, growing-season water-table
rebreak depths were reduced by 1.04 m on average due to
stream restoration. Differences in water-table depth result from
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Figure 3. Comparisons of simulated and observed water-table depths at four piezometer locations within the meadow. The 2005 water year (left side)
was used for model calibration and the 2006 water year (right side) was used for model validation. Nash–Sutcliffe efficiency coefficients (NS),
correlation coefficients (r2) and mean error (ME) values are provided for each location. Negative water-table depths indicate surface inundation that is
common in the restored meadow. Piezometer locations are shown on Figure 1 (modified from Hammersmark et al. 2008).

topographic (i.e., channel plugging and pond excavation) and
hydrologic (i.e., increased water-table elevation) alterations.
Larger differences were observed in the near-channel areas as
compared to the distal margins of the meadow. Restoration
had the smallest effect in the lower meadow, where inflows
from springs maintained relatively stable water-table levels
throughout the year, and the largest effect in the upper
and middle meadow where inflows from the springs were
absent and water-table levels were therefore more related
to intermittent stream flows. Restoration increased the range
of water-table fluctuations throughout the meadow. Spatially
averaged, growing-season water-table ranges were 0.97 and
1.89 m for pre- and post-restoration conditions, respectively.

Habitat-Suitability Models

Species occurrence was strongly related to the average water-
table depth (Table 1). The explained deviance for models using
average water-table depth alone varied widely (19–46%) and
accounted for 32% of the total deviance on average. The
use of water-table range as a predictor significantly improved
distribution models for all species except Bromus japonicus.
The explained deviance for models using average and range
of water-table depth together varied widely (25–49%) and
accounted on average for 38% of the total deviance. Both the
level of significance and the increase in explained deviance by
adding range of the water-table depth as a predictor variable
were smallest for species at the xeric end of the hydrologic
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Figure 4. Comparison of growing-season average WTD for the pre- and post-restoration hydrologic-topographic scenarios. Spatial WTD averages are
1.86 m and 0.82 m for the pre- and post-restoration scenarios, respectively. Differences in WTD result from topographic (i.e., channel plugging and pond
excavation) and hydrologic (i.e., increased water-table elevation) alterations. In the pre-restoration case shallow groundwater is limited to the bottom of
the incised channels, whereas in the post-restoration case shallow groundwater occurred throughout much of the study area; with negative values
(indicating the ground surface is inundated) occurring in most of the pond areas. WTD, water-table depth.

Table 2. Comparison of meadow-averaged habitat suitability for pre- and post-restoration scenarios. Average habitat suitability increased for
species assigned to obligate wetland and facultative wetland categories and decreased for species assigned to the facultative upland and obligate upland
categories.

Habitat Suitability

Species WISCa Pre-restoration Post-restoration Change

Aster occidentalis (Nutt.) Torrey & A. Gray FAC 0.076 0.170 0.095
Bromus japonicus Murr FACU 0.835 0.697 −0.138
Carex athrostachya Olney FACW 0.002 0.274 0.272
Carex nebrascensis Dewey OBL 0.001 0.150 0.149
Eleocharis macrostachya Britton OBL 0.008 0.157 0.149
Epilobium brachycarpum C. Presl UPL 0.770 0.347 −0.423
Epilobium densiflorum (Lindley) P. Hoch & Raven OBL 0.004 0.279 0.275
Juncus balticus Willd. FACW 0.111 0.465 0.354
Leymus triticoides (Buckley) Pilger FAC 0.204 0.100 −0.104
Poa bulbosa L. UPLb 0.913 0.335 −0.578
Poa pratensis L. ssp. pratensis FACU 0.878 0.643 −0.235

a Wetland indicator status category designation (Reed 1988, 1996). FAC, facultative; FACU, facultative upland; FACW, facultative wetland; OBL, obligate wetland; UPL,
obligate upland.
b P. bulbosa L. is not assigned to a wetland indicator status category and is assumed to be an obligate upland species in this study.

gradient (i.e., Poa bulbosa, Epilobium brachycarpum, and Poa
pratensis). Cross-validated AUC values for the final models
ranged from 0.78 to 0.91, with an average value of 0.85,
indicating strong model fits.

Changes in Potential Species Distribution

Results indicate that meadow restoration changed the spatial
distribution of the suitable habitats for all 11 species inves-
tigated (Table 2; Figs. 5 & 6). The spatially averaged habitat
suitability increased for species occurring at the mesic end
of the hydrologic gradient, belonging to OBL and FACW

indicator classes (i.e., Carex athrostachya, Carex nebrascen-

sis, Eleocharis macrostachya, Epilobium densiflorum and Jun-

cus balticus). J. balticus had the largest increase in average

habitat-suitability, changing from 0.11 to 0.47. The average

habitat suitability decreased for species occurring at the xeric

end of the hydrologic gradient, belonging to UPL and FACU

indicator classes (i.e., B. japonicus, E. brachycarpum, P. bul-

bosa and P. pratensis). P. bulbosa had the largest decrease in

habitat suitability, dropping from 0.91 to 0.34. Species located

in the middle of the hydrologic gradient, assigned to the

FAC indicator class, experienced varying results, with Aster
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Figure 5. Comparison of pre-restoration and post-restoration habitat suitability for three species on the hydric–mesic end of the hydrologic gradient.
Carex nebrascensis, Juncus balticus, and Aster occidentalis belong in the obligate wetland, facultative wetland, and facultative wetland indicator
categories, respectively. The meadow average habitat suitability for each of these species increased due to stream restoration.
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Figure 6. Comparison of pre-restoration and post-restoration habitat suitability for three species on the mesic-xeric end of the hydrologic gradient. Poa
pratensis, Epilobium brachycarpum, and Poa bulbosa belong in the facultative upland, obligate upland, and unassigned (assumed to be obligate upland)
wetland indicator categories, respectively. The meadow average habitat suitability for each of these species decreased due to stream restoration.
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occidentalis increasing slightly (0.10) and Leymus triticoides
decreasing slightly (−0.10).

Discussion

Despite recent advances in the science of stream restoration,
considerable uncertainty still exists when attempting to pre-
dict the outcome of altering fluvial components of riparian
ecosystems (Wohl et al. 2005). The methodology presented in
this study provides a practical, quantifiable, and science-based
method to predict changes in the distribution of suitable habitat
for herbaceous vegetation due to hydrologic restoration. This
approach utilizes standard techniques in hydrologic modeling,
vegetation ecology, and statistical modeling, requiring no more
than a typical desktop computing system. While the hydro-
logic and statistical modeling techniques can be data-intensive,
the required data are readily obtainable. In this study, post-
restoration water-table–vegetation relationships were used to
quantify the post-restoration distribution of suitable habitat,
and then used retrospectively to quantify the distribution of
suitable habitat in the pre-restoration hydrologic condition. An
identical approach could be used prior to channel modifica-
tion to screen potential restoration alternatives, when specific
vegetation types are desired, or once a restoration design is
chosen to guide the most successful locations for specific
species plantings or seedings. Current industry standards for
vegetative restoration rely upon reference locations to guide
vegetation-planting efforts based upon communities found on
similar geomorphic surfaces (e.g., stream bank, floodplain,
terrace, etc.). In the meadow, this would likely have led to
the failure of revegetation efforts in many areas, because the
water-table depth varies along the length of the restored reach
as well as laterally away from the channel, resulting in differ-
ent species assemblages.

Previous studies have modeled vegetation as a function
of surface-water or shallow groundwater in riparian ecosys-
tems (Franz & Bazzaz 1977; Auble et al. 1994; Toner &
Keddy 1997; Springer et al. 1999; Primack 2000; Rains et al.
2004; Leyer 2005; Loheide & Gorelick 2007). The current
study builds upon these past efforts by adding to or altering
the hydrologic- and vegetation-modeling components. Unlike
all previous efforts, the hydrologic model used in this study
incorporates all relevant aspects of the hydrologic cycle,
including channel and floodplain flow, in addition to unsatu-
rated and saturated groundwater flow, allowing for dynamic
simulation of the spatially and temporally variable water-
table. Also unlike all previous efforts, the habitat-suitability
models were developed with GAMs. However, the hydro-
logic and habitat-suitability models were coupled in only one
direction, so vegetation distributions were not updated dur-
ing an iterative hydrology–habitat-suitability modeling proce-
dure. Therefore, changes in evapotranspiration due to changes
in vegetation distributions were not incorporated into this
modeling effort and different evapotranspiration rates were
caused solely by water availability due to altered water-table
depth.

This study assumes that water-table depth is the domi-
nant environmental variable controlling the distribution of
herbaceous vegetation in wet-meadow systems and that the
herbaceous vegetation is in equilibrium with the restored
hydrology. Several studies have identified hydrologic vari-
ables, typically water-table depth, as the primary variable
controlling vegetation distributions in meadow and grassland
environments (Allen-Diaz 1991; Castelli et al. 2000; Law
et al. 2000; Stringham et al. 2001; Henszey et al. 2004; Rains
et al. 2004; Dwire et al. 2006; Hammersmark 2008). Ham-
mersmark (2008) showed that the water-table–vegetation rela-
tionships of this restored meadow are consistent with the
water-table–vegetation relationships in other meadows that
were considered to be in equilibrium.

In addition to water-table depth, the inclusion of water-
table range as a predictor variable produced statistical mod-
els with stronger fits and improved ability to predict habi-
tat suitability for a given species. Indeed, previous research
has illustrated the importance of water-table range in the
determination of herbaceous meadow vegetation (Allen-Diaz
1991; Leyer 2005). However, other abiotic variables, such
as flood scour and deposition, nutrient availability and fire,
and biotic variables, such as competition, disturbance, dis-
ease, dispersal, and herbivory, may also influence the dis-
tribution of vegetation. These myriad factors act in combi-
nation to limit species distributions to realized niches which
are subsets of their fundamental niches (Guisan & Zimmer-
mann 2000; Austin 2002). For this reason, these habitat-
suitability models represent potential rather than actual veg-
etation distributions.

In addition to the two variables utilized in this study (i.e.,
average growing-season water-table depth and range), other
hydrologic variables could be utilized, or included within the
proposed modeling framework. For example, Henszey et al.
(2004) found that the minimum growing-season water-table
depth variable was the strongest statistical predictor of specific
species occurrence in riparian systems, while Loheide &
Gorelick (2007) utilized water-table depths at physiologically
important dates in the growing season (i.e., timing of the
decline of water-table level) to predict the occurrence of hydric
or xeric vegetation types. Furthermore, Stringham et al. (2001)
determined soil-moisture content was the best predictor of a
transition to more xeric vegetation communities.

The general results of this study are largely predictable
without the use of sophisticated hydrologic and statistical
models. One would expect that a raised water-table would
lead to an increase in suitable habitat for mesic vegetation
and a decrease in suitable habitat for xeric species. However,
the degree and location of these changes would remain
uncertain, as these changes are dependent upon the degree of
hydrologic and topographic modification, which are temporally
and spatially variable. While quantitative evaluation of the
accuracy of the coupled hydrologic–habitat-suitability models
in predicting species distributions was not undertaken for
the pre-restoration condition, a qualitative assessment using
aerial photographs is possible. Pre- and post-restoration aerial
photographs indicate an increase in the distribution of species
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adapted to wetter environments (i.e., Carex nebrascensis,
Eleocharis macrostachya, Epilobium densiflorum, and Juncus
balticus). The model predictions of suitable habitat for J.
balticus), one of the most commonly occurring species,
closely mirror the patterns seen in the aerial photographs
and thus the habitat-suitability predictions are considered
reasonable.

While this work focuses on the hydro-ecological effects of a
particular “pond and plug” restoration project, the results and
methodology could be utilized toward improved goal setting
and restoration design in similar degraded environments. The
methods utilized provide a practical tool for the assessment
of designs in the planning phase of restoration efforts. This
approach to predicting potential vegetation changes in meadow
environments provides an improved understanding of the mag-
nitude of change and the causes of those changes, supplying
a learning tool to improve the science of stream and meadow
restoration.

Implications for Practice
This model is a practical yet science-based tool to predict
changes in hydrology and associated vegetation distribu-
tions due to stream-restoration efforts.

• This model utilizes standard techniques in hydrologic
modeling, vegetation ecology, and statistical modeling.
While the hydrologic and habitat-suitability modeling
techniques can be data-intensive, data are readily obtain-
able and data analyses require no more than a typical
desktop computing system.

• This hydrologic model uses the MIKE SHE modeling
code, while this habitat-suitability model uses general-
ized additive modeling. However, other hydrologic mod-
eling codes and habitat-suitability modeling approaches
may be equally valid. End users should choose hydro-
logic modeling codes and habitat-suitability modeling
approaches that fit their objectives, budgets, and exper-
tise.

• The use of this modeling approach can better enable
practitioners to plan planting efforts and also can enable
practitioners to directly compare pre- and post-project
conditions during pre-project planning and post-project
monitoring because models can be run with pre- and
post-project topography but with identical inputs and
boundary conditions.
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Abstract: We examined the relationship between water-table elevations and plant community

distributions in a hydrologically restored riparian meadow. The meadow, adjacent to Bear Creek in

northeastern California, experienced hydrologic modification due to ‘‘pond and plug’’ stream restoration.

Plant species composition and cover were sampled within 128 plots, and a hydrologic model was used to

simulate a three-year time series of water-table for each plot. TWINSPAN was used to classify the

vegetation into four community types: Eleocharis macrostachya / Eleocharis acicularis, Downingia

bacigalupii / Psilocarphus brevissimus, Carex nebrascensis / Juncus balticus, and Poa pratensis / Bromus

japonicus. Nonmetric multidimensional scaling was utilized to investigate the relationships between

community types and hydrologic variables. Community types were distributed along the hydrologic

gradient at reasonably similar positions to those found in previous studies; however Carex nebrascensis, a

species frequently used as an indicator of shallow water tables, occurred at greater water-table depths

than reported in other studies. The range of water-table depths in this meadow was greater than

previously observed, presumably due to the higher temporal resolution of water-table measurements, in

addition to the intermittent nature of stream flow in Bear Creek. This study provides an increased

understanding of the ecology of meadow communities, and can be utilized for improved design and

objective setting in future restoration projects.

Key Words: hydrologic model, MIKE SHE, northeastern California, pond and plug, stream restoration,

vegetation community, wetland hydrology

INTRODUCTION

Riparian areas are ecologically significant and

economically important areas that occupy a rela-

tively small percentage of the landscape. Due to

both natural and anthropogenic disturbances, over

half of the riparian areas in the arid west exist in a

degraded ecological condition (Jenson and Platts

1990, Tausch et al. 2004). One common disturbance

to riparian areas is the lowering of water-tables and

subsequent aridification of riparian soils, often

resulting from stream incision (Martin and Cham-

bers 2001, Chambers et al. 2004). While stream

incision has been attributed to geologic factors in

many fluvial systems (Wakabayashi and Sawyer

2001, Germanoski and Miller 2004), incision also

has been attributed to anthropogenic causes includ-

ing channelization (Emerson 1971), road and

railroad construction (Ffolliott et al. 2004), logging,

and overgrazing (Kauffman and Krueger 1984,

Fleischner 1994, Trimble and Mendel 1995). To

improve the ecologic, hydrologic, and geomorphic

conditions of degraded streams and their riparian

corridors, stream restoration and rehabilitation

projects have become popular. An increasingly

common method of restoring hydrologic processes

and raising water-tables in incised riparian meadow

environments is the ‘‘pond and plug’’ stream

restoration technique, in which portions of the

incised channel are filled with locally obtained

sediments, and the remaining unfilled, incised-

channel segments are left as ponds (Rosgen 1997,

Loheide and Gorelick 2005). In most cases, many of

these ponds are enlarged to provide the material

forming the incised channel plugs. Therefore,

‘‘ponds’’ are created to provide fill materials to

‘‘plug’’ incised channels.

When planning and implementing stream and

riparian meadow vegetation restoration efforts,
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knowledge of plant species and community distri-

butions in relation to water-tables is a crucial

component. In the western United States, relation-

ships between vegetation and water-table depth

have been investigated in meadows in the Sierra

Nevada (Allen-Diaz 1991, Murrell-Stevenson 2004,

Loheide and Gorelick 2007), eastern Oregon

(Stringham et al. 2001, Dwire et al. 2004, Dwire et

al. 2006), and central Nevada (Chambers et al. 1999,

Castelli et al. 2000). However, no studies have

investigated the relationships between vegetation

and water-table depths in hydrologically restored

meadow systems. This is an important distinction,

as vegetation – water-table relationships in mini-

mally disturbed or degraded meadows are routinely

utilized in restoration efforts even though some

studies have indicated that plant species may

occupy different positions along altered hydrologic

gradients (Leyer 2005).

To increase understanding of the occurrence and

ecology of herbaceous meadow plant communities,

we examined the relationship between plant-

community distributions and the temporally vary-

ing water-table in a riparian meadow in northeast-

ern California that was hydrologically restored

with the ‘‘pond and plug’’ stream restoration

technique. Prior to restoration, the meadow was

channelized and overgrazed, resulting in incision

and widening of the stream channels, which

subsequently lowered the water-table elevation

and reduced the frequency of floodplain inunda-

tion (Hammersmark et al. 2008). In 1999, follow-

ing several years of consultation and data collec-

tion, the incised channels through the meadow

were topographically modified as a joint venture

between the private land owner and California

Department of Fish and Game. Upon completion

of the restoration activities, a 3.6 km single thread

sinuous channel (slope 0.0018) connected the

bedrock-controlled upstream reach to the unal-

tered downstream reach and 17 ha of ponds (i.e.,

remnant incised channel segments and fill sources)

were distributed throughout the meadow (Fig-

ure 1). Light to moderate seasonal cattle grazing

has occurred in the years following restoration

activities. The objectives of this study were to: 1)

describe the floristic composition of herbaceous

plant communities found in a hydrologically

restored riparian meadow and 2) to relate these

herbaceous plant communities to water-table

variables. We hypothesize that similar plant

communities will occur at similar locations along

the hydrologic gradient, as observed in previous

studies of non-restored meadow systems.

METHODS

Study Area

Bear Creek Meadow (the meadow) is a low-

gradient floodplain situated at the northwestern

margin of the Fall River Valley near the intersection

of the Modoc Plateau and the southern Cascade

Range in northeastern California, USA (Figure 1,

41u79150 N, 121u349120 W). The 230 ha meadow is

situated at an elevation of 1010 m, is ,1 km wide

and has a valley slope of 0.002 with a 6.4 m elevation

drop over its ,3 km length. Located at the base of

the ,218 km2 Bear Creek watershed, the meadow

lies immediately upstream of the confluence of Bear

Creek with the Fall River. The Fall River is the

largest-magnitude, spring-fed river system in Califor-

nia (Grose 1996), and one of the largest-magnitude,

spring-fed river systems in the United States (Meinzer

1927, Rose et al. 1996). Lacustrine deposits consisting

of clay, silt and sand underlie the Fall River Valley,

and in the meadow, these lacustrine deposits are

overlain by 0.5 to 2 m of deltaic sands and gravels

and 1 to 3 m of floodplain silty loam soils (Grose

1996). The dominant soil type in the meadow is a

Matquaw gravelly sandy loam, a mixed, active, mesic

Pachic Ultic Haploxeroll (Ferrari 2003).

Figure 1. Bear Creek Meadow study area. Portions of

the incised channels were filled with alluvium excavated

from ponds throughout the meadow. A 3.6 km single

thread restored channel reach was created from remnant

channel segments and excavated where necessary. Flow

direction is from upper left to lower right. (Modified from

Hammersmark et al. 2008).
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The regional climate is semi-arid, receiving an

annual average precipitation of 508 mm (California

Irrigation Management System data for McArthur

for water years 1984 to 2006). Precipitation falls

primarily in late fall–early spring, and falls as both

snow and rain in the upper watershed and primarily

as rain in the meadow. The hydrologic system of the

meadow consists of intermittent surface-water in-

flow from Bear Creek and Dana Creek in addition

to perennial spring discharge from the Fall River

spring system (Figure 1). In the seven water years

(2000 to 2006) following the stream restoration,

Bear Creek flowed for 98 to 229 days per year and

peak annual discharges ranged from 3.1 to 20.7 m3/s

(Hammersmark et al. 2008). Stream flow is inter-

mittent through the restored reach, and perennial

below the confluence with Mallard Creek (Figure 1).

The Fall River spring system is supplied by

precipitation that falls on the Medicine Lake

Highlands to the north and east, perches on low-

permeability lacustrine deposits, flows south

through the fractured basalt subsurface, and emerg-

es at the downstream end of the meadow forming

the headwaters of the Fall River and Mallard Creek

(Rose et al. 1996).

The ‘‘pond and plug’’ stream restoration altered

the topography of the stream channels and flood-

plain surface of the meadow, yielding considerable

changes to the meadow’s hydrology. In order to

document the magnitude of hydrologic changes due

to the stream restoration activities, Hammersmark

et al. (2008) developed a dynamic numerical

hydrologic model of the meadow area, described in

further detail below. Using this model, Hammers-

mark et al. (2008) documented the hydrologic effects

of stream restoration, which included increased

water-table elevations and volume of subsurface

storage; increased frequency of floodplain inunda-

tion and decreased magnitude of flood peaks;

decreased annual runoff and duration of baseflow;

and increased evapotranspiration. Based upon

qualitative field observations, comparison of aerial

photographs, and species distribution modeling

efforts (Hammersmark et al. In press), these

hydrologic changes resulted in significant changes

to the composition and distribution of herbaceous

vegetation throughout the meadow.

Vegetation Sampling

Plant species composition and cover were sampled

in 128 4 m2 square plots along 15 transects aligned

perpendicular to the down valley gradient (Fig-

ure 1). Along each transect, plots were systemati-

cally placed on one side of the channel at 2, 5, 10, 20,

40, 80, 120, 160, 200, and 300 m distances from the

stream edge, as allowed by the width of the meadow.

Data were collected from June 30 to July 20, 2005

when plants were in flower and therefore more easily

identified. Percent cover of all vascular plants, bare

ground, litter, dung, and wood were ocularly

estimated by three observers in 1% increments from

1 to 5% and then in 5% increments from 5 to 100%

(Daubenmire 1959). Species with , 1% cover were

recorded as 0.5%, and rare species with only one or

two individuals were recorded as 0.1%. The three

ocular estimates of cover were then averaged.

Nomenclature and native vs. introduced status of

each species recorded follows Hickman (1993).

Hydrologic Model Development and Application

Hammersmark et al. (2008) developed a numer-

ical hydrologic model for the study area using the

MIKE SHE modeling system (Refsgaard and Storm

1995). Based upon the Systeme Hydrologique

Europeen (SHE) model (Abbott et al. 1986), MIKE

SHE is a deterministic, distributed and physically

based modeling system that has been applied to a

variety of studies where groundwater and surface-

water are tightly coupled (for example see Thomp-

son 2004). MIKE SHE solves partial-differential

equations describing the hydrologic processes of

saturated subsurface flow (three-dimensional Bous-

sinesq equation), unsaturated subsurface flow (one-

dimensional Richards’ equation), channel flow (one-

dimensional St. Venant equations), and overland

flow (diffusion-wave approximation of two-dimen-

sional St. Venant equations). The processes of

interception and evapotranspiration are handled

with analytical solutions.

The hydrologic model was comprised of 2,898

30 m 3 30 m nodes, representing a total area of

261 ha. For each of the 2,898 nodes, ground-surface

elevation, thickness and position of each subsurface

layer, and vegetation type were specified. Ground-

surface elevations were obtained from a previous

topographic survey that was updated with an

additional topographic survey conducted in 2004.

Field investigations, three existing drilling logs, and

a geologic mapping report (Grose 1996) were

utilized to develop the hydrostratigraphy. Three

layers that varied spatially in thickness were used to

describe the subsurface, with the lower layer a sandy

clay (thickness: 2.4 to 7.6 m, Ksat 5 1.0 3 1029 m/s),

the middle layer a high-permeability alluvial sand

and gravel mixture (thickness: 0 to 2.1 m, Ksat 5 4.5

3 1022 m/s) and the upper layer an alluvial silty-

clayey loam (thickness: 0 to 4.6 m, Ksat 5 9.3 3

1027 m/s). Moisture retention and unsaturated soil
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conductivity properties were adopted from Loheide

and Gorelick (2007). At each node, vegetation type

was specified, with three vegetation types utilized:

ash forest (dominant species Fraxinus latifolia and

Crataegus douglasii), pine forest (dominant species

Pinus jeffreyi), and grassland (dominant species Poa

pratensis, Bromus japonicus, and Juncus balticus).

For each of these types, temporally varying values

for leaf-area index and root depth were specified.

The distribution of each vegetation type was

determined through a combination of field recon-

naissance and aerial photo interpretation.

The stream channel network inputs consisted of

plan-form channel location, spatially distributed

cross sections, channel-roughness coefficient (i.e.

Manning’s n), and a leakage coefficient (governs

river-aquifer exchange) for each reach. In addition,

an overland-flow roughness coefficient was uniform-

ly specified for the floodplain.

Temporally varying boundary conditions were

specified for each of the surface-water, groundwater

and atmospheric exchange components of the model.

Surface-water boundary conditions were developed

from flow records for five inflow locations (Bear

Creek, Mallard Creek, Fall River, Dana Creek, and

Dana spring inflow to Lower Dana Creek), and stage

records for one location on the Fall River at the

downstream extent of the model domain. Subsurface

boundary conditions consisted of specified-flux

external boundaries and one specified-head internal

boundary. Two years of pre-restoration and seven

years of post-restoration data from 28 piezometers

arranged along four cross valley transects were used

to define the subsurface boundary conditions. The

low-permeability lacustrine clay underlying the

meadow justified the use of a no-flow boundary

along the bottom of the model domain. Reference

evapotranspiration was computed using the FAO

Penman-Montieth combination equation (Allen et

al. 1998) with meteorological data collected at 15-

minute intervals with a HOBO weather station

(Onset Computer Corporation, Pocasset, MA,

USA) deployed within the meadow (Figure 1).

Following model development, the hydrologic

model was calibrated and validated. Calibration

parameters used included hydraulic conductivity,

channel-leakage coefficient, and overland and

channel roughness coefficients. The 2005 water

year was used for model calibration, and the 2006

water year was used for model validation. The

hydrologic model performance evaluation during

calibration and validation phases was based upon

a combination of graphical assessment and statis-

tical methods. The Nash-Sutcliffe efficiency coef-

ficient (Nash and Sutcliffe 1970, McCuen et al.

2006), the correlation coefficient, and the mean

error for each comparison location were used to

evaluate the performance of the model simulation

as compared to observed data. Comparisons

between modeled and observed hydraulic heads

was made at 28 shallow piezometers, and modeled

and observed stream stages were compared at three

locations along Bear Creek.

Hydrologic Variables

The hydrologic model was used to simulate

dynamic water-tables for each of the 128 vegetation
plot locations for water years 2004 to 2006 (i.e.,

October 1, 2003 through September 30, 2006). For

these three water years, annual precipitation was

normal to above average, with annual totals of

510 mm (i.e., 100.2% of average), 529 mm (i.e.,

104.1% of average), and 653 mm (i.e., 129.4% of

average) for the 2004, 2005, and 2006 water years,

respectively (California Irrigation Management Sys-

tem data for McArthur for water years 1984 to

2006). From these simulated time series, several

summary hydrologic variables were calculated for

the growing season period of each year, including

the mean, minimum, and range of the growing-

season, water-table depth, as well as the number of

growing-season days the water-table depth was , 0,

, 30, and , 70 cm. The growing season was defined

as May through August, the period that above-

ground parts of herbaceous plants were observed to

be actively growing. The number of growing-season

days that the water-table depth was , 0 cm
represents the number of days a given plot was

inundated. The number of growing-season days that

the water-table depth was , 30 cm represents the

number of days the water-table was within the root

zone typical of mesic and hydric herbaceous

meadow communities (Weixelman et al. 1996,

Castelli et al. 2000, Dwire et al. 2004). The number

of growing-season days that the water-table depth

was , 70 cm represents the number of days the

water-table was within the root zone typical of xeric

herbaceous meadow communities (Weixelman et al.

1996, Chambers et al. 1999, Castelli et al. 2000).

Analysis of Vegetation Data

Two-way indicator species analysis (TWIN-

SPAN), a polythetic, divisive classification tool,

was used to analyze the vegetation data (Hill 1979,

McCune and Mefford 1999). Default percent-cover

cutoff values of 0, 2, 5, 10, and 20 were utilized in the

classification analysis. Infrequently observed plant

species, which occurred in , 5% of the plots, were
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Table 1. Common species of the four community types.

Community Type and

Common Species

Mean

Cover

Cover

Range

Con-

stancy

Native/

Introduced

Annual/

Perennial1 WIS2

Poa pratensis / Bromus japonicus

Poa pratensis L. ssp. pratensis* 19.5 0–80 93 I P FAC

Bromus japonicus Murr* 13.2 0–65 96 I A FACU

Iris missouriensis Nutt. 6.5 0–58 48 N P FACW

Juncus covillei Piper 5.0 0–36 46 N P FACW

Aster occidentalis (Nutt.) Torrey & A. Gray 5.0 0–38 38 N P FAC

Leymus triticoides (Buckley) Pilger 3.7 0–43 48 N P FAC

Juncus balticus Willd. 2.2 0–17 64 N P FACW

Potentilla gracilis Hook var. gracilis 2.2 0–38 45 N P FACW

Epilobium brachycarpum C. Presl* 1.5 0–11 80 N A UPL

Elymus trachycaulus (Link) Shinn. 1.2 0–25 29 N P FAC

Phlox gracilis E. Greene 1.2 0–15 80 N A FACU

Achillea millefolium L. 1.0 0–9 41 N P FACU

Carex nebrascensis / Juncus balticus

Carex nebrascensis Dewey* 16.6 0–81 59 N P OBL

Juncus balticus Willd. 12.6 0–58 80 N P FACW

Juncus covillei Piper 6.5 0–70 43 N P FACW

Plagiobothrys stipitatus var. micranthus (Piper) I.M.

Johnston 4.9 0–50 70 N A OBL
Potentilla gracilis Hook var. gracilis 2.4 0–37 41 N P FACW

Iris missouriensis Nutt. 2.3 0–35 25 N P FACW

Carex athrostachya Olney 1.9 0–13 61 N P FACW

Alopecurus pratensis L. 1.4 0–13 41 I P FACW

Leucanthemum vulgare Lam. 1.4 0–35 29 I P NI

Penstemon rydbergii Nelson var. oreocharis (E.

Greene) N. Holmgren 1.2 0–16 48 N P FAC
Elymus trachycaulus (Link) Shinn. 1.2 0–30 27 N P FAC

Bromus japonicus Murr 1.2 0–25 41 I A UPL

Poa pratensis L. ssp. pratensis 1.0 0–11 41 I P FAC

Navarettia intertexta (Benth.) Hook. 1.0 0–18 68 N A FACW

Juncus nevadensis S. Watson 1.0 0–20 36 N P FACW

Downingia bacigalupii / Psilocarphus brevissimus

Downingia bacigalupii Weiler* 15.7 0–60 86 N A OBL

Psilocarphus brevissimus var. brevissimus* 9.1 0.5–55 100 N A OBL

Navaretia leucocephala ssp. minima (Nutt.) Day 5.9 0–24 71 N A FACW

Mimulus tricolor Lindley* 4.6 0–14 86 N A OBL

Plagiobothrys stipitatus var. micranthus (Piper) I.M.

Johnston 3.9 0.5–9 100 N A OBL

Juncus nevadensis S. Watson 2.6 0–14 57 N P FACW

Madia elegans Lindley 1.6 0–10 29 N A UPL

Eremocarpus steigerus (Hook.) Benth. 1.5 0–5 71 N A UPL

Rumex crispus L. 1.2 0–6 57 I P FACW

Polygonum polygaloides Meissner ssp. confertiflorum

(Piper) J. Hickman* 1.0 0.5–2 100 N A OBL
Veronica peregrina ssp. xalapensis (Kunth) Pennell* 1.0 0–3 86 N A OBL

Eleocharis macrostachya Britton 1.0 0–3 43 N P OBL

Eleocharis macrostachya / Eleocharis acicularis

Eleocharis macrostachya Britton* 38.9 4–70 100 N P OBL

Eleocharis acicularis (L.) Roemer & Schultes 10.8 0–50 67 N AP OBL

Juncus nevadensis S. Watson 5.1 0–40 56 N P FACW

Juncus balticus Willd. 3.0 0–21 33 N P FACW

Carex athrostachya Olney 2.2 0–5 78 N P FACW

Carex nebrascensis Dewey 1.7 0–11 22 N P OBL

Iris missouriensis Nutt. 1.6 0–11 22 N P FACW

* indicator species of the community type.
1 A 5 annual and P 5 perennial.
2 WIS 5 Wetland Indicator Status (U.S. Fish and Wildlife Service 1996): OBL 5 obligate wetland, FACW 5 facultative wetland, FAC 5
facultative, FACU 5 facultative upland, UPL 5 obligate upland.
3 Only species with mean cover $ 1% in the 4 m2 plots are included.
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excluded from the TWINSPAN analysis (McCune

et al. 2002). A separate indicator-species analysis

was used to identify individual species that were

both faithful and exclusive to each community

(Dufrene and Legendre 1997, McCune and Mefford

1999). Indicator values were tested for statistical

significance using a Monte Carlo randomization,

with 1000 runs. Only species with a p , 0.001 are

reported.

Nonmetric multidimensional scaling (NMS), an

indirect gradient analysis, was utilized to ordinate

vegetation data without the influence of environ-

mental variables (Kruskal 1964, McCune and

Mefford 1999). Log-transformed cover values were

used to ordinate the plots employing the Sorensen

distance measure. Again, infrequently observed

plant species that occurred in , 5% of the plots

were excluded from the NMS analysis (McCune et

al. 2002). Following the ordination, relationships

between the ordination axes and the environmental

variables were examined, and TWINSPAN classifi-

cation groups were overlaid for interpretation

purposes. Environmental variables considered in-

cluded the summary hydrologic variables calculated

from the simulated water-table time series (i.e.,

growing season water-table depth average, mini-

mum and range, in addition to the number of

growing season days the water-table depth was , 0,

30 and 70 cm), as well as the cover of litter, dung,

wood, and bare ground and the weighted-average

wetland indicator status (discussed below) for each

plot. Differences between community means for

each variable were tested with analysis of variance

and Tukey-Kramer honest significant difference in

JMP (SAS Institute 2004).

Each species encountered was assigned to a

wetland indicator status based upon its U. S. Fish

and Wildlife Service (1996) wetland indicator status

in the California region. The weighted-average

wetland indicator status for each plot was calculated

by weighting the percent cover of each species with

index values for each wetland indicator status

category [obligate wetland (OBL) 5 one, facultative

wetland (FACW) 5 two, facultative (FAC) 5 three,

facultative upland (FACU) 5 four, and obligate

Table 2. Species richness, weighted average wetland indicator status and simulated growing-season water-table depths

(WTD) for the four community types. Values are reported as means 6 S.D. Superscript letters indicate significant

differences (a5 0.05).

Community

Eleocharis macrostachya /

Eleocharis acicularis

Downingia bacigalupii /

Psilocarphus brevissimus

Carex nebrascensis /

Juncus balticus

Poa pratensis /

Bromus japonicus

Number of plots 7 7 47 67

Species Richness 8.3 6 5.1a 16.7 6 5.0b 18 6 7.2b 18.9 6 5.2b

Vegetation Cover (%) 82.7 6 24.4a 56.1 6 26.4a 76.7 6 18.2a 82.5 6 19.2a

Bare Ground Cover (%) 16.4 6 18.1abc 42.4 6 28.2a 12 6 18.7b 4.5 6 8.9c

Litter Cover (%) 9.3 6 6.5ab 5.9 6 6.2b 17.8 6 13.9ab 20.1 6 10.7b

Wetland Indicator Status1 1.19 6 0.22a 1.47 6 0.46ab 1.92 6 0.57b 3.15 6 0.41c

WTD average (cm) 18.4 6 28.0c 58.5 6 19.8bc 60.3 6 12.6b 119.4 6 44.4a

WTD minimum (cm) 266.2 6 30.7c 233.4 6 29.2b 222.1 6 15.7b 12.1 6 24.2a

WTD maximum (cm) 94.8 6 24.2b 154.2 6 11.1b 137.4 6 25.2b 231.2 6 74.1a

WTD range (cm) 161 6 20.0b 187.6 6 39.9ab 159.5 6 30.5b 219.1 6 66.6a

Days WTD , 70 cm 91.3 6 20.5c 65.4 6 8.8b 65.6 6 7.5b 41.6 6 18.3a

Days WTD , 30 cm 65.4 6 16.1c 46.8 6 18.0b 42.4 6 10.2b 22.3 6 11.4a

Days WTD , 0 cm 49.7 6 17.2c 33.7 6 18.3b 24.9 6 8.4b 9.8 6 7.1a

1 Weighted average wetland indicator status: OBL 5 1, FACW 5 2, FAC 5 3, FACU 5 4, and UPL 5 5.

Figure 2. Percent cover (mean 6 S.E.) of plant species in

each wetland indicator status category within the four

community types.

790 WETLANDS, Volume 29, No. 3, 2009

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page127



upland (UPL) 5 five], summing the products and

dividing by 100 (Atkinson et al. 1993). Unidentified

species and those assigned to the NA (no agreement)

or NI (no indicator) status categories were excluded

from this portion of the analysis. For each plot, the

percent cover values of all species within each

wetland indicator status category were summed,

and subsequently averaged for all plots within each

of the plant communities.

RESULTS

Community-Type Classification, Indicator Species

and Wetland Indicator Status

A total of 167 herbaceous, vascular taxa were

encountered, 75 of which occurred in $ 5% of the

plots. Species richness ranged from 3 to 31 species

per plot with an average of 17. Juncus balticus,

Bromus japonicus, Phlox gracilis, and Poa pratensis

ssp. pratensis were the most frequently encountered

species. TWINSPAN classification of the species

cover data yielded four community types, named

after the two species with the highest total percent

cover in each community type (Table 1). Indicator

species analysis identified a species or group of

species that were significant indicators (diagnostic

species) of each community type (Table 1). The

weighted-average wetland indicator status for each

community type reflects the distribution of commu-

nity types along the hydrologic gradient (Table 2

and Figure 2).

In the first community type, the non-native

grasses Poa pratensis ssp. pratensis and Bromus

japonicus had the highest percent cover. Additional

species contributing a large percent cover in this

community type were Iris missouriensis, Juncus

covillei, Aster occidentalis, and Leymus triticoides.

Epilobium brachycarpum and Pholox gracilis had

low percent cover but high constancy values. The

Poa pratensis / Bromus japonicus community dom-

inated the upper third of the meadow, even near the

stream (i.e., in plots 2 to 20 m from the stream

margin). In the lower two-thirds of the meadow, this

community type was limited to locations farther

away from the stream (i.e., . 100 m from the stream

margin). Poa pratensis, Bromus japonicus, and

Epilobium brachycarpum were identified as signifi-

cant indicators of this community type. This

community type contained species from each of

the wetland indicator status categories, but was

dominated by species from the FAC, FACU, and

UPL categories, with these species covering 32%,

19%, and 7%, respectively.

In the second community type, Carex nebrascensis

and Juncus balticus, and to a lesser extent Juncus

covillei and Plagiobothrys stipitatus var. micranthus,

had the highest percent cover. Navarettia intertexta

and Carex athrostachya had low percent cover but

high constancy values. The Carex nebrascensis /

Juncus balticus community type was found near the

stream in the lower two-thirds of the meadow. Carex

nebrascensis was the only species identified as a

significant indicator of this community type. In this

community type OBL and FACW species were

responsible for 26% and 35% of cover, respectively.

In the third community type, Downingia baciga-

lupii and Psilocarphus brevissimus var. brevissimus,

Navaretia leucocephala ssp. minima, and Mimulus

tricolor had the highest percent cover. Plagiobothrys

stipitatus var. micranthus, Polygonum polygaloides

ssp. confertiflorum and Veronica peregrina ssp.

xalapensis had low percent cover but high constancy

values. The Downingia bacigalupii / Psilocarphus

brevissimus community type was limited to the

bottoms and margins of alternate channels and

swales, which were intermittently or seasonally

inundated. Downingia bacigalupii, Psilocarphus bre-

vissimus, Mimulus tricolor, Veronica peregrina, and

Polygonum polygaloides, all vernal pool indicators or

affiliates (Keeler-Wolf et al. 1998), were identified as

significant indicators of this community type. In this

community type OBL and FACW species were

responsible for 43% and 14% of cover, respectively.

Figure 3. Simulated time series of water-table depths for

the four community types for the water years of 2004 to

2006. Negative water-table depths indicate inundation.

Values are means of hydrologic model simulated time

series for all plots within a particular community type.
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In the fourth community type, Eleocharis

macrostachya and Eleocharis acicularis, and to a

lesser degree Juncus nevadensis, had the highest

percent cover. This community type was limited to

depressions on the floodplain inundated in the

early growing season. Eleocharis macrostachya was

the only significant indicator of this community

type. The Eleocharis macrostachya / Eleocharis

acicularis community type was dominated by

species from the OBL and FACW categories, with

these species responsible for 65% and 16% of

cover, respectively.

Hydrologic Model

The hydrologic model successfully simulates

observed conditions, with Nash-Sutcliffe efficiency

coefficients, calculated for the combined calibration

and validation period, all . 0.90, correlation

coefficients all . 0.95, and mean error values all

within 60.05 m (Hammersmark et al. 2008). The

agreement between modeled and observed hydraulic

heads was particularly strong during the winter,
spring, and summer, when Bear Creek was flowing,

and was less strong during late fall, prior to the

initiation of flow in Bear Creek, and as surface-

water began to recharge the subsurface. For further

details on the hydrologic model the reader is referred

to Hammersmark et al. (2008).

Vegetation and Water-Table Relationships

Throughout the three water years simulated, the

water-table was consistently deepest in the Poa

pratensis / Bromus japonicus community type,

intermediate in the Carex nebrascensis / Juncus

balticus and Downingia bacigalupii / Psilocarphus

brevissimus community types, and shallowest in the

Eleocharis macrostachya / Eleocharis acicularis

community type (Figure 3). Surface inundation

during the growing season occurred rarely, if at all

in the Poa pratensis / Bromus japonicus community

type, yet was frequent (i.e., occurring in each of the

three years) and for extended duration (i.e., 25 to 50

growing-season days) in the other three community
types. Mean water-table depths for all community

types were . 95 cm by the end of the growing

season.

Table 2 presents summary hydrologic variables

for each community type for the growing season

(May to August) of the three years simulated. For

many variables (e.g., average, minimum, , 0 cm, ,

30 cm, , 70 cm), community types were arranged in

three significantly different hydrologic groups, with

the Poa pratensis / Bromus japonicus community

type being most xeric, the Carex nebrascensis /

Juncus balticus and Downingia bacigalupii / Psilo-

carphus brevissimus community types being most

mesic, and the Eleocharis macrostachya / Eleocharis

acicularis community type being most hydric. For

every water-table, time series variable, differences

between the Carex nebrascensis / Juncus balticus and

Downingia bacigalupii / Psilocarphus brevissimus

communities were insignificant.

Nonmetric Multidimensional Scaling Results

In the NMS ordination, a two-dimensional

solution with a final stress of 18.85 and a final

instability of 0.00001 after 86 iterations was
obtained (Figure 4). The first and second ordination

axes captured 62% and 18% (cumulative 80%) of the

variance in the vegetation data set. Hydrologic

Figure 4. Nonmetric multidimensional scaling biplot

showing the distribution of vegetation plots for the four

community types and vectors for the environmental

variables most highly correlated with the two axes. Plots

in the four plant community types are shown with

different symbols, and the correlation strength of envi-

ronmental variables are represented by the vector length.

Axis 1 is highly correlated with many of the hydrologic

variables. Min, ave and range refer to minimum, average

and range of growing-season, water-table depths; , 0 cm,

, 30 cm, and , 70 cm refer to the number of days the

water-table depth was , 0 cm (i.e., surface water present),

30 cm, and 70 cm from the ground surface; and WIS and

BG refer to the wetland indicator status and percent cover

of bare ground, respectively.
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variables were strongly correlated with the first axis,
with minimum water-table depth (R2 5 0.64, p ,

0.0001), average water-table depth (R2 5 0.60, p ,

0.0001), days , 0 cm (R2 5 0.65, p , 0.0001), days

, 30 cm (R2 5 0.65, p , 0.0001), and days , 70 cm

(R2 5 0.61, p , 0.0001) being most strongly

correlated. The weighted averaged wetland indicator

status, a surrogate hydrologic variable computed

solely from vegetation data, was also strongly
correlated with axis one (R2 5 0.77, p , 0.0001).

Percent cover of bare ground was weakly correlated

(R2 5 0.20, p , 0.0001) with the second axis. These

results indicate that the water-table depth and the

variables derived from water-table data explain the

majority of variation in the vegetation data set.

DISCUSSION

Approach and Assumptions

In this study, we assumed that hydrology, or more

specifically, water-table depth, was the primary

factor controlling the distribution of herbaceous

vegetation communities. This assumption is typical-

ly valid for wetland environments, many of which
experience both drought and soil saturation with

anoxia in the root zone (Mitsch and Gosselink

2000). Indeed, several studies have identified hydro-

logic variables, typically water-table depth, as the

primary gradient controlling vegetation distribu-

tions in meadow and grassland environments (Allen-

Diaz 1991, Castelli et al. 2000, Stringham et al. 2001,

Henszey et al. 2004, Dwire et al. 2006). The results

of this study further support this assumption, as

hydrologic variables were strongly correlated with

the primary axis of the NMS ordination gradient

(Figure 4). However, many factors beyond hydrol-

ogy are likely to influence vegetation distributions.

Hydrologic conditions may simply be indicators of

soil chemical reactions that influence plant produc-

tivity, such as redox reactions limiting root oxygen

and nutrient availability (Hobson and Dahlgren

2001). Furthermore, other factors including flood-

ing, competition, grazing intensity (past and pres-

ent), nutrient availability, soil properties (e.g.,

texture, porosity, and amount of organic matter),

fire history, and disease are likely to further

influence vegetation distributions at the site. For

example, Carex nebrascensis and Juncus balticus

dominate heavily-grazed sites with adequate mois-

ture partially due to their persistent deep rhizomes

and extensive fibrous root systems (Weixelman et al.

1996).

Table 3. Growing-season, water-table depths for the four community types identified in this study and similar

community types found in the literature.

Community Name

Growing-Season Water-Table

Depth (cm) Source

Poa pratensis / Bromus japonicus 10–230 this study

Poa pratensis / Potentilla gracilis 26–62 Allen-Diaz 1991

Moist meadow ,0–50 Dwire et al. 2006

Dry meadow ,20–85 Dwire et al. 2006

Mesic meadow (Corral Canyon) 90–150 Castelli et al. 2000

Moist bluegrass ,35–120 Stringham et al. 2001

Dry bluegrass ,80–140 Stringham et al. 2001

Mesic graminoid midseason soil saturation at 55–100 Weixelman et al. 1996

Carex nebrascensis / Juncus balticus ,220–140 this study

Carex nebrascensis ecological type 0–20 Chambers et al. 1999

Wet meadow 0–30 Castelli et al. 2000

Wet meadow 0–30 Chambers et al. 2004

Deschampsia caespitosa / Carex nebrascensis 6.4–93.8 Allen-Diaz 1991

Moist meadow ,20–100 Stringham et al. 2001

Carex nebrascensis ecological type season long soil saturation at 50 Weixelman et al. 1996

Carex nebrascensis community type 331 Smith 1998

Juncus balticus community type 661 Smith 1998

Downingia bacigalupii / Psilocarphus
brevissimus 234–154 this study

Downingia bicornuta community type 2331 Smith 1998

Navarretia community type 331 Smith 1998

Eleocharis macrostachya / Eleocharis acicularis 266–95 this study

Eleocharis macrostachya community type 01 Smith 1998
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In this study, we also assumed that the herbaceous

plant community types had adjusted to the restored

hydrologic regime. Qualitative observation of the

meadow’s herbaceous vegetation indicated a consid-

erable change following the restoration and conse-

quent hydrologic modification. Six years is a sufficient

amount of time for annual, biennial, and many

perennial herbaceous species to undergo several

reproductive generations and to adjust to the restored

hydrologic regime. However, some of the longer-lived

perennial species may still be adjusting to the restored

hydrologic regime, with xeric-mesic species persisting

in mesic-hydric locations.

The use of a hydrologic model to simulate water-

table levels has both disadvantages and advantages.

The primary disadvantage of the hydrologic-model-

ing approach is that the simulation results are only

calculated estimates of actual conditions. The model

was calibrated and validated, and simulation results

closely replicate the temporally and spatially vari-

able water table (Hammersmark et al. 2008).

Nevertheless, continuous measured water-table data

for each of the 128 vegetation plots, albeit costly and

difficult to obtain, would be superior to the

continuous simulated water-table data. The advan-

tages to the hydrologic-modeling approach are

numerous, including the ability to simulate the

water-table at a large number of vegetation plots,

at a high temporal resolution, over long periods of

time, and at depths that might otherwise exceed

piezometer depths (e.g., Rains et al. 2004). In this

study, we simulated water-table data for each of the

128 vegetation plot locations, greatly exceeding the

number of observations in similar studies (Allen-

Diaz 1991, Castelli et al. 2000, Stringham et al. 2001,

Dwire et al. 2006). Furthermore, we simulated

water-table data in 30-minute time steps, while the

best temporal resolution in a similar study was

obtained from water-table measurements taken

every 10 days during the growing season (Stringham

et al. 2001). Water-tables vary on inter-annual and

intra-annual scales, and results derived from short

monitoring periods (i.e., one year) pose the potential

for misleading results. While we simulated three

complete water years, other studies have used

observation data from only one complete growing

season, augmented by incomplete portions of other

years (Castelli et al. 2000, Dwire et al. 2006). Ideally,

longer periods of water-table data should be used to

reduce the effects of inter-annual climactic variation.

Vegetation and Water-Table Relationships

Previous studies have documented various plant

community types at distinct positions along the

hydrologic gradient in minimally disturbed and

degraded meadow environments (Allen-Diaz 1991,

Castelli et al. 2000, Stringham et al. 2001, Dwire et

al. 2006). However, no previous studies have

confirmed such relationships between vegetation

and water-table depth in meadow environments

where hydrologic processes were restored.

Plant community types were largely distributed

along a hydrologic gradient (Tables 2–3 and Fig-

ure 3). The Poa pratensis / Bromus japonicus

community type was located at the xeric end of the

hydrologic gradient, the Carex nebrascensis / Juncus

balticus and Downingia bacigalupii / Psilocarphus

brevissimus community types were located in the

middle of the hydrologic gradient, and the Eleo-

charis macrostachya / Eleocharis acicularis commu-

nity type was located at the hydric end of the

hydrologic gradient. The Carex nebrascensis / Juncus

balticus and Downingia bacigalupii / Psilocarphus

brevissimus community types shared few species in

common, with Jaccard’s and Sorenson’s indices of

similarity (calculated with presence/absence data) of

only 8 and 15, respectively. However, water-table

depths for these two community types did not vary

significantly, either because more time is required

for these community types to adjust to the restored

hydrologic regime or because another variable not

investigated in this study exerts a larger degree of

control than the water-table variables for at least

one of these community types.

Post-restoration vegetation distributions through-

out the meadow demonstrate the benefits of

hydrologic restoration. Prior to restoration, the
water-table depth in the meadow was largely

conducive to the support of the Poa pratensis /

Bromus japonicus community type (Hammersmark

et al. In press), which is dominated by two

introduced species commonly found in riparian

meadows with high grazing pressure and relatively

low water-tables (Allen-Diaz 1991, Smith 1998,

Martin and Chambers 2001). Following restora-

tion, the water-table rose and became more

conducive to the Carex nebrascensis / Juncus

balticus, Downingia bacigalupii / Psilocarphus brevis-

simus, and Eleocharis macrostachya / Eleocharis

acicularis community types, increasing the relative

proportion of native species in the meadow and

meadow-scale biodiversity.

Comparisons to Previous Studies

The minimum, maximum, and ranges of the

water-table depths in the community types in this

study generally exceed those previously reported for

similar community types in previous studies (Ta-
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ble 3). This is best documented for the Poa pratensis

/ Bromus japonicus and Carex nebrascensis / Juncus

balticus community types. The Poa pratensis /

Bromus japonicus community type occurred where

the growing-season water-table depth ranged from

,10 to 230 cm. Seven similar community types were

described in five previous studies, where the

combined growing-season water-table depth ranged

from ,0 to 150 cm. Similarly, the Carex nebras-

censis / Juncus balticus community type occurred

where the growing-season water-table depth ranged

from ,220 cm (i.e., 20 cm above the ground

surface) to 140 cm. Eight similar community types

were described in seven previous studies, where the

combined growing-season water-table depth ranged

from ,0 to 100 cm. Although comparative data are

limited, the same pattern may be true for the

Downingia bacigalupii / Psilocarphus brevissimus

and Eleocharis macrostachya / Eleocharis acicularis

community types.

The higher minimum, maximum, and ranges of

the water-table depths reported in this study are

likely a reflection of the greater temporal resolution

of the hydrologic-modeling approach and the

intermittent nature of flow within Bear Creek. The

high temporal resolution of the simulated water

tables document transient high-water conditions

associated with flood events, which discreet water-

table measurements are unlikely to capture. The

higher maximum and ranges of the water-table

depths could indicate that access to water is more

critical in the early growing season when individuals

are growing, flowering, and fruiting than in the late

growing season when individuals have set seed and

are preparing to senesce. In this regard, perennial vs.

intermittent stream flow is a crucial hydrologic

aspect that should be reported when vegetation –

water-table relationships are reported. In many

riparian systems, stream flow controls water-tables

in the adjacent riparian area (Dwire et al. 2006,

Hammersmark et al. 2008). Therefore, water-tables

adjacent to intermittent streams can have larger

ranges than water-tables adjacent to perennial

streams, which can strongly affect mean growing-

season, water-table depths.

Knowledge of relationships between vegetation

and water-table depth is crucial to the successful

management, rehabilitation and restoration of

riparian systems. This study furthers our under-

standing of the distribution of herbaceous vegeta-

tion community types along the hydrologic gradient

in meadows adjacent to intermittent streams. While

many of the results mirror those found in non-

restored (both minimally disturbed and severely

degraded) meadows, in some cases they differ. Most

importantly, the maximum and range of the water-

table depths in these community types were found to

be much larger in this than in previous studies. This

suggests that early growing season depths, in this

study termed the minimum water-table depth, may

be a more appropriate determinant of vegetation

distributions (Henszey et al. 2004). The results of

this study could help set more appropriate objectives

for meadow restoration projects in similar environ-

ments, particularly if projected, post-project hydro-

logic model results are available.
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Abstract 
Amphibian communities at 178 ponds across southwestern 
Ontario, Canada, were studied to determine i f  presence of  
predatory fish was related to altered amphibian species 
richness or distribution on a geographic scale. Ponds are 
an important amphibian habitat in the study area and 
many have been stocked with fish. Surveys conducted over 
three years were used to construct amphibian species lists 
for individual ponds. Species richness and presence/ 
absence were compared among ponds classified by the 
type offish present. Amphibian species richness was sig- 
nificantly lower at ponds having predatory fish present 
than at non-predatory, or fish-free, ponds. Not all amphi- 
bian species were negatively affected by the presence of  
predatory fish: those having either large bodies or clutch 
size co-occurred with predatory fish more frequently than 
those with small bodies or clutch size. Introduction of 
predatory fish by humans has likely resulted in altered 
amphibian species assemblages and reduced community 
diversity on a geographic scale. Copyright © 1996 Else- 
vier Science Limited 

Keywords: amphibian, fish, predation, species richness, 
distribution. 

INTRODUCTION 

The role of predation in structuring populations and 
communities occupies a position of central interest in 
ecology. Predation may act to reduce abundance, alter 
distribution, or act as a major selective force on prey 
species (Begon et al., 1990). In communities, predation 
can act either to increase or decrease species diversity 
(Huston, 1994). In conservation biology, concern exists 
regarding detrimental effects that introduced exotic 
predators can have on native communities (Drake et al., 
1989; Primack, 1993). 

Predation is also of interest and concern in amphibian 
ecology and conservation. Conceptual models of 
amphibian communities suggest that as the permanency 

*To whom correspondence should be addressed. 
123 

of water bodies increases, the importance of desiccation 
decreases and predation becomes the dominant mortal- 
ity factor (Heyer et al., 1975; Wilbur, 1984). In perma- 
nent water bodies, fish are likely the most important 
predators (Petranka et al., 1987; Kats et al., 1988). Effi- 
cient fish predators can search out and easily capture 
amphibian larvae and are considered the only aquatic 
predators capable of complete elimination of some spe- 
cies' tadpoles (Heyer et al., 1975). Fish predators can 
reduce the abundance of amphibians (Macan, 1966; Sih 
et al., 1992), eliminate subpopulations or cause local 
extinctions (Burger, 1950; Petranka, 1983; Sexton & 
Phillips, 1986), and can alter distribution patterns 
(Macan, 1966; Petranka, 1983; Bradford et al., 1993; 
Brrnmark & Edenhamn, 1994). 

Many ecologists assume that predation is a major 
selective force restricting some amphibian species to 
temporary pond habitats or resulting in the evolution of 
adaptations that permit co-existence with predators in 
permanent water bodies. Much of the amphibian pre- 
dation research has concerned anti-predator defenses in 
larvae such as chemical repellents (Voris & Bacon, 1966; 
Kruse & Francis, 1977; Kats et al., 1988), reduced 
mobility (Woodward, 1983), shifts in activity patterns 
(Taylor, 1983; Petranka et al., 1987), or avoidance of 
predators by use of chemical cues (Petranka et aL, 
1987). Research also suggests that adults may alter 
habitat selection by not calling or ovipositing in water 
bodies that contain predatory fish (Resetarits & Wilbur, 
1989, 1991; Kats & Sih, 1992; Hopey & Petranka, 1994). 
Lack of defensive adaptations is considered to be an 
important reason why temporary pond amphibian spe- 
cies cannot coexist with predatory fish in permanent 
water habitats (Kats et al., 1988). 

Predation is a complex interaction and not all fish can 
be considered to be important predators on amphibians 
(Petranka, 1983; Hayes & Jennings, 1986; Sexton & 
Phillips, 1986; Br6nmark & Edenhamn, 1994). Some 
species by virtue of their diet (e.g. planktivores, 
herbivores) or habitat use (deep water) would not be 
important predators. Of > 180 fish species found in 
Canada, amphibians were documented as diet items of 
only 13 species (Scott & Crossman, 1973). Fish are also 
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gape-limited (Zaret, 1980) and size-structured (Stein et 
al., 1988) predators, which suggests that some fish spe- 
cies may not be large enough to be efficient predators of 
amphibians. Risk of predation in amphibians is size- 
dependent, and larvae can outgrow their predators 
(Wilbur, 1980; Semlitsch & Gibbons, 1988). The exten- 
sive fish-amphibian predation literature suggests that 
centrarchids (sunfish, bass), eocids (pike), and salmo- 
nids (trout) are important predators, whereas fish such 
as cyprinids (minnows, carp) are not. 

Some studies have investigated patterns of amphibian 
distribution in relation to fish presence, but they have 
generally taken a single-species approach or have been 
limited in spatial extent (Petranka, 1983; Bradford, 
1989; Bradford et al., 1993; Fellers & Drost, 1993; 
Br6nmark & Edenhamn, 1994). Few studies have 
examined either the response of natural amphibian 
communities to predatory fish (e.g. Macan, 1966; Sex- 
ton & Phillips, 1986), or investigated patterns on a geo- 
graphic scale. 

In recent years much attention has focused on the 
question of global amphibian decline and predation 
(primarily exotic fish introductions) has been suggested 
as one of several possible causal factors (Barinaga, 
1990; Pechmann et al., 1991; Wake & Morowitz, 1991; 
Blaustein et al., 1994a; Pechmann & Wilbur, 1994). 
Exotic fish species have been widely introduced on a 
global scale (Courtenay & Stauffer, 1984) and have been 
linked to extinctions of amphibian populations (Hayes 
& Jennings, 1986; Bradford, 1989; Bradford et al., 1993; 
Fellers & Drost, 1993). 

In this study we investigated amphibian species rich- 
ness and distribution with respect to the presence of 
predatory fish in ponds in southwestern Ontario, 
Canada. We took a community-based approach by 
using repeated surveys to construct local species lists 
across a large geographic area which has been highly 
impacted by humans and subjected to numerous fish 
introductions. Questions of interest include: are pre- 
datory fish capable of altering community structure 
(species richness) or distribution of individual species on 
a geographic scale? Based on the extensive amphibian 
predation literature, we predicted that fish predation 
can reduce amphibian species richness, but that indivi- 
dual species would be differentially affected. Because of 
the importance of size and chemical defenses in pre- 
dator-prey relations, amphibian species having large- 
bodied adults or tadpoles, or unpalatable species should 
be better able to coexist with predatory fish. 

METHODS 

Study area and species 
We conducted the study in southwestern Ontario, 
Canada (42,962 km 2) where we surveyed 178 ponds 
between Point Pelee (42 ° 10' N, 82 ° 30' W) and 
Tobermory (45 ° 12' N, 81 ° 40' W). Southwestern 

Ontario lies within the Eastern Deciduous forest, but its 
landscapes have been highly modified by humans for 
agriculture. Loss of original wetlands in portions of the 
study area is >90% (Snell, 1987). Today, ponds con- 
structed primarily for agricultural use are an important 
amphibian habitat in southwestern Ontario. These 
ponds range from semi-permanent to permanent and 
have often been stocked with game fish by landowners 
and government authorities for angling. 

Essentially the same pool of pond-dwelling amphi- 
bians occurs across the study area, but the patterns of 
local species richness and occurrence differed among 
regions within southwestern Ontario (Hecnar, 1996). 
Among regions, mean local amphibian species richness 
(s-diversity) ranged from 1.95 ± 0.131 to 3.93 + 0.222 spe- 
cies/pond and the frequency of occurrence for individual 
species ranged from 1 to 80% of ponds (Hecnar, 1996). 

Pond selection and surveys 
We located ponds using topographic maps, aerial pho- 
tographs, information provided by landowners, and by 
chance. We added ponds to our survey list if permission 
for access was obtained. From late March to late July in 
1992, 1993, and 1994 we surveyed 178 ponds. The ponds 
we used averaged 6422+2594.3 m 2 in area and 
1.9+0.083 m maximum depth. Although a few new 
ponds were added to the list in the second and third 
years, most ponds (67%) were surveyed in each of the 
three years. In each year we surveyed each pond on at 
least three dates and combined day and night visits. 
Searches involved from three to seven people searching 
from the pond perimeter out to ~ 10 m, and wading, 
canoeing, and dip netting through the pond. When 
woodlands were adjacent we extended searches to detect 
terrestrial stages of amphibians. 

We identified amphibians visually or by their calls. If 
any life stage of a species (adult, larvae, eggs) was 
encountered at a pond over the study period we con- 
sidered that species to be present. Conversely, if we 
detected no signs of a species we considered it to be 
absent. We identified large fish visually and obtained 
information on stocking and recent catches from land- 
owners and government authorities. We identified small 
fish visually and by dip netting. We did not electrofish or 
set nets for fish to minimize disturbance to the sites. With 
the intensive repeated surveys we were able to construct 
accurate amphibian species lists for individual ponds. 

Data analyses 
We classified each pond into one of three fish categories: 
fish-free, non-predatory fish, or predatory fish. Non- 
predatory fish ponds were those having small species 
such as minnows, darters, sticklebacks, or primarily 
scavengers or herbivorous species such as catfish and 
carp. Predatory fish ponds were those having large pre- 
datory species such as sunfish, bass, trout, perch, and 
pike which are documented as preying on amphibians. 
We made the distinction between non-predatory and 
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predatory fish because not all fish can be considered 
important predators on amphibians. Although some 
small fish species may eat some amphibian eggs or small 
tadpoles, we assumed that they are not important 
predators. Ponds with predatory fish also frequently 
contained non-predatory fish. 

To compare amphibian species richness among fish 
categories we used one-way analysis of  variance 
(ANOVA) on raw data. Bartlett's test indicated that 
variances among categories were homogeneous 
(p = 0.212) so data transformation was unnecessary. For  
a posteriori multiple comparisons we used Tukey's 
Highest Significant Difference (HSD) test. 

To determine if the presence or absence of  individual 
amphibian species was dependent on fish category we 
used contingency table analyses and computed the 
G-statistic. We used William's correction rather than 
Yate's correction because the latter is overly con- 
servative (Sokal & Rohlf, 1981). We initially planned to 
do 2 × 3 analyses, but because amphibian species rich- 
ness did not differ between fish-free and non-predatory 
fish ponds (see Results) we pooled both into one non- 
predatory category and conducted two × two analyses 
for a more powerful test. 

To investigate how size characteristics of  amphibian 
species (adult, larval, clutch) related to fish predation we 
divided the amphibian species into predatory and non- 
predatory fish pond groups. If a species occurred in 
proportionately more of  the predatory ponds than the 
non-predatory ones (see Results, Fig. 2), we placed it in 

Table 1. Species of amphibians and predatory fish encountered 
in southwestern Ontario ponds from 1992 to 1994 

Amphibians 
Green frog 
Northern leopard frog 
Wood frog 
Bullfrog 
Pickerel frog 
Mink frog 
Northern spring peeper 
Western chorus frog 
Eastern gray treefrog 
American toad 
Red-spotted newt 
Spotted salamander 

Fish 
Pumpkinseed 
Bluegill 
Green sunfish 
Largemouth bass 
Smallmouth bass 
Black crappie 
Yellow perch 
Rainbow trout 
Brown trout 
Speckled trout 
Northern pike 
Longnose gar 
Bowfin 

Rana clamitans 
R. pipiens 
R. sylvatica 
R. catesbeiana 
R. palustris 
R. septentrionalis 
Pseudacris crucifer 
P. triseriata 
Hyla versicolor 
Bufo americanus 
Notophthalmus viridescens 
Arnbystoma maculatum 
Ambystoma jeffersonianum 

laterale complex 

Lepomis gibbosus 
L. macrochirus 
L. cyanellus 
Micropterus salrnoides 
M. dolomieui 
Pomoxis nigromaculatus 
Percaflavescens 
Onchorhynchus mykiss 
Salmo trutta 
Salvelinus fontinalis 
Esox lucius 
Lepisoteus osseus 
Amia calva 

the predatory group, and vice versa. We used the basic 
occurrence patterns as the classification criterion 
because some of  the two × two tests lacked sufficient 
power to detect effects (see Results, Table 2). The 
occurrence criterion makes biological sense and per- 
mitted us to include all 13 amphibian species in the size 
comparisons. We used midpoints of average size ranges 
reported in the literature for adults, larvae, and clutches 
of  each species. We compared the size data between 
predatory and non-predatory groups using t-tests. 
Clutch size was square root transformed to homogenize 
variance, but transformation of adult and larval size 
was not required (Bartlett's test, p=0 .244  and 0.187 
respectively). We used the BIOM-pc software package 
(Sokal & Rohlf, 1991) for G-tests and conducted all 
other analyses using SYSTAT (Wilkinson, 1990). 

RESULTS 

We observed 13 amphibian and 13 predatory fish spe- 
cies at ponds in southwestern Ontario from 1992 to 
1994 (Table l). Of  the 178 ponds surveyed, we classified 
75 as fish-free, 46 as non-predatory, and 57 as predatory 
fish ponds. We also observed non-predatory fish at 
84.2% of  predatory fish ponds. Centrarchid and salmo- 
nid fish species had the highest frequency of  occurrence 
at predatory fish ponds. Percent occurrence was sunfish 
(65), bass (49), trout (20), pike (10), perch (8), and other 
fish (4). Mean local amphibian species richness (at-diver- 
sity) was 3-55 ± 0.133 species/pond (range 0-9), but was 
not correlated (Pearson product moment) with either 
pond area (r=0-14, p=0-270,  n = 155) or water depth 
( r=  -0.10,  p = 0-674, n-- 155). 

Amphibian species richness differed significantly 
among ponds according to fish category (ANOVA; 
F2,175--5-45, p=0.005;  Fig. 1). Multiple comparisons 
(HSD) indicated that amphibian species richness was 
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Fig. 1. Amphibian species richness at ponds (mean ± 1 SE) 
among fish categories in southwestern Ontario. 
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Table 2. Presence and absence of amphibian species at ponds among fish categories 
Number of ponds where a species was present is followed in parentheses by the number of ponds where it was absent. Fish-free and 
non-predatory classes were pooled into one category for analysis. 

Species Fish category G 
Fish-free Non-predatory Predatory 

R. clamitans 61(14) 41(5) 54(3) 4.330* 
R. pipiens 53(22) 35(11) 32(25) 4.692* 
R. sylvatica 16(59) 8(38) 6(51) 2.515 
R. catesbeiana 2(73) 4(42) 4(53) 0-282 
R. palustris 3(72) 1 (45) 3(54) 0.346 
R. septentrionalis 0(75) 1 (45) 1 (56) --~ 
B. americanus 50(25) 33(13) 43(14) 0-883 
P. crucifer 38(37) 27(19) 14(43) 13.745"** 
P. triseriata 16(59) 1(45) 1(56) 8-048** 
H. versicolor 16(59) 14(32) 5(52) 6-926** 
N. viridescens 22(53) 16(30) 4(53) 14-720"** 
A. laterale 2(73) 1 (45) 0(57) --~ 
A. maculatum 3(72) 0(46) 0(57) _ a  

*p < 0.05, **p < 0.01, ***p < 0.001. 
"Sample size too small to detect effect. 

significantly lower in predatory fish ponds than in either 
non-predatory (p = 0.008) or fish-free (p = 0.018) ponds. 
Species richness did not differ between non-predatory 
and fish-free ponds (p=  0.818). 

For  individual amphibian species, patterns of  co- 
occurrence with fish differed (Table 2, Fig. 2). Presence 
of 6 of  i 3 amphibian species was significantly dependent 
on the presence of  predatory fish (Table 2). The leopard 
frog, spring peeper, chorus frog, gray treefrog, and red- 
spotted newt co-occurred with predatory fish less fre- 
quently than expected. Presence of  the green frog was 
also dependent on presence of  predatory fish but it co- 
occurred more frequently than expected. Presence of the 
woodfrog, bullfrog, pickerel frog and the American 
toad was independent of  the presence of  predatory fish 
(Table 2). Although both Ambys toma  species (A. later- 
ale, and A. maculatum) did not co-occur with predatory 
fish a G-test was not conducted because insufficient 
power existed to detect a significant effect with the small 
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Fig. 2. Proportion of predatory fish and non-predatory ponds 
occupied by amphibian species in southwestern Ontario. *Species 
whose presence is significantly dependent on presence of pre- 

datory fish (see Table 2). tA.  jeffersonianum-laterale complex. 

Table 3. Adult and larval body sizes (cm) and clutch sizes (no. of eggs) of amphibian species encountered in southwestern Ontario ponds 
Adult frog and toad body size is snout-vent length. All larval sizes and adult salamander sizes are total length. Values are average 
range midpoints. 

Species Size ~ 
Adult -c Larvae Clutch 

R. clamitans 7-4 9.0~ 3750 -L 
R. pipiens 7.1 8.5 L 400w0 ~-8- 
R. sylvatica 5.3 4-5 L 2 5 0 ~  
R, catesbeiana 12.1 I 1-5 v-v- 16000 -~ 
R. palustris 6.0 6-7 ~w 2500 wa 
R. septentrionalis 5-9 8.8L 3000 v 
B. americanus 7-1 2.7 -L 6000 E 
P. crucifer 2-6 2.9 -w 900 wR 
P. triseriata 2.9 2.9 -L 60 y~ 
H. versicolor 4.2 4.5 -L 175w0 ~ g  
N. viridescens 9-0 3.83 76 y- 
A. laterale 12.0 3.73 285 3 
A. maculatum 15.5 5.2 L 150 L 

aSources: -C-Conant & Collins 1991; -L-Logier 1952; MMinton 1972; VVogt 1981; WWalker 1946; WRWright 1914. 
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sample size. However, when data for both Ambysto- 
mids were pooled, the test was significant (G=4.300, 
p < 0.05) with ambystomids co-occurring with fish less 
often than expected. Sample size was also too small for 
testing the mink frog R. septentrionalis. 

Size differences existed between species that occurred 
at proportionately more predatory than non-predatory 
ponds (Table 3). Clutch size was significantly different 
(t11=-3.20, p=0.008) with predatory pond species 
having larger clutches (6250+2510.0 eggs) than non- 
predatory pond species (1184 ± 483.4 eggs). Larval size 
(total length) was significantly different (t1~=-2.3l,  
p=0.041) with predatory pond species having larger 
larvae (7.7 + 1.48 cm) than non-predatory pond species 
(4-5 ~0.64 cm). Adult size did not differ between pre- 
datory and non-predatory pond species (tll=--0.17, 
p=0-869). Because anurans have a different body plan 
than caudates, we repeated the adult size analysis for 
the 10 anuran species alone. Adult size was significantly 
different (t8 = 2.34, p=0-048) with predatory pond spe- 
cies having larger adult body size (7.8 • 1.15 cm) than 
non-predatory pond species (4.4 ± 0.82 cm). 

DISCUSSION 

Two major patterns are clear. First, amphibian species 
richness (a-diversity) was lower in ponds where pre- 
datory fish were present compared to non-predatory or 
fish-free ponds. Second, not all amphibian species 
appeared to be negatively affected by predatory fish. 
Species with large bodies and large clutch sizes co- 
occurred with predatory fish more frequently than 
small-bodied species. Body sizes of individuals deter- 
mine their risk of predation and growth rate determines 
how long individuals remain at risk (Heyer et al., 1975; 
Wilbur, 1980, 1984). If suitable refuges are available in 
the littoral zones of ponds, tadpoles can quickly out- 
grow predators (Heyer et al., 1975). 

Because of the spatial scale of this study it was, of 
necessity, non-experimental. Correlation does not 
necessarily indicate cause; however, our results are both 
consistent with and complement the extensive fish- 
amphibian literature which is based largely on small- 
scale studies. Although most other studies have taken a 
small-scale approach, it appears that the results of local 
interactions between predatory fish and amphibians can 
translate to patterns at regional or geographic scales. 

Over 160 species of predatory fish have been intro- 
duced in 120 countries worldwide (Welcomme, 1984), 
and indigenous predatory fish are often translocated 
within their ranges to habitats that previously lacked 
fish (Crossman, 1984; Page & Burr, 1991). The potential 
for impact of introduced fish on amphibian diversity is 
global in scope. 

Population or species effects 
As a group, the ranid frogs (excepting the leopard frog) 
did not appear to be negatively affected by the presence 

of fish predators. Ranid frogs have several character- 
istics that would lessen the impact of predation. First, 
ranids have relatively large clutch sizes, and both adults 
and larvae tend to be large-bodied. Second, the larvae 
of green frogs and bullfrogs are unpalatable to fish 
(Kats et al., 1988). However, other ranids such as the 
leopard frog and woodfrog have palatable larvae which 
may explain why these two ranids occurred in pro- 
portionately more non-predatory ponds (Table 2). 
Experimental evidence suggests that adult woodfrogs 
may be able to detect predatory fish presence and 
choose alternate breeding sites (Hopey & Petranka, 
1994). The pickerel frog also commonly occurs with 
predatory fish (Kats et al., 1988), and the adult is 
known to have highly toxic skin secretions (Vogt, 1981). 
At two ponds which were highly productive stocked fish 
ponds, pickerel frogs were the numerically dominant 
amphibian species (S. J. Hecnar and R. T. M'Closkey, 
unpublished data). 

In contrast, the green frog occurred in predatory fish 
ponds more often than expected. However, it is unlikely 
that this indicates a beneficial relationship between the 
species. Neither green frogs nor fish are important items 
in each others, diets; however, co-occurrence can be 
explained by similarity in habitat requirements. The 
green frog is an aquatic species and both adults and 
larvae overwinter in ponds in the study area (Hecnar, 
personal observations). For both green frogs and fish, 
deep permanent waters are essential for survival. The 
same is likely the case for the bullfrog. In aquatic frogs 
(e.g. green frog, bullfrog) high fecundity and relatively 
small eggs are probably adaptations which act to lessen 
the risk of predation (Wilbur, 1984). 

All three species in the treefrog group (spring peeper, 
chorus frog, and gray treefrog) occurred less often than 
expected in predatory fish ponds. All three species have 
palatable larvae and the peeper and chorus frog do not 
increase refuge use in the presence of fish predators 
(Kats et al., 1988). Also, adults of both the peeper and 
chorus frog are small enough that consumption by lar- 
ger fish is plausible. The size of adult gray treefrogs and 
the fact that they enter water only to amplex and ovi- 
posit, likely precludes any substantial effect of fish pre- 
dation. Predation on small vulnerable eggs and larvae is 
far more likely. Occasionally, we have dip-netted gray 
treefrog larvae showing apparent predator damage to 
tail fins. Gray treefrog larvae have bright reddish orange 
tail fins which might function to deflect attacks of 
visually-oriented predators away from the body, similar 
to the black tail tip found in pond populations of Blan- 
chard's cricket frog Acris crepitans blanchardi (Caldwell, 
1982). Experimental evidence indicates that adult diploid 
gray treefrogs Hyla chrysoscelis altered their choice of 
calling sites and oviposition sites based on predators or 
competitors present (Resetarits & Wilbur, 1989, 1991). 

The American toad did not appear to be affected by 
the presence of predatory fish. The toad has toxic eggs, 
larvae, and adults (Voris & Bacon, 1966; Licht, 1968; 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page139



128 S. J. Hecnar, R. T. M'Closkey 

Kruse & Stone, 1984). Largemouth bass quickly learn to 
avoid feeding on toad tadpoles and select more pala- 
table species such as hylids (Kruse & Stone, 1984). 

Our sample size for ambystomid salamanders was 
low, but as a group they never co-occurred with pre- 
datory fish. This disassociation of salamanders with fish 
has often been reported (Petranka, 1983; Semlitsch, 
1988; but see Sprules, 1974; Figiel & Semlitsch, 1990). 
Predatory fish can alter growth, density, and activity of 
ambystomid larvae (Figiel & Semlitsch, 1990; Sih et al., 
1992). Although adult ambystomids may have a refuge 
from predation in their relatively large size, noxious 
skin secretions, and aposematic coloration (Brodie, 
1983), larvae are palatable (Kats et al., 1988) and fish 
are capable of eliminating larval recruitment (Ireland, 
1989) or extirpating local populations (Burger, 1950; 
Sexton & Phillips, 1986). 

The effects of fish predation on the distribution of 
amphibians have been noted in other studies. Petranka 
(1983) studied the spatial segregation of the small- 
mouth salamander Ambystoma texanum and fish in 90 
streams in the central United States. Eggs and larvae 
were largely restricted to first and second order streams 
where no fish occurred and sunfish were found to be 
capable of eliminating all the larvae from individual 
pools. 

Bradford et al. (1993) reported on the decline of the 
mountain yellow-legged frog R. muscosa in the Sierra 
Nevada mountains of California. Introduced fish were 
implicated as causing historic and recent population 
extinctions. From a survey of 312 lake sites they con- 
cluded that isolation of remaining frog populations by 
introduced fish increased the likelihood of local extinc- 
tions and prevented recolonization. A similar conclu- 
sion was reached by Fellers and Drost (1993) who 
documented the disappearance of the cascades frog 
Rana cascadae from 14 of 15 historic localities in Cali- 
fornia, although they also suggested other factors in 
addition to predation. 

Br6nmark and Edenhamn (1994) studied the dis- 
tribution of the European treefrog Hyla arborea, a spe- 
cies which has been declining in northwestern Europe in 
recent years. In a study of 25 ponds they concluded that 
fish presence was an important factor in reducing suc- 
cessful reproduction and limiting the occurrence of the 
treefrogs. 

Community effects 
Semlitsch (1988) reported on the allotopic distribution 
of mole salamander Ambystoma talpoideum and spotted 
salamander A. maculatum from 21 sites in South Car- 
olina. Experiments produced evidence that predation on 
eggs and larvae excluded A. talpoideum from ponds with 
predatory fish, but A. maculatum co-occurred with pre- 
datory fish in five of the sites. Although sunfish readily 
ate A. talpoideum eggs and larvae of both species, the 
jelly egg mass envelope in A. maculatum prevented fish 
predation. 

Bradford (1989) studied the distribution of the 
mountain yellow-legged frog and Pacific treefrog Pseu- 
dacris regilla with respect to introduced salmonid fish in 
67 mountain lakes in the Sierra Nevada Mountains of 
California. The yellow-legged frog was distributed allo- 
patrically with introduced fish in permanent waters, but 
the Pacific treefrog occurred only in ephemeral habitats 
that lacked fish. 

Few studies have viewed entire natural amphibian 
communities with respect to fish predation. Sexton and 
Phillips (1986) reported on a natural experiment in three 
ponds where river flooding introduced predatory fish 
into one pond, non-predatory fish into another, and the 
third pond remained unaffected. After fish invasion, 
species richness in the predatory fish pond was reduced 
from 11 to two species, but no effect was observed in the 
pond invaded by minnow species. 

In the agricultural landscapes of southwestern 
Ontario, the extent of natural wetlands has been drasti- 
cally reduced in the last century (Snell, 1987) and many 
permanent ponds have been constructed for agricultural 
or recreational use (Hecnar, 1996). The historical shift 
in the nature of habitats and the introduction of pre- 
datory fish coupled with differential susceptibility to 
predation among amphibian species have likely resulted 
in an altered composition of species in less diverse 
communities. 

Role of refuges and habitat structure 
Researchers often refer to amphibians as being tempor- 
ary or permanent water species. However few species 
show perfect fidelity to either habitat (Kats et al., 1988; 
this study). Species that are normally restricted to 
ephemeral sites because of fish predation face desicca- 
tion during egg and larval development as the major 
mortality factor (Heyer et al., 1975; Wilbur, 1984). By 
residing in permanent waters that lack fish predators, 
populations of so-called temporary pond species would 
reduce their risk of extinction in drought years. This 
may be one reason that temporary species often occur in 
permanent water habitats. 

Considering the complexity of predation and habitat 
heterogeneity, it is not surprising that temporary pond 
species often co-occur with predatory fish. Habitat het- 
erogeneity provided by shallow and heavily vegetated 
perimeters of permanent ponds may provide suitable 
nursery refuges for rapid growth of tadpoles, permitting 
them to outgrow their risk of predation (Heyer et al., 
1975). Amphibian species richness was positively corre- 
lated (Pearson product moment) with the amount of 
emergent vegetation at predatory fish ponds (r=0.38, 
n=56, p=0.003; S.J. Hecnar and R.T. M'Closkey, 
unpublished data). The most diverse pond that we sur- 
veyed (amphibian species richness = 9) was a govern- 
ment-run fish pond stocked with large speckled and 
rainbow trout. Populations of spring peepers, gray 
treefrogs, leopard frogs, and woodfrogs used refuge 
habitats in the shallow littoral zone. Although common 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page140



Fish predation on amphibians 129 

in surrounding ponds, red-spotted newts were never 
observed and were presumably excluded from the site. 

Alternate explanations 
The impact of  introduced fish on amphibians may not 
be limited to direct predation. Introduced fish were 
implicated as carriers of  a pathogenic fungus that resul- 
ted in near complete mortality of  eggs in the western 
toad Bufo boreas populations in Oregon (Blaustein et 
al., 1994b). Indirect facilitation by sunfish preying on 
the invertebrate and salamander predators of  bullfrog 
larvae can result in increased bullfrog density (Werner 
& McPeek, 1994). In larval amphibian communities, 
predators that selectively feed on competitively domi- 
nant species can promote the coexistence of  subordinate 
competitor species (Morin, 1983). 

The red-spotted newt is a highly toxic species which 
produces tetrodotoxins in skin secretions (Brodie et al., 
1974; Formanowicz & Brodie, 1982; Brodie, 1983). 
Notophthalmus adults also have countershading which 
aids in concealment and aposematic coloration to 
advertise its toxicity (Brodie, 1983; Duellman & Trueb, 
1986). Therefore, the negative effect of fish on newt dis- 
tribution may not be via predation. Newts and fish have 
broadly overlapping foraging niches, but newts may be 
less efficient in resource exploitation, resulting in com- 
petitive exclusion from some sites by sunfish (Bristow, 
1991). In the field, we generally observed larger newt 
populations in ponds lacking predatory fish than in 
ponds where newts and fish were syntopic. In 1992, a 
landowner stocked trout in a pond having an abundant 
newt population which resulted in a local extinction in 
1993. Nearby in another pond that was stocked with 
trout and bass, newts have continued to coexist with fish 
for many years. 

While introduced fish have undoubtedly played a role 
in amphibian decline at some localities in southwestern 
Ontario it would be naive to assume that it is the only 
factor. Massive clearance of  woodlands has also occur- 
red in the study area and many amphibian species 
require woodlands at some point in their life cycles. The 
amount  of  woodlands occurring in the vicinity of  ponds 
is the most important  geographic factor affecting 
amphibian diversity that we have detected (Hecnar & 
M'Closkey, 1996). Further study is required to determine 
the relative importance of  habitat loss (deforestation) 
and habitat degradation (fish introduction) in affecting 
amphibian species richness in southwestern Ontario. 
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Deteriorated Watersheds Can Be Restored: A Case Study 

BURCHARD H. HEEDE 
Rocky Mountain Forest and Range Experiment Station 
Forestry Sciences Laboratory 
Arizona State University Campus 
Tempe, AZ 85281 

ABSTRACT / A project in west-central Colorado demonstrated 
that a watershed dissected by a dense gully network can be stabi- 
lized and rehabilitated. Checkdam systems, aided by improved 
vegetative cover through reduced cattle grazing and plantings, 
stabilized not only the structurally treated gullies, but atso gullies 
within the network that were not structurally treated. Comparison 
with untreated gullies located outsid e of the project area, showed 
that the outside gullies widened three times as much as the struc- 
turally untreated inside gullies. Statistical analysis indicated that 
precipitation was normal during the treatment and evaluation pe- 
riod. 

Check dams decreased gully depth by accumulating sediment 
deposits. In turn, gully bank stabilization was hastened and allu- 
vial aquifer volumes increased. This increase, plus higher infil- 
tration rates as a result of denser vegetation, led to renewed pe- 
rennial streamflow after 7 treatment years, 

Within 11 years after treatment, check dam systems and im- 
proved vegetation reduced sediment loads in the flows by more 
than 90 percent, providing a substantial benefit to farmlands and 
ponds downstream. 

From this work we are able to conclude that only part of a gully 
network requires structural treatment. The mainstem gully, and 
those tributaries controlling the local base levels of others, are the 
critical segments that should be structurally treated. 

T h e  P r o b l e m  

Public concern for the health of the environment is not a 
new phenomenon. This concern has climaxed periodically 
in the past. Examples are the land restoration work of the 
Civilian Conservation Corps of the 1930s and early '40s, 
and the watershed restoration programs of the US Forest 
Service in the 1950s and '60s. The prime target for all reha- 
bilitation programs was the West, where an exploitation 
economy in the mid-nineteenth century had produced 
large stretches of scarred land. Such an economy appeared 
justifiable at the time because rapid settlement of the open 
land was a pressing goal---and the attraction Of quick profit 
produced the desired population growth. 

Attempts to reverse the exploitation economy to one of 
conservation generated other problems, especially during 
nationwide depressions. Thus the exploitation of private as 
well as public land reached far into the twentieth century, 
and the scars were manifold. 

in the semi-arid and arid areas, the balance between 
healthy and dying "r cover is very delicate. It takes 
only a slight trigger, exerted either by a natural event or 
man, to upset it. Depletion of the original sparse vegetation 
and/or  conversion from desirable to undesirable plant spe- 
cies follows over-use rather quickly. 

Key Words: Watershed rehabilitation, Gully, network, Check dam 
systems, Gully stabilization, erosion, sediment control. 

Environmental Management, Vol. 3 No. 3, pp. 271-281, 1979 

The results are well known: reduction Of vegetative cover 
causes increased surface runoff because infiltration de- 
creases (Dortignac and Love 1961, Meiman 1975). In- 
creased surface runoff, in turn, often leads to soil erosion, 
since larger flow concentrations cause higher flow energies 
that may exceed the threshold value for safe flow con- 
veyance. Rills and gullies develop, giving rise to still larger 
flow concentrations and erosional energies. Dissection of 
the land surfaces by gullies pi'oduces lower ground water 
tables, and, in combination with decreased infiltration of 
rainfall and snowmelt, leads to lower streamflows. Lag 
times for flow concentrations decrease drastically and peak 
flows rise sharply, causing floods in lands below. Depletion 
of ground-water storage can also cause perennial streams to 
become ephemeral, thus adding to the impairment of plant 
growth. Alkali Creek watershed, in western Colorado, is an 
example of this chain of events. 

A b o u t  t h e  W a t e r s h e d  

Alkali Creek watershed is located within the White River 
National Forest, approximately 32 km south of Rifle and 
the Colorado River. Vegetative cover types are oakbrush 
and grasslands, with an admixture of big sagebrush on val- 
ley bottoms. Yearly precipitation averages 480 mm, of 
which only 30 percent falls during the short growing sea- 

0364-152X/79/0003-0271 $02.20 
�9 1979 Springer-Verlag New York Inc. 
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Figure 1. An aerial view of the project area shows the individual 
vegetation cover types and extensive gullying of valley bottom 
and subdrainages before treatment. A road encircles the main val- 
ley bottom of the watershed. 

Figure 2. Upstream view into the head water reach of the main 
gully during the last phase of construction (rearrangement of 
rocks by hand on apron and bank protection work). 

son, which normally begins in May  and  ends not later than  
the third week of  August .Effective precipitation is reduced 
by frequent high winds. 

Soils of  the area are derived from sedimentary rocks, Ter- 
tiary sandstone, and shales of the Wasatch  formation. Clay 
content, mainly montmorillonite, is very high (up to 65 
percent). When  dry, ground surfaces are cemented and  
hard where the vegetative cover is depleted. When  wet, 
they develop a surface seal against infiltration because of 
intensive dispersion of the soils, aided by considerable 
amounts  of  sodium (ESP up to 26.7, where ESP is the de- 
gree of saturation of the soil exchange complex with so- 
dium). Under  thi s condition, water permeability into the 
lower soil horizons is practically excluded (Heede 1971). 

Ever since the growth of  settlements along the Colorado 
River in the 1870s, the watershed has been part of  the 
cattle grazing resource for the booming mining and resort 
area. Because the watershed is located below an important  
pass connecting the high to the low country, it has been 
used as a major cattle driveway. Cattle grazing and tram- 
pling were, therefore, more intense than  the official grazing 
records show. Yet, these records alone demonstrate high 
use. On  the 182 sq km West Divide Creek Grazing Allot- 
ment,  to which this watershed belongs, 10,000 head of 
cattle grazed at the turn of the century, compared with 
2,618 head permitted in the 1960s. 

As a result, a dense gully network developed on the 2.6 
sq km watershed, with a total gully length of 8.72 km (Fig. 
1). The  depths of  the gullies reached 10 m and their widths 
15 m. In addition, the perennial flow of Alkali Creek 
changed to ephemeral  in the 1920s. The  symptoms of seri- . 
ous watershed depletion had  become visible even to a cas- 
ual observer. But another  four decades elapsed before a sys- 
tematic watershed rehabilitation effort was launched. 

Rehabilitation Efforts 

In 1958, the headwaters of  Alkali Creek, ranging in ele- 
vation from 2,300 m to 2,600 m, were fenced to allow man- 
agement  of  cattle grazing and  implementat ion of engi- 
neered erosion control measures. In a combined effort 
between Region 2 of the US Forest Service, the White  
River National Forest, and the Rocky Mounta in  Forest 
and Range  Experiment Station, the fenced area was used 
for developing and  testing the effectiveness of  measures for 
restoring a deteriorated watershed. 

Vegetation management  started with exclusion of  cattle 
for the first 8 years, followed by grazing reduction to an av- 
erage annua l  rate of  77 animal  unit months  for the next 9 
years (an animal  unit  month  is a measure of forage re- 
quired by a cow and her calf for one month).  
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Figure.3. Upstream view of new double-fence dam. Height of rod 
is 1.7 m. 

Figure 4. Upstream view of prefabricated concrete check dam. 
Height of rod leaning against dam is 1.7 m. 

Figure 5. Upstream view of prefabricat.ed dam during low flow 
period in September 1975, 12 years after installation. Sediment 
has accumulated to the crest of the spillway, and herbaceous vege- 
tation has created a dense cover on the deposits that extend 110 m 
into the upstream channel. 

In 1963, a system of check dams was constructed in 40 
percent (or 3.49 km) of the total gully length (Fig. 2). The 
treated gullies included the mainstem and nine tributaries. 
In discontinuous gullies, headcuts were also controlled. 
Headcuts are erosional scarps on the valley bottom that 
mark the beginning of gullies. All ground surfaces dis- 
turbed during construction were planted to grass. 

The structures consisted mainly of loose quarry rock, 
some with mesh wire and steel post reinforcements (Heede 
1966 i (Fig. 3). Besides the 132 rock dams, the main key 
dam for the treatment was a newly designed unit with pre- 
fabricated concrete r members installed at the watershed 
mouth, the local base level for the project area (Fig. 4). If  
erosion were not controlled at this base level, channel depth 
cutting below the project could advance toward the head- 
water, undermining upstream dams. 

Check dams not only control local base levels and thus 
prevent gullies from getting deeper, but also accumulate 
sediment carried by the flows (Fig. 5). Sediment deposits 
decrease gully depth, so that gully banks can stabilize 
.quickly. 

In addition to the check dam treatments, four small gul- 
lies with a total length of  over 0.5 km were converted to 
vegetation-lined waterways by reshaping the topography, 
with earth-moving equipment, into gently curved, shallow 
(about 0.3 m deep), wide-bottomed (4 m), swales (Figs. 6a, 
b). The increased length provided by the curves reduced 
the average waterway slope gradient by 12 peree/at com- 
pared with the original gullies. Yet, the steepest waterway 
had a gradient of 0.174 m/m.  The shape changes were in- 
tended to decrease flow velocities and erosional energies. 

Topsoil was saved and replaced after construction. The 
smoothed waterway was then  fert i l ized wi th  super- 
phosphate, and planted with an annual pioneer vegetation 
(ryegrass) and, after one year, with a grass mixture (smooth 
brome and intermediate wheatgrass) to establish an effec- 
tive vegetative cover quickly. Effective cover was usually es- 
tablished after two growing seasons (Fig. 6e). 

Restitution of Perennial Streamflow 

Benefits of the treatment were manifold, but one had an 
overriding influence on the stabilization processes: the con- 
version of streamflow from ephemeral to perennial 7 years 
after installation of the structural measures (Fig. 5). 

It is believed that perennial streamflow resulted primar- 
ily from two changes on the watershed. First, bare soil 
areas, determined from 18 mm loop measurements along 
sample lines, decreased from 29.1 to 16.5 percent of  the to- 
tal area outside the gullies. Although not measured, vegeta- 
tion within the gullies increased even more dramatically, 
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Figure 6. Upstream view into a gully and subdrainage (a) before 
construction of waterway, (b) 4- months after, and (c) 1 year after. 
Height of range pool in (a), depicting the middle reach of the 
gully, is 1.8 m. The vegetation lining of the waterway consists 
mainly of rye grass and yellow sweetclover (pioneer species), while 
smooth brown intermediate wheatgrass (perennial cover) are be- 
coming established. 

since all gully bottoms were .practically bare at the time of 
treatment. Today, dense covers of rushes and willows line 
the bottoms, Vegetat ion also encroaches on the gully 
banks. Because increased vegetation cover leads to in- 
creased water infiltration (Dortignac and Love 1961, and 
Meiman 1975), more water can be stored in the soils and 
made available for spring flows. 

Second, check dams accumulated a total of 2,073 m s of 
sediment, providing additional channel storage (aquifer) 
for delayed water  release. Increased infiltration rates also 
aided plant establishment, and at times of abundant  sup- 
plies, the aquifers. Aquifers were recharged periodically 
during spring snowmelt when the vegetation was still dor- 
mant, and also during intense rainfalls. Brown (1963) has 
documented conversion to perennial flow only 5 years after 
a check dam system was installed in Basque County, Texas. 

Performance of Check Dam Systems 

Sediment deposits that accumulated above check dams 
not only supported invading vegetation, but also contrib- 
uted to gully stabilization (Figs. 7, 8a, b), These deposits 
have a wedge-shaped cross section if plotted along the 
channel. Their longitudinal gradient is much less than that 
of the original gully. On the project area, there was a strong 
relationship between the original gradient and the deposit 
gradient (coefficient of determination r 2 = 0.73): 

~p = 0.72 + 0.28 So 

where ~p is the deposit gradient and So is the original gully 
gradient,  both in percent (Fig. 9). Within the physio- 
graphic region of  Alkali Creek watershed, and under simi- 
lar conditions, the empirical equation can be used to calcu- 
late dam spacings that  will t rap maximum sediment 
deposits. If dams are too closely spaced, the next upstream 
dam will hinder upstream extension of the deposit wedge 
and reduce the sediment storage capacity; if spaced too far 
apart, a new erosion cycle could be initiated if a pro- 
nounced break of gradient (nickpoint) develops between 
deposit gradient and segment gradient. Usually in such a 
case a bed scarp advancing upstream lowers the channel 
bed. 

One of the most important benefits is the reduction of 
sediment load in downstream flows (Table 15 . This load 
would be carried into the Colorado River and eventually 
into reservoirs and onto farmlands. 

Load was reduced because of progressing channel stabili- 
zation, lowering of bed gradients by the sediment deposits 
above check dams, and by increased flow width on the de- 
posits, resulting in lesser depth for a given flow and higher 
bed roughness. The changes in these hydraulic variables 
decreased flow velocities and energies, because stream 
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Table 1. Suspended sediment samples from gully f lows taken 1, 12, and 13 years after t reatment 

Days before (-), and after (+), 
peak flow (0) Flow discharge Sediment concentration Sediment discharge 

Sampling station 1964 1975 19.76 1964 1975 1976 1964 1975 1976 1964 1975. 1976 

..... -'m3/scc . . . . . . . . . . . . . .  p/m ....... 
Low reach - 2  - 2  0.230 0.180 20,766 1,608 
Main gully - 2  - 2  0.230 0.170 19,214 2,023 

- 2  0.190 2,377 
- 2  0.190 1,885 

0 0 0.550 0.130 13,432 991 
0 0 0.550 0.130 13,437 926 
0 0 0.550 0.130 13,779 851 

0 0.130 839 
0 0.130 976 
0 0.180 1,407 
0 0.180 t,213 

+1 +1 0.040 0.010 62 250 
+1 +1 0.040 0.010 164 246 
+2 +2 0.050 0~030 463 85 
+2 +2 0.040 0.030 585 40 

+2 0.040 19 
+2 0.040 23 
+3 0.040 78 
+3 0.040 54 
+3 0:040 99 
+3 0.O4O 48 
+3 0.040 99 
+3 0.040 66 

+ 14 O. 190 5,084 
+!4 0.190 4,916 
+14 0.190 4,499 
+ 14 0.190 4,535 
+ 14 O. 190 5,220 
+14 0.190 4,433 
+42 0.020 19 
+42 0.020 38 
+42 O.O2O 58 
+42 0.020 23 

Low reach 0 0.200 35,706 
Gully 3 0 0.200 31,864 

+2 O.O6O 2,775 
+2 O.O6O 2,625 
+2 0.060 2,701 
+2 O.O6O 2,824 
+3 0.04O 1,462 
+3 0.040 1,358 
+3 0.0~. 1,577 
+3 0.040 1,325 
+5 +5 - -  0.010 961 640 

.+5 0.010 257 
+6 0.008 132 
+6 0.008 122 
+6 0.008 282 

+ 15 0.020 12,402 
+ 15 0.020 12,719 

....... kg/sec ....... 
4.81 0.29 
4.45 0.34 

0.44 
0.35 

7.39 0.13 
7.44 0.12 
7.62 0.11 

0.11 
0.!3 
0.25 
0.22 
0.0023 0.OO36 
0.0060 0.0032 
0.02 0.0027 
0.02 0.0014 

0.0009 
0.0009 
0.0027 
0.0018 
0.0036 
0.0018 
0.004! 
0.0027 

0.95 
0.91 
0.86 
0.85 
0.98 
0.83 
0.0003 
0.~006 
0.0010 
0.0004 
7.17 
6.41 

0.18 
0.17 
0.17 
0.18 
0.05 
0.06 
0.07 
0.06 

- -  0.0063 
0.0023 
0.0001 
0.0001 
0.0002 

0.21 
0.22 
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Figure 7. Stabilization is also progressing in the main gully 
treated with check dams, as illustrated in this photograph taken 
12 years after Fig. 2. 

Figure 8. The main gully after treatment (a). Note the raw bot- 
tom and many raw gully side slopes. Thirteen years later (h), 
grasses and willows cover the bed, and herbaceous vegetation is 
invading the side slopes. 

power can be expressed as the product of  velocity and  en- 
ergy slope. At Alkali Creek, practically all gullies were 
trapezoidal in cross section. Therefore, raising of the chan- 
nel bottoms by the deposits resulted in bed widening. 

As Table I shows, at the beginning of treatment,  that 
suspended sediment concentrations reached almost 21,000 
p / m  in a flow of 0.23 m3/sec. This amounted  to 51.9 t of  
soil removed when this flow lasted for 3 hours. Eleven years 
later, flows sampled at relatively identical times (2 days be- 
fore peak flow) had a rate of  0.18 m-~/sec and carried a sus- 
pended sediment concentration o f  about 1,600 p / m  which 
corresponds to a sediment discharge of 3 .1  t for a 3-hour 
flow. While the water discharge rate was 78 percent of  that  
11 years earlier, suspended sediment concentrations de- 
creased to 8 percent. 

Table 1 also illustrates the strong relationship between 
sediment concentration and flow duration. Thus  in 1964, 2 
days before peak flow, concentration was about 21,000 p / m  
at a flow rate of  0.23 m3/sec while during the peak flow of 
0.55 m3/sec, the concentration fell to about 13,500 p/re.  In 
ephemeral  streams, the availability of  sediment for trans- 
port, not necessarily flow magni tude,  exerts an overriding 
influence on sediment concentrations. This contrasts with 
perennial streams, generally. 

Continuous flow and sediment discharge measurements 
were not feasible. Realistic extrapolations for a snowmelt 
season were therefore not possible. 

Where  sediment accumulated to the crest of  the check 
dam, the structure became part of  the channel and, with 
the exception of the dam free boards, dynamic pressures 
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Table 2. Net erosion in gullies without structural treat- 
ments. 

Net erosion 

Gully no. 1963-65 1965-75 1963-75 

......... m~/lin, m/yr.. .......... 
5 0.653 0.079 0.212 

12 0.202 0.127 0.149 
15 0.264 0.023 0.092 
19 0.067 0.032 0.037 

Avg. 0.296 0.065 0.123 

Table 3. Net erosion in vegetation-lined waterways. 

Net erosion 

Waterway no. 1963-65 1965-75 1963-75 

............. m~/lin, m/yr. - ............. 
6 -0.175 0.050 -0.002 
9 -0.043 --0.016 -0.020 

16 0.235 0.059 0.088 
18 0.098 0.069 0.073 

Avg. 0.029 0.040 0.034 

against the dam were eliminated (Fig. 10). Sediment 
wedges extended up to 110 m from the structures. Signifi- 
cant on-site benefits of the deposits are improved gully 
crossings for man, animals, and vehicles, and a higher wa- 
ter table on the land adjacent to the gully, which aids plant 
establishment. 

Although 44 percent of all dams did not fill completely, 
not one was lost. Structural maintainenance, which was re- 
quired during the first 4 years, usually consisted of closing 
large voids in dams caused by a lack of small rocks in the 
original rock size mixture (Fig. 11). The voids hindered uti- 
lization of the full catchment capacity of the structures. 
Also, in some cases, sediment that accumulated during ris- 
ing-stage flows was removed by low-load-carrying recession 
flows. There was danger for structural keys where water jet- 
ted through voids in the bank. Closing larger voids was, 
therefore, the main objective of maintenance work. 

Steel posts and galvanized wire mesh used in fence-type 
dams were fully intact (Fig. 10). This dam type had more 
large voids than loose-rock or wire-bound loose-rock dams, 
however, because of its relative thinness. Fence-type dams 
are recommended only if an efficient rock size distribution 
is available, even though these structures require much less 
.rock. 

Performance of Untreated Gullies 

Even the gnllies that were not structurally treated im- 
proved (Fig. 12). A comparison of net erosion rates for the 
first 3 treatment years with those of the previous 10 years 
showed net erosion decreased by the substantial average of 
78 percent, from 0.296 to 0.065 m3/lin, m/yr.  (Table 2). 
Net erosion is erosion minus deposition as determined from 
the topographic surveys. 

Table 4. Ground cover and bare soil changes (percent of total area). 

Ground cover Bare soil 

Area 1963 1975 Change 1963 1975 Change 

Poor vegetation cover (not seeded) 
2 41.4 67.9 26.5 58.6 32,1 --26.5 
3 54.7 75.8 21.1 45.3 24.2 --21.1 

Avg. 48.0 71.8 23.8 52.0 28.2 --23.8 
Good vegetation cover (not seeded) 

1 86.7 87.9 1.2 13.3 12.1 - 1.2 
4 90.9 96.9 6.0 9.1 3.1 -6.0 
6 93.5 98.7 5.2 6.5 1.3 -5.2 

Avg. 90.4 94.5 4.1 9.6 5.5 -4. I 
Seeded cover 

5 51.0 81.0 30.0 49.0 19.0 --30.0 
7 77.8 76.5 - 1.3 22".2 23.5 1.3 

"Avg. 64.4 78.8 14.4 35.6 21.2 - 14.4 
Avg. of all areas 
Total 
Avg. 70.9 83.5 12.6 29.1 16.5 -12.6 
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Figure 9. The relationshi p between original gully and sediment 
deposit gradients at Alkali Creek watershed. 

To determine whether  these decreases could be attrib- 
uted to influences from the structurally treated gullies and 
to the vegetation management  in the project area, it was 
necessary to test whether erosion had also decreased in sim- 
ilar untreated gullies outside of the project area. Criteria 
for the selection of the gullies were: comparability of  size 
between inside and outside gullies; location of outside gul- 
lies within 1.5 km of the project area; and outside gullies 
being part  of  the Alkali Creek system. Each group consisted 
of four gullies with a total length of more than 1 km. 

Gully width and length measurements  could be reliably 
established from available aerial photos, al though ground 
checks were performed. Result: the outside gullies widened 
three times as much  as those within the system but not 
structurally treated: 

Relative 
Gully no. Stream increase 
"inside" order in area 

2 2 1.55 
5 2 2.06 

14 3 0.90 
17 3 1.29 

Average, 1.45 

"Outside" 

I 2 5,75 
II 2 7.27 
III 4 2.35 
IV 2 3.10 

Average. 4.62 

Figure 10. Sediment has accumulated to the crest of the 
spillway of this 12-year-old dam. Herbaceous vegetation has in- 
vaded the deposits, increasing channel stability. 

Figure 11. Upstream view of a double-fence dam. Note the jet 
flow through a large void in the center of the structure. 
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Figure 13. Upstream view of a waterway installed 2.5 years ago, 
replacing a gully on a mountain slope of 22 percent. 

Figure 12. A dense mat of vegetation has stabilized this project 
gully, which was not treated with check dams. A small bed scarp, 
at the survey rod, has been nearly arrested by the vegetation. 
Scale on rod is in feet. 

Al though increases in gully area do not necessarily corre- 
spond with erosion, the data  paralleled the obvious obser- 
vations that  erosion was much  more active in the outside 
gullies. 

Grazing management  as well as local base level mainte- 
nance in the structurally treated gullies were sufficient to 
extend improvement  into the gullies that  were not structur- 
ally treated. The  management  implication is that not all 
gullies of  a watershed require structural treatment,  if effec- 
tive vegetation management  can be applied. At Alkali 
Creek, only one-third of  all second-order gullies had mea- 
surable sediment accumulat ions above the dams; of  these, 
no dam was filled. Costs could have been reduced by 30 
percent, if only third- and  fourth-order gullies had been 
treated. 

Performance of Waterways 

After the first growing season following treatment,  the 
vegetation cover was still sparse on the waterways. Rills 
formed in some waterway reaches during the next spring 
snowmelt season. Submerged burlap strips (Heede 1975), 
were installed at 1.5 m intervals in these reaches. The  
added control  measure was successful; during the first 3 
years after t reatment,  the vegetation-lined waterways lost 
an  average of  91 percent less soil than  the gullies that were 
not structurally treated (Heede 1968). The  comparison 
must  be evaluated in light of  developments in the "un-  
treated" gullies. These were influenced directly by the in- 
tensified vegetation management  of  the watershed and  by 
the gullies treated by check dams (local base level controls). 
As a result, these gullies also improved with time. 

Waterway 9, a l though the steepest of  all (bed gradient: 
17.4 percent) had  no net erosion during its total lifetime of 
12 years (Table 3 and  Fig. 13). In contrast, waterway 18 
showed the largest net erosion rate for the last 10 years. On  
this waterway, new rilling developed after the burlap strips 
rotted 5-6 years after installation, reaching depths up to 15 
cm where a narrow valley bot tom restricted the width of 
the waterway. Maintenance by armoring the bot tom with 
loose rock (Mean particle size 37 mm) appeared to be suc- 
cessful. 

Overall performance comparisons show that the un- 
treated gullies had  a net erosion rate 3.5 times larger than  
waterways (0.123 versus 0.034 m3/lin, m/yr) .  We know 
now that  waterway 18 should not have been constructed 
because of lack of  sufficient valley bottom width in several 
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Table 5. Vegetation, litter, and rock cover changes (percent of total area). 

Vegetation Litter Rock 

Area 1963 1975 Change 1963 1975 Change 1963 1975 Change 

Poor vegetation cover (not seeded) 
2 0.7 7.8 7.1 40.8 60.1 19.3 0 0 0 
3 2.5 8.1 5.6 51.2 67.7 16.5 1.0 0 - I .0  

Avg. 1.6 7.9 6.3 46.0 63.9 17.9 0.5 0 -0.5 
Good vegetation cover (not seeded) 

1 4.5 10.5 6.0 82.2 77.4 -4.8 0 0 0 
4 3.8 14.2 10.4 87.1 82.7 -4.4 0 0 0 
6 4.8 12.9 8.1 88.7 85.8 -2.9 0 0 0 

Avg. 4.4 12.5 8.1 86.0 82.0 -4.0 0 0 0 
Seeded cover 

5 3.8 13.0 9.2 47.2 68.0 20.8 0 0 0 
7 4.5 19.7 15.2 72.2 55.9 - 16.3 I. I 0.9 --0.2 

Avg. 4.2 16.4 12.2 59.7 61.9 2.2 0.5 0.4 -0.1 
Avg. of all areas 
Total 
Avg. 3.5 12.3 8.8 67.1 71.1 4.0 0.3 0.I -0.2 

reaches. If  this waterway is eliminated from the overall per- 
formance evaluation, only 0.024 m3/lin, m/yr.  eroded from 
the waterways, which drops the net erosion rate by about 
35 percent. 

Vegetative Cover Changes 
Bare soil areas decreased by nearly half on the water- 

shed. Table 4 differentiates between poor, good, and seeded 
cover, signifying high and low densities, and introduced 
grass species (Bunchgrasses). Poor cover was typified by 
large numbers of bare soil spots. Both poor and good cover 

consisted primarily of sagebrush and native grasses. Oak 
brush and aspen covers were excluded from consideration. 
As could be expected, bare soil of the poor vegetation cover 
decreased most. A check to determine if vegetation in- 
creases were responsible for these decreases, and not devel- 
opment of erosion p~vements leading to gravel cover, 
showed areas covered by rock decreased, while vegetated 
areas increased about twice as much as litter (Table 5). 
With the exception of one area, sagebrush increased (Table 
6) and perennial grass and forb cover decreased under all 
conditions. This trend suggests sagebrush is a strong cle- 
ment of the climax vegetation on the watershed. 

Table 6. Vegetation cover changes (percent of total vegetation). 

Annual grasses & forbs Perennial grasses & forbs Shrubs (dominantly sagebrush) 

Area 1963 1975 Change 1963 1975 Change 1963 1975 Change 

Poor vegetation cover (not seeded) 
2 0 2.6 2,6 100.0 53.2 
3 0 0.6 0.6 92.0 92.6 

Avg. 0 1.6 1.6 96.0 72.9 
Good vegetation cover (not seeded) 

1 0 15.7 15.7 100.0 53.3 
4 0 25.3 25.3 100.0 42.1 
6 0 26.4 26.4 96.9 62.4 

Avg. 0 22.5 22.5 99.0 52.6 
Seeded cover 

5 2.7 1.2 -1.5 97.3 98.8 
7 0 0.5 0.5 100.0 84.8 

Avg. 1.3 0.8 -0.5 98.7 91.8 
Avg. of all areas 
Total 
Avg. 0.3 10.6 10.3 98.2 70.6 

-46.8 0 44.2 44.2 
0,6 8.0 6.8 -1.2 

-23.1 4.0 25.5 21.5 

--46.7 0 31.0 31.0 
--57.9 0 32.6 32.6 
--34.5 3.1 11.2 8.1 
--46.4 1.0 24.9 23.9 

1.5 0 0 0 
-15.2 0 14.7 14.7 
--6.9 0 7.4 7.4 

--27.6 1.5 18.8 17.3 
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Conclusion 

Structural gully control combined with vegetation man- 
agement has rehabilitated a deteriorated watershed. One of 
the most important findings was t h a t  engineered treat- 
ments are not required in all gullies, but should include the 
mainstem and those tributaries that control the local base 
levels of  others. Application of this finding on the research 
watershed would have reduced treatment COSTS b~' about 30 
percent. 

Test Of the behavior of similar gullies located outside, 
but adjacent to, the project area, showed that these gully 
areas increased three times more than those of the "un- 
treated" inside gullies. This shows that the treatment initi- 
ated effective restoration processes in all project gullies. 

Perennial streamflow was restored 7 years after treat- 
merit. It is believed that the formation of additional aqui- 
fers above check dams (sediment accumulations), increased 
infiltration rates by a healthy and dense vegetative cover in 
the channels, as well as an increased vegetative cover on the 
watershed, were responsible for this. 

Precipitation was normal during the treatment period, as 
shown by statistical analysis. Thus the project demon- 
strated that, under normal precipitation conditions, a wa- 
tershed can be rehabilitated in a relatively short time, per- 
haps one decade. With some proposed modifications, this 
treatment approach can serve as a blueprint for future 
projects. 
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Strategy: Reversing Stream Incision   

Beginning in 1992, the Feather River CRM expanded its focus to include 
reversing stream incision (entrenchment) and restoring stream elevations in the 
inter-montane alluvial groundwater basins.  Entrenched stream systems dominate 
all of the basins.  At least 190,000 acre-feet (AF), or190 thousand acre-feet 
(TAF), of seasonal groundwater storage volume were lost to incision based on 
the estimate described below.  Without this storage, this volume is delivered to 
Oroville Reservoir during the rainy season when flood storage and releases to the 
ocean dominate water supply management and make it difficult to use the early-
arriving water. 

The Feather River CRM has developed a restoration approach—pond and plug—
that obliterates the stream incision and restores the stream channel to the surfaces 
of the alluvial aquifer.  The U.S. Forest Service has developed techniques to use 
road crossings to restore higher water surface elevations.  Groundwater storage 
increases in relation to the increased elevation of the bottom of the channel and 
proportionate to the width of the alluvial body through which the stream passes.  
This increase in groundwater storage volume from CRM projects has been 
substantial to date, but a large potential increase remains.  Once incision is 
reversed, the benefits of increased streamflow during the dry season are expected 
to last in perpetuity if modern land management principles prevail over the long 
term. 

The program to reverse the effects of the era of stream incision can result in 
important water-supply benefits and reduced sediment-handling costs that benefit 
citizens statewide.  Moreover, ancillary effects are also of great value, including 
increased riparian habitat, improved fish habitat, and increased forage for deer 
and livestock. 

Approach and Basis for Estimating Water-Supply 
Benefits 

To estimate water-supply benefits of the restoration program, potential physical 
changes in shallow groundwater storage volume must first be estimated.  Most 
commonly, this is directly related to the resulting rise in channel-bottom 
elevation.  It is also governed by the specific yield (effective porosity) of the 
near-surface alluvium.  Then, because raising water surface elevations induces 
greater plant cover, increases in evapotranspiration (ET) must be deducted from 
the volume increase.  The effect of the new storage volume on storing winter 
runoff and enhancing streamflow in the dry season must then be estimated.  
Finally, the temporal flow of costs and benefits must be set forth, and the 
economic efficiency arrayed for a most-likely scenario and for other arguably 
reasonable scenarios.  These steps are described in the subsection Potential 
Water-Supply Benefits, below.  The scientific basis for each of these steps is 
described in this subsection. 
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Estimating Basin Storage Volume Lost to Incision.  Estimates of 
average prevalent maximum incision depths for each alluvial basin in the 
watershed were based on U.S. Soil Conservation Service (1989) estimates as 
adjusted by the Feather River CRM’s field hydrologist and stream restoration 
leader.  These estimates generally apply to the incision in the central portion of 
each alluvial basin.  They are used to estimate volume drained by incision by 
multiplying these maximum depths times the basin area and applying a shape 
factor of 0.50.  The shape factor results from assuming that the resultant lowering 
of the water table forms a wedge that extends from the incised stream to the edge 
of the basin but diminishes proportionately to the thinning of the alluvium to zero 
lowering at the basin edge.  (In cross section this is a very flat triangle on each 
side of the stream, the area of which is one-half times the valley half-width times 
the maximum depth.) 

Estimates of the sizes of the 11 alluvial basins in the watershed were made by 
DWR in Bulletin 118 (California Department of Water Resources 2003). 

Estimating Specific Yield.  Specific yield is the percentage of the alluvial 
volume that can be filled with water and, subsequently, drained by gravity.  
Porosities and the specific yield of sediments have been extensively studied over 
many years, primarily based on texture.  Estimating methods vary and are 
difficult to apply.  Results vary widely within and between alluvial bodies, even 
for the same textural classes.  Considerable uncertainty is therefore involved in 
estimating average specific yield. 

Silty fine sand is the most prevalent texture of the alluvial deposits in the 
watershed, with frequent gravel and cobble layers and less-frequent fine-grained 
(clayey) inclusions.  Churchill (1988) refers to most of these soils as loamy sands 
and sandy loams.  Recent studies in the watershed have documented this 
dominant sandy texture (preponderance of silty sand, sandy gravel, sand, and 
sand-gravel mixes [Cornwell and Brown 2008] and clayey sand [DWR 2002]).  
The dominant sandy texture suggests a relatively large specific yield. 

Davis and DeWiest (1966) estimate specific-yield values of 38%–46% for sands, 
whereas the U.S. Geological Survey (USGS) (1967) gives a range of 21%–27%.  
The difference may be because Davis and DeWiest specifically address non-
indurated sediments, which are present in the Feather River alluvial basins, 
whereas USGS refers to “rock textures” and appears to combine data from both 
indurated and non-indurated materials (indurated having correspondingly less 
porosity), which often comprise pumped groundwater aquifers.  USGS reviewed 
a large number of scientific papers discussing specific yield estimations, some of 
which are more in line with the values of Davis and DeWiest.  

In a study recently conducted  at a meadow restoration site in the watershed  
along Clark’s Creek, a tributary to Last Chance Creek (Cornwell and Brown 
2008), an average porosity of 35% was estimated from a suite of field samples 
but was used in subsequent calculations as if corresponded to specific yield, 
which is also known as effective porosity.  This possible inconsistency needs to 
be rectified. 
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A specific yield of one third, or 33%, midway between the DeWiest and Davis 
(1966) and USGS (1967) values, is used in this section as the most likely value 
for purposes of estimating groundwater storage benefits for this program review.  
However, effects on calculated results are assessed for a range in specific yield 
values from 20% to 33%. 

Accommodating Evapotranspiration Losses.  Watershed investigators 
have noted that restoring groundwater elevations to nearer the ground surfaces 
induces additional vegetative growth and thereby increases ET losses of 
groundwater to the atmosphere, making some of the enhanced storage 
unavailable for streamflow enhancement.  Thus, in converting storage 
enhancement to streamflow enhancement, it is necessary to first depreciate gross 
storage volume for annual ET losses. 

A recent study in the upper Feather River watershed of ET losses that used 
spectral imagery and was calibrated to ground conditions (Loheide and Gorelick 
2005) provides a good estimate of the difference in growing-season ET losses 
between fully degraded (incised) meadows and fully restored meadows.  This 
work was also conducted in the Last Chance Creek watershed.  It showed that 
daily ET losses in June were 3 millimeters per day from a fully degraded site, and 
5 millimeters per day from a fully restored site.  Using the distribution pattern of 
ET throughout the year (large ET in June, minor ET in fall and winter) from the 
California Irrigation Management Information System (CIMIS) web site 
(http://wwwcimis.water.ca.gov/cimis/welcome.jsp) and data from Buntingville 
on the Modoc Plateau near the upper Feather River watershed, these values were 
converted to annual values.  The result is that restoration induces an estimated 
1.7 feet of ET loss annually between a fully degraded site and a fully restored 
site.  

The fully degraded site used in the study had incision of up to 15 feet; for this 
assessment, sites with 10 feet or more of incision were considered to be fully 
degraded.  Lesser incised sites would induce proportionately lesser ET increases 
when restored.  The result of this assumption is that 0.17 feet of each new foot of 
storage is lost to new ET.  In other words, 83% of the new storage is available for 
delayed streamflow augmentation.   

Converting New Storage to New Streamflow.  Stream-groundwater 
interactions have been a subject of considerable study over the past 20 years.  
The water-supply issue for a program that restores near-surface groundwater 
storage capacity in the Feather River watershed is how the increased volume of 
storage translates to increased streamflow downstream during the dry season.  A 
study of this relationship in the upper Feather River watershed was recently 
conducted by Kavvas et al. (2005) using the stream-profile restoration completed 
by the Feather River CRM in the Last Chance subwatershed.  Their results, based 
on a well-established method of modeling groundwater flow toward a discharge 
point and examining actual streamflow data for a wet year, indicate that 
streamflow enhancement in the dry season (i.e., June–October) downstream of 
the project area is essentially equal to the volume of new seasonal storage created 
by the project.  (The modeled flow enhancement was 2,258 AF for a project that 
created 2,265 AF of new storage capacity.)  That is to say, the ratio of dry-season 
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flow enhancement to created storage was shown to be 1.00.  This modeling took 
into account actual floodplain geometry and hydraulic properties of floodplain 
materials.   

The implication is that groundwater storage created by reversing stream incision 
in the upper Feather River watershed, being shallow alluvial storage in a mesic 
environment, is likely to be used annually by the floodplain alluvial systems to 
defer runoff from the wet to the dry season.  The source of waters recharging the 
new aquifer storage include streamflow infiltration through streambanks, shallow 
subsurface inflow from adjoining uplands (which is apparently significant; see 
Bohn 2007), and direct precipitation on the floodplain. 

Determining Economic Efficiency.  The economic efficiency of creating 
new shallow storage in alluvial aquifers is determined by estimating restoration 
costs, using the extensive experience of the Feather River CRM, and estimating 
the value of the new volume of streamflow during the dry season. 

A project would be considered economically efficient if the ratio of monetary 
benefits to costs is 1.00 or greater.  However, prior to computing this benefit-cost 
ratio (BCR), all future costs and future benefits are discounted to their present 
values.  For practical purposes, cost-benefit analysis can ignore inflation.  The 
choice of an appropriate discount rate is crucial, however, and requires several 
considerations (National Center for Environmental Decision-Making Research 
2008). 

First, society, in making public investments, should use a riskless discount rate, 
reflecting an assumption that the government will not default on its debts.  
Second, if a project displaces consumption by undertaking the public investment, 
then the appropriate discount rate is the consumer’s after-tax time preference, a 
relatively low rate of return.  If a project displaces private investment, the 
investment displaced is at a higher before-tax rate of return. 

Because most benefits will occur long into the future, almost any reasonable 
discount rate, even one reflecting consumption time preference rather than 
private rate of return, will suggest that the project is inefficient.  For these 
reasons, attention turns from efficiency concerns, that is, getting the right private 
and public rates of return, to equity concerns, taking into account the rights of 
future generations.  A zero rate means that the well being of future generations is 
given equal weight to the well being of the current generation. 

The guidance given for federal decision making by the federal Office of 
Management and Budget (OMB) is to use a 7% discount rate but to conduct 
sensitivity analyses using 5% and 9% rates. 

For intergenerational deliberations, a lower rate is argued.  Assuming a future 
growth rate of per capita income of 1% to 2% and an elasticity of utility for 
marginal income of 1.5, discount rates as low as 1.5% to 3% may be selected, the 
latter corresponding to the rate of long-term U.S. Treasury bonds. 
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Accordingly, for the long-term watershed restoration project addressed in this 
section, OMB’s recommended rate is initially chosen, but implications of lesser 
rates (as low as 3%) are identified. 

Potential Water-Supply Benefits 

To estimate the ultimate feasible water-supply benefits of the watershed 
restoration program, a methodology for estimating water-supply benefits, as 
described at the beginning of the previous section, was incorporated into an 
Excel spreadsheet model (see Appendix D, Upper Feather River Watershed 
Water Yield Enhancement Model).  The model computes annual monetary 
benefits and restoration costs over the period of years that would accrue in 
restoring stream and groundwater elevations in the watershed to their pre-incision 
condition wherever feasible. 

The steps for the computation performed in Appendix D, and the results, are as 
follows: 

Volume of Sediments Dewatered by Incision.  This computation is 
accomplished by multiplying the acreage of each alluvial groundwater basin in 
the upper Feather River watershed (as inventoried by DWR) by estimates of 
maximum sustained incision depths for each basin.  A shape factor of 0.50 is 
applied to account for gradual thinning of the dewatered sediment wedge, with 
zero at the basin boundaries.  The estimates of incision from the U.S. Department 
of Agriculture Soil Conservation Service (SCS) and USFS from pre-1850 to 
1989 provided the initial basis for the maximum sustained incision in each basin.  
The staff of the Feather River CRM (Wilcox and Benoit pers. comm.) compared 
these values to values in its inventory and project files and adjusted them 
accordingly.  This procedure integrates the most extensive field data of the most 
experienced basin investigators.  The estimates for each basin are likely accurate 
within 25% of the actual value, and with compensating errors, the final estimated 
sediment volume is probably accurate to within 10%–20% of the actual volume.  
The estimated total dewatered sediment volume in the upper Feather River 
watershed is about 576,000 AF, or 576 TAF.  

Volume of Groundwater Storage Lost to Incision.  This estimate is made 
by applying a specific yield or effective porosity of 33% to the foregoing 
dewatered sediment volume.  The resulting water volume is about 190 TAF. 

Maximum Feasible Extent of Watershed Restoration and Attainable 
Storage Volume.  Watershed restoration planners at the Feather River CRM 
estimated the percent of area within the combined groundwater basins that cannot 
feasibly be restored due to the presence of infrastructure, towns, or residences.  
Their estimate of 70% feasibility reduces the potential new groundwater storage 
volume to about 133 TAF. 

Increased Evapotranspiration and Net New Groundwater Storage.  
An ET loss estimate described above of 17% of each new vertical foot of storage 
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reduces the net groundwater available for base flow augmentation during the dry 
season to about 110 TAF. 

Enhancement of Streamflow During the Dry Season (Base Flow 
Augmentation) Resulting from Natural Recharge of the New 
Groundwater Storage.  Based on a factor of 1.00 resulting from groundwater 
flow modeling for a typical restoration project in the watershed (Kavvas et al. 
2005, discussed above), the base flow augmentation would be about 110 TAF 
annually. 

Comparison of Costs and Benefits.  This step involves determining annual 
and cumulative income from, and costs of, achieving the new dry-season base 
flow augmentation; it involves computing the present values of each future 
income and cost using a discount rate of 7% and, from the present net value 
estimate, the benefit/cost ratio for the restoration of shallow floodplain storage in 
the upper Feather River watershed.   

Value is measured as the current marginal value of a new acre-foot of water.  The 
value of the potential base flow augmentation is associated with its delivery to 
Lake Oroville where it may be diverted for use or released instream as part of the 
environmental water account (EWA).  The current price for the EWA is $150 per 
AF.  This price may undervalue the actual future cost of water, which is expected 
to rise faster than inflation. 

The annual costs of the watershed restoration program required to restore all 
feasibly restorable watershed lands over a 50-year period were estimated from a 
summary of meadow projects (primarily pond and plug) conducted by the 
Feather River CRM to date (see Table 5-1).  For each project, the summary 
includes an estimate of the rise in water table and the area over which the water 
table was affected.  A shape factor of 0.50 was applied to these estimates to 
determine estimated new storage volume.  The average cost determined from this 
project data is $550 per AF of restored alluvial volume.  When applied to the 
restorable alluvial volume, the data indicate that the feasible extent of restoration 
could be completed in 50 years at a cost of $4.43 million per year.  If a shorter or 
longer restoration period is anticipated, the annual cost would increase or 
decrease proportionately. 

As the watershed restoration program proceeds, benefits increase annually, as 
shown for the 50-year restoration period and the 100-year analysis period in the 
Appendix D spreadsheet.  A comparison of the cumulative costs and benefits 
over the restoration period shows that the program for reversing the dewatering 
effects of stream incision has a BCR of about 1 if only the first 50 years are 
considered but 1.14 if a 100-year period is considered.  In the second 50-year 
period, no program costs are required but benefits continue to accrue. 

Benefits would continue to accrue for the time period beyond 100 years, but 
when a 7% discount rate is used, the contribution to the present value of benefits 
becomes negligible.    
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Table 5-1.  Costs of New Groundwater Storage from Feather River CRM Meadow Restoration Projects     
 

Map 
Number 

Project 
Name Year(s) 

Channel 
Length 
(miles) 

Acreage 
Restored Cost 

Groundwater 
Rise (ft) 

Landowner 
Owner Project Type 

Cost per 
AF 
storage 

Storage 
(AF) 

1 Red Clover Demonstration 1985-96 1 70 $172,000 9 Private Rock dams $546 315 

2 Big Flat 1995 0.78 47 $189,000 7 Public Pond and plug $1,149 165 

3 Bagley Creek II 1996 0.26 10 $9,000 3 Public Pond and plug $600 15 

4 Boulder Creek 1997 0.75 20 $25,000 5 Public Sediment traps $500 50 

5 Rowland Creek 1997 2 50 $5,000 2 Public Channel structure $100 50 

6 Ward Creek 1999 0.76 165 $220,000 9 Private Pond and plug $296 743 

7 Clarks Creek 2001 0.81 56 $90,000 4 Public Pond and plug $804 112 

8 Stone Dairy 2001 0.43 20 $70,000 8 Public Pond and plug $875 80 

9 
Carmen Creek (Knuthson 
Meadow) 2001 1.5 200 $213,000 10 Public 

Pond and plug 
$213 1,000 

10 Hosselkus Creek 2002 0.28 25 $170,000 4 Private Pond and plug $3,400 50 

11 
Upper Last Chance/Matley 
Ranch 2002 1.6 300 $250,000 3 Private 

Pond and plug 
$556 450 

12 Elizabethtown/Hwy 70 2002 0.06 5 $30,000 5 Private Pond and plug $2,400 13 

13 
Carmen Creek (Three-
Cornered Meadow) 2002 1 45 $133,000 7 Public 

Pond and plug 
$844 158 

14 
Greenhorn Creek-New 
England 2002 0.13 10 $5,500 3 Private 

Pond and plug 
$367 15 

15 Last Chance-PNF 2003 4.1 800 $650,000 6 Public Pond and plug $271 2,400 

16 Poplar Creek 2003 0.15 15 $130,000 5 Private 
Pond and Plug/ 
FP Culverts $3,467 38 

17 Humbug-Charles 2004 0.44 60 $201,000 4 Private Pond and plug $1,675 120 

2 Big Flat Modification 2004 0.57 0 $12,000 0 Public 
Riffle 
augmentation $0 0 
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Long-Term Monitoring and Evaluation of the
Lower Red River Meadow Restoration Project,
Idaho, U.S.A.

Linda R. Klein,1,2 Stephen R. Clayton,3 J. Richard Alldredge,4 and Peter Goodwin3

Abstract

Although public and financial support for stream resto-
ration projects is increasing, long-term monitoring and
reporting of project successes and failures are limited.
We present the initial results of a long-term monitoring
program for the Lower Red River Meadow Restoration
Project in north-central Idaho, U.S.A. We evaluate a nat-
ural channel design’s effectiveness in shifting a degraded
stream ecosystem onto a path of ecological recovery.
Field monitoring and hydrodynamic modeling are used to
quantify post-restoration changes in 17 physical and bio-
logical performance indicators. Statistical and ecological
significance are evaluated within a framework of clear ob-
jectives, expected responses (ecological hypotheses), and
performance criteria (reference conditions) to assess post-
restoration changes away from pre-restoration conditions.
Compared to pre-restoration conditions, we observed
ecosystem improvements in channel sinuosity, slope,
depth, and water surface elevation; quantity, quality, and
diversity of in-stream habitat and spawning substrate;
and bird population numbers and diversity. Modeling

documented the potential for enhanced river–floodplain
connectivity. Failure to detect either statistically or eco-
logically significant change in groundwater depth, stream
temperature, native riparian cover, and salmonid density
is due to a combination of small sample sizes, high inter-
annual variability, external influences, and the early
stages of recovery. Unexpected decreases in native ripar-
ian cover led to implementation of adaptive management
strategies. Challenges included those common to most
project-level monitoring—isolating restoration effects in
complex ecosystems, securing long-term funding, and im-
plementing scientifically rigorous experimental designs.
Continued monitoring and adaptive management that
support the establishment of mature and dense riparian
shrub communities are crucial to overall success of the
project.

Key words: adaptive management, ecological signifi-
cance, long-term monitoring and evaluation, natural
channel design, performance criteria, stream and riparian
restoration.

Introduction

Theory, principles, and practices of aquatic ecosystem res-
toration are common topics in the international scientific
literature (Henry et al. 2002), and interest and investment
in river restoration projects are growing worldwide (Ward
et al. 2001; Pretty et al. 2003; Bernhardt et al. 2005; Lake
2005). An increased emphasis is being placed on under-
taking restoration in the context of entire watersheds,
recognizing the multidimensional ecological linkages and
processes inherent to a naturally functioning, dynamic,
and self-sustaining river ecosystem (Williams et al. 1997;
ISG 1999; Wohl et al. 2005). This more holistic view is
a shift away from projects that optimize habitat for a single

fish species, rely on hard-engineering methods that
impede channel migration, or focus on an isolated reach
of river and a shift toward integrated projects that replace
lost or damaged elements and/or assist the reestablish-
ment of physical and biological processes that support the
natural ecosystem (Barinaga 1996; Gillilan et al. 2005;
Palmer et al. 2005; Wohl et al. 2005).

Despite the high value humans place on freshwater eco-
systems, the growing number of river restoration projects,
and the large sums of money committed to such endeav-
ors, the condition of river and riparian ecosystems contin-
ues to degrade as a result of human activities (Bernhardt
et al. 2005; Wohl et al. 2005). Some believe that many
restoration projects are being implemented with minimal
scientific context (Wohl et al. 2005) and that the high
proportion of failed or ineffective projects is due to our
current, insufficient understanding of the complex, dyn-
amic processes that maintain a naturally functioning river
corridor (Kondolf 1995; Ward et al. 2001). Additionally,
well-designed monitoring programs that evaluate and re-
port post-project successes and failures are rare, repre-
senting missed learning opportunities to improve future
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restoration practices. Without this valuable information,
advances in the scientific basis for river restoration
have been delayed and much is still unknown about the
long-term effectiveness of current restoration practices
(Kershner 1997; Henry et al. 2002; Moerke & Lamberti
2004; Bernhardt et al. 2005; Wohl et al. 2005).

Reasons for the disproportionate amount of monitor-
ing and reporting relative to the expanding number of
restoration projects include (1) reluctance to allocate
funds for the necessary long-term commitment; (2) lack
of incentives and standards for evaluating success; (3)
perceptions of monitoring as intimidating and labor inten-
sive; (4) limited information on how to implement a moni-
toring program; and (5) inherent difficulties in isolating
restoration effects in complex, dynamic biological systems
(Kondolf & Micheli 1995; Kershner 1997; Palmer et al.
2005; Reeve et al. 2006). Furthermore, the time necessary
for writing and publishing results is often overlooked or
underestimated, so the outcomes of many studies go
unreported.

Here, we describe a long-term monitoring effort to
evaluate the ecological restoration (as defined by SER
International 2004) of a river/wet meadow ecosystem that
was identified as a high-priority habitat within the water-
shed. We used a natural channel design to replace missing
ecosystem elements and to reestablish conditions neces-
sary for natural hydrologic, geomorphic, and biotic pro-
cesses and linkages to occur among aquatic, riparian, and
terrestrial habitats (Gregory et al. 1991; Barinaga 1996;
Kauffman et al. 1997; FISRWG 1998; Palmer et al. 2005).
Our overall restoration goal was to reverse the decline of
ecosystem health (Williams et al. 1997), shifting the trajec-
tory onto a path of recovery (SER International 2004)
and, ultimately, attaining a state of dynamic equilibrium
(Leopold et al. 1964; Knighton 1998) that requires mini-
mum future intervention (Palmer et al. 2005).

The objectives of this article are to (1) describe our
monitoring approach; (2) share initial results and contrib-
ute to the body of knowledge on stream restoration moni-
toring; and (3) summarize successes and lessons learned
so that other restoration practitioners may benefit from
our experiences.

Methods

Project Site

Idaho’s Lower Red River Meadow (LRRM) (lat
45�459N, long 115�249W) is an unconfined alluvial valley
situated at 1,280 m and bounded by forested mountains
that reach 2,134 m. Mean annual precipitation ranges
from 76 to 102 cm, with more than 50% falling as snow.
The meadow is approximately 526 ha and includes
8.6 km of the 45-km Red River. Red River is a fifth
order, meandering stream and morphologically classified
as an alluvial pool–riffle (Montgomery & Buffington 1998)
or C4 (Rosgen 1996).

Typical of similar ecosystems in the region, the ecology
of LRRM has been disrupted by decades of human distur-
bances at multiple geographic scales including down-
stream construction of hydroelectric dams; upstream
logging, road building, and mining; and local channeliza-
tion, dredge mining, cattle grazing, and native riparian
vegetation removal (NPPC 1994; BPA 1996). Degradation
responses of LRRM have paralleled those of other river/
wet meadow ecosystems impacted by these activities and
are well documented. Natural sediment transport and flow
regimes are altered; bank and bed erosion rates are
accelerated; channels become wide, shallow, and warm;
diversity, complexity, and aquatic habitat quality are
reduced; floodplain, groundwater, riparian, and tributary
linkages are severed; and native vegetation is replaced by
exotics (NRC 2002). Early project proponents determined
that a passive restoration approach would not alter the
degradation trajectory and, without intervention, the
recovery process would take centuries.

Restoration Objectives

To reverse the degradation trajectory and initiate the nat-
ural recovery of ecosystem functions and processes, we
focused on reconnecting the severed hydrologic and bio-
logic linkages between the river, riparian, groundwater,
and terrestrial systems. Restoration actions were based on
the following four objectives:

(1) Reconnect historic meanders and create new reaches
to increase channel sinuosity and reduce slope.

(2) Construct or reshape channel cross-sectional dimen-
sions to allow floodplain inundation at flows greater
than bankfull and to increase water depths at low
flow.

(3) Install deformable, bioengineered bank treatments;
native riparian vegetation; and temporary, in-stream,
rock grade control structures to reduce accelerated
erosion rates and increase habitat complexity and
quality.

(4) Reconnect off-channel ponds, wetlands, and side
channels to enhance and reestablish hydrological
linkages between the active channel and the biotic
refugia.

The restoration was completed during four separate
phases (I–IV) within a 4.1-km section (post-restoration) of
the lower meadow reach. The project was intended
as a model to guide future work in other similar, high-
priority sites within the watershed. (See www.redriver.
uidaho.edu for photographs and additional information.)

Performance Indicators

To assess post-restoration changes relative to pre-restoration
conditions, we measured 17 performance indicators com-
prising a suite of physical and biological components
that interact within the river/wet meadow ecosystem
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(Table 1). Performance indicators are directly related to
our restoration objectives and were chosen based on their
collective potential to quantify and qualify both short- and
long-term changes and trends in the general ecological
character of the restored reach. Our expected responses
translate into testable hypotheses based on fluvial geomor-
phic and ecological principles and relationships (Leopold
et al. 1964; Gregory et al. 1991; Naiman & Décamps
1997; Williams et al. 1997; FISRWG 1998; Knighton 1998;
Clayton 2002; NRC 2002) that guided our restoration
strategy to reestablish natural ecosystem processes and
associated benefits (Table 1).

Performance Criteria

Because of pervasive human impacts on meadow ecosys-
tems throughout the Red River watershed, a comparable
reference (target) reach was unavailable. Therefore, we
established performance criteria based on ecological prin-
ciples; regional scientific research; historical photographic,
biologic, and hydrologic data; hydrodynamic modeling,
and professional judgment of the site’s potential (Table 1).
These performance criteria act as surrogate reference con-
ditions against which performance indicators are com-
pared. Expected recovery times for ecological responses
of individual system components are variable and site spe-
cific, ranging from immediately post-restoration to years
or decades (Wissmar & Beschta 1998; Palmer et al. 2005)
and are thus estimated in our criteria where practical.

Due to the experimental nature of restoration, dyna-
mism of ecosystems, uniqueness of each site, and chance
for success being expressed in an unexpected but accept-
able form, defining performance criteria in precise quanti-
tative terms or fixed end points is often difficult or
undesirable (Kondolf & Micheli 1995; Jansson et al.
2005). Therefore, the expected or ‘‘target’’ ecological
effects, defined by the performance criteria, are stated as
either quantitative ranges or temporal trends in the direc-
tion of recovery (Table 1).

Statistical and Ecological Analyses

We used statistical significance at p < 0.05 to identify per-
formance indicators that demonstrated post-restoration
changes in direction and magnitude large enough to be
unlikely due to chance. When multiple hypothesis tests
were performed for the same performance indicator, we
used a Bonferroni adjustment for the level of statistical
significance. For example, p < 0.0167 was used to test for
significant changes in channel dimensions, velocity, and
water surface elevations (WSEs) among three pairwise
differences in years 1994, 2000, and 2003.

In ecological or biological studies, however, statistical
significance alone does not imply ecological or biological
significance (Yoccoz 1991), nor does lack of statistical sig-
nificance indicate that a change did not occur, but only
that a change may have been too small to be declared sta-

tistically significant based on the available data (Johnson
1999; Robinson & Wainer 2002; Stephens et al. 2005).
Thus, we also compared the direction and magnitude of
post-restoration changes, statistically significant or not, to
our expected responses and performance criteria (Table 1)
to determine whether the statistical results made sense in
the ecological context of our river/wet meadow ecosystem.
We termed this test ‘‘ecological significance’’ because per-
formance criteria and expected responses, as defined, sig-
nal improvement in the ecology of the system (Table 1).

Where data were not normally distributed, nonparamet-
ric statistics were used. Unless otherwise noted, all statisti-
cal analyses were performed using Minitab 14.1 (Minitab,
Inc. 2003). We were interested if a significant difference
occurred in the direction indicating improved ecological
condition with time; therefore, one-tailed hypothesis tests
were used to identify significant directional change in per-
formance indicators where appropriate.

Channel Structural Response

Sinuosity and Slope. Pre- (1994) and post- (2000) restora-
tion topographic data were mapped into an ArcView 3.2
(Environmental Systems Research Institute, Inc., Red-
lands, CA, U.S.A.) geographic information system (GIS).
Edge-of-water points at low flow were used to digitize
channel alignments. Sinuosity (channel length/valley
length) and slope (WSE difference/channel length) were
calculated. Historic channel slope and sinuosity were esti-
mated using 1936 aerial photographs and 1994 elevations.

Channel Dimensions. Standard methods (Harrelson et al.
1994; Rosgen 1996) were used to survey 18 permanent cross-
sectional transects describing the pre-restoration (1994)
channel and 61 transects describing the post-restoration
(2000, 2003) channel. The reduced number of cross-
sections measured in 1994 reflects resource constraints as
well as the more homogeneous morphology and alignment
of the pre-restoration channel.

A hydrodynamic model, MIKE11 (DHI 2000), was
applied to simulate velocity and WSE at each cross-
section, using constant bankfull (18.9 m3/second) and
low-flow (0.48 m3/second) discharge conditions and
channel topography from the 3 years (1994, 2000, and 2003)
(Clayton 2002). For each of these six model simulations,
we calculated flow width, thalweg depth, and width-to-
depth ratio (W/D) at each cross-section as indicators of
change in channel cross-sectional structure. Flow width
was defined as the top of the water surface, and W/D was
calculated by dividing flow width by the hydraulic
mean depth (Leopold &Wolman 1957).

A Mann–Whitney test was used to evaluate the
expected changes (Table 1) in median width, depth, and
W/D between pre-restoration (1994) conditions and post-
restoration baseline (2000) and 3 years post-restoration
(2003). A Wilcoxon Signed Rank test was used to deter-
mine if channel dimensions remained on the expected
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Table1. Performance indicators, expected responses, performance criteria, and associated ecosystem processes and benefits.

Performance Indicator Expected Response Performance Criterion Associated Ecosystem Processes and Benefits

Channel structural response
1. Sinuosity Increase 2.4 ± 20% Lengthening the stream channel increases

sinuosity and decreases slope, thereby reducing
velocity and shear stress (erosive force). Bed
and bank erosion rates are reduced. Aquatic
habitat quality increases as turbidity is
decreased and fine sediment accumulation in
spawning gravels and rearing pools is
minimized.

2. Slope Decrease 0.0017 ± 20% (ranges reflect the 1936 historic
alignment and characteristics of a C-type
channel [Rosgen 1996])

3. Bankfull dimensions Creating new meanders, reconnecting historic
meanders, and adjusting channel dimensions
according to estimated equilibrium conditions
increase and maintain quantity, quality, and
diversity of in-stream habitat.

Width Decrease 18.3 m
Depth Increase 1.5 m
W/D Decrease 20

4. Low-flow dimensions Narrower and deeper channel provides hiding
cover and cooler water for spawning, rearing,
and migrating salmonids and aquatic organisms
that sustain them.

Width Decrease 6.1 m
Depth Increase 0.6 m
W/D Decrease 20 (based on UI 1999, unpublished reporta)

Hydrologic response
5. Water velocity New channel dimensions and increased sinuosity

allow flows greater than bankfull to access
floodplain, thereby dissipating energy,
facilitating fine sediment deposition and nutri-
ent exchange, and increasing soil moisture for
native riparian vegetation.

Bankfull Slower Post-restoration water velocities are slower
compared to pre-restorationLow flow Slower

6. WSE Higher WSEs increase access to, and availability
of, refugia and rearing habitat for salmonids as
off-channel ponds, wetlands, and side channels
are reconnected to main channel.

Bankfull distance to top of bank Decrease Distance from water surface to top of bank
approaches zero

Low-flow distance to top of
bank

Decrease Distance from water surface to top of bank
approaches 1 m, based on soil moisture
requirements of native riparian communities
(Padgett et al. 1989)

New channel dimensions and increased sinuosity
raise low-flow WSEs and reestablish hyporheic
linkages, thereby increasing water availability
to native riparian vegetation during the
growing season.

7. Groundwater depth Decrease Decreasing trend in depth to groundwater
toward �1 m below soil surface during the
growing season (based on Padgett et al. 1989)

Enhanced hydroperiod frequency and duration
and increased floodplain inundation depth and
extent allow shallow groundwater aquifer
recharge and maintain diverse floodplain
habitats such as depressional wetlands and
abandoned oxbows.

8. Hydroperiod Increase Increasing trend in frequency and duration of
hydroperiod

9. Floodplain inundation Increase Increasing trend in depth and areal extent of
floodplain inundation
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Table 1. Continued

Performance Indicator Expected Response Performance Criterion Associated Ecosystem Processes and Benefits

Riparian condition response
10. Native plant community

composition
Increase Trend of increasing native vegetative cover,

detectable within 10–15 years post-restoration
Reestablished native riparian vegetation
contributes shade, cover, and in-stream
nutrients; increases potential for woody debris
recruitment and storage; and provides seed
and vegetative sources for future natural
recruitment and regeneration.

Dense riparian canopy influences stream’s
thermal condition by maintaining cooler
temperatures in summer and warmer
temperatures in winter.

Dense and deep riparian root systems stabilize
banks and reduce erosion rates, support
overhanging vegetation, and maintain deep
and narrow channels, thereby contributing
to overall habitat quality and complexity.

Fish habitat response
11. Habitat quality and diversity Increase Increasing trend in number of habitat units,

diversity of habitat types, and proportion of
deepwater habitats

Temporary in-stream, rock grade control
structures induce plunge pool and riffle habitat
formation.

12. Substrate quality Increase d Percent fines (�2.0 mm) �14% (Kondolf
2000)

Channel structural, hydraulic, hydrologic, and
riparian vegetation improvements, described
above, interact to initiate and maintain deeper
water and more diverse and spatially complex
habitat types.

d Percent fines (�6.0 mm) �20% (NPCC 1994) Channel structural, hydraulic, hydrologic, and
riparian vegetation improvements support
a self-sustaining system where channel adjusts
its form (i.e., local slopes and velocities, bed
material arrangement, channel pattern) in
response to natural fluctuations in discharge and
sediment. Natural sediment regime maintains
a balance between erosion and deposition,
resulting in clean and aerated spawning and
rearing substrate within optimal size ranges.

d More than 50% of the substrate particle size
within 13–128 mm (preferred spawning sub-
strate size range for native salmonids [Bjornn &
Reiser 1991; J. Brostrom 2001, Idaho Depart-
ment of Fish and Game, Lewiston, ID, per-
sonal communication])

13. Summer water temperature Coolerb
d Trend of smaller temperature differences from
upstream to downstream through the meadow
reach

Deepening channel cross-sections and reestab-
lishing riparian plant communities reduce
summer water temperatures, thereby improv-
ing habitat conditions for salmonids.d Reduced number of days and shorter duration

per day when water temperatures exceed
15.6�C (adult spawning threshold) and 18.3�C
(juvenile rearing threshold) (ISG 1996)
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Table 1. Continued

Performance Indicator Expected Response Performance Criterion Associated Ecosystem Processes and Benefits

Fish population response
14. Salmonid density and percent

composition
Increase Trend of increasing density and percent composi-

tion of salmonids
Channel structural, hydraulic, hydrologic, and
riparian vegetation improvements increase
quantity and quality of salmonid habitat,
subsequently increasing density and percent
composition of salmonids and density of
chinook redds.

15. Redd counts Increase Trend of increasing density of Chinook salmon
(Oncorhynchus tshawytscha) redds

Wildlife habitat response
16. Bird populations and diversity Increase Increasing trend in individual bird numbers,

species abundance, and species diversity
In addition to native riparian plantings, creation
and enhancement of off-channel, shallow,
open-water habitat, scrub–shrub cover, and
emergent herbaceous wetlands increase native
plant cover, plant community diversity, and
overall floodplain habitat diversity.

17. Wildlife habitat value Increase Increasing trend in wildlife habitat value toward
an optimal rating (1.0) as defined by Habitat
Suitability Indices (USFWS 1980) for four
target species (Yellow warbler [Dendroica
petechia], White-tailed deer [Odocoileus
virginianus], Mink [Mustela vison], and
Mallard [Anas platyrhynchos])

Enhanced riparian and floodplain habitat
improves quantity, quality, and diversity of
forage, cover, and nesting sites, thereby
increasing abundance and diversity of
waterfowl and other bird species.

Enhanced riparian and floodplain habitat
increases abundance and diversity of
terrestrial mammals and other riparian- and
wetland-dependent species.

aValues reflect the mean design dimensions based on the estimated dynamic equilibrium cross-section (UI Ecohydraulics Research Group 1999, unpublished report). Natural variation about the mean values is
expected due to the presence of riffles, pools, and runs; diversity of reach type surveyed (bend, straight, transition, or including a midchannel bar/island); and extent of structural modifications (original, new, slightly
reshaped, or reconnected historic meander).
bA temporary increase in summer water temperatures was anticipated due to the longer channel and flatter slope, resulting in slower water velocities (and longer travel times) through the post-restoration channel
and the limited ability of the immature planted riparian vegetation to provide extensive shading.
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trajectory between 2000 and 2003. Because 61 cross-
sections were included for 2000 and 2003 and only 18
cross-sections for 1994, we expected more statistical
power for detecting changes between 2000 and 2003 than
when these years were compared to 1994 data.

Hydrologic Response

Velocity and WSE. Comparisons of bankfull and low-flow
water velocity were made among pre- and post-restoration
years using modeling results. To describe hydrology influ-
encing riparian vegetation and floodplain connectivity, the
simulated WSEs for the 3 years (1994, 2000, and 2003)
were used to calculate differences between WSE and
top-of-bank elevation. Due to the natural asymmetry of
a cross-section, two values were calculated for each dis-
charge condition—one for the distance from the water
surface to the top of the higher bank and the other to the
top of the lower bank. As described above, the Mann–
Whitney and Wilcoxon Signed Rank tests were used to
evaluate the expected responses (Table 1).

Groundwater Depth. Fourteen groundwater monitoring
wells, distributed along four transects perpendicular to the
channel, were installed to depths ranging from 1.8 to 2.4
m. Depths to the groundwater surface were measured
using a Heron Dipper-T water-level meter (Heron Instru-
ments, Inc., Burlington, Ontario, Canada). From 1998
through 2003, measurements were recorded weekly during
June through August and biweekly in September (Donley
2003). Temporal trends in groundwater depth were exam-
ined with analysis of covariance (ANCOVA). Discharge
and precipitation were included as covariates. Month of
observation was considered in the general linear model.
Mean daily discharge was estimated from combined read-
ings of two gauging stations, located approximately 8 km
upstream. Precipitation data were gathered from the U.S.
Forest Service’s Remote Automated Weather Station for
Red River, Idaho (http://wrcc.dri.edu/cgi-bin/raws1_pl).

Hydroperiod and Floodplain Inundation. A 2-m digital ele-
vation model was developed to compare pre- and post-
restoration duration, depth, and areal extent of floodplain
inundation (Beattie 2003). Differences in duration of
out-of-bank flow were evaluated using six paired cross-
sections from the 1994 and 2000 surveys and the April–
September 1997 hydrograph (chosen as a representative
range of discharges). Simulations for the 1994 and 2000
channel configurations recorded hourly WSE at each
cross-section. Hydroperiod was calculated as the number
of days when the water surface was above the channel
banks. The MIKE11–GIS interface was used to simulate
depth and aerial extent of floodplain inundation for pre-
and post-restoration channel configurations. These results
were used to estimate the increase in floodplain storage at
bankfull discharge post-restoration (Beattie 2003).

Riparian Condition Response

Plant Community Composition. Ocular estimates of plant
community dominance were recorded along 20 perma-
nent, paired 100 3 2–m greenline (parallel to stream) and
riparian (perpendicular to stream) transects (USFS 1992;
Cagney 1993). Community types were identified as a
single dominant species or dominant/subdominant com-
bination. Percent native versus non-native cover was
calculated per transect. Post-restoration baseline and 2-
to 4-year follow-up surveys were completed between 1997
and 2003. The number of surveys performed varied by
restoration phase (I–IV) due to the incremental planting
scheme. Increasing temporal trends in mean percent com-
position of native cover, per phase, were evaluated sepa-
rately for riparian and greenline transects. A randomized
complete block analysis of variance (ANOVA) was used,
with location as blocks and the linear component of year
as treatment.

Fish Habitat Response

Habitat Diversity. Habitat type units (pool, riffle, run,
glide) were delineated in 1994 and annually from 2001
through 2003 according to definitions adapted from Bisson
et al. (1982). For each habitat unit, thalweg length and
wetted width were measured. Total area for each habitat
type was computed by summing the product of lengths
and mean widths of each habitat unit. Proportion of each
habitat type area to total habitat area was calculated.
Temporal trends in number of habitat units and propor-
tional area of each habitat type were evaluated using
linear regression.

Substrate Quality. Wolman (1954) pebble counts were
performed each August from 2000 through 2003 within
the wetted width of each pool tailout. Substrate particles
smaller than 2 mm were classified as sand or silt using the
‘‘texture-by-feel’’ technique (Brady & Weil 2002). Median
particle size (D50), percent fines �2.0 and �6.0 mm (indi-
cators of oxygen availability during salmonid incubation
and emergence, respectively), and percent suitable spawn-
ing size (13–128 mm) for native salmonids were calcu-
lated. Statistical analyses were not performed on changes
in D50 or percent suitable spawning size. Annual propor-
tions of fine sediments were compared using chi-square
contingency table analyses and Spearman’s correlation
coefficient.

Summer Water Temperature. Four Optic StowAway data-
loggers (Onset Computer Corp., Bourne, MA, U.S.A.)
recorded stream temperature every 15 minutes mid-June
through September 1997–2003 at four locations: (1)
upstream end of meadow (control reach); (2) upstream
end of restoration reach; (3) downstream end of restora-
tion reach; and (4) downstream end of meadow. Air tem-
perature was recorded using a HOBO H8 Pro datalogger
(Onset Computer Corp.) near the middle of the restored
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reach. Analysis was limited to July and August, the warm-
est months, and thus the most critical time period relative
to salmonid juvenile rearing and adult migration and
spawning. Water temperature differences between the
upstream end of the restoration reach and the down-
stream end of the meadow were evaluated using ANOVA
and ANCOVA. Number of days when maximum water
temperatures exceeded 15.6�C (threshold at which adult
salmon spawning and migration become stressful) and
18.3�C (threshold at which juvenile salmon rearing be-
comes stressful) (ISG 1996) were evaluated using binary
logistic regression. Number of hours per day exceeding
15.6 and 18.3�C were evaluated using simple and multiple
regression. Air temperature, stream discharge, and precip-
itation were considered as covariates.

Fish Population Response

Salmonid Density and Percent Composition. Fish abun-
dance and species composition were estimated each July
from 1999 through 2003 following established snorkeling
survey methods (Hankin & Reeves 1988; Thurow 1994;
Angermeier & Smogor 1995). Habitat units, described
previously, were randomly sampled in proportion to their
occurrence. Densities were calculated as fish/100 m2 and
species composition as percentage of total species
present. Trends in density and percent composition of
salmonids were evaluated using linear regression and
Pearson’s correlation analyses. Differences in mean sal-
monid densities among the restored reach and other land
ownerships (control reaches) within the meadow were
tested using ANOVA and Dunnett’s simultaneous one-
tailed comparison.

Redd Counts. Chinook salmon redds were counted
throughout the restored reach and Red River drainage
according to Bowles and Leitzinger (1991) and Hassemer
(1993, unpublished report). One to three surveys were per-
formed annually during September 1993–2003 to obtain
a full census by the end of the spawning season. Trends in
redd densities (number of redds/km) in the restoration
reach and other land ownerships (control reaches) within
the meadow were compared using linear regression, corre-
lation, and ANOVA.

Wildlife Habitat Response

Bird Populations and Diversity. Surveys were conducted
each June from 1996 (pre-restoration) through 2003
(3 years post-restoration) using 11 permanently established
points, 250–300 m apart, along a transect parallel to, and
approximately 50 m east, of the river. The observer stop-
ped for 10 minutes at each point. Birds seen or heard in
a strip 100 m wide as well as those seen or heard while
walking from point to point were counted and identified
using nomenclature in National Geographic Society
(1987) and Peterson (1998). Increasing temporal trends in

bird numbers and species richness were analyzed with lin-
ear regression, Spearman’s correlation coefficient, and
Shannon’s index of species diversity (Magurran 1988).

Wildlife Habitat Value. The Habitat Evaluation Procedure
(USFWS 1980) was used to measure changes in habitat
value. Habitat Suitability Index models (Hays et al. 1981;
Allen 1986; Sather-Blair 1988, unpublished report) were
chosen for selected target species: Yellow warbler (Dendro-
ica petechia), White-tailed deer (Odocoileus virginianus),
Mink (Mustela vison), and Mallard (Anas platyrhynchos).
A post-restoration baseline evaluation was performed
in phase I in 1997, followed by 4 years post-restoration
evaluation in 2001. Additional monitoring is required to
assess change.

Results

Channel Structural Response

Sinuosity and Slope. Restoration activities increased
channel length by 1.54 km or 60%, resulting in a 60%
increase in sinuosity from 1.7 in 1994 to 2.7 in 2000. Slope
decreased by 40% from 0.0025 in 1994 to 0.0015 in 2000.
Channel alignment, sinuosity, and slope are now similar to
1936 historic conditions (Fig. 1). The new channel align-
ment changed little from 2000 to 2003; thus, sinuosity and
slope calculations were not repeated.

Channel Dimensions. Median width for both bankfull
and low flow decreased from 1994 to 2000 to 2003, but
these changes were not statistically significant (Fig. 2a).
Median thalweg depths were significantly deeper for
both bankfull and low flow in both 2000 and 2003
compared to 1994; no significant change occurred between
post-restoration years (Fig. 2b). No significant change
occurred in median W/D values (Fig. 2c).

Hydrologic Response

Velocity and WSE. Compared to pre-restoration con-
ditions (1994), median bankfull water velocity was signi-
ficantly slower immediately following restoration (2000),
but not 3 years later in 2003. No significant changes
occurred in median low-flow velocity (Fig. 3a).

For both bankfull and low flow, median distances
between the water surface and tops of high and low banks
decreased significantly when comparing pre-restoration
(1994) to both immediately (2000) and 3 years post-
restoration (2003). Significantly shorter distances were
also found in 2003 compared to 2000 (Fig. 3b & 3c).

Groundwater Depth. Mean groundwater depth for the
growing season ranged from 0.75 m during 1998 to 1.08 m
during 2000 (Table 2). After adjusting for month of obser-
vation and linear influence of discharge, no significant
temporal trend in depth to groundwater was detected.
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Hydroperiod and Floodplain Inundation. Modeling simula-
tions for the six paired cross-sections illustrated an aver-
age increase in post-restoration hydroperiod by more than
25 days or 200% (Table 3). Based on modeling at bankfull
discharge, areal extent of post-restoration floodplain inun-
dation increased by nearly 150% and volume of water
stored on the floodplain increased by nearly 200%
(Table 4).

Riparian Condition Response

Because our statistical analyses for plant community com-
position were one tailed, designed to detect a significant
increase in native plant cover, the unexpected decreases in
native cover were not tested for significance.

Riparian Transect Composition. Mean native plant cover
in the phase I riparian transects increased significantly

from 32% in 1997 to 57% in 2001, reaching 65% in 2003.
Mean native cover in phase II decreased from 74 to 52%
between 1998 and 2001 and then exhibited a nonsignificant
increase to 63% in 2003. Phases III and IV experienced
decreases in native cover between 2001 and 2003, from 69
to 51% and from 83 to 77%, respectively.

Greenline Transect Composition. Mean native greenline
plant cover in phase I decreased from 49 to 43% between
1997 and 2001 and then exhibited a nonsignificant increase
to 64% in 2003. Native cover in phase II experienced con-
secutive decreases from 73 to 53 to 49% between 1998,
2001, and 2003. The native cover of phase IV decreased
from 88 to 68% between 2001 and 2003, whereas that of
phase III remained unchanged at 58%.

Fish Habitat Response

Habitat Diversity. The total number of habitat units
increased by 52%, from 48 to 73, between 1994 and 2001.
The count remained at 73 in 2002 and then increased to
102 in 2003. Although the number of habitat types fluctu-
ated during the four survey years, by 2003, the number of
pools increased by 300%, riffles increased by 24%, and
runs/glides increased significantly by nearly 150% com-
pared to pre-restoration (1994) conditions.

Area occupied by each habitat type also fluctuated
between survey years. However, in each post-restoration
survey, deepwater habitats (pool 1 run/glide) occupied
between 36 and 54% more area compared to pre-restora-
tion, whereas shallow habitat (riffle) occupied 51–78% less
(Fig. 4). The overall increase in area and percent composi-
tion of deepwater habitat was not statistically significant.

Substrate Quality. From 2000 to 2001, proportion of fines
�2 mm decreased significantly from 20 to 12%, and pro-
portion of fines �6 mm decreased significantly from 28 to
18%. By 2003, both measures of percent fines (�2 and
�6 mm) increased slightly to 14 and 19%, respectively;
however, both values remained significantly smaller than
those in 2000 and within optimal ranges (Table 1). Median
surface particle size (D50) in pool tailouts increased in
each consecutive post-restoration year from 20 mm in
2000 to 31 mm in 2003. Percent suitable spawning size
increased from 60 to 72 between 2000 and 2001 and then
remained constant in 2002 and 2003.

Summer Water Temperature. In July, at the control and
restoration datalogger locations, both number of days
when maximum temperatures exceeded 15.6 and 18.3�C
(Fig. 5a) and daily mean number of hours when tempera-
tures exceeded 15.6 and 18.3�C (Fig. 5b) exhibited signifi-
cant increasing temporal trends. Each August, at all
locations for the 8-year survey period, nearly every day of
the month reached maximum water temperatures greater
than 15.6�C. Number of days in August when maximum
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Figure 1. Aerial comparison of historic (1936), pre-restoration

(1996), and post-restoration (2001) channel alignments within the

LRRM. River flow direction is from left (south) to right (north).

Dotted lines indicate the upstream and downstream boundaries of

the project site. Capital letters (A, B, C, and D) mark the same

location in all three photographs, illustrating temporal changes in

channel length and sinuosity (Photo by U.S. Forest Service).
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Figure 2. Box plots of bankfull and low-flow (A) width, (B) thalweg depth, and (C) W/D for pre-restoration (1994), post-restoration baseline

(2000), and 3 years post-restoration (2003) conditions. The horizontal line inside the box represents the median (50th percentile), the ends of the

boxes represent the 25th and 75th percentiles, line extensions represent the remaining data points, and asterisks are the outliers. Width, thalweg

depth, and W/D medians indicated by a different lowercase letter above year on the x-axis are significantly different (p < 0.0167).
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Figure 3. Box plots of bankfull and low-flow (A) velocity, (B) distance from the water surface to the TOHB, and (C) distance from the water

surface to the TOLB for pre-restoration (1994), post-restoration baseline (2000), and 3 years post-restoration (2003) conditions. For box plot

explanation, see Figure 2 caption. TOHB, top of the high bank; TOLB, top of the low bank.

Monitoring and Evaluation of the LRRM Restoration Project

JUNE 2007 Restoration Ecology 233

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page173



temperatures exceeded 18.3�C fluctuated between years
for all locations but exhibited a significant increasing trend
at the two upstream locations, except when August dis-
charge was used as a covariate. Mean number of hours per
day in August above 15.6 and 18.3�C was variable among
years at all locations.

Fish Population Response

Salmonid Density and Percent Composition. Salmonid
densities fluctuated among the five survey years, ranging
from 7.1 fish/100 m2 in 2003 to 27.8 fish/100 m2 in 2001.
Although salmonid densities were greater than non-sal-
monids each year, no significant increasing trend in salmo-
nid density or percent composition was detected in the
restored reach. When considered separately, nonrestored
(control) transects also exhibited no significant increases
in salmonid density. When drainage-level data were com-
bined, a significant increasing trend in salmonid density
was detected. But no significant differences were found in
linear trends of salmonid densities between locations,
including comparisons to the restored reach.

Redd Counts. Annual chinook redd density in the
restored site also fluctuated, ranging from 0.0/km in 1994
to 17.7/km in 1997. No significant increase in redd density
was detected. Similar annual variability occurred in non-

restored (control) reaches of the drainage, and no signifi-
cant differences were detected when compared to the
restored site.

Wildlife Habitat Response

Bird Populations and Diversity. Although fluctuations
occurred between 1996 and 2003, bird numbers increased
significantly from 52 in 1996 (pre-restoration) to 91 in
2003 (3 years post-restoration), with the highest value
(128) reported in 2001. Spearman’s correlation coefficient
detected a significant positive relationship between the
number of bird species and years (Fig. 6). Shannon’s index
of species diversity increased significantly for the same
time period.

Discussion

Several performance indicators demonstrated statistically
significant post-restoration change consistent with our
expected responses. For example, the channel is deeper
and distances between the water surface and top-of-bank
elevations are less under both bankfull and low-flow
discharge conditions. The proportions of fines �2 and
�6 mm in salmonid spawning gravels decreased and are now
within optimal ranges for egg incubation and fry emer-
gence. Additionally, bird numbers and diversity increased
relative to pre-restoration conditions. These statistically
significant results do not prove that the restoration activi-
ties caused the observed changes but rather that we have
identified unresolved causal structure (Shipley 2000) con-
sistent with our expectations and performance criteria.

In contrast, the failure of tests to detect a statistically
significant change at p < 0.05 in several indicators (i.e.,
channel width, W/D, groundwater depth, number and pro-
portion of in-stream habitat types, salmonid density and
percent composition, and redd density) does not prove
that a change did not occur. Rather, lack of statistical
power associated with small sample sizes and/or natural
variability may prevent detection of statistically significant
change in many of the performance indicators. In these
cases, a greater magnitude of change and/or longer sam-
pling period may be necessary to detect statistical differ-
ences. Alternatively, performance indicators may not be
responding as expected, indicating a need to consider
adaptive management intervention.

Our emphasis here is the importance of the measured
effect within the ecological context of our site. By also
comparing magnitude and direction of post-restoration
changes to performance criteria, we are asking whether
the ecosystem is trending away from the degraded state
and approaching, or has attained, an optimum range based
on current scientific theory/principles, and an understand-
ing of this particular stream reach’s potential. For example,
although the increase in areal proportion of deepwater
habitats (pool 1 run/glide) was not statistically significant
at p < 0.05, the magnitude of change (36–54% increase in

Table 2. Comparisons of mean depth to groundwater, mean daily

discharge, and precipitation during the growing season (June–

September), 1998–2003.

Year
Groundwater

Depth (m)
Mean Daily

Discharge (m3/second)
Precipitation

(cm)

1998 0.75 (0.06) 3.60 25.86
1999 0.96 (0.05) 2.80 13.64
2000 1.08 (0.05) 3.60 14.30
2001 0.96 (0.05) 1.39 14.17
2002 1.03 (0.05) 1.93 17.98
2003 1.06 (0.05) 1.81 13.64

Standard errors for groundwater depths are given in parentheses.

Table 3. Comparisons of hydroperiod based on the 1997 hydrograph

and MIKE11 modeling simulations (adapted from Beattie 2003).

Paired
Cross-Section
Location

Hydroperiod (Days)

1994
(Pre-Restoration)

2000
(Post-Restoration)

Increase
Post-Restoration

A 0.5 9.8 9.3
B 0 53.9 53.9
C 30.0 62.4 32.4
D 28.4 54.9 26.5
E 0 8.5 8.5
F 15.2 37.7 22.5
Total 12.4 37.9 25.5
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post-restoration years compared to pre-restoration con-
ditions) suggests an ecological improvement in aquatic
habitat quality and diversity. In contrast, although the sta-
tistically significant post-restoration change in the distance
between the low-flow water surface and the top-of-bank
elevation is in the expected direction, this distance remains
greater than the 1-m criterion required for mature willow
species and well above that necessary for many herba-
ceous species (Padgett et al. 1989). Thus, an ecosystem
benefit for this performance indicator is yet to be reached.

Water travels through the post-restoration channel for
a longer distance and at a slower rate compared to pre-
restoration conditions. Because of these factors and the
ineffective shading of immature riparian vegetation, we
anticipated a temporary increasing water temperature
trend, as observed. Furthermore, the upstream control is
a 0.8-km nonshaded reach, and prior to entering the
restored reach, water temperatures often already exceed
salmon spawning and rearing thresholds. The increasing
temperature trend in both the upstream control and the
restoration reach, however, may reflect a similar trend
being observed in adjacent drainages, indicative of the
current climate and flow conditions affecting the general
region (N. Gerhardt 2005, Nez Perce National Forest,
Grangeville, ID, personal communication). Therefore, we
cannot state definitively that changes to the restored
reach’s sinuosity contributed to the increasing tempera-
ture trend. Additional factors such as interannual variabil-
ity in discharge, timing of snowmelt, advective processes
throughout the river system, and meteorological condi-
tions (air temperature, precipitation, cloudiness) further
complicate this analysis.

Our performance criterion specifies a 10- to 15-year
growth period before willow poles and woody seedlings
establish functional root networks and canopy cover; but
the early, unexpected decreasing trend in native cover and
observed slow growth rate of woody species triggered an
adaptive management intervention. In 2003 and 2004, we
applied browse control, weed control, and fertilizer and
installed additional plantings, fencing, and individual plant
protection structures.

The deeper post-restoration channel may provide cold-
water refugia in pool habitats; but riparian vegetation cur-
rently provides limited shade. Lack of dense riparian
shrubs also precludes further post-restoration improve-
ments in fish habitat such as nutrient inputs, in-stream
woody debris, structural complexity, streambank stability,
and overhanging bank cover. Off-site influences and natu-
ral- and human-induced fluctuations in fish populations
affect the number of returning adult spawners in any given
year. Given these factors, 3 years of post-restoration mon-
itoring appear inadequate to assess the recovery process
relative to changes in salmonid and redd densities.

Modeling illustrates high potential for enhanced river–
floodplain connectivity post-restoration. However, as of
2003, floodplain inundation and hydroperiod associated
with spring snowmelt were of insufficient depth and dura-
tion to recharge the shallow aquifer or influence ground-
water depths. Therefore, measurable improvements in
ecosystem components supported by hydrologic connec-
tivity (e.g., groundwater, riparian communities, and juve-
nile salmonids) are expected with time.

Recent reviews of stream restoration projects have
been completed at the individual project level (Downs &

Table 4. Comparisons of pre- and post-restoration flood area and volume at bankfull discharge (18.9 m3/second) (adapted from Beattie 2003).

Inundation
Deptha (m)

Area (ha) Volumeb (ha–m)

1994
(Pre-Restoration)

2000
(Post-Restoration)

1994
(Pre-Restoration)

2000
(Post-Restoration)

<0.30 2.33 4.02 0.35 0.61
0.30–0.61 2.50 4.91 1.14 2.25
>0.61 to 0.91 1.48 4.43 1.13 3.38
>0.91 to 1.2 0.47 2.88 0.50 3.08
>1.2 to 1.5 0.08 0.91 0.11 1.25
>1.5 0.02 0.21 0.03 0.35
Total 6.87 17.36 3.27 10.92

a Depths >1.2 m are in the channel.
b Volume ¼ mean inundation depth 3 modeled inundation area.

Figure 4. Percent composition of total habitat area occupied by each

habitat type, comparing pre-restoration (1994) to post-restoration

(2001–2003) years.
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Kondolf 2002), state level (Bash & Ryan 2002; Moerke &
Lamberti 2004), regional and national levels (Bernhardt
et al. 2005), and international level (Roni et al. 2005).
These critiques identified several recurring themes including
(1) few projects (10–50%) performed any form of post-
project evaluation; (2) nearly all monitoring was short term
(<5 years), voluntary, and inadequately funded; (3) many
monitoring evaluations were based on poor designs, inap-
propriate parameter choices for stated restoration goals, of
limited and variable scope, and generally not comparable;
(4) most reporting is likely biased toward successes; and
(5) standardized monitoring methods are needed that
include both pre- and post-restoration data collection.

Despite the growing consensus for increasing monitor-
ing efforts and establishing standards against which a res-
toration project can be measured, little agreement exists

among the river restoration community on what charac-
terizes success (Giller 2005). In response, Palmer et al.
(2005) proposed five criteria as standards for measuring
ecologically successful river restoration projects including
(1) a guiding image exists with a dynamic ecological end
point; (2) the ecological conditions are measurably
enhanced; (3) the post-restoration ecosystem is more self-
sustaining compared to pre-restoration conditions; (4) no
lasting harm is done during the restoration implementa-
tion; and (5) some level of pre- and post-evaluation assess-
ment is conducted and reported. In an earlier article,
Kondolf (1995) suggested five criteria for effective stream
restoration evaluations including (1) clear objectives; (2)
baseline data; (3) good study design; (4) commitment to
the long term; and (5) willingness to acknowledge failure.

We believe that our project has fulfilled a majority of
these criteria, given the realities of funding and resource
constraints typical of a project-level monitoring effort.
Research-level monitoring with sufficient time and fund-
ing to collect extensive pre-restoration data and to spa-
tially and temporally replicate treatment, control, and
reference sites can increase the strength of inference.
These types of research efforts and approaches are critical
to advancing the science and practice of restoration but
are beyond the scope, capabilities, and budgets of most
projects (SER International 2004).

As a compromise, we used both statistical and ecologi-
cal significance to assess post-restoration changes away
from pre-restoration conditions and within a framework
of clear objectives, expected responses (ecological hypo-
theses), and performance criteria (reference conditions).
We recognize that the ability to attribute our observations
of measurable ecosystem improvements to our restoration
actions would be improved by a complete set of coinciding
measurements that demonstrated no change in a control
reach (i.e., similarly degraded but without the restoration
‘‘treatment’’). However, the additional effort would have
likely doubled the cost of our monitoring budget and

Figure 5. Significant increasing temporal trends (p < 0.05) (A) in

number of July days when maximum water temperatures exceeded

18.3�C and (B) in mean number of hours per day when water

temperatures were greater than 18.3�C. (Control, 0.8 km upstream of

restoration work; U/S Rest., upstream end of restoration work; D/S

Rest., downstream end of restoration work; D/S Mead., downstream

end of the lower meadow, approximately 4.0 km below restoration site.)

Data were unavailable for the control reach in years 2000 and 2002.

Figure 6. Scatter plot and simple regression line illustrating a

significant positive temporal trend (p < 0.05) in number of bird

species.
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therefore was unrealistic. Given the budgetary constraints
of most projects, adding a complete set of coinciding
control measurements may mean reducing the number of
performance indicators evaluated. Furthermore, because
we are not measuring ecological processes (e.g., nutrient
retention and organic matter cycling) directly, we are
assuming that the improved physical and biological struc-
ture, composition, and connectivity of the ecosystem will
provide conditions necessary for these to occur. We
acknowledge that this assumption is not always valid
(Ryder & Miller 2005).

Kondolf (1995) suggested a 10-year minimum time
frame to judge a project’s performance, and we expect full
recovery of the LRRM to take several decades. Practi-
tioners understand that securing a 10-year grant for post-
restoration monitoring would be extraordinary, given the
existing funding paradigm (Kondolf 1995; Kershner 1997;
Reeve et al. 2006) and the difficulty of ensuring institu-
tional continuity for monitoring is common to most proj-
ects (Bernhardt et al. 2005). Despite being recognized as
one of three ‘‘blue-ribbon’’ projects within the entire
Columbia River basin for our study design and monitoring
research (Marmorek et al. 2004), a long-term funding
source was never guaranteed (or expected) and continua-
tion of the current level of monitoring is uncertain.

Conclusions

Long-term monitoring and reporting of both successes
and failures of stream restoration projects are required to
advance the science of restoration ecology and practice of
ecological restoration (Kondolf & Micheli 1995; Kershner
1997; Moerke & Lamberti 2004; Bernhardt et al. 2005;
Roni et al. 2005). Our monitoring story is intended as a
learning tool and a contribution to river restoration sci-
ence and practice.

Although we have observed several ecosystem improve-
ments compared to pre-restoration conditions, the recov-
ery process is still young. Expectations to measure early
change are unrealistic in performance indicators with high
interannual variability and/or slow response trajectories
(e.g., depth to groundwater and salmonid densities). Also,
challenges arise at the project level to design a monitoring
program scientifically rigorous enough to isolate early res-
toration effects in natural ecosystems that are inherently
variable and dynamic. However, by evaluating measured
post-restoration changes relative to performance criteria, we
were able to discern the ecological importance of a change
whether or not it met statistical significance at p < 0.05.

Mature and dense riparian shrub communities appear
key to long-term streambank stabilization, further
improvements to fish and wildlife habitat, and overall suc-
cess of our project. Significant riparian recovery, however,
will depend on a continued commitment to monitor the
hydrologic changes, evaluate the recently implemented
vegetation protection strategies, and maintain and expand
the use of those strategies that prove most effective.

Implications for Practice

d Collect pre-restoration data and understand the limi-
tations of your project site, given permanent land use
and hydrologic changes within the watershed.

d Identify all challenges to reestablishment of native
riparian vegetation; locate plants according to envi-
ronmental tolerances; and aggressively protect, irri-
gate, and fertilize young plantings.

d Set clear and measurable objectives, identify ex-
pected responses to restoration actions, and establish
performance criteria based on sound ecological
theory/principles and an understanding of the site’s
potential.

d Use performance criteria as surrogate reference con-
ditions when suitable reference sites are unavailable.

d State performance criteria as quantitative ranges
and/or temporal trends in the direction of ecological
recovery, rather than in precise quantitative terms.

d Choose performance indicators that are sensitive to
restoration actions and include both physical and
biological components of the ecosystem; measure
a coinciding set of performance indicators in a control
reach.

d Recognize that temporal variability and fluctuation
in both abiotic and biotic components of complex
stream ecosystems are inherent and that recovery
times for ecological responses of individual compo-
nents are variable and site specific (ranging from
immediately post-restoration to years or decades).
Therefore, set realistic time frames for detecting
post-restoration changes.

d Consider interactions and combined effects of
changes in individual ecosystem components when
analyzing monitoring data and evaluating restoration
success.

d Plan for unexpected post-restoration changes that may
indicate a need for adaptive management strategies.

d Reserve time and funding for writing and report-
ing monitoring results, including both successes and
failures, so that others may benefit from your
experiences.
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Replenish Benefit Quantification for the National Forest Foundation and US Forest Service 

 
LimnoTech estimated the expected Replenish benefits of four projects in support of a proposal to Coca-

Cola. The estimated benefits are summarized in Table 1 and details on each project follow. Note that the 

Replenish benefits are estimates based on best available information, and the benefits may change as 

the projects are implemented and new data and information become available. 

 

When Coca-Cola reports the Replenish benefits of projects that they have funded, the benefit for the 

company is calculated as the total benefit (as shown in Table 1) times the percent of the total cost that is 

funded by Coca-Cola. Since funding arrangements are unknown at this time, the benefits shown in Table 

1 represent total benefits that have not been adjusted for cost share.  

 

The implementation schedule is also important. Coca-Cola reports Replenish benefits for each year, and 

benefits begin to accrue after a project has been implemented. Replenish benefits are anticipated to 

continue to be generated annually through the year 2020 provided that the projects remain in 

productive service, and all projected benefits are verified each year before they are reported as actual 

benefits. Since the implementation schedules are unknown at this time, the values in Table 1 have not 

been adjusted, and they represent the total “ultimate” benefit generated annually after the project has 

been completed. 

Table 1. Projected Total Replenish Benefits of USFS Projects 

Project 
Total Estimated 

Replenish Benefit 
(million liters/yr) 

Estimated Reduction 
in Sediment Load 

(tons/yr) 

Approach Used to Estimate  
Replenish Benefit 

Re-wetting of high 
mountain meadow 
(Indian Valley 
Restoration, CA) 

 
305 

Not estimated 

Benefit calculated as increased 
groundwater storage due to meadow 
restoration activities 

Fire prevention through 
forest thinning (4FRI CFLR 
Project, AZ) 

 
0.35 per acre 

 
Not estimated 

Benefit calculated as reduced runoff in 
low- severity burn compared to high-
severity burn on a per-acre basis 

Trail Creek watershed 
restoration (Hayman 
Watershed Restoration, 
CO) 

 
232 

 
871.5 

Benefit calculated as reduced yield 
resulting from restoration of two 
impaired stream reaches with alluvial 
fans 

Road decommissioning 
(Dinkey CFLR project, CA) 

 
19 

 
Not estimated 

Benefit calculated as volume of 
reduced annual runoff due to change 
in land cover 
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Quantification Approach and Estimated Benefits 

 
The Replenish benefit was calculated as the increase in annual groundwater storage resulting from 

meadow restoration. This volume was predicted based on the following equation (National Fish and 

Wildlife Foundation, 2010):  

 
Storage change = meadow area x average gully depth x specific yield x shape factor 
 
where:  
 

Storage change (acre-ft) 
Increase in annual ground water storage as a result of meadow restoration 

 
Meadow area (acres) 

 Total area of the meadow affected by restoration = 500 acres 
 

Average gully depth  
Estimate of an average gully depth = 3 feet  
 

Specific yield (%) 
Average specific yield of the meadow alluvium. Specific yield is defined as the ratio of the 
volume of water that a saturated soil will yield by gravity to the total volume of soil. Based on 
soil properties of similar meadows in the project area, silty fine sand was assumed as the most 
prevalent texture of the alluvial deposit in the meadow (ICF Jones and Stokes, 2008). Typical 
average specific yield corresponding to fine sand is 33% (ICF Jones and Stokes, 2008). 

 
Shape factor (unitless) 

A shape factor of 0.5 was assumed to account for the shape of the alluvium that extends from 
the incised stream to the edge of the basin (ICF Jones and Stokes, 2008). 
 

Increase in annual ground water storage as a result of meadow restoration = 247.5 acre-ft = 305 ML/yr 
 
Estimated Replenish benefit =305 ML/yr 

 

Trail Creek Watershed Restoration (Hayman Watershed Restoration, CO) 
 
Background 
The 2002 Hayman Fire has had significant impacts on the municipal drinking water source area for the 

City of Denver, and continues to have major adverse impacts on forest health. USFS is addressing post-

fire restoration needs through a public-private partnership. A principal goal for the project is to reduce 

erosion, improve water quality and positively impact the water supply and storage capacity for the 

Denver Metro water supply. Upon completion, the project is expected to reduce sediment by 

approximately 8,853 tons per year (Mayben, 2012).  
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 New Concepts for Meadow Restoration in the Northern Sierra Nevada

Donna S. Lindquist
Feather River Coordinated
Resource Management
P.O. Box 3880
Quincy, CA  95971
(530) 283-3739
(530) 283-5465 (fax)
donnal@plsn.com

Jim Wilcox
Feather River Coordinated
Resource Management
P.O. Box 3880
Quincy, CA  95971
(530) 283-3739
(530) 283-5465 (fax)
plumasco@psln.com

Donna Lindquist obtained a BA degree in Ecological Biology from San Francisco State
University and an MS degree in Range Management from the University of California Berkeley.
She is currently the watershed monitoring coordinator for the Feather River Coordinated
Resource Management (FRCRM) group, and previously worked for Pacific Gas & Electric
Company for 15 years in the Research and Development Department as an environmental
scientist and water resources project manager.

Jim Wilcox, a long time resident of Plumas County, has served for ten years as the FRCRM
project manager and steam restoration specialist.  His responsibilities include development,
design, implementation and administration of stream restoration projects in California’s upper
Feather River watershed.  He has a unique familiarity with the watershed and over a decade of
experience in all aspects of watershed planning, analysis and restoration.

Abstract:

The Feather River Coordinated Resource (FRCRM) group, a partnership of 21 public and private
sector watershed stakeholders, has over a decade of experience in designing and implementing
watershed restoration projects in California’s upper Feather River basin.  Due to historical land
abuse, 98 per cent of the meadows in the watershed are degraded and require man’s intervention
to reverse current trends.  Accelerated erosion, gully formation, lack of desirable riparian
vegetation, habitat loss, and flashy runoff patterns are consequences of a watershed that has lost
hydrologic and biologic function.  The FRCRM identified degraded meadows as a high priority
for restoration and several new innovative approaches to meadow restoration have been designed
and tested with successful results.  The Big Flat Meadow Project is an example.

The Big Flat Meadow/Cottonwood Creek Restoration Project, located in the Plumas National
Forest, was initiated in 1994 by the FRCRM to restore hydrologic function to meadow resources.
Historically, Cottonwood Creek maintained groundwater levels in the Big Flat Meadow that
supported mesic vegetation, however, intense grazing, logging, and road building over the
preceding 90 years resulted in relocation of Cottonwood Creek and the creation of a gully 10-15
feet deep.  As the new channel eroded and incised, subsurface meadow aquifers drained,
vegetation converted from wet meadow species to xeric species, and the pattern of surface flow
was modified from perennial to intermittent.  Loss of meadow function lead to a dramatic change
in hydrology, diminishing subsurface water storage and flood attenuation capacity.
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From a list of potential alternatives, the FRCRM selected a unique “pond and plug” restoration
approach to enhance the hydrology and ecology of Big Flat Meadow. This unique geomorphic
approach was the first-in-kind demonstration in California. The strategy involved moving the
stream to its historic location, reconstruction of the historic channel, and filling in the existing
gully with soil excavated from onsite ponds created to enhance waterfowl habitat. Preliminary
results indicate that the successful reconnection of the channel to its naturally evolved floodplain
has extended the period of stream flow, moderated the magnitude and duration of peak flow
events, and reduced seasonal ground water fluctuation indicating increased ground water storage.
Meadow vegetation is more productive and has shifted to wetter site species.  The modified
grazing system has encouraged vegetation establishment and minimized mechanical streambank
damage along the new channel. Continued monitoring will determine whether the modified
hydrologic regime will lead to long term changes in meadow vegetation, water storage capacity
and the social benefits due to extended late season flow.

New Concepts for Meadow Restoration in the Northern Sierra Nevada

Introduction

The condition of watershed resources can effect the environmental and economic stability of
resource-dependent rural communities such as Plumas County, located in California’s northern
Sierra Nevada. Plumas County’s economic welfare depends on maintaining healthy and aesthetic
streams, forest and meadow lands in the Feather River watershed, which are important assets for
business attraction, outdoor recreation, forest products, agriculture, and water output. The critical
synergy between the environment and economy underlies the need to enhance and maintain good
watershed condition, in order to preserve rural communities and their unique values, while
providing products and services to meet downstream demand.

The Feather River watershed is located in Plumas County and includes 3,222 square miles of land
base that drains west from the crest of the northern Sierra Nevada into the Sacramento River.
Annual runoff produced from this watershed provides over 1,400 MW of hydroelectric power,
and represents a significant component of the State Water Project, annually providing 2.3 million-
acre feet of water for urban, industrial and agricultural consumers downstream. Timely delivery
of high quality water is becoming more imperative as demand increases.  Restoration and
maintenance of these systems from headwaters to the San Francisco Bay/Delta is critical to
meeting current and future demand.  The quantity and quality of California’s water supply is
dependent, in part, upon the condition of source watersheds such as the Feather River basin.

Much of the Feather River watershed has been affected by 140 years of intensive human
influence. Extensive mining, grazing, timber harvesting, railroad, and road construction and
maintenance have contributed to watershed degradation, resulting in accelerated erosion,
sedimentation in streams and reservoirs, meadow de-watering, and degraded terrestrial and
aquatic habitats (Mitchell 1986).  Restoration of watershed function is a key element in
moderating these trends. Stable, well vegetated streams with functioning meadows, aquifers and
uplands are critical to reducing erosion and modifying the destructive runoff patterns that are
prevalent today.
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The Feather River Coordinated Resource Management (FRCRM) group is a partnership of 21
public and private sector groups that was formed in 1985 to facilitate a broad scale watershed
restoration program for the Feather River watershed.  Watershed stakeholders joined forces via a
Memorandum of Agreement to collectively work toward common goals for stabilizing watershed
resources through leveraged financial and technical support.  The FRCRM has undertaken over
50 restoration projects and watershed studies since 1985, and has demonstrated numerous
innovative approaches to stabilizing degraded channels. After fourteen years of experience, the
FRCRM has determined that reversing watershed degradation begins with the restoration of water
and sediment retention and release functions in headwater meadows, so projects targeting such
areas are high priority as limited dollars are allocated.

Mountain meadows play a key role in effecting watershed condition and water flow in the
northern Sierra Nevada. Restoration of degraded meadows is the first step in improving overall
watershed function and could have major effects on surface and subsurface flow regimes
influencing water delivery downstream, far removed from source watersheds.  This is especially
important in the Feather River watershed since there are over 250,000 acres of meadow and small
mountain valleys of which an estimated 98 per cent are degraded.  Qualitative observation
indicates that fully functioning meadows can moderate flow by storing water in soils, vegetation,
streambanks and subsurface aquifers, reducing peaks and extending late season flow (Ponce and
Lindquist 1990).  The role of meadows in modifying hydrologic function, though, is not well
quantified or documented in scientific research so the potential magnitude and duration of these
effects can not be predicted with the current state of knowledge. Therefore, current FRCRM
priorities include seeking new information and research opportunities to better understand
meadow function, while targeting restoration dollars to degraded meadows as a means to test and
evaluate new techniques.

Restoration Approach

The FRCRM restoration effort has evolved from a focus on demonstration projects located mid-
level in the watershed that treat erosion and sediment supply problems, to restoring the water and
sediment retention and release functions in headwater reaches.  After more than a decade of
experience, FRCRM partners have determined that the primary channel characteristic impacting
restoration goals is the disconnection of the channel from its historic functional floodplain. This
channel/floodplain disconnection is pervasive throughout the upper watershed meadows and
valleys due largely to past land management practices.  In response, reconnecting degraded
streams to their floodplain has become is a major area of emphasis for the FRCRM.  Though
there is no “cookbook” as to when and where a given technique or combination of techniques
should be used, the FRCRM has successfully used a new innovative geomorphic approach on
several alluvial meadow projects.  One such project is the Cottonwood Creek/ Big Flat Meadow
project that is featured below.

Big Flat/Cottonwood Creek Project

The Big Flat Meadow/Cottonwood Creek Restoration Project, located in the Plumas National
Forest, was initiated in 1994 by the FRCRM group to restore hydrologic function and improve the
condition of Big Flat meadow. Big Flat, a 47-acre alluvial meadow, lies within the Cottonwood
Creek watershed at an elevation of 6,000 feet.  The drainage area is 10,919 acres and the average
annual precipitation is 20 inches (Benoit and Wilcox 1997).  Streamflow in Cottonwood Creek is
seasonal, completely drying up in mid-summer.
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Historically, Cottonwood Creek maintained groundwater levels in the Big Flat meadow that
supported mesic vegetation including grasses, sedges and other riparian species.  However,
intense grazing, logging, and road building over the preceding 90 years resulted in relocation of
Cottonwood Creek and the creation of a gully 10-15 feet deep. As the new channel eroded and
incised, subsurface meadow aquifers drained, vegetation converted from wet meadow species to
xeric species, and the pattern of surface flow was modified from perennial to intermittent.
Continued heavy grazing impeded the establishment and vigor of vegetation and increased
mechanical breakdown of soils on the streambank. The resulting entrenched channel was a major
source of elevated sediment supply downstream. Loss of meadow function lead to a dramatic
change in hydrology, diminishing subsurface water storage and flood attenuation capacity.

The primary goal of the project is to re-water the meadow by reconnecting Cottonwood Creek to
its historic floodplain.  Objectives include extend summer flow along Cottonwood Creek,
recharge meadow aquifers, reduce erosion, flood attenuation, restore spawning and rearing habitat
for rainbow trout, enhance vigor and diversity of vegetation, and demonstrate an innovative
stream restoration approach which might be applied to other Sierran meadows.

Project Design

To re-water Big Flat Meadow, the FRCRM developed an new approach that combines
geomorphic measures, grazing management changes, and revegetation to meet project objectives
(FRCRM 1996).  Figures 1-2 presents an aerial view of the project before and after
implementation of the preferred design.

Geomorphology:  From a list of potential alternatives, the FRCRM selected a unique “pond and
plug” restoration approach to return hydrologic function to Big Flat Meadow. This strategy
involved abandoning the creek’s current incised gully. The gully was filled in with soil excavated
from seven onsite ponds that were created for waterfowl and wildlife habitat enhancement.  The
creek was diverted into a reconstructed 4,050 foot channel sited in the historic location, and rock
step pools were created in the steepest sections of the new channel to protect against new head
cutting (Benoit and Wilcox 1997).

Grazing Management: Plumas National Forest revised the grazing allotment plan for this
meadow.  The revised plan reduced the overall animal unit months by 20 per cent, reduced
riparian pasture use from 2-3 weeks to 2-3 days, and modified the grazing system from a 2-
pasture rotation to a 5-pasture rotation, which included 3 miles of new fencing.
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Revegetation:  Construction zones were revegetated using hardwoods transplanted from the gully,
and were reseeded to supplement natural recolonization.  Sod removed from the meadow during
construction was transplanted to the edges of the new channel to expedite establishment and soil
erosion protection.

Figure 1: Aerial view of Big Flat Meadow  Figure 2:  Aerial view of Big Flat Meadow after
prior to restoration.   restoration

Monitoring Methods

The project was successfully implemented in 1995, and monitoring of surface, ground water,
channel configuration and vegetation was carried out from 1993-1999 to document project
effects.  Baseline data was collected two seasons prior to implementation of the project to
characterize the pre-project hydrology and meadow vegetation. Fortunately, data collection
occurred during a relatively dry period in 1993-1994 (73 per cent of normal), to an exceptionally
wet period in1994-1995 (259 per cent of normal), which enabled researchers to capture a broad
range of baseline climatic, hydrologic, and vegetative data for the site (FRCRM 1996).

Stream flow data was collected both upstream and downstream of the project to show changes in
flow quantity and timing. Stream stage (water level) was monitored at the upper and lower ends
of the meadow with digital recorders, pressure transducers, and a stream staff gage.  The digital
recorders captured and stored hourly average stream stage data.  Stream flow measurements were
made during routine visits to the site, and these data were used to develop rating curves (Sagraves
1998).

Ground water measurements were obtained by collecting subsurface water level information
from nine piezometers (wells) installed in the meadow prior to the restoration work.  Six
additional piezometers were installed during the filling of the abandoned gully.  This data
provides information on the depth of groundwater in the meadow before versus after the project
was completed (DeLasaux 1999).

Channel stability, shape and structure is tracked using seven cross sectional profiles
established in the project area.  Photopoint stations were also established to further support
interpretation of the data.

Changes in vegetation is monitored to document the change in species composition, cover, and
biomass of herbaceous plant matter in response to the change in hydrology and grazing
management.  Three-300 foot transects were established and will be monitored every three years
by the Plumas National Forest.
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Preliminary Results

Monitoring results to date show alterations in flow trends for the re-routed Cottonwood Creek.
Flows occur earlier and end later in the runoff period than pre-project flows.  In water year 1995
(pre-project), precipitation was 279% of normal, and flow duration lasted 214 days.  Post-
restoration years 1996 and 1997 yielded 227 and 252 days of flow, respectively.  Pre-project flow
data show that meadow water storage was capable of supporting downstream flows for about one
month after stream flow in the system ended (Sohrakoff 1999).

In addition to flow duration, the quantity and magnitude of peak flow events have been
moderated by restoration.  Extreme fluctuation of daily flow regimes occurred in 1995, before
treatment, but not after treatment was completed.  Incised stream systems with no flood plain area
(such as the pre-treatment channel) are likely to experience extreme fluctuations in daily flows
due to lack of area for peak flow dissipation (Sagraves 1998).

Established photopoints and field observation indicate a shift from a preponderance of
undesirable dry site vegetation including cheat grass, sagebrush and rabbitbrush, to wet site
species including sedges, hairgrass and bluegrass.  Bare ground has been replaced with lush
vegetative growth in most areas.  Vegetation transect data will be available after the 1999 field
season to quantify these observed results of the project.  Figures 3-4 provides a before treatment
and after treatment view of Cottonwood Creek.

Figure 3:  Cottonwood Creek prior to     Figure 4:  Cottonwood Creek after restoration
restoration
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Conclusions
Returning Cottonwood Creek and Big Flat Meadow to full hydrologic function through this
unique geomorphic approach was the first-in-kind demonstration in California.  The technique
has already been implemented on several other restoration projects in northeastern California,
with successful results.  The approach is also broadly applicable to semi-arid montane meadows
in other areas. Preliminary results indicate that the successful reconnection of the channel to its
naturally evolved floodplain has extended the period of stream flow, moderated the magnitude
and duration of peak flow events, and reduced seasonal ground water fluctuation indicating
increased ground water storage. Meadow vegetation is more productive and has shifted to wetter
site species.  The modified grazing system has encouraged vegetation establishment and
minimized mechanical streambank damage along the new channel. Continued monitoring will
determine whether the modified hydrologic regime will lead to long term changes in meadow
vegetation, water storage capacity and the social benefits due to extended late season flow.

References

Benoit, T. and J. Wilcox.  1997.  “Applying a Fluvial Geomorphic Classification System to
Watershed Restoration.”  Stream Notes.  USDA Forest Service Stream Systems Technology
Center, Fort Collins, Colorado: July 1997.

DeLasaux, M.  1999.  “Big Flat Meadow Restoration Monitoring Update.”  University of
California Agriculture and Natural Resources Newsletter.  March 1999.  P. 1-3.

Feather River Coordinated Resource Management.  1996.  Big Flat Meadow Restoration Project.
Fact Sheet # 6.  University of California Cooperative Extension.  Quincy, CA.

Lindquist, D.S., J. Kusel, and W. Wills.  1996.  “Restoring a Degraded Watershed in the Northern
Sierra Nevada.”  North American Water Congress Proceedings, Anaheim, CA, June 1996.

Mitchell, M.S. 1986.  “Erosion and Sediment Control: View from a Rural County in the North
Sierra Nevada.”  Pacific Gas & Electric Company R&D Report 009.4-86.18

Ponce, V.M. and D. Lindquist.  1990.  “Management of Baseflow Augmentation: A Review.”
Water Resources Bulletin, American Water Resources Association 26(2):254-268.

Sagraves, T.  1998. “Results of Stream Flow and Groundwater Monitoring in Cottonwood Creek
near Big Flat Meadow: 1994-1997 Water Years.”  Pacific Gas & Electric Company.  55 pgs.

Sohrakoff, Ivan. 1999. “The Benefits of Watershed Management: Water Quality and Supply.”
Planning and Conservation League Foundation. Sacramento, CA.  P. 36-40.

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page188



Quantifying Stream-Aquifer
Interactions through the Analysis of
Remotely Sensed Thermographic
Profiles and In Situ Temperature
Histories
S T E V E N P . L O H E I D E I I * A N D
S T E V E N M . G O R E L I C K

Department of Geological and Environmental Sciences,
Stanford University, Stanford, CA 94305-2115

The interaction between surface and subsurface waters
through hyporheic exchange and baseflow is critical
to maintaining ecological health in streams. During warm
periods, groundwater-surface water interactions have
two primary effects on stream temperature: (1) cool
groundwater discharging as baseflow lowers stream
temperature and (2) hyporheic exchange buffers diurnal
stream temperature variations. We demonstrate, for the first
time, how high-resolution, remotely sensed forward-
looking infrared (FLIR) images and instream temperature
data can be used to quantify detailed spatial patterns of
groundwater discharge to a 1.7 km reach of Cottonwood
Creek in Plumas National Forest, CA. We quantify the individual
effects of baseflow and hyporheic exchange on stream
temperatures by simulating the stream energy budget under
different conceptual models of the stream-aquifer
interaction. Observed spatial and temporal patterns of
stream temperature are consistent with an increase in
baseflow and hyporheic exchange within the middle, restored
stream reach when compared to groundwater fluxes in
the surrounding, unrestored reaches. One implication is that
pond and plug stream restoration may improve the
aquatic habitat by depressing maximum stream temperatures
by >3 °C (K).

Introduction
Hydrologists, stream ecologists, aquatic chemists, and water
resource managers are often unable to quantify water and
thermal fluxes across the streambed interface, even though
these exchanges administer significant control on relevant
physical and chemical processes (1, 2, 3). For instance,
groundwater discharge to streams accumulates throughout
a watershed’s drainage network as baseflow, which supports
river flow during dry periods, maintains aquatic ecosystems,
and is critical to humans for water supply and agriculture.
Hyporheic water flow from the stream into the subsurface
and back to the stream plays important roles in thermal
buffering, nutrient cycling, and stream ecology (1, 4, 5). Direct
measurement of groundwater discharge to a stream at a point
is challenging, and obtaining representative point measure-
ments throughout a watershed is a practical impossibility.
Understanding, protecting, and restoring the hydrologic
function and ecosystem services provided by baseflow and
hyporheic exchanges requires better methods for quantifying
these spatially distributed fluxes.

Commercial availability of forward-looking infrared (FLIR)
cameras has made it feasible to monitor stream temperature
(Ts) from helicopter-based platforms (6). High-resolution
thermal data can be used for the identification and protection
of thermal refugia for fisheries (7) and may provide clues
about surface water-groundwater interactions (8, 9). For
example, stream reaches with high groundwater contribu-
tions have lower daily maximum temperatures during the
summer months because groundwater remains cool relative
to the stream. We present a new method to quantify both
groundwater discharge (baseflow) and hyporheic exchange
that relies on the detailed thermal signature in the stream
over space and time.

The method involves collecting airborne thermographic
imagery to obtain longitudinal profiles of Ts at various times
during the day and recording instream temperature at
selected locations. These thermal profiles and histories are
then simulated with a modified version of an existing, one-
dimensional (1-D) energy budget/transport model (10). Input
parameters such as meteorological conditions, vegetative
shading characteristics, and stream characteristics were
measured on-site, estimated from aerial photographs, and
extracted from existing databases. The rates of groundwater
inflow and hyporheic exchange were systematically varied
until the modeled Ts matched both the in situ and the
remotely sensed observations.

The methodology developed here was applied to a 1.67
km reach of Cottonwood Creek in Plumas National Forest,
CA (Figure 1). This reach runs through Big Flat, a meadow
that was restored in 1995 to reestablish the hydrologic regime
and natural vegetation. The meadow had been adversely
affected by stream incision, which had caused subsequent
meadow dewatering, a change in the hydrologic regime, and
a succession from native wet meadow vegetation to sagebrush
and dryland grasses (11, 12). This is likely a result of increased
erosion caused by land-use practices such as grazing and
logging. The pond-and-plug restoration technique involved
excavating ponds along the incised channel and filling in the
old channel neighboring these ponds (11, 12). The stream
was rerouted from the old, deeply incised channel into a
newly constructed, unincised, Rosgen type “E” (13) channel,
to which pool and riffle treatment was performed in 2004.
The restoration objective of raising the water table (1)
promoted a reestablishment of wet meadow vegetation and
(2) increased groundwater flow to the stream through
baseflow augmentation (14). Groundwater flow into the
stream is from regional aquifers and the seasonal drainage
of meadow sediments. Hyporheic flow is the local scale
exchange of water between the stream and the hyporheic
zone on short time scales. The work presented is being used
to evaluate the effectiveness of baseflow augmentation.

Methodology
On June 3, 2005, thermal imagery was collected over Cot-
tonwood Creek in Big Flat using methods similar to those
used by Torgersen et al. (15). A S65 FLIR camera was held
in a near vertical position with a manually steered mount
beneath a helicopter that flew over the reach, in a downstream
direction, four times throughout the day. The camera has a
spectral range of 7.5-13 µm and a 24 × 18° field of view. The
flight times were 7:43 am, 11:53 am, 4:08 pm, and 7:38 pm.
The helicopter altitude was ∼120-160 m, resulting in image
resolution of 0.16-0.21 m. Longitudinal profiles of Ts for
each flight were created by sampling an approximately
circular footprint of 0.3-1.2 m2 consisting of an average of
9-30 neighboring pixels from the thermal images at intervals

* Corresponding author phone: (650)725-8070; fax: (650) 724-
0979; e-mail: sloheide@stanford.edu.
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of ∼25 m. Since each flight lasted ∼56 s through this reach,
the resulting longitudinal profiles of Ts represent a nearly
instantaneous snapshot.

Ground-based data served to crosscheck the thermo-
graphy data, support the stream temperature model, and
validate results. Stream bankfull width was measured at ∼18
m intervals from stream kilometer 0.39 to 1.33 and was
estimated elsewhere from aerial photographs. Streamflow
measurements were taken at three locations using an acoustic
Doppler velocimeter (SonTec). Instream temperature loggers
(HOBO Water Temp Pro v1) recorded Ts at 15-30 min
intervals at six locations (Figure 1).

Stream temperature was modeled using HeatSource V7.0,
which is distributed at www.deq.state.or.us/wq/TMDLs/
WQAnalTools.htm. Except where noted, the procedures
outlined by Boyd and Casper (10) were used. This finite-
difference model solves the 1-D, transient advection-
dispersion equation. The model was modified to solve a more
general, nonuniform form of this equation:

In eq 1, Ts is the stream temperature [K]; t is time [s]; x is the
distance downstream [m]; A ) A(x) is the cross sectional
stream area [m2]; Q is the streamflow [m3/s]; D is the
dispersion coefficient [m2/s]; F is the density of water [kg/
m3]; Cp is the specific heat of water [J/K/kg]; W ) W(x) is the
stream width [m]; and Φnet ) Φnet(x) is the net heat flux [J/s/
m2]. The Φnet term accounts for the heat fluxes illustrated in
Figure 2. The incoming shortwave solar loading (Φsolar)

reaching the stream surface is calculated based on geographic
location, time of year, time of day, cloudiness, and topo-
graphic/vegetative shade. Cloudiness is calculated using the
maximum predicted solar radiation and the actual solar
radiation measured at the weather station (16); because we
back-calculated cloudiness in this manner, the modeled
shortwave radiation is, by definition, equivalent to the
measured values. The longwave radiation (Φlongwave) is based
on the difference between incoming longwave radiation from
the atmosphere and back radiation emitted from the stream.
Streambed conduction (Φstreambed) is driven by the temper-
ature gradient between the stream and the streambed
conduction layer (Figure 2). Similarly, the sensible heat flux

FIGURE 1. (A) Location of Big Flat in the Plumas National Forest, CA. (B) Color infrared base map of Big Flat shows healthy vegetation
in pink/red and locations of stream temperature loggers, stream discharge measurements, and the weather station. Stream kilometer is
measured upstream from the road crossing. The ponds on the eastern flank of the meadow were created during the restoration and mark
the position of the former stream channel. (C) FLIR image showing temperature with a spatial resolution of ∼18 cm. Other thermal images
in the literature show springs that discharge cool water as a point source (i.e., Figure 1.7 in ref 10); however, in this study, we are interested
in diffuse groundwater inflow, which is not visible in a single image but affects Ts at the reach scale.
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FIGURE 2. Heat exchange mechanisms affecting stream temperature.
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(Φconvection) is driven by air convection above the stream and
is directly related to the stream-air temperature gradient.
The latent heat flux (Φevap) is a result of evaporation from the
stream surface and is calculated with the mass transfer
approach based on the water vapor pressure gradient and
a wind function. To solve eq 1, input data were specified at
2 m intervals, and computations were performed with a 5 m
discretization and a 1 min time step.

We modified the model components that calculate heat
fluxes due to groundwater flow (Φgw) and hyporheic ex-
changes (Φhyp). We specified the hyporheic flux rate (qhyp) as
a volumetric flux per unit length of stream, [m2/s]. The heat
flux to/from the stream was then calculated as

where Thyp is the hyporheic zone temperature. The hyporheic
zone is assumed to have the same dimensions and tem-
perature as the conductive layer. The hyporheic zone/con-
ductive layer temperature is modeled by summing the
streambed conduction and hyporheic heat fluxes to this zone
and calculating the temperature change based on this zone’s
volume and heat capacity. This modification overcame the
inherent difficulty in estimating mass exchange from hy-
draulic conductivity and hydraulic head gradient estimates.
In addition, we better accounted for the heat flux of
groundwater inflow (Φgw) as

where the groundwater inflow (qgw) is the volumetric flux
per unit length of the stream, and Tgw is the groundwater
temperature. This was necessary because the effect of
groundwater inflow on stream temperature was previously
calculated using a simple, flow-weighted mixing model, which

failed to represent the effect of groundwater inflow when
small time steps were used.

The data requirements and sources are summarized in
Table 1. The rates of groundwater inflow and hyporheic
exchange and the spatial distribution of these fluxes were
varied manually until the best-fit between the modeled and
observed Ts was obtained. To evaluate the goodness of fit,
we simultaneously compared the diurnal temperature pat-
terns (instream HOBO) and the longitudinal temperature
profiles (FLIR) to the model results using both visual
inspection and root-mean-square residuals (RMSRs). Three
additional cases are considered to demonstrate the effect
that groundwater inflow and hyporheic exchanges have on
Ts. The best-fit model will be called the “base case” (Figure
3). The second case (No Hyp) is the base case but with no
hyporheic exchanges. The third case (No GW) is the base
case but neglects all groundwater inflow. The last case (No
GW and No Hyp) assumes that there is neither groundwater
inflow nor hyporheic exchange anywhere within the reach.

Results and Discussion
Data collected from thermal imagery and instream data
loggers are shown in Figures 4 and 5. FLIR-based Ts estimates
correlate well with values recorded instream (R2 ) 0.96). The
mean absolute difference between the two types of data was
0.55 °C (K). The longitudinal profiles demonstrate that heat
exchange processes throughout the reach change quite
rapidly over space.

The average width and depth of this stream reach are 1.6
( 0.7 and 0.23 ( 0.18 m, respectively. For discussion purposes,
the meadow will be separated into three subreaches: the
upper (km 1.67-1.35), middle (km 1.35-0.65), and lower
(km 0.65-0). The middle subreach is the zone most directly
affected by restoration efforts. In the color infrared image
that serves as a base map for Figure 1, riparian vegetation
in the middle subreach appears red because the region is
dominated by lush mesic vegetation such as sedges and
rushes, which indicate a shallow water table. The upper and
lower reaches are outside the direct zone of influence of
restoration and contain a mix of dryland grasses and
sagebrush, which appear blue in the color infrared image.
The upper-reach streambed is often intact bedrock or bedrock
covered with a thin layer of gravel. The lower-reach streambed
is composed of either fine-grained silts or bedrock. Through
the middle subreach, the channel was constructed by

TABLE 1. Source of Data Required for Stream Temperature
Modeling

data type data source

vegetation shading vegetation mapped from
USGS digital ortho quads

topographic shading 10m USGS digital elevation
models

stream slope 10m USGS digital elevation
modelsa

bankfull width measured on the ground and
estimated from aerial photographs

stream velocity, width,
and depth

modeled using Muskingum-
Cunge flow routing in HeatSource

dispersion coefficient estimated from streamflow,
dimensions, and roughness (10)

sediment thermal
properties

estimated based on porosity

groundwater
temperature

measured at various locations
within the meadow

cloudiness recorded at weather station
air temperature recorded at weather station
humidity recorded at weather station
wind speed recorded at weather station
discharge bound.

condition
measured (acoustic Doppler

velocimeter)
temperature bound.

condition
measured (HOBO instream

temperature logger)
groundwater inflow estimated through calibration
hyporheic exchange estimated through calibration

a In heavily vegetated areas, along streams in steep canyons, or
when very fine scale variations in slope are required, digital elevation
model (DEM) data may not provide a sufficiently accurate estimation
of slope. Methods used here to determine slope can be found on pages
140 and 149 of ref 10.

Φhyp )
(Thyp - Ts)qhypFCp

W
(2)

Φgw )
(Tgw)qgwFCp

W
(3)

FIGURE 3. Distribution of groundwater inflow and hyporheic
exchange, which resulted in the best-fit between the observed and
simulated stream temperatures. Where the hyporheic exchange
rates are 0.05, 0.3, and 0.4 L/s/m, the depths of the hyporheic zone
are 0.25, 0.30, and 0.45 m, respectively. The lower graph shows
measured and modeled stream discharge for the cases that include
groundwater inflow.
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excavating the silty meadow soils, which contain zones of
sand and gravel. Since channel construction in 1995, sand
and gravel have been deposited within the channel both
naturally and during restoration. In addition, riprap riffle
structures have been added to stabilize the channel and create
pools, which raise the elevation of the stream surface. These
coarse-grained materials appear to act as important stream-
aquifer exchange zones.

Depressed river temperatures indicate streamflow con-
tributions by groundwater (baseflow) and/or hyporheic
exchanges. During early June, Ts (∼7-19 °C) is generally
greater than the relatively constant groundwater temperature
(∼7 ( 0.8 °C). Thus, groundwater inflow within a reach will
have a cooling effect on the longitudinal Ts profile either
causing Ts to decrease through the reach, or causing Ts to
increase to a lesser extent than it would in the absence of
baseflow. The effect of groundwater inflow on the longitudinal
Ts profile is greater in the afternoon since the temperature
difference between the stream and the groundwater is
greatest at this time. Hyporheic flows have a buffering effect
on Ts in that they tend to cool the stream at times when Ts

is rising, but they warm the stream when it is cooling (17).
Hyporheic buffering causes suppressed Ts maxima, increased
minima, and a time lag in the occurrence of stream tem-
perature extrema. The time lag in peak Ts results from the
time needed to heat the water and sediments of the hyporheic
zone, which are engaged in active heat exchange with the
stream.

In both the upper and lower subreaches, Ts increases
rapidly in both space (Figure 4) and time (Figure 5) from
sunrise until early afternoon as water flows through these
reaches. Compared to the upper and lower subreaches, in
the middle subreach Ts is buffered and reaches a lower daily
maximum, which occurs later in the day. In fact, at sites 1,
2, 3, 4, 5, and 6, the maximum stream temperatures are 16.3,

19.2, 19.9, 14.8, 15.8, and 18.1 °C, occurring at 2:15, 3:30,
5:00, 5:15, 5:45, and 3:30 pm, respectively. The timing and
magnitude of these temperature maxima reflect the heat
exchange mechanisms occurring at and upstream of these
sites; these observations suggest increased baseflow and
hyporheic exchange within the middle subreach.

Higher rates of groundwater inflow and hyporheic ex-
change cause the afternoon dip in the Ts profile (Figure 5)
through the middle subreach. Maximum daily Ts in the upper
reach (sites 1 and 2) and the lower reach (site 6) are fully 2-3
degrees higher than those in the middle reach (sites 4 and
5), a result primarily of the cooling influence of inflowing
groundwater. Yet, hyporheic exchange also contributes to
the lower Ts by moderating daily Ts extremes. A more
diagnostic effect of increased hyporheic exchange is that the
maximum Ts occurs ∼2 h later in the middle subreach versus
the other subreaches. This effect is seen in the temporal data
(Figure 5) by comparing the observed diurnal temperature
records at sites 1, 2, and 6 with the muted and lagged patterns
observed at sites 4 and 5. The diurnal temperature record at
site 3 (just downstream of the transition into the restored
reach) has a high maximum because of the influence of the
upper reach, yet also experiences a significant lag caused by
a high rate of hyporheic exchange immediately upstream.
This hyporheic exchange retards heat advection.

Simulating Ts and heat exchange processes provided
quantitative estimates of groundwater contributions to
streamflow and hyporheic exchange rates. These fluxes were
determined by varying groundwater inflow rates, hyporheic
exchange rates, hyporheic zone depth, and the distribution
of these fluxes until the simulated temperatures matched
the observed spatial and temporal Ts data. The matches were
compared using the RMSR (see captions of Figures 4 and 5).
The best-fit model was obtained using the groundwater inflow
and exchange rates in Figure 3. The RMSR between the

FIGURE 4. Comparison of observed in situ (HOBO) and remotely sensed (FLIR) Ts with simulated longitudinal profiles of Ts. Streamflow
is from stream kilometer 1.67 to 0.0 (left to right). The RMSR for the four cases (Base Case, No Hyp, No GW, and No GW-No Hyp) are
1.1, 1.4, 3.3, and 3.5 K, respectively.
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simulated Ts and the FLIR longitudinal profiles is 1.1 K. The
RMSR between the simulated Ts and the HOBO-recorded
diurnal Ts patterns is also 1.1 K. Checking against the
independent measurement of groundwater contributions
obtained with synoptic stream gaging (Figure 3), we note
that the increase in streamflow attributed to groundwater
inflow as determined here agrees with the spatially integrated
values provided by gaging. Streamflow measured at the upper,
middle, and lower stream gage sites were 0.0055, 0.0095, and
0.0107 m3/s, respectively; modeled values were 0.0055, 0.0099,
and 0.0108 m3/s, respectively.

When hyporheic exchange is neglected, less buffering of
Ts occurs, and the RMSR increases by 0.3 °C (K) for both the
longitudinal (Figure 4) and temporal (Figure 5) data sets. A
large discrepancy occurs at site 5 in the No Hyp case (Figure
5) because the temperature record at this site is strongly
affected by heat exchange processes occurring immediately
upstream in the middle subreach, where neglecting hyporheic
exchanges has the greatest impact. Neglecting hyporheic
exchanges causes the temperature maximum to be over-
predicted by 2.0 °C (K) and to occur 2.5 h earlier in the day
in the downstream portion of the middle subreach (site 5).

When groundwater inflow is neglected, simulated Ts is
too high in the middle and lower subreaches, with the
cumulative error becoming more severe downstream. In this
case, the RMSR increases by over 2 °C or K (200%) compared
to the base case. It is noteworthy that this case also
demonstrates that Ts maxima at some locations would be
over 4 °C (K) higher without the cooling effect of the inflowing
groundwater. Similarly, when both groundwater inflow and
hyporheic exchange are neglected, simulated Ts is too high,
the amplitude of diurnal temperature variations is too large,
and the peak Ts occurs too early. With neither the buffering
effect of hyporheic exchange nor the cooling effect of
baseflow, the daily maximum Ts is more than 5 °C (K) higher
than that in the base case.

These results demonstrate the importance of groundwater
inflow and hyporheic exchange in creating stream reaches
with thermal regimes that are capable of supporting fisheries.
In fact, on the day these data were collected, the stream
reach from kilometer 0.6 to 1.2 provided good habitat for
rainbow trout (Oncorhynchus mykiss) and other cool water
species because of the lower daily Ts maximum, whereas the
reaches above and below are of marginal quality (3, 11, 18).

In summary, hyporheic fluxes cause a time lag and a
buffering of Ts, whereas groundwater fluxes result in a
depression in Ts; the differing responses of these processes
reduced the problem of nonuniqueness, which facilitated
manual calibration of the model and determination of these
fluxes. While this manual fitting procedure is subjective, time-
consuming, and requires a thorough understanding of the
processes affecting Ts, it forces the analyst’s intimate contact
with the model, (1) helping to maintain parameter values
within reasonable ranges for the stream reach, (2) allowing
inclusion of “soft data” (e.g., location of hydric vegetation
communities or seepage faces), that have been observed in
the field, and (3) providing a clear understanding of the
sensitivity of the model to its parameters.

Model-based estimating of hyporheic exchange is con-
founded by the fact that three separate processes can have
a similar buffering effect on Ts. First, heat is carried by water
flowing between the stream and the hyporheic zone. Second,
heat is transferred from the flowing portion of the stream to
“stagnant zones” of surface water within the stream channel.
Third, heat is conducted between the stream and the
subsurface sediment. In all three cases, heat is exchanged
between the flowing streamwater and its surroundings
(hyporheic zone, stagnant zones, and streambed conduction
layer). In experiments, Gooseff et al. (19) observed differences
in late time tailing of introduced stream tracers. They believe
that these differences can be used to distinguish between
the first two processes. Runkel (20) and others have suc-

FIGURE 5. Simulated and observed diurnal records of Ts at the locations of the instream temperature loggers for the four cases. Data
from Site 1 was used as the upstream boundary condition. The RMSR for the data at the other five sites for the Base, No Hyp, No GW,
and No GW-No Hyp cases are 1.1, 1.4, 3.2, and 3.2 K, respectively. The two downward arrows highlight the discrepancy between the
modeled and observed times of maximum Ts when hyporheic flow is neglected. The double-ended arrow emphasizes that Ts is overpredicted
when groundwater inflow is neglected.
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cessfully modeled the first two of these processes by
considering them together as a lumped transient storage
mechanism for solutes. For heat transport in streams, the
third process (streambed conduction) also influences Ts in
the same manner as hyporheic and stagnant zone exchange.
Because all of these processes can have nearly equivalent
effects on Ts, differentiating between them using stream-
temperature data alone is difficult. Thus, estimated hyporheic
exchange rates may not represent hyporheic exchange alone
and are likely overpredicted because they also represent heat
exchange between the flowing-stream and stagnant-water
zones within the channel. This is a specific example of a
general concern. Error can creep into any approach that
estimates flux magnitudes by simulating a response variable
that is dependent on many processes; conceptual model error
or uncertainty of input parameters may lead to inaccuracies
of fitted parameters.

In Cottonwood Creek, groundwater inflow caused sig-
nificant cooling in the restored stream reach, which was a
goal of the restoration efforts. Synoptic streamflow measure-
ments verified that groundwater inflow (baseflow) rates
estimated using FLIR thermography were accurate within
10% in this application. Later in the season, streamflow
decreased to zero at the upper end of the reach; however,
for several weeks afterward, streamflow began between
kilometers 1.0 and 1.3, which is consistent with the presence
of the identified groundwater inflow zone. Furthermore,
hyporheic exchange (and perhaps “stagnant zone” exchange)
is shown to increase the buffering effect on Ts within the
restored reach. Much of this exchange is probably a result
of high conductivity riffles made of 10 cm clasts added to
create pools and prevent erosion. The riffles are highly trans-
missive, and, at lower streamflow, all of the discharge has
been observed to flow through the riffle structure, suggesting
that high exchange rates are realistic. These results indicate
that hydrologic function differs significantly between restored
and adjacent subreaches. The increased baseflow and
hyporheic exchange create a thermal regime that improves
the aquatic habitat potential of the restored subreach.

Remotely sensed profiles of Ts have been combined with
in situ diurnal records of Ts to gain insight into the subsurface
flow system. The spatial coverage provided by the remotely
sensed data enabled pinpointing abrupt changes in heat
exchange and quantifying a spatially continuous baseflow
contribution profile. The instream diurnal records of Ts

validated the remotely sensed data and provided a continu-
ous, temporal dataset that was used to help match the diurnal
temperature cycle. Using a physically based, energy budget
model, these rich data sets were used to quantify subsurface
groundwater inflow and hyporheic exchanges at a restoration
site where exchange rates are high relative to the streamflow.
We feel the largest obstacle to scaling up this method is that
the ratio of groundwater inflow and hyporheic exchange to
streamflow decreases as the scale of the watershed increases.
This reduces the sensitivity of the method but may be
counteracted by collecting data under low-flow conditions
when stream-aquifer interactions are relatively more sig-
nificant. Future research should address whether this type
of approach can be useful for quantifying stream-aquifer
interactions at larger (watershed) scales.
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A framework for understanding the hydroecology of impacted wet
meadows in the Sierra Nevada and Cascade Ranges,
California, USA

Steven P. Loheide II & Richard S. Deitchman &

David J. Cooper & Evan C. Wolf &
Christopher T. Hammersmark & Jessica D. Lundquist

Abstract Meadows of the Sierra Nevada and Cascade
mountains of California, USA, support diverse and highly
productive wet-meadow vegetation dominated by sedges,
rushes, grasses, and other herbaceous species. These
groundwater–dependent ecosystems rely on the persis-
tence of a shallow water table throughout the dry summer.
Case studies of Bear Creek, Last Chance, and Tuolumne
meadow ecosystems are used to create a conceptual
framework describing groundwater–ecosystem connec-
tions in this environment. The water requirements for
wet-meadow vegetation at each site are represented as a
water-table-depth hydrograph; however, these hydro-
graphs were found to vary among sites. Causes of this
variation include (1) differences in soil texture, which
govern capillary effects and availability of vadose water

and (2) elevation-controlled differences in climate that
affect the phenology of the vegetation. The field observa-
tions show that spatial variation of water-table depth
exerts strong control on vegetation composition and
spatial patterning. Groundwater-flow modeling demon-
strates that lower hydraulic-conductivity meadow sedi-
ments, higher groundwater-inflow rates, and a higher ratio
of lateral to basal-groundwater inflow all encourage the
persistence of a high water table and wet-meadow
vegetation, particularly at the margin of the meadow, even
in cases with moderate stream incision.

Keywords Ecohydrology . Groundwater dependent
ecosystem . USA . Water table . Wetland

Introduction

Wet meadows are productive and diverse ecosystems that
are common in the Sierra Nevada and Cascade ranges of
California, USA. The health of these ecosystems is
inextricably linked to the shallow groundwater flowing
beneath the meadow (Ratliff 1985). The Sierra Nevada
and Cascade foothills begin at ∼300 m elevation, and
peaks rise to over 4,000 m elevation, resulting in a wide
range of climates and ecological communities. Most
precipitation falls between November and March, primar-
ily as snow at elevations above 1,500 m. There are strong
gradients in annual average precipitation, which range
from ∼20 to 200 cm due to topography-induced, oro-
graphic effects, with higher precipitation totals occurring
on the western slope as well as a gradient of increasing
precipitation from south to north.

Because little precipitation occurs during the warm and
dry summer, wet-meadow vegetation relies on shallow
groundwater during the growing season. For this reason,
wet meadows are classified as groundwater-dependent
ecosystems (Boulton 2005; Murray et al. 2003). The
source of the groundwater can be local infiltration and
recharge in the meadow, watershed scale groundwater
discharge to the meadow, or recharge from a stream to the
meadow. Identification of the groundwater source is
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critical to understanding hydroecologic function and
groundwater controls on vegetation patterning, yet hetero-
geneity and transient conditions within the groundwater
flow system can make this determination difficult (Carter
1986; Hunt et al. 1996, 1999; Owen 1995). Extensive
monitoring of the water-table configuration (Cooper et al.
2006; Patterson and Cooper 2007; Hammersmark et al.
2008; Loheide and Gorelick 2007) and natural geochem-
ical and isotopic-tracer techniques (Rains and Mount
2002; Atekwana and Richardson 2004; Hunt et al. 1997,
1998; Huth et al. 2004; Matheney and Gerla 1996; Komor
1994) have proven effective for identifying the source of
water feeding riparian ecosystems.

Meadows throughout the Sierra Nevada and Cascade
Ranges of California have experienced important changes
in vegetation and hydrology since the 1850s when
European settlers first began to use the land for mining,
ranching, and logging. In general, these activities altered
hydrologic patterns and processes of ecosystems, either
inadvertently or intentionally, often resulting in a lower
water table. Because of the tight connection between the
vegetation and the groundwater systems, the lowering of
the water table typically results in a shift from native wet-
meadow vegetation to more xeric vegetation. Four
common anthropogenic mechanisms for these ecohydro-
logic shifts are logging, road and railroad construction,
ditching/channelization, and overgrazing (SNEP 1996;
Trimble and Mendel 1995; Belsky et al. 1999; Clary and
Webster 1990). It is important to recognize that natural
changes to the meadow hydrologic regime (Germanoski
and Miller 2004; Wakabayashi and Sawyer 2001) and
changes to the climatic regime may also cause shifts in
vegetation composition and patterning.

Vegetation changes alter the functioning of the mead-
ow and may further change the meadow hydrologic
regime. The causes and effects of these ecosystem
changes have been described for individual sites (Cooper
et al. 2006; Loheide and Gorelick 2005, 2006, 2007;
Patterson and Cooper 2007; Hammersmark et al. 2008;
Hammersmark 2008), but a comparison of these studies
raises several important questions.

First, Hammersmark (2008), Loheide and Gorelick
(2007), and Cooper et al. (2006) all present water-table
hydrographs associated with wet-meadow vegetation,
showing that wet-meadow vegetation is highly correlated
with a shallow water table in the Sierra Nevada and
Cascade mountains. Yet, comparison of these hydrographs
does not reveal a single threshold vegetation hydrograph
that could be used to predict the presence or absence of
wet-meadow vegetation at all three sites. What is the
cause of this apparent difference in water requirements?

Second, Loheide and Gorelick (2007) note strong
longitudinal vegetation patterning associated with stream
incision; however, this phenomena was observed at neither
the site investigated by Cooper et al. (2006) nor that
investigated by Hammersmark (2008). What differences in
process might help reconcile these conflicting observations?

The purpose of this article is to synthesize the results of
case studies of three wet-meadow complexes in the Sierra

Nevada and Cascade mountain ranges, Bear Creek, Last
Chance watershed, and Tuolumne Meadows (Fig. 1), to
answer these questions and identify hydroecological pro-
cesses that are consistent among meadows as well as those
that differentiate meadow function across geographic,
geologic, elevation, climatic, and land-use gradients. Using
examples from these case studies, the following will be
discussed: (1) the linkages between wetland vegetation and
the groundwater system, (2) the watershed scale drivers of
meadow hydroecology, (3) the drivers of meadow hydro-
ecology within meadow systems, and (4) the implications
of ecosystem-groundwater interactions on restoration/reha-
bilitation planning and efficacy as called for by Bernhardt
et al. (2005), Palmer and Bernhardt (2006), and the US
Department of Agriculture (USDA 2001).

In this article, the focus is on the water requirements of
wet-meadow groundwater-dependent ecosystems and the
development of a conceptual framework for understanding
the physical processes and conditions necessary to support
these ecosystems. This conceptual framework allows one
to interpret apparent inconsistencies as well as common-
alities in the form and function of meadow systems. This
provides a scientific basis for land managers and restora-
tion practitioners who need to understand how processes
at unstudied meadows might relate to findings from
intensely monitored research sites elsewhere in the region.

Study site descriptions

Bear Creek Meadow
Bear Creek Meadow is a low-gradient alluvial floodplain
situated at the bottom of the 218 km2 Bear Creek
watershed (Table 1). Located at the northwestern margin
of the Fall River Valley near the intersection of the Modoc
Plateau and the Cascade Range, the meadow is 2.3 km2 in
size, at 1,010 m elevation. The Fall River Valley is fed by
large springs discharging from permeable volcanic rocks
(Meinzer 1927; Grose 1996; Rose et al. 1996) and is
underlain by fine-grained lacustrine deposits with hydro-
logically important clay lenses in the meadow that are
overlain by 0.5–2 m of deltaic sands and gravels and
1–3 m of floodplain silty loam soils (Grose 1996; NRCS
2003). The local climate is semi-arid; the meadow
receives annual average precipitation of 510 mm mostly
as rainfall, while higher elevation areas receive higher
precipitation totals largely as snow.

Hydrologic inputs to the meadow include intermittent
surface-water inflow from Bear Creek, perennial spring
discharge from the Fall River springs, precipitation, and
seasonal shallow subsurface recharge from an adjacent
irrigated pasture. The Fall River spring system is fed by
precipitation, which falls on the Medicine Lake Highlands,
perches on low-permeability lacustrine deposits, flows south
through fractured basalt and discharges at the downstream end
of the meadow (Rose et al. 1996), and forms the headwaters
of the Fall River and several short perennial tributaries.

Prior to rehabilitation, Bear Creek Meadow’s channels
were degraded due to channelization and heavy utilization
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as livestock pasture (Spencer and Ksander 2002, Table 1).
By the mid 1990s, Bear Creek’s main channel had incised
and widened to the extent that it was completely
disconnected from its floodplain in all but the largest
flood events. This channel degradation led to a lowered
water table and a conversion of wet and moist meadow
vegetation dominated by Carex nebrascensis, Carex
athrostachya, Juncus balticus, Juncus covillei and Juncus
nevadensis to annual grasses more typical of upland
environments, for example Poa bulbosa, Bromus tectorum
and Bromus japonicus.

The meadow was rehabilitated in 1999 using a “pond-
and-plug” meadow re-watering strategy, where incised
stream channels were intermittently filled with plugs of
locally derived alluvial material, and the unfilled, incised

channel segments were left as ponds. The new 3.6-km
channel was constructed, using remnant channels where
possible, with a meandering riffle-pool morphology
(Rosgen 1996, 1997; Benoit and Wilcox 1997) with
reduced width, depth, and cross-sectional area (Poore
2003). The average depth at riffles was reduced from
2.69 m to 0.89 m, and average bankfull capacity was
reduced from 61.7 to 5.35 m3/s (Hammersmark et al.
2008), resulting in more frequent bankfull conditions.
These modifications resulted in substantial changes to the
meadow hydrologic regime, including: (1) higher ground-
water levels and volume of subsurface storage, (2)
increased frequency of floodplain inundation and de-
creased magnitude of flood peaks, (3) decreased baseflow
and annual runoff; and (4) increased evapotranspiration

Table 1 Comparison of hydrologic characteristics of study sites

Bear Creek Last Chance Tuolumne

Elevation (m asl) 1,010 1,680–1,820 2,600
Watershed area (km2) 218 250 186
Study site size 2.3 km2 ∼21 km length of continuous

meadow system
1.6 km2

Precipitation (mm) 510 410 1,000
Meadow sediment

texture
Silty-clayey loam soil (1–3 m)

above sand and gravel layer
(0.5–2 m) overlaying lacustrine
sediments of the Fall
River Valley

Predominantly silts and minor
sand and gravel

Sand and gravel

Bedrock geology Fractured basalt with
low-permeability lacustrine
deposits underlying the
Fall River Valley

(1) Tertiary volcanics: rhyolitic
flows including some ash and
tuff beds, (2) Miocene
pyroclastic deposits consisting
of andesitic mudflows, breccias,
conglomerate and tuffs and
(3) Mesozoic granite (Durrell 1987;
Lydon et al. 1960)

Predominately granite, with
complex fractures near
Soda Springs; lateral glacial
moraines along valley

Extent and cause
of degradation

Severe channelization and
straightening for agricultural
reclamation (1960s); three
decades of heavy grazing
(Spencer and Ksander 2002)

Severe incision due to logging and
grazing; local effects of road and
railroad construction

Moderate channel widening
due to extensive sheep
grazing during the
late 1800s

Restoration/
rehabilitation

Pond-and-plug Pond-and-plug and check dam None

Fig. 1 Map showing sites and location of Sierra Nevada (dark grey) and Cascade ranges (light grey) within California, USA, as well as
photos of the meadow systems discussed in the text. Labels T1 and T4 show the location of transects discussed in the text
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(Hammersmark et al. 2008). The presence of wet-meadow
vegetation was favored by rehabilitation practices because
the mean spring and summer depth to the water table was
decreased by 1.20 and 0.34 m, respectively, because the
water table rose above pre-rehabilitation levels.

Last Chance Watershed, Plumas National Forest
Last Chance Watershed (250 km2) is located in the Feather
River Basin on the eastern slope of the Sierra Nevada in
the rain shadow of the mountain crest at an elevation of
1,680–2,350 m (Table 1). It is located in a semiarid
environment with mean annual precipitation of 410 mm.
Most precipitation occurs as snow during the winter with
runoff and recharge occurring during spring snowmelt.
The bedrock of the study area contains volcanic flows,
pyroclastic deposits, and granitics described in Table 1
and mapped in Fig. 2 (Durrell 1987; Lydon et al. 1960).
Given these lithologies, the hydraulic conductivity (K) of
the granite bedrock is likely much less than that of the
Miocene pyroclastics; the Tertiary rhyolites likely have a
K value intermediate to these two lithologies (Freeze and
Cherry 1979). The riparian floodplains consist of silty
Quaternary alluvial and lacustrine deposits and collective-
ly form one of the longest continuous meadow systems in
the Sierra Nevada.

Wet meadows are classified as groundwater-dependent
ecosystems because of their reliance on shallow ground-
water during the dry summer growing season. However,
stream incision, primarily from grazing, logging, and road
and railroad construction, has lowered the water table
resulting in aridification of soils in portions of the
meadows. In the Last Chance watershed, a reduction in
water availability caused a succession from native wet-
meadow vegetation to xeric vegetation (Wilcox 2005;
Loheide and Gorelick 2005, 2007). Because of extensive
restoration efforts, the Last Chance study area has been
designated as a demonstration watershed, in which pond-
and-plug and check dam rehabilitation sites exist
(FRCRM 2004). Pond-and-plug rehabilitation, as de-
scribed earlier, involves the filling in of incised gullies
with sediment excavated for ponds alongside the stream,
and check dam rehabilitation includes the installation of
low profile drop structures that assist grade control, raise
stream water levels, and create small aquatic scour pools
on incised streams.

Stream incision results in lowering of the water table
and sagebrush (Artemisia tridentata) encroachment, which
has important hydrological and biogeochemical conse-
quences (Berlow et al. 2002; Elmore et al. 2003;
Houghton et al. 1999; Schimel et al. 2001). Woody shrubs
can modify streamflow, runoff, recharge, and the ratio of
plant transpiration to total evapotranspiration due to
changes in evaporative leaf area, volume of root systems
and the duration of physiological activity (Huxman et al.
2005). Loheide and Gorelick (2005) have used forward-
looking infrared thermal imagery to map and quantify
restoration/rehabilitation-induced changes in evapotrans-
piration at this site using an evapotranspiration-mapping

algorithm (ETMA; Loheide and Gorelick 2005). ETMA
provides evapotranspiration estimates of 1.5–4 mm/day
for xeric dry land grasses and 5–6.5 mm/day for wet-
meadow vegetation (Loheide and Gorelick 2005). Stream
incision induces vegetative changes, decreases evapotrans-
piration rates, and alters the balance of meadow hydro-
logic processes. Loheide and Gorelick (2007) formalized
the linkages between the hydrologic and vegetation
changes with a coupled groundwater-vegetation model in
an archetypical meadow, based on characteristics of
meadows in the Last Chance watershed, which predicted
the development and widening of observed swaths of
xeric vegetation near channels as the depth of incision
increased.

Tuolumne Meadows, Yosemite National Park
Tuolumne Meadows in Yosemite National Park is one of
the largest high-elevation meadows in the Sierra Nevada.
The meadow is located at 2,600 m elevation and has a
drainage area of 186 km2, with a mean annual precipita-
tion of 1,000 mm (Table 1). The basin is largely composed
of granitic rocks, with metavolcanics on the east. Lower
elevations are blanketed with glacial till, which serve as
important local groundwater aquifers. The soils of the
basin are thin, rocky, and have limited water storage
capacity.

Tuolumne Meadows was heavily used as summer
pasture for thousands of sheep and cattle each year in
the late 1800s, which appears to have resulted in damage
to the vegetation. This type of utilization and impact
occurred throughout the southern Sierra Nevada (Ernst
1949; Dull 1999). One of the most apparent issues in the
meadow today is the invasion of lodgepole pine (Pinus
contorta), a species that occurs primarily in upland forests.
Tree invasion into meadows has been a well researched
topic in the Sierra Nevada, Cascade Range and Rocky
Mountains in the western US (Vale 1981a, b; Vankat and
Major 1978; Millar and Woolfenden 1999; Cunha 1992;
Franklin and Mitchell 1967; Patten 1963; Vale 1978). Tree
invasion has been blamed on hydrologic changes due to
road construction and dewatering, climate change, and
heavy livestock grazing which disrupted the meadow sod
(Cunha 1992). Cooper et al. (2006) focused on analyzing
Tuolumne Meadows to determine what hydrologic factors
have influenced the meadow vegetation, and the data
collected during that study as well as during the summer
of 2007 are discussed here.

Methods

Field methods: water-table depth and vegetation
classification
At Bear Creek Meadow, Last Chance watershed, and
Tuolumne Meadows, 28, 44, and 73 hand-augered
monitoring wells, respectively, were installed across the
meadow to characterize water-table depth and its influence
on vegetation patterns. At all three sites, some wells were
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equipped with continuously recording pressure trans-
ducers while others were measured by hand approximately
every two weeks during the summer months. At Bear
Creek, Hammersmark (2008) sampled vegetation in 128
plots, each 4 m2, distributed along 15 transects, and used
two way indicator species analysis (TWINSPAN; Hill
1979; McCune and Mefford 1999), to classify the

herbaceous vegetation of the restored meadow. In Tuo-
lumne Meadows, a vegetation plot 20 m2 in area centered
on each well was used to characterize vegetation compo-
sition and coverage by species. Vegetation was classified
using TWINSPAN (Gauch 1982). In the Last Chance
watershed, Loheide and Gorelick (2007) collected vege-
tation data in 1-m2 plots centered on each well and

Fig. 2 Geologic map (center left) showing location of paired color infrared mosaics (images) and vegetation classification (maps of
meadows only) at four meadows along Last Chance Creek. a Asymmetric vegetation patterning with wet-meadow vegetation to the north of
the channel and xeric vegetation and abandoned stream channels to the south. b Effects of check-dam rehabilitation efforts showing large
expanse of dominantly wet-meadow community nearly two decades after project completion. c Effects of pond-and-plug rehabilitation
efforts with wet meadow and mixed vegetation appearing near the ponds only 1 year after project completion. d Wet-meadow vegetation
supported by groundwater funneled through the Willow Creek and Little Stony Creek tributary meadows
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classified these data into four groups ranging from wet
meadow to xeric upland. These data were not originally
collected for this cross-site comparison, and further
discussion of portions of the data sets can be found in
Hammersmark et al. (2008), Hammersmark et al. (2008),
Loheide and Gorelick (2007), and Cooper et al. (2006).

Remote sensing methods
For this study, color infrared (CIR) imagery was used to map
vegetation in the Last Chance watershed and to determine the
hydroecologic processes that led to the observed vegetation
patterning. CIR imagery of Last Chance Creek was collected
from a helicopter in August 2005 using a RedLake MS4100
multi-spectral camera collecting red, green, and near infrared
wavelengths. CIR imagery is valuable for identifying
vegetation because healthy, mesic vegetation reflects near
infrared electromagnetic radiation to a much greater extent
then xeric communities.

CIR data were exported to image processing software
(ENVI 4.4) for analysis. 88 CIR images were geo-
referenced to a digital orthoquadrangle of the Last Chance
region and mosaiced. For visualization purposes, the near
infrared, red, and blue data are displayed as red, blue, and
green, respectively, to produce a false color image. Four
example CIR mosaics are displayed in Fig. 2. Maximum
likelihood classifications of the four regions of Last
Chance were performed using image-processing software
to create maps of vegetation cover. Seven regions of
interest including open water, bare soil/sand, xeric
vegetation, wet-meadow vegetation, mixed-meadow veg-
etation primarily wet, mixed-meadow vegetation primarily
dry, and willows were selected as end members for the
maximum likelihood classification. Wet-meadow species
in Last Chance include sedges and rushes (e.g. Carex
angustata, Carex douglasii, Carex nebraskensis Juncus
balticus) whereas xeric vegetation communities include
sagebrush and dryland grasses (e.g. Artemisia tridentata,
Hordeum jubatum, Poa secunda ssp. secunda, Elymus
elymoides). The vegetation classification has only been
applied to the meadows for which it is intended, and the
surrounding hillslopes are masked out in the classification
images. While this classification should be considered
qualitative as the vegetation has not been analyzed on the
ground, the data clearly show detailed spatial patterns that
cannot be obtained using limited point vegetation analysis.

Analytical and numerical modeling techniques
Meadow aquifers are often fed by groundwater discharge
into the meadow system from the hillslopes, which helps
to support wet-meadow-vegetation communities (Fig. 3).
In order to close the hydrologic budget of the meadow
aquifer, the magnitude of the groundwater flux must be
accounted for accurately. This water may enter the
meadow vertically as a basal flux (N) as well as inflow
from the hillslope boundary as lateral flow (Qx). Both
Loheide and Gorelick (2007) and Hammersmark et al.
(2008) have recently performed hydrologic modeling

studies on meadows and have accounted for regional
groundwater flow to the meadow system with the goal
of predicting vegetation patterning. At Bear Creek,
Hammersmark et al. (2008) simulated discharge to the
meadow predominately as a flux which entered the margin
of the meadow. In an archetypical meadow representative
of Last Chance watershed meadows, Loheide and Gorelick
(2007) simulated regional groundwater flow as a basal
flux to the meadow. This paper builds on these studies to
discuss how the partitioning of this flux between the
vertical discharge through the base of the aquifer and the
horizontal discharge through the aquifer margin will affect
the configuration of the meadow water table and the
associated vegetation patterning.

One-dimensional, unconfined, steady-state groundwa-
ter flow in aquifers can be approximated using the Dupuit-
Forchheimer assumptions (Bear 1972; Haitjema 1995).
Analytical solutions were presented by Bear (1972, 1979)
for the two extreme cases in which groundwater dis-
charges to the meadow either uniformly as a basal flux (N)
or as a lateral flux at the meadow margin (Qx). For this
study, both lateral and basal groundwater discharges are
significant, and groundwater drains toward the stream
with a head of 8stream. Thus, the following solution was
developed, which describes the distribution of the hydrau-
lic head, 8(x), in the meadow aquifer, (0<x<L), which has
a uniform hydraulic conductivity (K):

� xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2
stream

� 2Qx

K
xþ N

K
2L� xð Þx

r

ð1Þ

Note, Qx must have a negative sign to enter the
meadow and flow to the left using the coordinate system
defined in Fig. 3. If groundwater use by vegetation (ETG) is
to be considered, then N should be replaced by the quantity
(N-ETG). It is important to note that the Dupuit-Forchheimer
approximation cannot simulate the development of seepage

Q x

N

ϕstream
ϕ(x)ϕ

x

Fig. 3 Conceptual model of regional groundwater flow to the
meadow system, which drains towards the stream if the water level
in the stream (8stream) is lower than that in the aquifer. This water
may enter the meadow vertically through underlying bedrock as a
recharge (or accretion) flux (N) as well as from the hillslope
boundary as a lateral inflow. The light grey region represents the
model domain
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faces, which may result in overprediction of the depth to the
water table near the channel using Eq. (1).

Four scenarios, called A, B, C, and D, were considered
to assess the relative importance of: (1) a meadow’s
hydraulic conductivity, (2) the rate of groundwater flow
feeding the meadow, and (3) the partitioning of ground-
water flow between basal and lateral fluxes on the position
of the water table. In all cases, 8stream was set to 2.5 m,
and the length of the meadow (L) between the stream and
the margin was 100 m. In each scenario, an equivalent
inflow of water to the meadow was simulated as occurring
100% as a basal flow, 100% as a lateral flow, or a 50/50%
mix of basal and lateral flows. In cases A and B, the high
hydraulic conductivity cases, K was set to 10−3 m/s,
whereas a value of 10−4 m/s was used for cases C and D.
In cases A and C, the low groundwater inflow cases, the total
inflow per unit width of meadow was 5×10−6 m2/s. For
100% lateral inflow, Qx=5×10

−6 m2/s and for 100% basal
inflow N=5×10−8 m/s. For the high groundwater inflow
cases (B and D), these rates were doubled so that the total
inflow per unit width of meadow was 1×10−5 m2/s.

The magnitude and partitioning of groundwater flow from
hillslopes between lateral and basal inflows affects water-
table position within the meadow as described by Eq. (1);
however, this partitioning is controlled by watershed-scale
geologic features, soil hydrologic properties, rainfall and
snowmelt rates, and evapotranspiration characteristics of the
hillslope vegetation. Two-dimensional, steady-state ground-
water flow modeling was used to assess the pattern of
discharge to the meadow systems. COMSOL Multiphysics
(Comsol 2005), a general purpose finite element modeling
environment which has been used for hydrologic applica-
tions (e.g. Cardenas and Wilson 2007; Loheide 2008) was
used to simulate four cases (I-IV) discussed later. These
simulations model a transect from the meadow stream to the
ridgetop through the domain illustrated in Fig. 4, which
consists of bedrock and meadow sediment subdomains. A

constant inflow rate is specified as the upper boundary
condition. A head is specified at the location of the stream
within the meadow. No flow boundaries are specified at the
lateral boundaries beneath the stream and beneath the ridge
top based upon symmetry arguments.

Results and discussion: the groundwater–wet-
meadow-vegetation connection

Direct use of groundwater by wet-meadow vegetation
Wet-meadow vegetation relies on shallow groundwater for
support throughout the dry summer. Evidence of this
dependency and direct use of groundwater by phreatophytes
can often be seen as diel water-table fluctuations in detailed
water level records collected from wells screened across the
water table in environments with a shallow water table
(White 1932; Meyboom 1967; Gerla 1992; Loheide et al.
2005; Butler et al. 2007; Loheide 2008). This reliance has
been observed as diel water-table fluctuations in meadows
alongside Bear Creek and Last Chance Creek (Fig. 5).
These records reveal diel water-table fluctuations that show
a decline in water-table elevation during the daylight hours,
while plant roots extract water from the phreatic zone for
transpiration, followed by a recovery period of rising water-
table elevation during the night when transpiration is near
zero. These water-table fluctuations appear to be a virtually
ubiquitous feature when the water table is within the range
between the land surface and the maximum rooting depth
in wet-meadow ecosystems. If there is ponding on the land
surface, water level records are controlled by surface-water
processes and generally do not show the typical diel water-
table fluctuations, though the pattern can propagate into
surface-water flows through the influence this process
exerts on surface-water/groundwater interactions (Bond et
al. 2002). Conversely, as the water table drops toward the
bottom of the root zone, the diurnal fluctuations become

a Case I: Infiltration rate, 10-10 m/s b Case II:  Infiltration rate, 10-10 m/s 
Meadow K, 10-5 m/s  10-3 m/s 
Bedrock K, 10-7 m/s Bedrock K, 10-8 m/s 

c Case III:  Infiltration rate, 2.5x10-10 m/s d Case IV:   Infiltration rate, 2.5x10-10 m/s
Meadow K, 10-3 m/s Meadow K,

Meadow K,

10 -3 m/s 
Bedrock K, 10-8 m/s BedrockK, 10-5.7 -10-10.1 m/s 

1000m 
Fig. 4 Regional groundwater flow to the meadow system represented as a cross-sectional flownet through the watershed with darker lines
representing flowpaths and lighter lines representing equipotentials. Cases I–IV are described in the text and illustrate the geologic control
of the watershed on the magnitude of groundwater discharging to the meadow as well as the proportion entering as basal and marginal
influxes
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muted and disappear (Butler et al. 2007; Lott and Hunt
2001). Under these conditions, the vegetation must rely on
the limited water available within the vadose zone and may
result in early senescence of the vegetation if conditions
become too dry.

In Fig. 5, the magnitude of the diel fluctuations differs
from site to site. While the amplitude of the fluctuation is
indicative of the rate of groundwater consumption (White
1932; Loheide 2008), much of the difference between the
sites is due to the water-storage properties of the soil, which
is characterized by the readily available specific yield
(Meyboom 1967; Gerla 1992; Lott and Hunt 2001; Loheide
et al. 2005). Coarse-grained sediments result in smaller
observed water-table fluctuations when compared with fine-
grained sediments, even for the same root-water uptake rate.
This is the primary reason the water-table fluctuations are
smaller in the loamy sediment in the vicinity of the

observation well at Bear Creek than the large fluctuations
observed at the well located in silty sediment of Last Chance
watershed. Evapotranspiration (ET)—driven fluctuations
were not observed at most sites in Tuolumne Meadows
because groundwater fluctuations were dominated by snow-
melt-driven stream discharge variations (Lundquist et al.
2005; Loheide, University of Wisconsin, and Lundquist,
University of Washington, unpublished data, 2007).

The data in Fig. 5 were recorded for a 3-week period
beginning in mid-June 2006. On 27–28 June, cloudy
conditions occurred, and a small amount of precipitation
was recorded in the Last Chance watershed (less than 4 mm
at the two weather stations). These overcast conditions
resulted in lower solar radiation, cooler air temperature, and
higher humidity, all of which combined to create much
lower potential ET rates. In addition, the small amount of
water that infiltrated into the soil provided an additional
temporary reservoir of water in the vadose zone that was
available to the vegetation. Both the lower potential ET and
the greater contribution of soil water to the vegetation
resulted in much lower vegetative groundwater consump-
tion during these days. This resulted in a slight rise in the
water table, which is likely a result of the reduced
groundwater component of ET and the complex interactions
that occur between the vadose zone, the capillary fringe, and
the water table during rain events (Heliotis and DeWitt
1987). This example indicates that diurnal water-table
fluctuations result from groundwater use by vegetation, but
do not result from vegetative use of vadose water.

Wet-meadow vegetation communities: observed
vegetation patterns in relation to groundwater flow
systems
The vegetation classification of Hammersmark (2008)
resulted in four community types being identified for Bear

Fig. 5 Evapotranspiration-induced diel water-table fluctuations
which demonstrate the groundwater and ecosystem connection in
wet-meadow environments. Water-table position is measured from
an arbitrary datum

Fig. 6 Aerial imagery of Tuolumne Meadows showing vegetation composition at well locations. Vegetation patterning does not show
strong and persistent longitudinal patterns but rather patches that show relationships with abandoned meander channels. The aerial imagery
is courtesy of the USDA National Agriculture Imagery Program (2007)
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Creek Meadow, which were arranged in three distinct
hydrologic groups based on summary hydrologic variables
calculated for the growing season (May–August) such as
average water-table depth (wtd� standard deviation),
minimum water-table depth, maximum water-table depth,
range of water-table depth, and number of days the water-
table depth is within 30 cm of the soil surface. Differences
between community means for each variable were
tested with analysis of variance and Tukey-Kramer
honest significant difference (SAS Institute 2004). The
Poa pratensis-Bromus japonicus (wtd ¼ 119:4� 44:4cm)
community type was the driest, theCarex nebrascensis-Juncus
balticus (wtd ¼ 60:3� 12:6cm) and Downingia bacigalupii-
Psilocarphus brevissimus (wtd ¼ 58:5� 19:8cm) community
types were intermediate and the Eleocharis macrostachya-
Eleocharis acicularis (wtd¼ 18:4� 28:0cm) community type
was the wettest (Hammersmark 2008). The distribution of
these communities in the meadow is patchy; however some
patterns were observed. The Poa pratensis-Bromus japonicus
community dominated the upper third of the meadow even in
plots 2 to 20 m from the stream margin, while in the lower
two-thirds of the meadow, this community type was limited to
locations >100 m from the stream margin. The Carex
nebrascensis-Juncus balticus community type was found near
the stream in the lower two-thirds of the meadow. The
Downingia bacigalupii-Psilocarphus brevissimus community
type was limited to the bottoms and margins of channels and
swales, which were intermittently or seasonally inundated.
The Eleocharis macrostachya-Eleocharis acicularis commu-
nity type was limited to depressions on the floodplain, which
were inundated in the early growing season. Importantly,
there was no clear longitudinal zonation of vegetation
communities, except those related to abandoned channels,
which are the currently low-lying swales discussed above.

In Tuolumne Meadows, the vegetation analysis
resulted in six plant communities. The Carex vesicaria-
Salix eastwoodiae community occured in oxbows along
the Tuloumne River that had seasonal flooding and deep
standing water. The Aster alpigenus-Carex subnigricans,
Ptilagrostis kingii-Polygonum bistortoides, and Calama-
grostis breweri-Vaccinium caespitosum communities are
the main herbaceous wet-meadow communities. The
Carex filifolia-Antennaria corymbosa and Pinus con-
torta-Carex rossii communities are found in uplands
within or on the edge of the meadow. The distribution of
these communities can be seen in Fig. 6, which shows
vegetation composition at the well locations overlain on
aerial photography. The imagery does not show clear and
persistent longitudinal patterning, but rather shows that the
position of abandoned river meanders plays an important
role in the vegetation patterning, likely due to differences
in both sediment texture and topography.

The relationship between groundwater depth and
vegetation patterning can be understood by comparing
vegetation along water-table transects. For example, the
Carex vesicaria dominated community occurred in
depressions along transect 1 (e.g. 800–850 m in Fig. 7a).
The upland communities were located near the road

between 0 and 100 m distance along this transect, where
the depth to the water table is the greatest. From 100 to
1,000-m distance along the transect, level meadow areas
were dominated by the Aster alpigenus-Carex subnigri-
cans community, while communities dominated by Ptila-
grostis kingii and Calamagrostis breweri occurred on
raised surfaces that had slightly deeper summer water
tables.

Several water sources supply Tuolumne Meadows: the
Tuolumne River supplied by its entire watershed, small
tributary streams from sub-watersheds, and groundwater
from local hillslope aquifers. Along transect 1 (Fig. 7a),
vegetation in the region from 800 m to the river is
hydrologically connected to and supported by the river.
The region between 0 and 800 m is supported by
groundwater from local hillslope moraines and bedrock,
and the groundwater flow direction is toward the river.

Fig. 7 Groundwater measurements on four dates in 2006 for water
level and vegetation monitoring transects a T1 and b T4 shown on
the photograph of Tuolumne Meadows in Fig. 1. The letters
beneath the well numbers indicate the vegetation composition as
follows: Carex vesicaria-Salix eastwoodiae (CS), Aster alpigenus-
Carex subnigricans (AC), Ptilagrostis kingii-Polygonum bistor-
toides (PP), Calamagrostis breweri-Vaccinium caespitosum (CV),
Carex filifolia-Antennaria corymbosa (CA) and Pinus contorta-
Carex rossii (PC). Modified from Cooper et al. (2006)
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Groundwater supports most areas within Tuolumne
Meadows, and the four wet-meadow community types
dominated by Carex vesicaria, Aster alpigenus, Ptilagros-
tis kingii, and Calamagrostis breweri, occupy different
landscape positions and landforms where suitable summer
water-table depths occur. Inundation and saturation to the
surface persists longest in Carex vesicaria dominated
areas and for shorter periods in the Aster alpigenus,
Ptilagrostis kingii, and Calamagrostis breweri dominated
areas.

Figure 2 shows a geologic map of the Last Chance
watershed with paired CIR and vegetation classification at
four sites (Fig. 2a–d). The vegetation classification grades
from wet-meadow communities dominated by sedges and
rushes to xeric vegetation communities dominated by
dryland grasses and sagebrush. The typical vegetation
pattern observed in meadows with incised channels in
Last Chance watershed was described by Loheide and
Gorelick (2007), and consists of xeric vegetation in
approximately symmetric swaths around incised channels
and more mesic and hydric vegetation toward the meadow
margin. Figure 2 shows sites that deviate from that
strongly longitudinal and symmetric vegetation pattern.
Figure 2a shows a highly asymmetric vegetation pattern
with a narrow swath of xeric vegetation adjacent to an
incised channel to the north which grades into a mesic
vegetation community. This is in contrast with a very
extensive region of xeric vegetation with only narrow
strips of mesic vegetation in remnant channels and at the
meadow margin to the south of the channel. Figure 2d
shows xeric vegetation to the north of Last Chance Creek
and wet-meadow vegetation to the south where two
tributaries join Last Chance Creek. Figure 2b and c show
the effects of check dam and pond-and-plug rehabilitation,
respectively. These vegetation patterns will be used as
examples to help illustrate meadow hydroecologic func-
tion in the following sections.

Water requirements of wet-meadow communities
The presence of ET induced water-table fluctuations
discussed in the previous section indicates groundwater
consumption by transpiring plants, and the near ubiquity
of these fluctuations in wet meadows indicates that wet-
meadow vegetation relies on a shallow water table in the
Sierra Nevada and Cascade ranges. Many authors, who
have presented this water requirement as either a time-
invariant threshold depth to the water table or as a
threshold water-table hydrograph that varies through the
growing season, have shown that water-table depth is
highly correlated with vegetation community type in wet-
meadow systems, indicating that local hydrology is the
most important factor determining vegetation community
type and distribution (Allen-Diaz 1991; Stromberg et al.
1996; Castelli et al. 2000; Darrouzet-Nardi et al. 2006;
Dwire et al. 2004; Hammersmark 2008; Kluse and Allen
Diaz 2005; Loheide and Gorelick 2007; Martin and
Chambers 2001 and 2002; McKinstry et al. 2004;
Patterson and Cooper 2007; Sala and Nowak 1997; Steed

and DeWald 2003). While water availability is likely the
primary driver of this observed relationship, the underly-
ing physiological reason for this correlation may also be
related to drivers associated with water-table position such
as soil redox potential (Dwire et al. 2006), thermal
influences on biotic processes (Ratliff and Harding
1993), soil moisture (Stringham et al. 2001), and
pedological development and soil chemistry (Chambers
et al. 1999). However, it is also important to note that
more than one plant community type might exist under the
same physical conditions, but one community type
prevails simply because it established first at the exclusion
of the other community type.

Because strong relationships between water-table depth
and vegetation type have been observed in many wet-
meadows, Allen-Diaz (1991) noted the potential for
predicting changes in vegetation patterning and composi-
tion based on water-table configuration. Loheide and
Gorelick (2007) and Hammersmark et al. (2008) have
pursued this approach based on water requirements they
determined specifically for their meadow systems, while
Rains et al. (2004), Springer et al. (1999), and Baird et al.
(2005) have pioneered the approach in other riparian
environments. Henszey et al. (2004) found that for the
riparian grasslands in Nebraska, mean growing season
water-table depth is not the most important predictor of
vegetation type, but rather short-term high water level
metrics such as the 7-day moving average water level high
and the 10% cumulative frequency curve, were more
influential in determining vegetation type.

In the Sierra Nevada and Cascade Ranges, riparian
water-table hydrographs follow a very regular pattern:
first, the hydrographs reach a maximum elevation, most
often at the land surface during the peak of snowmelt,
which may be maintained for several weeks to months.
Then the water-table drops as meadow groundwater drains
to streams and plants consume water. The period of high
water, the rate of water-table decline, and the ultimate
depth of water at the end of the growing season (ie., total
range of water-table depth) all influence the type of
vegetation found at a site. The persistence of wet-meadow
vegetation is constrained by two hydrologic features: (1)
the early-growing season moisture conditions must be
sufficiently wet to cause waterlogged and anaerobic
conditions which wet-meadow vegetation can tolerate
but is inhospitable to competing upland vegetation
communities and (2) sufficient moisture must remain during
the late-growing season to support plant growth and
reproduction. Like Henszey et al. (2004), Hammersmark
(2008) found that mean water-table depth was not the
most robust predictor of species presence, but rather
minimum (shallowest) water-table depth and the number
of days that the water table was within 30 cm of the soil
surface were the summary variables most strongly
correlated with the different communities. Because of the
strong seasonality of climate in the region, all of these
features can be captured in a vegetation threshold hydro-
graph approach as proposed by Loheide and Gorelick
(2007). These thresholds describe the maximum water-
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table depth required by a vegetation community as it
varies throughout the growing season. They are deter-
mined empirically, by obtaining the water-table depth
hydrographs from several wells located in a given
vegetation community for representative years (typically
at least one wet year and one dry year). This threshold can
then provide an envelope of groundwater hydrographs
which are suitable for a given vegetation type. A similar
red-yellow-green water-table regime suitability approach
has been proposed by the Environment Agency in the UK
(Wheeler et al. 2004). While these threshold approaches
appear to provide a robust prediction of vegetation
community at sites where extensive data are available,
little is known about the transferability of these water
requirement relationships from site to site. The effective-
ness of these threshold approaches, as well as hydrologic
metrics used to determine jurisdictional wetlands, is
dependent on their ability to characterize whether the
extent and duration of the hydrologic wet period is aligned
with the growing season. A framework is proposed which
may be useful for predicting how elevation, which
corresponds to growing season length, and soil texture,
which controls capillary rise, may affect wet-meadow
water requirements. On average, phenologic stages of wet-
meadow vegetation (Ratliff 1983) are reached later in the
year at higher elevations, due to later snow melt and
cooler temperatures. Even though there is a delay in the
onset of the growing season associated with cooler
temperatures at higher elevations, a high water table is still
required during the early portion of the growing season
because it makes conditions undesirable for competing
upland plants. In addition, shallow groundwater may need
to persist until mid-summer to nurture wet-meadow
vegetation through the critical reproductive stages in a
low elevation meadow, whereas similar vegetation at high
elevation exposed to similar soil and nutrient conditions
may require shallow groundwater through late-summer.
This elevation variation in water requirements is repre-
sented schematically in Fig. 8a as a shift to the right for a
conceptual vegetation threshold hydrograph (Loheide and
Gorelick 2007) that is expected for a wet-meadow
community at increasingly higher elevation.

The late-season portion of the vegetation threshold
hydrograph required to support wet-meadow vegetation
also varies from site to site because of differences in soil
texture and the resulting capillary rise. Fine-grained soils
have a larger capillary fringe, resulting in larger volumes
of soil water above the water table, much of which may be
accessible to plants even though the water table itself is
below the root zone. There are two sources from which
plants can extract water under these conditions. First, they
may deplete the finite volume of water stored in the
vadose zone directly. Second, by extracting this water,
they lower the matric potential in the vadose zone and
create an upward gradient which drives water flow from
the water table into the vadose/root zone above. These
capillary effects tend to be greater in finer-grained soils
with low values of α and β in the Van Genutchen (1980)
model of soil water retention (Carsel and Parrish 1988).

For these two reasons, loamy and silty soils have more
available water in the vadose zone just above the water table,
and can support wet-meadow vegetation with a slightly
deeper water table. This effect on the vegetation threshold
hydrograph is depicted conceptually in Fig. 8b as a
downward extension of the vegetation threshold hydro-
graph as soil texture fines from sands and gravels to silt
sized-particles. None of the study sites had clay soils,
which do not typically support meadow vegetation in the
Sierra Nevada and Cascade Ranges, so this soil type was
not considered. Figure 9 shows multi-year average water-
table hydrographs collected from shallow wells sited within
wet-meadow communities from the three study areas. The
hydrograph for Last Chance watershed represents the mean
of water level records from 2004 and 2005 from seven wells
in wet-meadow vegetation plots based on data from Loheide
and Gorelick (2007). The hydrograph for Bear Creek
represents the mean of simulated water level records from
2004–2006 for 47 plots in the Carex nebrascensis-Juncus
balticus wet-meadow community from Hammersmark
(2008). The hydrograph for Tuolumne Meadows represents
the mean of eight water level records from wells sited in the
Aster alpigenus-Carex subnigricans wet-meadow communi-
ty type for 2006 and 2007.
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Fig. 8 Proposed shifts in the vegetation threshold hydrograph
required to support a wet-meadow vegetation community at a
different elevations and b in soils of various textures

Hydrogeology Journal DOI 10.1007/s10040-008-0380-4

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page205



While the observations are limited, they appear to be
consistent with the predicted effects of soil texture and
elevation on vegetation threshold hydrographs. First, Fig. 9
shows a general shift to a higher water table at later dates
(shift to the right) as elevation increases from Bear Creek,
to Last Chance, to Tuolumne Meadows. Second, the
shallowest late season water-table depths are found at the
site with the coarsest soil, Tuolumne Meadows. Bear
Creek, with silty-clayey loam soils, has the deepest mean
hydrograph, and Last Chance, with predominantly silts,
has an intermediate hydrograph, even though a large soil
textural difference is not evident between the sites. It is
unclear whether the slightly higher clay content at Bear
Creek could account for the downward stretching of the
water-table hydrograph that was observed.

To support the hypothesized elevational and sedimen-
tological effects on the vegetation threshold hydrograph,
additional data and study are required. First, the mean
observed hydrograph for a vegetation community is not
the vegetation threshold hydrograph for the community.
The actual water-table depth observed at a site could be
substantially higher than the minimum, or threshold,
required for that vegetation community. Second, the
records available from only three sites over 2- to 3-year
periods are not sufficient to determine the long-term
average water-table hydrographs given the large interan-
nual climatic variability of the Sierra Nevada and Cascade
ranges. Although the interannual variability of water-table
depth and timing is large, each of the study sites included
data from at least one water year (2004 and 2007) ranked
among the driest quartile, with earliest snowmelt, within
the past 90 years, and at least one year (2005 and 2006)
ranked among the wettest quartile, with latest snowmelt,
within the past 90 years, based on 90-year records from
the Merced River at Happy Isles, which are highly
correlated with California-wide snowpack characteristics
(Peterson et al. 2000). Thus, while the durations of
observations were short, they do sample the known
variability in regional climate.

Despite these caveats, the limited comparisons made in
Fig. 9 indicate that the hypotheses proposed in Fig. 8 may
provide a useful framework for transferring vegetation
threshold hydrographs between sites. Predicting these
vegetation threshold hydrographs at degraded sites where
original data cannot be collected is critical to designing
restoration/rehabilitation projects that will meet the water
requirements of desired vegetation. Further evaluation of
this framework in controlled greenhouse studies where
sufficient replicates can be performed and true thresholds
can be assessed is required to validate these hypotheses.

Modeling insights on geologic controls
of groundwater discharge to meadows: implications
for vegetation patterning
While groundwater flow in meadows is transient, respond-
ing to seasonal patterns and hydrologic events, several
generalizations can be made from the steady-state analysis
presented here. Results from the analytic model described
by Eq. (1) are presented for the four cases (A–D)
considered in Fig. 10. As demonstrated by Haitjema and
Mitchell-Bruker (2005), the water table does not always
mimic surface topography. Figure 10a and b show that if
the hydraulic conductivity is large relative to the ground-
water inflow rate (cases A and B), the resultant water table
is very flat. Because the water table is flat, spatial patterns
in the depth to the water table (land elevation minus
water-table elevation) are controlled by topographic
variability rather than the subtle water-table gradient.
The ecohydrologic consequence of this is that vegetation
patterning, which can be predicted with depth to the water
table, is topographically controlled.

High hydraulic-conductivity meadow sediment and
relatively gradual hydraulic gradients exist at Tuolumne
Meadows and Bear Creek, as horizontal transport is
controlled by lower sand and gravel layers. Figure 7b
shows the topography and water level measurements
along a transect crossing the Tuolumne River in Tuolumne
Meadows. Sites 17, 18, 19, 20 along this transect are
dominated by Calamagrostis breweri and Vaccinium
caespitosum (Cooper et al. 2006), a vegetation community
which is characteristic of wet meadows (Ratliff 1982),
whereas site 21 is vegetated with a grassland community
which has high canopy coverage of Ptilagrostis kingii,
Danthonia intermedia, and Antennaria corymbosa. The
higher ground between site 21 and 23 is occupied by a
xeric (dry meadow) community which is dominated by
Artemisia tridentata and also includes Carex filifolia,
Antennaria corymbosa, Muhlenbergia filiformis and Sol-
idago multiradiata. On the opposite side of the river,
groundwater levels are controlled by discharge associated
with Soda Springs, and Aster alpigenus, Muhlenbergia
filiformis, Dodecatheon alpinum, and Juncus balticus are
the dominant species present at Soda Springs. Because of
the high hydraulic conductivity of the sands and gravels in
this portion of Tuolumne Meadows, the water table
perpendicular to the Tuolumne River is relatively flat.

Fig. 9 Observed mean water-table depth hydrograph (multi-year
average) for sedge and rush dominated wet-meadow communities at
Bear Creek, Last Chance, and Tuolumne Meadows
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The topographic high near the stream creates a greater
depth to the water table and results in a drier vegetation
community in this region.

Similarly, local topographic features are very important
to the resulting mosaic of vegetation distribution. Remnant
channels/swales are common at Bear Creek, Tuolumne
Meadows, and Last Chance watershed such as those seen
to the south of the stream in Fig. 2a, through Tuolumne
Meadows in Fig. 6, and between 780 and 880 m in
Fig. 7a. These depressions provide locations with shal-
lower depth to groundwater, and thus favor hydric, and in
some cases vernal pool, species assemblages.

On the other hand, meadows with sediments of lower
hydraulic conductivity (cases C and D) relative to regional
groundwater discharge to the meadow result in water
tables that slope strongly toward incised stream channels
(Fig. 10c and d). If the topography of the meadow
is relatively flat, then the water-table position, which is
related to distance from the stream as shown by Eq. (1), is
the primary determinate of water-table depth and vegeta-
tion patterning. As demonstrated by Loheide and Gorelick
(2007) for an archeotype meadow, this is clearly the case
in silty sediments such as those found in the Last Chance
watershed. As illustrated in Fig. 10, when the water table
slopes strongly toward the incised channel (because the
stream is incised and the hydraulic conductivity is low),
the greatest depth to the water table occurs just outside of
the incised meander belt, resulting in a swath of xeric
vegetation near the channel, whereas more mesic and
hydric vegetation occurs near the margin of the meadow.
This distinctive vegetation patterning caused by stream

incision resulting in swaths of meadow degradation is
shown in Fig. 2a and d as well as in Loheide and Gorelick
(2007). While this pattern is typically somewhat symmet-
rical on both sides of the incised channel, Fig. 2a shows a
highly asymmetric case where a very wide swath covering
almost the entire meadow exists to the south of the deeply
incised channel (∼3 m), whereas a very narrow xeric
swath quickly transitions to mixed mesic vegetation to the
north. A large difference in hydraulic conductivity of
the meadow sediments (higher to the south) could result in
the flatter and deeper water table which is inferred to the
south; however, there is no evidence that the sediments
differ on opposite sides of the channel. Rather, a major
geologic contact between relatively high-K Miocene-aged
pyroclastics and lower-K, Tertiary-aged, rhyolitic vol-
canics occurs beneath the meadow shown in Fig. 2a. This
geologic difference results in greater groundwater dis-
charge from the northern hillslopes resulting in a higher
water table and a wetter vegetation community on the
north side of the channel compared with the meadow to
the south. Comparison of Fig. 10c and d shows that even a
factor of two increase in groundwater discharge to the
meadow can appreciably raise the water table in the
meadow, particularly near the margin (∼1 m increase).

Elsewhere along Last Chance Creek, a contrast in
vegetation community types can be seen on opposite sides
of the meadow in Fig. 2d. The north side of the meadow is
bounded by a granitic hillslope with very low hydraulic
conductivity and little groundwater discharge. As a result,
groundwater in the meadow drains nearly completely to
the deeply incised channel, and xeric vegetation domi-

Fig. 10 Water-table position as predicted by the steady state model represented by Eq. (1) for the case with a stream with a stage of 2.5 m
at the left side of the domain (x=0 m) and a meadow margin at the right side of the domain (x=100 m). a and b represent cases A and B,
respectively, with sediments of high hydraulic conductivity (K=10−3 m/s), whereas c and d, cases C and D, respectively, represent meadows
with sediments of lower hydraulic conductivity (K=10−4 m/s). a and c represent cases with lower groundwater inflow, whereas the right two
panels represent cases with higher groundwater inflow to the meadow. Although the lines in a and b overlap, each panel shows three lines
representing the inflow as completely a basal influx, as completely a marginal influx, and as a mixed influx
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nates. On the south side, the forested hillslopes have
developed on Tertiary volcanics. While these rocks did not
result in high groundwater discharge to the meadow in
Fig. 2a, this geologic unit is the source of all perennial
streams within the watershed.

These valleys, whether perennial or ephemeral, convey
groundwater toward the main stem channel. Thermal
remote sensing similar to that presented by Loheide and
Gorelick (2006) identified groundwater discharge to the
main stem of Last Chance from several of these tributary
meadows (unpublished data). Remote-sensing-based veg-
etative analysis of the Last Chance watershed indicates
that no fewer than nine tributary meadows with wet-
meadow vegetation funnel groundwater from the regions
of the watershed with Tertiary volcanic bedrock. Exam-
ples are Doyle Crossing (Loheide and Gorelick 2005),
Jordan Flat (shown in Fig. 2c) and the confluences of
Little Stony Creek (ephemeral) and Willow Creek (peren-
nial) to Last Chance (shown in Fig. 2d). These tributaries
result in a large lateral influx (large Qx in Fig. 3) into the
main-stem meadow, which supports a high water table and
wet-meadow vegetation, as well as supplying baseflow to
the main stem channel even during times when there is no
surface contribution.

The example of tributary groundwater contributions to
main stem meadows is a clear example of lateral
groundwater inflow, but regional groundwater flow can
also reach the meadow as a basal flux. Loheide and
Gorelick (2007) assumed that basal groundwater inflow
was the primary inflow of groundwater to the meadow and
estimated the magnitude of this flux based on measured
vertical hydraulic gradients and estimates of sediment
hydraulic conductivity. On the other hand, Hammersmark
et al. (2008) determined that groundwater flow to Bear
Creek Meadow occurred as lateral flow from an adjacent
irrigated area along a portion of the meadow margin.
Similarly, as reported by Patterson and Cooper (2007),
shallow lateral groundwater flow at Drakesbad Meadow in
Lassen Volcanic National Park (California) was the
primary source of groundwater inflow and was disrupted
by road conditions.

The authors recognize that the end member cases of
only basal or lateral inflow may not be common, and it
may be more typical that a meadow will receive water
from a combination of both sources. The model presented
in Eq. (1) is able to provide insight into how partitioning
of groundwater inflow between basal and lateral fluxes
affects water-table position. Plots a–d of Fig. 10 illustrate
the difference in water-table position for each of the four
cases. In all cases, lateral inflow results in a higher water-
table position at the meadow margin than an equivalent
inflow of water distributed as a uniform basal flux. This
result occurs because the flux at all locations is Qx in the
lateral inflow case, whereas the flow decreases from N × L
to 0 from x=0 to x=L in the case of a basal flux, as the
discharge to the meadow occurs uniformly between the
channel and the meadow margin. Because the flux goes
toward zero as x increases in the basal inflow case, the
gradient required to move water through the meadow

aquifer toward the stream is less than that of the lateral
inflow case at all positions greater than x=0, and in fact,
the hydraulic gradient goes to zero at x=L in the basal
inflow case. Because the lateral inflow results in a higher
water table near the meadow margin, lateral inflow is
more likely to result in wet-meadow vegetation than an
equal amount of basal inflow.

Four scenarios were used to determine the effects of
inflow rates and bedrock and meadow hydraulic conduc-
tivity values on the distribution of groundwater discharge
to meadows. The results and parameters for these
scenarios are given in Fig. 4. In case I, a low inflow rate
and a high bedrock K value was simulated as a base case.
This simulation showed that while the majority (∼70%) of
discharge to the meadow occurred through the base of the
meadow, a non-negligible portion of groundwater also
entered the meadow horizontally at the meadow bedrock
interface.

In case II, the same inflow rate was simulated as in case
I, but both a higher meadow hydraulic conductivity and
lower bedrock hydraulic conductivity was simulated.
While the contrast between meadow and bedrock conduc-
tivity changes by three orders of magnitude in a way that
encourages more groundwater discharge to the margin of
the meadow, the difference is less than 10% and would not
be a primary factor in most geologic settings.

In case III, the same values of bedrock and meadow
hydraulic conductivity are simulated, but the inflow rate is
increased by a factor of 2.5. While this change causes a
150% increase in groundwater discharge to the meadow, it
has very little effect on the partitioning of groundwater
inflow to the meadow between the lateral and basal fluxes.

In case IV, the same inflow rate and meadow hydraulic
conductivity is simulated, but a hydraulic conductivity of
the bedrock decreases from 10–5.7 m/s at the top point of
the cross section shown in Fig. 4 to 10−10.1 m/s at the
base. This decrease is based on a linear decrease of the log
of the hydraulic conductivity and is intended to represent a
decrease in hydraulic conductivity with depth often
observed when fracture aperture decreases due to the
increasing pressure with depth. In this case, most of the
groundwater flow to the meadow is lateral flow rather than
a basal flux. At Bear Creek, a decrease in hydraulic
conductivity with depth occurs as the lacustrine sediments
are encountered and likely encourages a greater percent-
age of the discharge to enter the meadow as a lateral,
rather than basal, flux. This analysis shows that under
reasonable geologic conditions, either lateral or basal
groundwater inflow may dominate even in watersheds
with relatively uniform geology.

The analysis above assumes relatively homogenous
geologic characteristics. However, in most watersheds of
the Sierra Nevada and Cascades, geologic heterogeneity
and locations of fractures and faults also play a consider-
able role in determining groundwater flow paths and the
distribution of groundwater discharge areas. In fact, mesic
and hydric vegetation communities, often associated with
springs and surrounded by more xeric vegetation, are the
primary indication of the location of these discharge areas.
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Springs and associated vegetation of this type are found at
each of the three sites considered. For example, springs at
Bear Creek Meadow support areas dominated by the
Carex nebrascensis−Juncus balticus wet-meadow com-
munity. In the Last Chance watershed, discharge areas
such as these exist on slightly raised topography relative
to the surrounding xeric meadow and supports small
patches (∼3 m diameter) of willows, sedges, and rushes.
At Tuolumne Meadows in Yosemite, Soda Springs
supports wet-meadow vegetation as discussed earlier and
shown in Fig. 7b.

Management and restoration implications
and conclusions
Every meadow in the Sierra Nevada and Cascade ranges is
unique, and no research site will provide a perfect
analogue to guide land managers and restoration practi-
tioners in understanding the hydroecology of a specific
site. The purpose of this paper has been to use three
intensively studied meadows to describe the general
hydroecology of meadow systems and suggest a frame-
work that might help to explain (1) how vegetation water
requirements vary along elevational and soil textural
gradients and (2) how hydrogeologic characteristics
influence the groundwater flow system and vegetation
patterning of a meadow.

Wet-meadow vegetation patterning and ecology is
tightly linked to hydrologic patterns and processes in the
Sierra Nevada and Cascade ranges (Allen-Diaz 1991;
Castelli et al. 2000; Darrouzet-Nardi et al. 2006; Dwire et
al. 2004; Hammersmark 2008; Kluse and Allen Diaz
2005; Loheide and Gorelick 2007; Martin and Chambers
2001, 2002; McKinstry et al. 2004; Patterson and Cooper
2007; Sala and Nowak 1997; Steed and DeWald 2003).
The high seasonality of precipitation in this environment
results in the driest portion of the year corresponding with
the summer growing season, when vegetation water
consumption is greatest. Wet meadows form where a
shallow water table during the summer fulfills the water
requirements of this groundwater-dependent ecosystem.

Humans have disrupted the hydrologic regime of these
ecosystems both intentionally through channelization,
stream straightening, drainage efforts, and culvert con-
struction and unintentionally through feedbacks associated
with grazing, logging, road and railroad construction, and
anthropogenic climate change. These hydrologic alter-
ations have resulted in unanticipated vegetation changes
and degraded ecosystem function throughout the meadow
systems of the region. All of these commonly cited
mechanisms of meadow degradation have one thing in
common-each alters the hydrology of the meadow in a
way that lowers the water table and triggers a succession
to xeric plant species. These altered meadows have
insufficient duration of soil saturation within the root
zone of plants to be classified as jurisdictional wetlands,
under the Clean Water Act (Environmental Laboratory
1987). In addition, the drying of surface soils leads to
altered vegetation composition, and meadows can be

dominated by plants which are not typical of wetlands.
Thus, many former wetland communities would fail to
meet the three parameters required to be considered
jurisdictional wetlands, and they would not be regulated
by the US government. However, restoration would
reverse this process, and many restored and rehabilitated
meadows would once again meet the jurisdictional
requirements for wetlands.

A critical feature of any restoration or rehabilitation
effort must involve restoring the hydrologic processes that
allow the existence and persistence of a shallow water
table throughout the growing season. Both pond-and-plug
and check-dam rehabilitation efforts have proven effective
in raising the water table and encouraging reestablishment
of wet-meadow vegetation as shown in Fig. 2b and c,
respectively, although other methods that attempt true
restoration may be more suitable in other areas.

The vegetation threshold hydrograph is a simple method
for quantifying and visualizing the water requirements of
wet-meadow vegetation communities as they vary with
time through the growing season. The best technique for
determining these water requirements is to monitor water
levels on-site or in nearby meadows for several years to
determine the range of suitable groundwater regimes for
the vegetation community of interest, in the same water-
shed, at a similar elevation, with similar soil and nutrient
conditions. Unfortunately, there are rarely available resour-
ces to follow this approach, and the best alternative is to use
the most appropriate data available in the literature.

It appears that these vegetation hydrographs should be
shifted upward for sites with coarser textured soils and
downward for sites with finer textured soils to account for
differences in capillarity compared to a reference site. In
addition, it is suggested that the vegetation threshold
hydrographs should be shifted to the left for lower elevation
sites and to the right for higher elevation sites when
compared to the reference site. While this paper does not
provide a quantitative measure of the magnitude of these
shifts, it does provide a useful conceptual framework for
understanding how and why a vegetation threshold hydro-
graph at one site may differ from that at another location.

The steady-state analytical model developed here is not
intended to predict water-table elevation within a specific
meadow at a specific time, as these systems experience
transient conditions, which, as evidenced by the vegeta-
tion threshold hydrographs, are an important determinant
of vegetation composition. However, this model could be
used as a screening tool to compare processes among
sites. It is obvious that, if all other things are equal,
meadows receiving higher groundwater inflow will have a
higher water table and be more likely to support wet-
meadow vegetation. In addition, the hydraulic conductiv-
ity of the meadow sediments ranges over orders of
magnitude and is important in determining the drainage
to the stream in meadow systems. Sites with low hydraulic
conductivity are more likely to have steeper groundwater
gradients toward the stream, resulting in longitudinal
vegetation patterning with a deeper water table and xeric
vegetation near the channel and a shallow water table and
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mesic or hydric vegetation near the meadow margin.
Lastly, this model shows that marginal groundwater
inflow raises the water table near the margin of the
meadow more than an equivalent basal flux feeding the
meadow.

Land-managers and restoration practitioners should
work to include both of these groundwater inflow
processes in their conceptual and physical models of
meadow function. Numerical modeling indicates that for
watersheds with relatively uniform bedrock hydraulic
conductivity, a good rule of thumb is that approximately
70% of the regional groundwater flow entering a meadow
occurs as basal flux; however, this value will be reduced if
the hydraulic conductivity of the bedrock decreases with
depth. Though interflow through soil layers was not
considered here, this process could also increase the
percentage of water feeding the meadow at the meadow
margin.

To understand observed hydroecologic changes, predict
future trends, and implement restoration or rehabilitation
efforts to prevent or reverse ecosystem degradation in
meadow systems (Wright and Chambers 2002; Klein et al.
2007; Loheide and Gorelick 2007; Hammersmark 2008), it
is imperative to: (1) quantify the water requirements of wet-
meadow vegetation communities, and (2) identify the
inflows of water to the meadow and to understand
the physical and geologic controls on these processes. The
framework presented here identified elevation and edaphic
gradients as the primary variables for understanding how
vegetation water requirements are expected to differ among
sites. The rate and distribution of regional groundwater flow
feeding a meadow system, the degree of stream incision,
and the hydraulic properties of the meadow sediment are
identified as the primary factors influencing groundwater
flow in a particular meadow. Recognition of how these
factors differ among meadow systems and the effect they
have on meadow hydroecology provides resource managers
and restoration practitioners with a means for transferring
results from reference sites that have been more intensively
studied to systems in which they are working.
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ABSTRACT

We measured the effect of wet meadow vegetation on the bank strength and failure mechanics of a meandering montane
meadow stream, the South Fork of the Kern River at Monache Meadow, in California’s Sierra Nevada. Streambanks
colonized by ‘wet’ graminoid meadow vegetation were on average five times stronger than those colonized by ‘dry’ xeric
meadow and scrub vegetation. Our measurements show that strength is correlated with vegetation density indicators,
including stem counts, standing biomass per unit area, and the ratio of root mass to soil mass. Rushes appear better than
sedges at stabilizing coarse bar surfaces, while sedges are far more effective at stabilizing actively eroding cut banks.

Wet meadow floodplain vegetation creates a composite cut bank configuration (a cohesive layer overlying cohesionless
materials) that erodes via cantilever failure. Field measurements and a geotechnical model of cantilever stability show
that by increasing bank strength, wet meadow vegetation increases the thickness, width, and cohesiveness of a bank
cantilever, which, in turn, increases the amount of time required to undermine, detach, and remove bank failure blocks.
At Monache Meadow, it takes approximately four years to produce and remove a 1 m wide wet meadow bank block. Wet
meadow vegetation limits bank migration rates by increasing bank strength, altering bank failure modes, and reducing
bank failure frequency. Copyright  2002 John Wiley & Sons, Ltd.
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INTRODUCTION

For a river bank to remain stable, i.e. to maintain a fixed cross-section through time, it must be strong enough
to resist fluvial erosion and subsequent mass wasting. Geotechnical models of bank stability imply a direct
relationship between bank cohesion and the ‘factor of safety’ that estimates the risk of bank failure (Thorne,
1978). Herbaceous riparian vegetation increases the apparent cohesion of wet meadow streambanks through
root reinforcement of bank soils. Quantifying the effects of riparian vegetation on the apparent soil cohesion
and stability of meadow streambanks will improve predictions of how riparian vegetation conservation or
restoration may influence the geomorphology of meadow streams.

In a companion paper (Micheli and Kirchner, 2002) we observe that from 1955 to 1995 a wet meadow
reach migrated on average six times more slowly than an adjacent dry meadow reach on the South Fork of
the Kern River at Monache Meadow. We calculated a tenfold difference in bank erodibility (the susceptibility
of bank materials to lateral migration, normalized with respect to flow velocity variations due to channel
curvature) for banks with ‘dry’ xeric meadow and scrub vegetation versus ‘wet’ hydric graminoid meadow
vegetation including sedges (Carex spp.) and rushes (Eleocharis and Juncus spp.). We hypothesized that
these differences in bank migration rates and erodibilities were due to the effect of wet meadow vegetation
on bank strength. Here we present in-situ measurements of vegetated bank strength and describe how root
reinforcement influences bank failure mechanics and channel migration rates.

* Correspondence to: J. W. Kirchner, Department of Earth and Planetary Science, University of California at Berkeley, 307 McCone
Hall, Berkeley, CA 94720-4767, USA. E-mail: kirchner@seismo.berkeley.edu
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688 E. R. MICHELI AND J. W. KIRCHNER

Alluvial bank and bar sediments are often composed of silts, sands and gravels, which have significant
compressive strength but lack tensile strength or cohesion. The interlocking root networks of wet meadow
vegetation reinforce alluvial soils by adding tensile strength to the bank soil matrix. The very fine root
networks typical of sedges, for example, comprise large numbers of randomly oriented roots less than 1 mm
in diameter. We observed that this dense root reinforcement creates a tough sod layer ranging in thickness
from 0Ð50 to 0Ð75 m at Monache Meadow.

Although riparian vegetation is considered to be a potentially significant control on bank stability (Thorne,
1982, 1990; Gregory, 1992), few studies are available on the effects of riparian root networks on in-situ
streambank soil shear strength. Gray and Ohashi (1983) studied the behaviour of fibre-reinforced sands and
presented a quantitative model of how the aggregate tensile strength of a root network increases apparent soil
cohesion and shear strength. Smith (1976) found significant variations in field bank erosion rates as a function
of vegetation cover. Waldron (1977) and Waldron and Dakessian (1982) tested the net strength of the root–soil
matrix for greenhouse-raised agricultural species. The majority of field root strength studies have examined
the effect of upland tree species on the stability of forested hill slopes (Reistenberg and Sovonick-Dunford,
1983; Wu, 1994; Schmidt, 1999). Schiechtl (1980) provided root strength values for some alpine willow and
poplar species to inform erosion control planting designs. Gray and MacDonald (1989) measured the strength
of individual riparian tree roots on Sacramento River levees and estimated that low root densities (on the order
of 1 per cent) could significantly increase bank stability. Abernathy and Rutherford (2001) measured how
apparent cohesion due to root reinforcement varied among different tree species on Australia’s Latrobe River.
Kleinfelder et al. (1992) applied a compressive rather than a shear strength test to vegetated streambanks to
measure bank resistance to cattle trampling. All of these studies suggest that roots can significantly increase
soil strength, but none provides estimates of the in-situ shear strength of soils reinforced by wet meadow
vegetation.

We measured the effects of wet meadow vegetation on the shear strength of (1) river banks cutting into
wet meadow floodplains located at the outside of river meanders, and (2) point bars forming the inside bank
of meanders. At cut banks, wet meadow vegetation creates a ‘composite’ bank configuration with a cohesive
root-reinforced layer overlying a relatively cohesionless layer (Thorne and Tovey, 1981; Pizzuto, 1984). On
channel bars, vegetation roots bind bar sands and gravels into a cohesive ‘skin’ thereby increasing the shear
stress required to mobilize bar particles. Reinforcement of cut banks can diminish bank erosion rates, while
bar stabilization can indirectly accelerate bank erosion if bar accretion deflects flow against the outside bank
(Howard, 1984).

Measurements of the in-situ strength of bar and bank sediments colonized by herbaceous riparian species
help us answer the following questions. What fraction of bank strength is attributable to herbaceous vege-
tation? Can vegetation cover indices be used to estimate the magnitude of root reinforcement and resultant
strength? Are there differences between the effects of rush versus sedge species on bar and bank substrate
strength? How does wet meadow root reinforcement of floodplain soils shape stable bank configurations,
failure block dimensions, rates of failure block removal and therefore resultant channel migration? To address
these questions, we develop a methodology for evaluating the effects of herbaceous riparian vegetation on
bank failure mechanics, and we also present a model of how vegetation retards bank erosion that may
prove applicable to a variety of riparian systems. An improved understanding of the relationship between
vegetation and bank stability will enhance conservation and restoration strategies for stream and wetland
habitats.

SETTING

In a companion paper (Micheli and Kirchner, 2002) we compare migration rates and bank erodibilities for
a wet meadow versus a dry meadow reach of the South Fork of the Kern River at Monache Meadow. The
river channel meanders freely through a valley composed of granitic alluvium that in itself is relatively
cohesionless (see Table I for channel characteristics). The valley is colonized by two contrasting vegeta-
tion communities that may be easily distinguished by field surveys and by aerial photography analysis:
‘dry’ xeric meadow and scrub vegetation (sagebrush (Artemesia cana) and annual grasses); and ‘wet’ hydric
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MEASUREMENTS OF VEGETATED BANK STRENGTH 689

Table I. Monache meadow channel characteristics (with reference
to Olancha Gauge (USGS #11188200), located at the base of

the meadow)

Channel characteristic Value

Channel length 12 km
Average width 30 m
Average depth 1 m
Channel slope 0Ð001
Bed material median grain size 4 mm
Mean annual flood 11 m3s�1

Elevation at gauge 2393 m
Drainage area at gauge 380 km2

Data from Collins (1995).

graminoid meadow vegetation (sedges (Carex spp.) and rushes (Eleocharis and Juncus spp.))(Sarr, 1995).
Over the 40-year period between 1955 and 1995, the dry meadow reach migrated an average of six times
faster then the wet meadow reach (1Ð4 š 0Ð3 m a�1 compared to 0Ð24 š 0Ð02 m a�1) and, when migration
rates were normalized for curvature, the dry meadow banks were roughly ten times more erodible than
the wet meadow banks. These observations prompted us to collect in-situ bank strength measurements and
to conduct detailed bank surveys to examine the differences between wet and dry meadow bank erosion
processes.

METHODS

Bank strength measurements

We tested several techniques for measuring the aggregate effects of root reinforcement on in-situ streambank
strength. Ideally, observations of ‘real-time’ bank failure geometry would allow us to back-calculate the
effective strength of vegetated soils at precisely the scale of interest; unfortunately, banks tend to fail when
flood flows are peaking or receding, making direct observations difficult. Field measurement techniques,
such as the Torvane and pocket penetrometer, may be appropriate for rapid assessments of unvegetated bank
strength, but sample too small a surface (on the scale of 1 cm2) to capture the effect of roots. Other in-situ
techniques, such as hydraulic penetrometers and oversized shear boxes, lack portability and can cause levels
of soil disturbance that are unacceptable in wilderness areas (Abe and Iwamoto, 1985; Wray, 1986). Trial
runs using a conventional laboratory ASTM shear box proved this technique impracticable: it was difficult
to cut a sample cube (approximately 125 cm3) without significantly disturbing the root and soil structure,
and the limited shear displacement length of the device was insufficient to cause failure. In addition, the
small cross-sectional area, approximately 25 cm2, was not comparable to the potential failure surface of a
cantilevered bank.

We measured the in-situ strength of vegetated bank materials using a large ASTM-standard manually
operated geotechnical shear vane with rectangular blades (which produced a cylindrical shear surface 11Ð5 cm
high and 7Ð6 cm in diameter). An advantage of the large vane is that the activated cylindrical failure surface
is closer to the scale of the bank failures we studied. Operating the vane requires two people: one applies
force to the vane handle, and one steadies the central axis of the vane. No heavy machinery is required. The
applied torque can be measured using a calibrated torque wrench or a spring scale and can then be converted
to a shear strength value (Wray, 1986: Richards, 1988).

To prepare a site for a shear strength test, we first removed all above-ground vegetation within a 16 cm
diameter circular patch. Vegetation was clipped to within 0Ð5 cm of the ground surface and stored in plastic
sample bags for subsequent vegetation density measurements (see below). The vane was then pounded into
the centre of the cleared patch. Torque was applied to the sample using a handle perpendicular to the vane’s
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central axis. The applied torque was measured and converted to soil shear strength according to the ASTM
protocol (Richards, 1988). Following the engineering standard, failure is defined to occur when applied torque
reaches a maximum. After that point, the soil is weakened and applied torque rapidly decreases as the sample
begins to rotate within the cylinder defined by the vane blades. Sample failure appears to be a result of both
pulling out and breaking the roots that bind the soil sample.

The majority of strength measurements were made at two types of sites: (1) sedge- and rush-colonized bar
surfaces comprising sorted sand and gravel (generally located at the inside of dry and wet meadow bends);
and (2) sedge-colonized cut banks and failed slump blocks where the local substrate constituents included
silty terrace soils, dense root networks, trapped fluvial gravels, and decaying organic matter (generally located
at the outside of wet meadow bends). Samples were located within 30 cm of the water surface and were at or
near saturation. (Near-saturation is the likely condition at bank failure, because failures tend to occur on the
falling limb of the hydrograph (Lawler, 1993)). Only a handful of failed dry meadow blocks were suitable
for sampling, i.e. intact and located close enough to the water surface to be near saturation.

Vegetation density measurements
For each shear vane measurement site, we measured the stem density and the dry biomass of clipped

vegetation samples. Stem counts were completed on-site over a five-day period in July 1997. The short
sampling duration eliminated the potential for seasonal variability to affect stem density measurements. We
defined a ‘stem’ to be the cylindrical unit at the clipping elevation: in the case of the sedges, this often meant
that a stem supported up to ten blades of herbaceous vegetation. Bagged vegetation samples were later dried
in an oven at 110 °C for approximately two days until a constant sample weight indicated that all available
water had been removed. The dried vegetation was weighed to a precision of 0Ð10 g, yielding an estimate of
above-ground biomass for each shear strength measurement.

At several locations, below-ground soil and root samples were excavated after strength testing in order to
assess root densities using a mass ratio technique. The volume described by the shear vane set the sample
size. The samples were wet-sieved to separate roots from soils. Roots and soils were dried in an oven to
permit calculation of the ratio of below-ground biomass relative to dry soil mass.

Topographic survey and bank inventory
We completed a detailed inventory of bank microtopography for two successive bends located in the wet

meadow reach. We used a total station to delineate slump block boundaries and elevations during the summer
of 1996. We also measured the dimensions of undercut banks and failed blocks using a tape measure, a level,
and an inclinometer to measure bank angles. We repeated the survey of bank boundaries and cross-section
measurements of one bend in 1997 to assess changes in channel geometry in response to a single year of
bank erosion.

RESULTS

Effects of vegetation on bar and bank material shear strength

Our results show that density of sedges and rushes serves as a good indicator of bank and bar shear
strength. Figure 1 indicates a roughly linear relationship between rush and sedge stem count per unit area
and shear strength, displaying a slope of approximately 68Ð4 š 6Ð7 kPa per stem per cm2, with a y-intercept
of approximately 16Ð8 š 2Ð5 kPa strength at zero vegetation density. While stem counts provide a rapid field
assessment technique for vegetation density, the results described below rely on biomass per unit area as
a more accurate indicator. To further refine the analysis, we separated soil strength values as a function of
dominant species (sedge versus rush) and substrate grain size, distinguishing between coarse bar materials
(median grain size or D50 approximately 4 mm) and finer floodplain terrace deposits and terrace-derived
slump blocks (D50 approximately 1 mm or less). Results are summarized in Table II and described below.

Dry meadow bank strength

The average strength of dry meadow terrace blocks colonized by sagebrush and herbaceous annuals was
8Ð8 š 0Ð8 kPa. We did not sample the above-ground biomass of sagebrush because the extreme difference in

Copyright  2002 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 27, 687–697 (2002)

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page223



MEASUREMENTS OF VEGETATED BANK STRENGTH 691

0

20

40

60

80

100

120

140

0 0.2 0.4 0.6 0.8 1 1.2

sedge
rush

S
he

ar
 s

tr
en

gt
h 

(k
P

a)

No. stems per cm2

Figure 1. Shear strength versus sedge and rush stem density. The strength of vegetated bank and bar materials increases with stem
density, with a slope of 68Ð4 š 6Ð7 kPa per stem per cm2 and a y-intercept of 16Ð8 š 2Ð5 kPa

Table II. Vegetated bar and bank strengthŁ

Vegetation and substrate Shear strength (kPa) Biomass (g m�2) n†

Unvegetated bar 6Ð2 š 0Ð3 0 9
Rush-colonized bar 46Ð3 š 0Ð8 456 š 7 31
Sedge-colonized bar 38Ð1 š 1Ð3 681 š 31 23
Dry meadow terrace 8Ð8 š 0Ð8 –‡ 10
Sedge-colonized 43Ð0 š 1Ð2 678 š 18 20
terrace or slump block

Ł Average values š standard error.
† Sample size.
‡ Dry meadow biomass not measured due to extreme differences in plant morphology.

plant morphology precluded a comparison with sedges or rushes. Exposed dry meadow bank soils displayed
root-area ratios (the ratio of root area to soil area for a planar exposure) of less than 5 per cent, as opposed
to root-area ratios of nearly 50 per cent observed for sedge- and rush-reinforced soils.

Wet meadow cut bank strength

The impact of sedges on the strength of wet meadow floodplain soils and failed slump blocks is illustrated
in Figure 2. Rushes rarely colonize cut bank environments, so the measured effect of wet meadow vegetation
on cut bank strength was almost purely attributable to sedges. The soil matrix consisted of floodplain deposits
of silt and fine sands, with pockets of coarser channel sand and gravel trapped by vegetation roots. Sedge roots
penetrated to approximately 0Ð50 m from the floodplain or slump block surface. Bank soils included significant
amounts of decaying organic matter, primarily root material of antecedent sedge stands. Sedge-colonized slump
block materials displayed a maximum strength of 80 kPa, with an average value of 43Ð0 š 1Ð2 kPa, five times
the average strength of vegetated dry meadow terrace blocks. Average standing sedge biomass for failed
wet meadow blocks was 680 g m�2. The strength of slump block materials lacking vegetation cover (but
including dead root material) averaged 13Ð5 kPa. Sedge reinforcement of terrace materials and failed slump
blocks displayed a roughly 0Ð04 š 0Ð01 kPa strength increase per g m�2 above-ground biomass.

Bar strength

Figure 3 displays a roughly linear relationship between standing biomass and vegetated bar material shear
strength. Wet meadow reinforcement of bar materials penetrated only to a depth of approximately 10 cm or
less. Shear strength for unvegetated bar materials averaged 6Ð2 š 0Ð3 kPa, while rush-vegetated bar materials,
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Figure 2. Shear strength versus above-ground biomass: floodplain and slump block substrates. Sedges dominate floodplain terrace blocks,
with an increase of roughly 0Ð04 (š0Ð01) kPa in strength per g m�2 sedge biomass
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Figure 3. Shear strength versus sedge and rush biomass: bar substrates. Rushes are more effective than sedges at strengthening bar
materials, with a 0Ð09 (š0Ð01) kPa increase in strength per g m�2 rush biomass versus a 0Ð04 (š0Ð01) kPa increase in strength per g

m�2 increase in sedge biomass

with an average standing biomass of 456 g m�2, averaged 46Ð3 š 0Ð8 kPa in strength. Rush species appear to
be more effective than sedges at stabilizing bar substrates. Rush reinforcement of sand and gravel substrates
is found to be significant at better than the 1 per cent level, contributing 0Ð09 š 0Ð01 kPa shear strength per
g m�2 biomass. Sedges contributed only 0Ð04 š 0Ð01 kPa shear strength per gm�2 biomass, with an average
strength of 38Ð1 š 1Ð3 kPa for an average biomass of 660 g m�2.

Shear strength as a function of root density

For a subset of our strength test samples, we collected roots and substrate to calculate the ratio of root mass
to soil mass as an indicator of root density. Figure 4 suggests that the root/soil ratio is a highly significant
indicator of soil strength (significant at better than the 1 per cent level), with strength increasing linearly with
the root/soil ratio with a slope of 1020 (š360) kPa per ratio unit.

Wet meadow bank inventory

Mapping the microtopography of two wet meadow bends in the 1996 and 1997 field seasons revealed that
failed bank blocks can survive relatively infrequent flood flows and effectively prevent further bank erosion.
A sketch map of one bend is shown in Figure 5. Three general types of wet meadow banks were observed:
vertical banks, undercut banks displaying a stable cantilever, and banks where a failed cantilever or slump
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Figure 4. Shear strength versus root/soil mass ratio. Shear strength increases at a rate of approximately 1020 (š360) kPa per dimensionless
root/soil mass ratio unit

Figure 5. Sketch map: aerial view of a wet meadow bend. Mapped features include a number of slump blocks protecting actively
eroding banks. The dark block was removed by the 1996–1997 winter flows

block was present at the base of the bank. In 1996 the actively eroding boundary of this wet meadow bend
displayed approximately 25 per cent vertical bank, 15 per cent undercut bank, and 60 per cent slump block
protected bank. Failed slump blocks ranged in width from 0Ð4 to 1Ð3 m, with an average block width of
0Ð71 š 0Ð01 m, and ranged in length from 2Ð5 to 22 m, with an average block length of 9Ð3 š 0Ð3 m. A
second survey of this bend in 1997 revealed that only one block, approximately 0Ð90 m wide and 4Ð7 m long,
had been removed by the 1996–1997 season of flow, which peaked with an estimated discharge of 55 m3s�1

at the Olancha gauge (a flow exceeding the ten-year recurrence interval event). The remainder of the bank
boundary displayed little change.

DISCUSSION

While rushes appear more effective than sedges at stabilizing coarse bar surfaces, in the field there was little
evidence that rushes survived annual floods or controlled bar morphology in the course of our resurveys of the
wet meadow bend. Thus, rushes do not appear to significantly increase the size or strength of bars in a way
that would increase the erosion pressure on the opposite cut bank. By contrast, sedge reinforcement dominates
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694 E. R. MICHELI AND J. W. KIRCHNER

the morphology of actively eroding cut banks, with the thickness and width of bank cantilevers determined
by sedge root depth and strength, respectively, as discussed in more detail below. Strength test results and
field observations suggest that sedges may be very effective at stabilizing vertical cut banks, undercut banks,
and banks protected by failed slump blocks.

When the Kern River erodes into the wet meadow floodplain, a channel bank is produced which is strong
enough to maintain a vertical wall. Stream flow will tend to preferentially erode unvegetated bank material
below the root-reinforced layer, undermining it and carving out a shelf or cantilever. Thus, vegetation root
depth sets cantilever thickness. Geotechnical models of bank stability suggest that roots also control the
maximum stable width of a cantilevered riverbank block. For example, Thorne and Tovey (1981) use the
method of moments to calculate the factor of safety (the ratio of stabilizing versus destabilizing forces) for
a cantilevered block. Maximum stable cantilever block width can be estimated by solving for a width that
provides a factor of safety equal to one.

Assuming that root strength contributes to the tensile rather than compressive strength of a soil, we cal-
culated representative stable block widths (b) for both the dry meadow and wet meadow banks using the
following relationship (Thorne and Tovey, 1981):

b D
√

�tt
2 C �cc

2

�h

given h D c C t and �c/�t D c/t, where h D total block height (m), c D block height under compressive stress
(m), t D block height under tensile stress (m), �t D tensile strength (kN m�2), �c D compressive strength (kN
m�2), and � D saturated bulk density (k Nm�3) (see Figure 6). We assume that the shear strength of soils
without vegetation is primarily a product of compressive strength, while gains in shear strength due to roots
are primarily tensile. This analysis yields an estimated maximum width of a stable cantilever for the dry
meadow bank that is on the order of 0Ð1 m, as compared to a maximum stable cantilever width of 1Ð0 m for
the wet meadow bank. Our predictions compare favourably with our field measurements of sedge-reinforced
bank profiles: since water-worn blocks average approximately 0Ð70 m in width after failure, it seems credible
that blocks prior to failure would average approximately 1 m in width. Stability analysis inputs and outputs
are summarized in Table III.

The ratio between block width and bank height appears to be a good indicator of the likelihood of block
detachment after failure. Once a wet meadow bank fails, the width of the block often exceeds the bank height,
so immediate detachment and removal are rare. Failed slump blocks are often found attached to wet meadow
banks, with only a slight tension crack at the plane of failure. By contrast, detachment of dry meadow blocks

Figure 6. Cantilever stability diagram. The diagram represents a cross-section of an undercut bank. A cantilever with width b, height h
and weight W (acting at the centre of gravity), generates tensile stresses along boundary t and compressive stresses along boundary c.
Stability is defined by a balance of moments around the axis of failure (which is perpendicular to the plane of the cross-section shown)
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Table III. Stability analysis summary

Stability analysis term Dry meadow Wet meadow

Saturated unit weight � (kN m�3) 2Ð9 2Ð9
Tensile strength �t (kPa) 5 45
Compressive strength �c (kPa) 10 15

Total bank height (m) >1Ð0 <1Ð0
Cantilever block height h (m) 0Ð25 0Ð50
Block height under tension t (m) 0Ð13 0Ð33
Block height under compression c (m) 0Ð13 0Ð17

Stable cantilever width b (m) 0Ð14 1Ð00

Migration rate (m a�1) 1Ð50 0Ð25
Failure frequency >10 failures per year 1 failure per 4 years

Figure 7. Failure mechanisms: dry versus wet meadow. Sedge-reinforced wet meadow banks typically fail only after the flow has
undermined a large cantilever block. Failed blocks normally remain attached to the bank, and armour it against further erosion. Dry
meadow banks fail more frequently and in smaller blocks. The blocks typically detach completely from the bank, and are rapidly broken
up and removed by the flow. Approximately four years is required to undermine and remove a wet meadow block, compared to a few

weeks for a dry meadow block

after failure is almost certain given the narrow block width, bank heights exceeding 1Ð0 m, and the low tensile
strength of dry meadow soils, as illustrated in Figure 7.

Thorne (1978) suggested that the process of composite bank erosion may be divided into two components
separated by cantilever failure: (1) fluvial erosion (particle-by-particle removal of cohesionless materials); and
(2) basal cleanout (removal of cohesive bank failure products). The effects of increased block width include:
(1) decreasing the shear stress on unvegetated materials beneath the stable cantilever; (2) decreasing the risk
of block detachment after failure; and (3) increasing the size, mass and cohesion of failed blocks. The first
effect reduces rates of fluvial erosion of cohesionless sediments underlying the vegetated layer, while the
second and third effects result in an increased block residence time at the toe of the bank. The greater the
cohesion of failed bank materials, the greater the force required to remove them (Wood et al., 2001). Once a
block has failed, vegetation densities may increase due to enhanced water availability, which helps to further
stabilize the block in place. Often failed blocks display a root-reinforced toe, buried several centimetres below
low-flow bed elevations, that appears to have been built up over multiple seasons.

The net effect of wet meadow vegetation on bank failure processes is that larger and longer-duration flows
are required to undermine and remove bank failure blocks. Our short-term monitoring of a wet meadow bend
revealed that 60 per cent of an actively eroding bank was protected by failed slump blocks (Figure 5). The
El Niño flows of 1997, which corresponded to greater than a ten-year flood, succeeded in removing only one
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failed slump block, with measurable bank erosion occurring over less than 5 per cent of the length of the
entire bend.

The frequency of block failure and removal can be estimated by dividing average migration rates by block
width (e.g. Gabet, 1998). An average block width of 1Ð0 m and an average migration rate of 0Ð25 m a�1

(Micheli and Kirchner, 2002) imply that an average of four years of flow is required to undermine and remove
a wet meadow block, while only a few weeks are required to undermine and remove a dry meadow block
(Table III). Inspection of actively failing banks suggests that the only way to detach a slumped wet meadow
block is by eroding the tension crack behind the block, thus separating the block from the floodplain terrace,
and then scouring the bed elevation below the block toe. Over the short term, bed lowering during high flows
may help remove slump blocks that have become separated from the floodplain. Over the long term, any
trend towards channel incision could tend to reduce the residence time of failed slump blocks. Our results,
considered with those of Micheli and Kirchner (2002), indicate that where incision of the Kern River has
converted the riparian vegetation from wet meadow to dry meadow, bank strength has been reduced by a
factor of five (Table II), and bank erodibility has been increased by a factor of ten.

PRINCIPAL FINDINGS

ž At Monache Meadow, rushes (Eleocharis and Juncus spp.) are more effective at stabilizing coarse bar sur-
faces than sedges (Carex spp.), while sedges dominate finer floodplain terrace deposits and are responsible
for the formation of cantilevered cut banks.

ž Reinforcement of bank soils by herbaceous riparian vegetation can increase the shear strength of soils by
up to eightfold. We measured shear strength increases of 0Ð09 (š0Ð01) kPa per g m�2 of above-ground dry
biomass for rush-reinforced bar substrates and increases of 0Ð04 (š0Ð01) kPa per g m�2 of above-ground
dry biomass on sedge-reinforced slump blocks.

ž Soil shear strength increases roughly linearly with the ratio of dry root biomass to dry soil mass in a given
volume of soil. Soil shear strength increases at a rate of approximately 1020 (š360) kPa per unit root
biomass–soil mass ratio.

ž By increasing the tensile strength of bank soils, wet meadow riparian vegetation increases the stable width
of an undercut bank by a factor of ten. By increasing the size, mass and cohesion of failed cantilever
blocks, wet meadow vegetation prolongs the period of basal cleanout required before a new cycle of bank
erosion can commence.

ž Based on a comparison of stream migration rates with failure block dimensions for the South Fork of the
Kern River at Monache Meadow, we estimate that over the period from 1955 to 1995, approximately four
years was required for wet meadow block failure and removal, as opposed to only several weeks of flow
required to undermine and remove a dry meadow block.

ž These results provide a mechanistic explanation of how wet meadow vegetation serves to limit rates of
lateral stream channel migration.
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Hedgerows enhance beneficial insects on farms in California’s 
Central Valley

by Lora Morandin, Rachael F. Long, Corin Pease 

and Claire Kremen 

Hedgerows of native California shrubs 
and perennial grasses bordering field 
crops were examined for the abundance 
of beneficial and pest insects compared 
with adjacent weedy areas. During 2 
years of sampling in the Sacramento Val-
ley, hedgerows attracted more beneficial 
than pest insects, while weedy areas 
showed the opposite trend, attracting 
significantly more pest than beneficial 
insects. We conclude that replacing 
weedy areas at field crop edges with 
managed hedgerow plantings will sus-
tain or increase beneficial rather than 
pest insects on farms. 

Hedgerows are rows of trees, shrubs, 
forbs and grasses that surround 

farm fields. They may be remnants of 
existing vegetation from cleared lands, a 
result of natural plant dispersal, or estab-
lished via direct plantings (CAFF 2004; 
Long and Anderson 2010). Their many 
benefits include enhanced weed control, 
soil fauna, erosion control, sediment re-
tention, game hunting, biodiversity, and 
air- and water-quality protection (Han-
non and Sisk 2009; Kleijn et al. 2006; Kort 
et al. 1998; Smith et al. 2008). There also is 
evidence that hedgerows may increase the 
abundance of beneficial insects such as 
pollinators and natural enemies, possibly 
improving crop pollination and biological 
pest control in adjacent crops (Griffiths 
et al. 2007; Hopwood 2008; Thomas and 
Marshall 1999).

The enhanced biodiversity and poten-
tial ecosystem service benefits of hedge-
rows have prompted the USDA Natural 
Resource Conservation Service (NRCS) 
and Resource Conservation Districts 
to support growers in planting native 
shrubs and perennial grasses on their 
farms. Thirteen miles of hedgerows were 
established on California farms in 2009, 
compared to 3 miles in 2005. However, 

the adoption of hedgerows on farms is 
constrained by a lack of information 
about how they will alter pest and natural 
enemy communities in field edges as well 
as the benefits they may provide, includ-
ing biocontrol of pests in adjacent crops 
(Brodt et al. 2009).

The type of field edge habitat around 
farmlands influences the abundance and 
diversity of insects they attract, including 
pests that may be of concern to growers 
in adjacent crops (Pease and Zalom 2010). 
Our study evaluated how hedgerows of 
California native shrubs and perennial 
grasses affect beneficial and pest insect 
abundance in comparison to weedy 
field edges.

Hedgerows of shrubs and grasses

Beneficial and pest insects were exam-
ined in four hedgerows in Yolo County 
for 2 years.

Species planted. Hedgerows at each 
site consisted of a row of perennial shrubs 
bordered by native perennial grasses. 
They ranged from 1,000 to 1,800 feet (305 
to 550 meters) long and were established 
in 1996. Plant species composition for 

each site varied slightly, but all contained 
California lilac (Ceanothus griseus), cof-
feeberry (Rhamnus californica), California 
buckwheat (Eriogonum fasciculatum), 
toyon (Heteromeles arbutifolia), elderberry 
(Sambucus mexicana) and coyote brush 
(Baccharis pilularis). These are drought-
tolerant native California shrubs that 
provide pollen and nectar for beneficial 
insects (Bugg et al. 1998; Long et al. 1998) 
and have successive and overlapping 
bloom periods (table 1).

The perennial grass stands were 
planted 10 feet (3 meters) wide along one 
or both sides of the shrubs to help sup-
press weeds and create overwintering 
habitat for natural enemies. The grasses 
included purple needlegrass (Nassella 
pulchra), nodding needlegrass (N. cernua), 
California melic (Melica californica), one-
sided bluegrass (Poa secunda), blue wildrye 
(Elymus glaucus) and creeping wildrye 
(Leymus triticoides).

Caption

Online: http://californiaagriculture.ucanr.org/ 
landingpage.cfm?article=ca.v065n03p197&fulltext=yes

DOI: 10.3733/ca.v065n04p197

Hedgerows of California native shrubs and perennial grasses, including at Fong Farms in Yolo 
County, were compared to weedy field margins for the abundance of beneficial and pest insects.
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All four hedgerows were adjacent to 
approximately 80 acres (32 hectares) of 
rotational field crops typical of crop pro-
duction in this region, including wheat, 
processing tomatoes and alfalfa. At each 
hedgerow site, insect populations were 
monitored in an adjacent weedy, relatively 
unmanaged area (mowed or sprayed once 
or twice a year) of about 1,000 square feet. 
The primary herbaceous weeds in these 
adjoining weedy areas were wild mustard 

(Sinapis arvensis), black mustard (Brassica 
nigra), wild radish (Raphanus raphanistrum) 
and knotweed (Polygonum spp.). 

Monitoring and identification. Insects 
on hedgerow shrubs were monitored 
every 2 weeks from April to November 
1999 and March to November 2000. At 
each sampling, two plants from each of 
the shrub species were randomly cho-
sen within each hedgerow and visually 
inspected for insects. To assess the more 

mobile insect groups, such as syrphids, 
tachinids, lacewings and wasps, the num-
ber of visitors to each plant was observed 
and recorded for 2 minutes. Small insects 
that were not readily visible inside the 
flower heads were sampled by shaking 
all the flower heads on each shrub over 
a white sheet of paper and counting the 
number of insects dislodged. Weather 
conditions were monitored, and insects 
were sampled when temperatures were 
generally between 75oF to 85oF (25oC 
to 30oC) with sunny or bright overcast 
skies, and the fields were dry. In the early 
spring and fall samplings, temperatures 
were cooler and samples were taken as 
long as the temperature did not fall be-
low 60oF (16oC).

Insects were identified to the taxo-
nomic levels feasible from visual observa-
tion, by experienced observers who had 
carried out preliminary sampling in the 
hedgerows during 1997 and 1998. The UC 
Davis Bohart Entomology Museum also 
helped with species identification. The 
types and numbers of insects observed 
were recorded (table 2; fig. 1). The pest 
insects sampled were those of concern 
in adjacent field crops; the beneficial in-
sects sampled were those that feed on 
major field crop pests. Few caterpillars 
(Lepidoptera), aphids, spider mites or 
leafminers were found in the hedgerows, 
so they were not included in our insect 
counts or data analyses. Thrips were not 
included because at the time of this study 
they were not considered a major field 
crop pest in this region. However, due to 
the introduction of new thrips- 
transmitted viruses since this study, our 
current research is focusing on monitor-
ing thrips in hedgerows.

Plant size and sampling frequency. To 
standardize the counts from visual obser-
vations and flower shake samples among 
plants, the size of each shrub sampled 
was estimated by measuring the aver-
age length and width of each plant (most 
plants were relatively circular) multiplied 
by height, giving an approximate square 
area in meters. Insect numbers were di-
vided by plant size (which varied consid-
erably, particularly in height), providing 
a measurement of insect abundance per 
square meter.

The perennial grasses in the hedge-
rows and adjacent weedy areas were also 
sampled every 2 weeks from April to 
November 1999 and March to November 

TABLE 2. Beneficial and pest insects sampled in hedgerows of native shrubs and perennial grasses 
and in weedy areas, Yolo County 

Insect group Species or higher order Prey/crop preference

Beneficial insects

Minute pirate bugs Orius tristicolor Generalist predators; prey includes 
caterpillars, thrips, aphids, Lygus bugs, 
leafhoppers

Assassin bugs Zelus renardii, Sinea diadema

Big-eyed bugs Geocoris punctipes, G. tricolor

Collops beetles Collops vittatus

Damsel bugs Nabis spp.

Lacewings Chrysoperla spp., Chrysopa spp. Aphids

Soldier beetles Cantharidae

Syrphid flies Syrphidae

Lady beetles Hippodamia convergens

Wasps Ichneumonidae Generalist and specific predators and 
parasitoids; prey includes caterpillars and 
aphids

Braconidae

Polistes spp.

Vespula spp.

Sphecidae

Tachinid flies Archytas spp. Caterpillars, stinkbugs, squash bugs

Gymnosoma spp.

Trichopoda pennipes

Cylindromyia spp.

Pest insects

Lygus bugs Lygus spp. Strawberries, dry beans, cotton, seed 
crops

Flea beetles Phyllotreta spp., Epitrix spp. Seedling field crops

Stinkbugs Euschistus conspersus, Thyanta pallidovirens, 
Nezara viridula, Chlorochroa uhleri

Tomatoes

Spotted cucumber 
beetles

Diabrotica undecimpunctata Cucurbits

TABLE 1. Flowering periods of California native shrubs monitored in hedgerow study, Yolo County 

Shrubs Mar Apr May Jun Jul Aug Sept Oct Nov Dec

California lilac  
(Ceanothus griseus)

● ● ●

Coffeeberry  
(Rhamnus californica)

● ● ● ● ●

California buckwheat (Eriogonum 
fasciculatum)

● ● ● ● ● ● ●

Toyon (Heteromeles arbutifolia) ● ●

Elderberry (Sambucus mexicana) ● ● ● ● ● ●

Coyote brush (Baccharis pilularis) ● ● ● ●
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2000 using a standard sweep net (UC IPM 
2006). At each site, 10 sweeps were taken 
in each of four different areas of both the 
hedgerow grasses and weedy areas.

Statistical analysis. Beneficial and pest 
insect abundances within each vegeta-
tion type (shrub, grass and weed) were 
compared from spring to fall using a full 
factorial mixed model ANOVA (SAS 1999). 
Sample period was a repeated factor; in-
sect type (pest or beneficial), year (1 and 
2) and plant species (1 to 6) were fixed ef-
fects; site (1 to 4) was a random factor; and 
abundance of insects was the response 
variable. 

For post hoc comparisons, we coded 
sample period by season (spring, sum-
mer and fall) and included season and its 
interactions as fixed effects. Abundance 
data were Poisson-distributed and square-
root (plus constant of one) transformed 
before analyses. To compare shrub data 
(collected by surveys of plants) to grass 
and weed data (collected by standardized 
sweep samples), we compared the propor-
tion of beneficial insects among vegeta-
tion types using a general linear model 
with a binary distribution and a logit link 
function (SAS 1999).

Insect population counts

Beneficial insects. Of 8,045 beneficial 
insects collected in the four hedgerows 

over 2 years, 31% were minute pirate 
bugs, 17% syrphid flies, 13% assassin 
bugs, 13% tachinid flies, 10% big-eyed 
bugs, 6% lacewings, 6% wasps, 3% lady 
beetles and 0.4% damsel bugs. The great-
est abundance of beneficial insects was 
collected on California buckwheat, fol-
lowed, in decreasing amounts, by coyote 
brush, elderberry, coffeeberry, toyon and 
California lilac. The greatest beneficial 
insect abundance on each shrub species 
coincided with the bloom period of that 
species, when nectar and/or pollen were 
available (fig. 1A).

Pest species. Of 2,278 pests collected 
in the four hedgerows over 2 years, 42% 
were spotted cucumber beetles, 25% 
Lygus bugs, 18% flea beetles and 14% 
stink bugs, with the greatest abundance 
also occurring during plant bloom  
(fig. 1B). The increased number of pests 
on California buckwheat during summer 
was caused primarily by Lygus bugs. 
Similarly, spotted cucumber beetles were 
the primary cause of the pest population 
increase in coyote brush during the fall 
bloom. Flea beetles were most numerous 
on the hedgerow plants during summer, 
and stink bugs were most abundant dur-
ing summer and fall, when the shrub ber-
ries were ripening.

Insect abundance. Of 10,323 total in-
sects collected in the hedgerows during 

the growing seasons over 2 years, 78% 
were beneficial insects and 22% were 
pests. The abundance of beneficial insects 
was consistently greater than pests in the 
hedgerow shrubs compared to weedy 
areas during each season (P < 0.0001 
Bonferroni; fig. 2). Overall, a greater abun-
dance of insects was collected in year one 
than year two (F1,11.3 = 7.92, P = 0.0164). 
But there was no difference in relative 
abundances of pest and beneficial insects 
between the two years (year by insect 
type interaction; F2,1252 = 0.01, P = 0.940) or 
interaction among year, insect type and 
season (F2,1252 = 2.18, P = 0.114).

Examination of sweep sample col-
lections showed that pests were more 
abundant in the weeds than in the native 
perennial grass stands in spring (t317 = 
−6.17, P < 0.0001 Bonferroni), summer (t317 

= −13.20, P < 0.0001 Bonferroni) and fall 

Fig. 2. Mean number of beneficial and pest 
insects per square meter collected over two 
growing seasons on six shrub species in four 
hedgerows, Yolo County. P values for differences 
between beneficial and pest insect abundance 
were < 0.0001 in all three seasons.

Fig. 1. Total number of (A) beneficial and (B) pest insects on shrub species, collected over 2 years during the growing season in four hedgerows, Yolo County.
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The abundance of beneficial insects was consistently greater than 
pests in the hedgerow shrubs compared with weedy areas during 
each season.
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(t317 = −5.32, P < 0.0001 Bonferroni; fig. 3). 
Beneficial insect abundance increased on 
weeds during summer but not to the same 
extent as the pest insects. In summer, the 
grasses dried and few insects were found. 

Across seasons (χ2
1 = 384.11, P < 0.0001) 

and within each season, there was a 
greater proportion of beneficial to total 
(beneficial plus pest) insects in shrubs 
than in weeds, with grasses having a pro-
portion of beneficial to pest insects inter-
mediate to shrubs and weeds (fig. 4).

Growing interest in hedgerows 

Our results show that field edge plant-
ings of native California shrubs and 
perennial grasses can enhance beneficial 
insect abundance. The enhancement of 
beneficial insects may occur in several 
ways. First, most beneficial insects require 
or benefit from nectar or pollen sources 
from flowering plants that hedgerows 
provide, helping them survive and re-
produce, especially during times of prey 

scarcity (Bugg et al. 1998). This was ap-
parent in our study; beneficial insect 
abundance was greatest on shrubs during 
bloom, suggesting that insects were using 
floral resources. Second, hedgerows pro-
vide some beneficial insects with alterna-
tive prey or hosts, which may also be most 
important during wintertime (Corbett 
and Rosenheim 1996). Third, hedgerows 
provide beneficial insects with overwin-
tering habitat, which is important when 
neighboring fields are cultivated and fal-
low for the winter, and there are few other 
refuges (Dennis et al. 1994).

Our study provides evidence that 
hedgerow plantings can enhance ratios of 
beneficial to pest insects compared with 
weedy areas, where pests were found 
in significantly greater abundance than 
beneficial insects. The extent to which this 
enhanced abundance of beneficial insects 
in hedgerows will improve biological 
pest control in adjacent crops is largely 
unknown. Previous research showed that 
beneficial insects used floral resources 
provided by hedgerows and moved into 
adjacent crops (Long et al. 1998). In a re-
view of natural pest control, 74% of cases 
studied showed that landscapes with 
high proportions of noncrop habitat had 
enhanced natural enemy populations in 
crop fields (Bianchi et al. 2006). Further, 
eliminating edge weeds (by mowing or 
spraying) or replacing them with man-
aged vegetation such as native perennial 
grasses has led to reduced pest pressure 
in adjacent crops (Ehler 2000; Mueller et 
al. 2005; Pease and Zalom 2010).

Fig. 3. Mean number of beneficial and pest insects per 10 sweeps in four 
native perennial grass stands and adjacent weedy areas, collected over 
two growing seasons, Yolo County. Different letters above bars indicate 
differences in beneficial and pest abundance within each season (P < 0.05).

Fig. 4. Mean proportion of beneficial to total (beneficial plus pest) insects 
in native shrubs and grasses in four hedgerows and adjacent weedy areas, 
collected over two growing seasons, Yolo County. Different letters above 
bars indicate significantly different values within seasons (P < 0.05).

In this study, hedgerows enhanced the ratio of beneficial to pest insects compared with weedy areas. 
Plantings at Sierra Orchards in Solano County include deer grass, California lilac and elderberry. 
Inset left to right, the beneficial insects identified included lady beetles, syrphid flies and their larvae 
(feeding on aphids). 
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For improved biocontrol through 
hedgerow plantings on farms, it is impor-
tant that plants enhance beneficial insects 
without increasing pest populations 
(Fiedler and Landis 2007). In our study, 
the native shrubs and perennial grasses, 
though used by pests, were not as pre-
ferred as the weeds were, as noted by the 
significantly greater proportion of ben-
eficial insects compared with pests in the 
hedgerow plantings. Although California 
buckwheat attracted Lygus bugs during 
summer and coyote brush attracted spot-
ted cucumber beetles during fall, benefi-
cial insect abundance was far greater than 
pests on those plants.

As noted earlier, one of the impedi-
ments to growers adopting hedgerows 
is the concern that they will harbor and 

enhance pest insect populations in adja-
cent crops. Our data show that hedgerow 
plantings can sustain or enhance ben-
eficial insects and serve as replacement 
vegetation for weedy field edges, which 
harbor pests.

Recently, more hedgerows have been 
adopted in the Sacramento Valley. In our 
current studies, we are standardizing the 
crop adjacent to hedgerows and examin-
ing insect populations and pest control 
in the crop. These studies will address 
the question of whether hedgerows are 
concentrating existing populations of ben-
eficial insects or whether they are increas-
ing beneficial populations for enhanced 
pest control in adjacent crops. The study 
reported here and our current evaluations 
of the economic benefits of hedgerows on 

pest control may lead to the wider adop-
tion of hedgerow plantings on farms, 
helping to enhance the many ecosystem 
service benefits they provide in agricul-
tural landscapes.

L. Morandin is Postdoctoral Fellow, UC Berke-
ley; R.F. Long is Farm Advisor, UC Cooperative 
Extension, Yolo County; C. Pease is former Staff 
Research Associate, UC Davis, and currently 
Agronomist, Oregon Vineyard Supply, McMin-
nville, Ore.; and C. Kremen is Associate Professor, 
UC Berkeley. We thank the UC Davis Sustainable 
Agriculture Research and Education Program, 
Yolo County growers, the Yolo County Resource 
Conservation District and Irene Wibawa for assis-
tance with this study.
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Compared with weedy areas, hedgerows did not increase populations of 
insects such as redshouldered, consperse and southern green stink bugs, 
pests of tomatoes and other crops.

Current studies are examining insect populations in crops adjacent to 
hedgerows and weedy field edges, such as, above, black mustard near an 
agricultural field.
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What Is a Business Plan?
A business plan serves two broad, primary functions.  First, it provides specific information to those 
(e.g., prospective investors) not familiar with the proposed or existing business, including its goals 
and the management strategy and financial and other resources necessary to attain those goals.  
Second, a business plan provides internal guidance to those who are active in the operation of the 
business, allowing all individuals to understand where the business is headed and the means by 
which it will get there. The plan helps keep the business from drifting away from its goals and key 
actions through careful articulation of a strategy.

In the context of the National Fish and Wildlife Foundation’s conservation efforts, business plans 
represent the strategies necessary to meet the conservation goals of Keystone and other initia-
tives.  Each business plan emphasizes the type(s) and magnitude of the benefits that will be realized 
through the initiative, the monetary costs involved, and the potential obstacles (risks) to achieving 
those gains.  Each of the Foundation’s business plans has three core elements:

Conservation Outcomes:  A concrete description of the outcomes to which the Foundation 
and grantees will hold ourselves accountable.

Implementation Plan with Strategic Priorities and Performance Measures:  A 
description of the specific strategies that are needed to achieve our conservation outcome 
and the quantitative measures by which we will measure success and make it possible to 
adaptively revise strategies in the face of underperformance.

Funding and Resource Needs:  An analysis of the financial, human and organizational 
resources needed to carry out these activities. 

The strategies and activities discussed in this plan do not represent solely the Foundation’s view of 
the actions necessary to achieve the identified conservation goals.  Rather, it reflects the consensus 
or majority view of the many federal, state, academic or organization experts that we consulted with 
during plan development.  

In developing this business plan, the Foundation acknowledges that there are other ongoing and 
planned conservation activities that are aimed at, or indirectly benefit, keystone targets.  This busi-
ness plan is not meant to duplicate ongoing efforts but, rather, to strategically invest in areas where 
management, conservation, or funding gaps might exist in those broader conservation efforts. Hence, 
the aim of the business plan is to support the beneficial impacts brought about by the larger conser-
vation community. 
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Summary
The majority of California’s freshwater comes from the Sierra Nevada, falling in winter as a thick blan-
ket of snow that slowly melts in spring, delivering enormous quantities of fresh, clean water to fill the 
state’s rivers and reservoirs in support of its cities, industry and agriculture.  As the Earth’s climate 
warms up, more of this water will fall as rain rather than snow which will run off immediately in large 
winter pulses that will increase flooding and are likely to be beyond the storage capacity of the exist-
ing reservoir system.  Meanwhile there will be much less snowmelt that recharges streams and helps 
keep a reliable water supply for people and wildlife in summer and autumn.  These changes are a 
monumental challenge for the people, economy and environment of California.  

An innovative solution may help provide part of the solution to this problem: mountain meadow res-
toration and conservation.

This business plan maps out a 10 year program to restore and conserve meadow habitat in the Sierra 
Nevada.  This plan puts emphasis on the first 5 years, during which it focuses on implementation of 
strategies that will further build the economic and scientific rationale that meadow restoration and 
conservation is worth pursuing on a large scale as well as building the capacity and model projects 
to make future expanded efforts possible.  Contingent on success in years 1 – 5 and expanded fund-
ing to all partners in this effort, Years 6 – 10 will focus on implementing work on a sufficient scale to 
ensure appropriate restoration and management of the majority of degraded Sierra meadows.  This 
business plan will guide every aspect of the Foundation’s anticipated $10 – 15 million in grant-making 
associated with this landscape habitat feature over 10 years.  Ultimately, the hope is that the strate-
gies and activities described herein are adopted by the broader community of agencies and organi-
zations working on similar goals and shared responsibility for the additional $200 million or more of 
investments identified as necessary to restore degraded meadows.  

Our resources will be focused on the following strategies: 

Restoring habitat.a.   Most meadows in the Sierra have altered hydrology and degraded 
habitat.  Activity — Restore at least 20,000 acres/year by 2014, focused on meadow sys-
tems in which it will be possible to quantify benefits.

Validating benefits. b.  Scientific consensus is lacking on the amount of water that can 
be retained in restored meadows across meadow types, the downstream water quality 
impacts of restoration, benefits to downstream flow reliability, and the overall cost-benefit 
rationale of doing so.  Activity — Support hydrologic, water quality, economic and eco-
logical assessments to predict and measure before/after changes in ecosystem services 
provided by meadow restoration.  

Building capacity.c.   Current and future expansion of restoration activity is limited by 
insufficient personnel to plan and implement restoration on public and private lands.  
Activity — Support capacity-building in northern and southern Sierras.

Restored meadows act as natural reservoirs that slowly release retained water during the dry late 
summer period.  Late summer flows are important for agricultural and residential water needs, and 
aquatic instream flow needs since this is the period when water demands are highest in relation 
to supply. Healthy meadows provide flood attenuation, reduce erosion to downstream areas, and 
improve downstream water quality. Healthy meadows are biodiversity hotspots in the Sierra Nevada 
because they provide forage and critical habitat for a wide range of plant and animal species, includ-
ing many listed species such as the willow fly-catcher, great gray owl and the Yosemite toad.  Well 
managed meadows are highly productive which helps support the local agrarian economy by provid-
ing sustainable grazing lands for livestock.
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Watershed Services Provided by Meadows
Meadows are a critical component of watershed hydrology because they act as natural reservoirs, 
regulating streamflow through storage and release of snowmelt and rainfall runoff that passes over 
and through fine-grained, sod-covered meadows.  Results from several studies in the northern Sierra 
indicate that restoring meadows attenuates peak flows, prolongs dry-season base flows and increases 
water storage capacity (Sagraves 1998, Liang, 2006, Loheide and Gorelick, 2006, Cornwell and Brown 
2008a).  Meadows therefore improve water availability for downstream farms, communities, and 
hydropower facilities. The importance of meadows in regulating streamflow is likely to increase as 
climate change results in a shift from snowmelt to rainfall-dominated runoff at mid-elevations in the 
Sierra Nevada.

Meadow restoration will not create “new” water, but may alter the temporal distribution of streamflow 
so that less water flows downstream during peak runoff periods in the winter and spring, when water 
is not in high demand, and more is released during the summer low-flow season, when demand is 
high. Based on the limited available information and a reasonable range of assumptions, meadow 
restoration in the Sierra Nevada could increase the amount of groundwater stored in meadows by 
50,000 to 500,000 ac-ft annually. The wide range in these estimates results from uncertainties in 
channel depths and specific yields of meadow alluvium, as well as limited knowledge of bedrock and 
meadow permeability and groundwater sources and flow paths in mountainous terrain. Increased 
groundwater storage in meadows would be likely to enhance summertime instream flows (Liang and 
others, 2006), a function that will become increasingly important owing to climate change.

The potential groundwater-storage benefits of restoring hydrologically functional meadows are com-
parable to the estimated potential benefits of other water supply proposals, including a new reservoir 
at Sites in Colusa County (470,000 to 640,000 ac-ft per year) and the Inland Empire Regional Water 
Recycling Initiative (100,000 ac-ft per year).  The benefits of large-scale meadow restoration, there-
fore, may be significant for statewide water resources, particularly given the current concerns with 
drought, climate change, and pumping impacts on the Delta.

Native meadow sedges have extremely long and dense root and rhizome networks that are inherently 
resistant to erosion, helping to maintain wet soils through much of the summer (Micheli and Kirchner 
2002a, Micheli and Kirchner 2002b, Kleinfelder et al. 1992).  Restored mountain meadows support 
these graminoid communities, while degraded meadows often do not.  High flows often overtop the 
channel in healthy meadows, slowing the water which allows sediment to deposit on the meadow 
floodplain, and minimizes sediment input from local bank erosion. In one project in the Feather River 
watershed, restored meadows showed a 17.5 percent reduction in annual sediment loading in riv-
ers and streams. This in turn reduced the amount of sediment deposited in downstream reservoirs, 
thereby maintaining reservoir storage capacity. Thus, hydrologically functional meadows reduce ero-
sion and capture bedload, aid in floodplain development, and filter sediment.  By filtering out sedi-
ment, healthy riparian vegetation builds streambanks and increases the seasonal quantity and quality 
of water released for downstream ecosystems and human uses (Lindquist, Bowie and Harrison 1997).

Costs of recent meadow restoration projects, including planning and environmental compliance, range 
from roughly $100 to $250 per ac-ft of increased water storage over a 10-year period.  The higher 
costs are for projects that require construction of new channels using heavy equipment and end-
hauled materials.  For comparison, the proposed Sites reservoir is estimated to cost between $338 
and $685 per ac-ft during the first 10 years after construction, and the Inland Empire water recy-
cling project would cost about $360 per ac-ft over a 10-year period.  Meadow restoration therefore 
appears to be a cost-effective approach to improving surface-water supplies, as initial costs are low 
and there are minimal long-term operational costs.
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Snapshots of Healthy and Unhealthy Meadows

Figure 1.  Diagram of a healthy meadow system with naturally meandering creek supporting native 
fish, riparian cover including willow and alder thickets, lush wetland vegetation, healthy soil and high 
levels of infiltration into groundwater which subsequently recharges streams during drier months and 
creates rich biological diversity for meadow dependant species.

Figure 2.  Diagram of a degraded meadow system with a deeply eroded stream channel directing 
snowmelt quickly downstream, and drawing down meadow water tables resulting in drier community 
vegetation (e.g. sagebrush) and more conifer encroachment.  Little habitat exists for meadow depen-
dant species when there are streams with warmer water and periods of lower or no flow.
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Wildlife Services Provided by Meadows
Mountain meadows are key habitats for many animal species because they provide water and shade 
availability during the three to six month dry season, promote lower summer stream temperatures, 
higher plant productivity, increased insect prey availability, and special vegetation structures such as 
willow thickets (Graber 1996).  Moreover, these ecologically rich oases often occur along riparian cor-
ridors, linking meadow to meadow and creating movement pathways across the broader landscape.  
The health and connectivity of these ecological corridors is critical for maintaining genetic diversity 
within species since these corridors facilitate breeding among distant populations and because they 
enable animals (and, usually more slowly, plants) to find new areas to inhabit. In the face of climate 
change and growing development pressures, these corridors will be lifelines for wildlife. 

Meadows and the niches they create are biodiversity hotspots for the animal species, particularly 
birds and amphibians, of California, of which approximately two-thirds depend upon Sierra Nevada 
habitats.  During summer months, montane meadows are considered the single most important habi-
tat in the Sierra Nevada for birds (Graber 1996).  Eighty-two terrestrial vertebrate species are consid-
ered dependent on riparian and meadow habitat, 24% of which are at risk (Graber 1996).  Meadows 
with streams that flow through them are also important habitat for native trout and other aquatic 
species (Moyle et al. 1996). Several Threatened, Endangered, and Sensitive fishes protected by the 
state occur in streams flowing through meadows.  Approximately 30 rare taxa of vascular plants and 
bryophytes are found solely in mountain meadows and plant species are extremely diverse within 
individual and across several meadows (Weixelman et al. 2000).  Species dependent or partially 
dependent on meadows and that will most benefit from implementation of this plan are listed in the 
Conservation Outcomes section and in Appendix A.

Over-grazing in the late 1800s through 1930s and road-building, mining, logging, urbanization and 
catastrophic wildfire over the last 150 years have resulted in widespread deterioration of meadows 
in the Sierra Nevada.  Meadows are also susceptible to effects of climate change (Wood, 1975).  
Changes to the meadows attributed to these cumulative watershed impacts include gullying, desicca-
tion, shrub encroachment, and changes in plant species composition and diversity (Wood 1975, Ratliff 
1985, Allen-Diaz 1991, and Menke 1996). Today conditions and grazing use patterns in many mead-
ows are improving; however channel incision from heavy historical use has altered many meadows 
by dramatically lowering streambeds and groundwater tables. These changes in meadow hydrology 
will not repair themselves.  Between 130,000 and 200,000 acres (40 – 60%) of meadows may be 
impacted by such degradation.

Development also creates a pressing threat to many of the largest meadow complexes that are on 
private land. In the Sierra Nevada, the most high profile conversion of meadow to residential devel-
opment occurred during the 1960’s with the development of the South Lake Tahoe keys on over 750 
acres of meadow. Other former meadow areas likely exist under current urban areas, such as Grass 
Valley and Placerville. With expectations of increasing populations in the Sierra Nevada over the next 
50 years, development pressure on existing meadows is likely to increase. The greatest and most 
near-term increase in the development pressure is expected to occur within the vicinity of transporta-
tion corridors and along the outskirts of established communities.  Approximately 30,000 to 50,000 
acres of meadow habitat may be at risk from this threat, which can damage the services providing 
by existing high quality meadows and undermine benefits secured through restoration activities sup-
ported under this plan.

Repairing damage from cumulative land use impacts addresses the most pervasive and severe threat 
that has dramatically reduced the ecosystem services provided by meadows, however, a number of 
other threats impact one or more potential services and may need to be mitigated or minimized on a 
case by case basis or in particular watersheds or sub-watersheds that are targeted through this plan.  
These threats include:
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Roads — Increase runoff, reduce infiltration and groundwater recharge and impact water  �
quality, they often bisect meadows and streams creating  head cuts 

Invasive species — Shallow rooted invasive plants increase soil instability and erosion and  �
reduce wildlife habitat value by decreasing diversity and resiliency of the system; priority 
species are cheatgrass (Bromus tectorum) and star thistle (Centaurea solstitialis) orchard 
grass (Dactylis glomerata), timothy (Phleum pratensis), several thistle species, tall whitetop 
(Lepidium latifolium), and purple loosestrife (Lythrum salicaria); and introduced muskrat

Recreation use — Packstock grazing and off road vehicle impacts on meadows can be  �
severe causing soil compaction, erosion and degrading stream banks and may increase with 
the expected tripling of Sierran-based human population in California between 1990 – 2040.

Abandoned mines and tailings — Old mines introduce heavy metals such as mercury that  �
impact water quality and wildlife habitat.

Conifer encroachment — Fire suppression facilitates the invasion of conifers into degraded  �
meadows which alters the vegetation community.  The Forest Service is evaluating the 
use of controlled burns to reduce and possibly reverse conifer encroachment in El Dorado 
National Forest and the Lake Tahoe Basin Management Unit.  

Timber harvest — Harvest practices implemented on adjacent lands could impact quantity  �
and quality of water running off adjacent uplands into meadows.  

Climate change — Plant and animal communities in the Sierra are dependant on water  �
availability, thus current and predicted changes in climate may reduce habitat and water-
related services in the least resilient/most vulnerable meadows in the Sierra Nevada. 
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Logic Framework — Goals, Threats and Strategies
A logic framework is a diagram of a set of relationships between certain factors believed to impact or 
lead to a conservation target (species representing Keystone Initiatives). Logic frameworks are typi-
cally composed of several chains of logic whose arrows are read as “if-then” statements to help bet-
ter understand how threats contribute to conservation target declines.  Logic frameworks are used to 
define the conservation problem, assess limiting factors, and prioritize key strategies.
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Conservation Outcomes
Of approximately 330,000 acres of meadow distributed in more than 10,000 meadows across roughly 
20 million acres of the Sierra Nevada, only approximately 30 – 40 percent of meadow habitats exist 
in a non-degraded state.  Approximately 47 percent of meadows are on public lands and 45 percent 
on private lands embedded in U.S. National Forests, and the remaining 8 percent of meadows are pri-
vate land isolated from National Forests.  

Our long-term goal is to see 80 – 90% of meadows restored and see an increase of approximately 
50,000 – 500,000 acre feet of additional meadow groundwater storage that supplies streams in late 
summer and fall.  Within the first 5 years of this plan we are focused on implementing strategies that 
will demonstrate that such a comprehensive restoration of mountain meadow habitat is in the best 
economic and water-policy interests of California.  We proceed with this strategy based on the theory 
of change that building a resounding case for comprehensive restoration is more likely to stimulate 
the state and local stakeholder support necessary to achieve all restoration goals within 10 years.

We expect restoration over 5 years of 60,000 meadow acres will have the following benefits: 

Yosemite Toad  � (Bufo canorus): This Sierra endemic is restricted to a small range 
between Alpine and Fresno counties. They are strongly connected to meadows and breed 
in ephemeral snowmelt ponds and shallow rivulets. They are highly sensitive to changes 
in the water table and incision in meadows is thought to be a major contributing factor in 
their decline. Damaged meadows dry out earlier in the season, leaving tadpoles desiccated 
before they can metamorphose. It is estimated that Yosemite Toads have disappeared 
from approximately 50% of their historically inhabited sites, with the bulk of the disap-
pearances occurring from lower elevation west-side Sierra Nevada meadows. Quantitative 
population data does not exist for most of the historic toad sites, but a 1993 study report-
ed sharp population declines at seven sites in the eastern Sierra Nevada from 1971 – 
1991. While there are a number of constraints to the recovery of Yosemite toads, restor-
ing half the meadow habitats in key areas of their range could provide the opportunity to 
reverse their decline and allow them to recolonize sufficient habitat to increase occupied 
range by 50%. 

Mountain Yellow-legged frog �  (Rana muscosa, southern Sierra Nevada and San Gabriel 
ranges, and R. sierrae, central and northern Sierra Nevada): The endemic mountain 
yellow-legged frog was once one of the most abundant vertebrates in the Sierra Nevada. 
A comparison of reports by Grinnell and Storer in the early 1900s to current survey data 
indicates that the mountain yellow-legged frog has disappeared from 92% of its historic 
range. These frogs are strongly linked to meadow habitats and use the associated tarns 
and lakes to overwinter. Their initial declines throughout the 20th century are strongly 
linked to land use impacts from livestock grazing and the introduction of predacious non-
native trout. Meadow restoration would benefit mountain yellow-legged frogs by creat-
ing additional wet meadow and ‘pond and plug’ fish-free habitat. In order to increase 
the likelihood of colonization, restoration sites will need to be within a few kilometers of 
extant populations. There may be some opportunity for the Department of Fish and Game 
to utilize restored meadows as sites for experimental population establishment where 
individuals can be transferred from other populations. Uncertainty over whether or how 
extensively this would occur make it difficult to produce an estimate of the benefit to this 
species of this initiative. 

Willow Flycatcher: �  Current estimates of the California willow flycatcher population in 
the Sierra Nevada bioregion range from 300 – 400 individuals, including portions of the 
federally endangered subspecies (Southwestern willow flycatcher) and another subspecies 
that is endemic to California and considered threatened under California endangered 
species laws.  Restoring degraded meadows and changing meadow hydrology so that 
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meadows remain “wet” throughout the breeding cycle comprise two of four Recommended 
Management objectives listed in the Conservation Assessment of the Willow Flycatcher in 
the Sierra Nevada (Green et al. 2003).  There are an estimated 135 meadows that have 
at least one willow flycatcher territory.  Restoration of 20,000 acres/year by 2014 would 
represent a total of 60,000 acres and at least 300 new meadows (assuming average 
meadow size of 200 acres).  This would allow a potential 200% increase in the number of 
occupied meadows and number of flycatcher territories if other threats are also managed.

Greater Sandhill Crane �  nest in montane meadows from central and eastern Siskiyou 
County, east and south to Modoc, Lassen, and northern Plumas counties.  Though the 
population within California appears to be slowly increasing, concern over the decline of 
breeding and wintering habitat and the lack of young that survive to adulthood prompted 
its classification by the U.S. Fish and Wildlife Service as a Sensitive Species and as a 
California threatened and Fully Protected Species.  There are 200 – 300 pairs nesting 
in meadows in the northern Sierra Nevada; most forage in large open irrigated pastures, 
especially pastures which were poorly drained and include small artificial wetlands. Pair 
territories range from 20 to 60 acres or larger. Only meadow restorations of larger than 
50 acres are likely to benefit sandhill crane; of 60,000 meadow acres restored through 
this plan roughly 20,000 acres will be in meadows large enough to support breeding crane 
pairs; if winter habitat does not preclude such an increase and the restored meadows are 
in their range, implementation of this plan should allow another 300 pairs to nest in north-
eastern California — a 100% increase over the current breeding population. 

Great Gray Owl:  � The current breeding population of this species is in the central Sierra 
Nevada, primarily in the Stanislaus National Forest. The Tahoe National Forest has historic 
sightings of Great Gray Owl, but no established breeding pairs, however, there are breed-
ing pairs on the Sierra National Forest.  The owl is dependent on riparian/meadow habitat 
for foraging. Great gray owls are listed as a Endangered species in California.  There are 
an estimated 200 – 300 individuals in the state, all in the Sierra Nevada and all with ter-
ritories that include significant acreage of meadows.  Restoration of 60,000 acres of mead-
ow habitat would improve foraging and nesting habitat and could increase population size 
by as many as 50 individuals, a 25% increase of the current population.

Yellow Warbler: �  Yellow warblers (Dendroica petechia) are riparian-dependent species 
that have declined throughout much of their former range in California. These declines are 
associated with the loss of riparian breeding habitat, increases in brood parasitism, and 
increases in nest predation.  The yellow warbler is a California Partners in Flight focal spe-
cies for riparian habitats and depend on montane meadow habitat.  A recent study dem-
onstrates that restoring meadow hydrology restricts access to forest-edge-associated nest 
predators and increases hatching success. At the South Fork Kern River Valley the Yellow 
Warbler population has increased from 14 pairs to approximately 500 pairs in nine years, 
an active Brownheaded Cowbird control program is thought to be responsible for this 
impressive recovery. To the extent that meadow restoration would produce suitable ripar-
ian nesting and foraging habitat for Yellow Warbler the California population could increase 
by 100% in 10 years.

Bird Communities: �  Numerous bird species depend on meadows for breeding, and during 
the post-breeding periods, there are few species in the Sierra that do not utilize meadows 
for molting grounds and foraging before migration.  Restoration of 20,000 acres/year by 
2014, for a total of 60,000 acres, would result in an estimated 30% increase in an “abun-
dance index” and 30% increase in a “richness index” for the avian community. Total spe-
cies diversity at a single meadow site can be expected to increase anywhere from 50 to 
90%.  Total waterfowl production, use and breeding metrics are expected to increase by 
50% at any given sight.
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The following are the estimated benefits associated with continuing after 5 years to restore an addi-
tional 120,000 – 150,000 acres of meadow throughout the Sierra and assume that restoration in the 
earlier years is focused on the most critical watersheds and subwatersheds for these fish subspecies:

Eagle Lake rainbow trout: �  Endemic Eagle Lake rainbow trout historically spawned 
primarily in Pine Creek and the much smaller Papoose and Merrill Creeks, which all feed 
into Eagle Lake. Currently, the entire species has been propagated only in the hatchery 
since the 1950s, due to the poor condition of the Pine Creek watershed, including that the 
stream is dry for much of the year. If restoration takesplace on the most significant mead-
ows in the Pine Creek watershed, it will restore spawning habitat to enable the Eagle Lake 
Rainbow trout to once again spawn naturally. This is the most vital conservation activity to 
the long-term survival and viability of the subspecies.  Comprehensive meadow restoration 
of the 10,000 acres of meadows in the Eagle Lake watershed with approximately 55 ft of 
stream/acre of meadow and release of hatchery fish back into Pine Creek (along with the 
irradiation of non-native brook trout) would lead to reestablishment of a wild population of 
100,000 – 250,000 individuals.

Lahontan cutthroat trout: �  Native to the arid eastern Sierra and Great Basin, the 
Lahontan cutthroat trout have been extirpated from 89% of their original stream habitat 
and 99.6% of land habitat.  The trout subspecies is listed on the California Endangered 
Species List as Threatened.  Wild self-sustaining populations in headwater streams of 
California likely total only a few hundred fish age 1+ and older. They are found in streams 
that are at the upper limit of thermal tolerance for trout. The predominant impacts to 
Lahontan cutthroat trout are from alien trout species and habitat degradation. Meadow 
restoration has been shown to decrease water temperature anywhere from 2 – 5 degrees 
Celsius, this reduction in water temperature in Lahontan cutthroat trout’s range could 
mean the difference between survival and extirpation for remaining wild populations.  The 
current population is estimated to be about 300 individuals.  Restoration of meadows in 
their range would increase habitat availability by 70% and would result in an increase of 
the population to approximately 500 individuals, a sixty percent increase.  

McCloud River redband trout: �  This trout is endemic to the upper McCloud River and 
its small creeks and tributaries. It is a California species of special concern. Redband trout 
exist in streams of a total length of about 67 km with potential habitat, including the 
upper McCloud River of about 98 km, or about 50 km in dry years. Populations are cur-
rently estimated at a minimum of 2,500 fish, but in wet years it could be many times that, 
which indicates the potential for a larger population with habitat restoration. 70 – 80% of 
adults found in surveys occur in meadows. Meadow restoration in the upper McCloud River 
watershed could create late season thermal refugia for McCloud River redbands (func-
tioning meadows modulate stream temperatures), and may increase the area of streams 
with flowing water for all or a greater duration in the summer. This would increase over-
summering fingerling and adult survival rates by as much as 50%.  Meadow restoration in 
the McCloud River watershed would increase occupied habitat to 98 km and increase the 
number of individuals to an estimated 3,300 individuals.

California golden trout, Little Kern golden trout:  � The California golden trout and its 
close relative, the Little Kern golden trout are resident trout endemic to the headwaters 
of the Kern River in the southern Sierra. The California golden trout originally occurred 
in 30 km of Golden Trout Creek and some 50 km of the south fork Kern River. Golden 
trout streams currently support 8 – 52 fish/100 meters of stream, a fairly low number 
indicating poor overall habitat condition . Meadow restoration in the headwaters of the 
Kern with its approximately 97ft of stream/acre of meadow, such as Templeton Meadows 
and Monache Meadows would increase Golden trout population to as much as 75 – 110 
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fish/100 meters of stream. Nearly all of the meadow habitat within the range of the gold-
en trout is severely degraded. Current population estimates of the California golden trout 
are as low as 6,400 individuals, if the 15,000 areas of meadows in headwaters of the 
Kern were restored then numbers could increase to as much as 88,000 individuals. 

Late season water storage and flood attenuation services may be the most important and eco-
nomically valuable services derived from meadow restoration and are a component of the State of 
California’s water plan.  The following benefits have been identified but with little precision; refining 
that precision is a top priority of the first 5 years of this plan:

Late Season Water Storage:  � A functional wet meadow will generally be fully saturated 
at the end of the annual snowmelt period, and over the summer will lose as much as 45% 
of stored groundwater to streamflow and evapotranspiration.  Groundwater storage in a 
degraded meadow can be reduced by as much as an additional 30% owing to rapid drain-
age to incised stream channels during and shortly after snowmelt.  Past restoration projects 
have shown that this 30% water loss can be eliminated within 1 – 2 years of restoration.  A 
regional meadow restoration initiative could therefore contribute between 50,000 – 200,000 
acre-feet of additional water storage throughout the Sierra Nevada.

Flood Attenuation: �  Restoration of meadows will reduce and delay peak flows on streams 
that transit through meadows because restored meanders and over-bank flow reduce 
flow velocity and stream power.  A study of flood-peak attenuation on meadows near 
Lake Tahoe indicated that small and relatively high-gradient meadows do not significantly 
affect flood magnitudes, but can delay the passage of flood waves, allowing more time 
for downstream flood-control emergency operations that could save human lives.  Larger 
and low-gradient meadows are likely to have more substantial flood attenuation effects.  
Preliminary studies suggest a 15% reduction in peak stage as a result of meadow restora-
tion.  The economic benefit associated with this degree of flood attenuation throughout 
the Sierra Nevada is uncertain.
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Implementation Plan
The following strategies describe the threats that currently limit the viability and health of meadows 
and restrict the potential for large scale implementation of mountain meadow restoration in Years 6 – 
10.   The strategies and outputs described are intended to take place over 5 years. Although addi-
tional threats affect meadows, the group of experts who helped develop this plan prioritized threats 
and the emphasis of this plan is on the highest priority threats. There are rough 5-year budget num-
bers assigned to some of the activities herein. If there is no budget next to an activity that activity is 
not clearly identified as required in order to achieve the conservation impact described above (how-
ever in some circumstances, those activities are necessary but are already covered through other 
agency budgets or staff time).  There are additional cost estimates provided on a case by case basis 
for Years 6 – 10 costs, based on the expectation that larger scale and more widespread restorations 
of degraded meadows will occur during that period.

THREAT I — Past Meadow Degradation Is Self-Perpetuating

Strategy 1: Implement ‘shovel ready’ restoration projects ($20,000,000)

Numerous strategic meadow restoration projects are ready to proceed in regions that span the Sierra. 
These projects have been chosen based on existing capacity and a range of criteria described below. 
It is critical that standardized and integrated monitoring of project impacts are embedded within a 
subset of these projects to provide early results demonstrating the efficacy of meadow restoration 
across a range of benefits (see Threat II below). Implementing these ready-to-proceed restora-
tion projects in a timely manner not only capitalizes on past efforts but also builds the capacity for 
future meadow restoration efforts. In some cases, cumulative benefits of restoring a single degraded 
meadow in a watershed that has had all other meadows restored would have repercussions that span 
the length of the watershed. In other cases, the proposed meadow restoration project is the first of 
its kind in the watershed and by implementing the project capacity will be built for the restoration of 
numerous other meadows in that watershed. 

Activity 1 (complete):  Develop list of projects for consideration.  

Appendix B displays summary information for ready-to-proceed meadow restoration projects that par-
ticipants in this effort agree are high priorities for restoration.  Each of the ready-to-proceed projects 
have been conceived of and vetted by an existing planning group and in this way utilize broad stake-
holder consensus and knowledge base.

Activity 2: Develop criteria to select which ready-to-proceed projects will be funded first.

Projects will be selected based on their potential water-resource and wildlife habitat benefits, and 
likelihood of success.  

Factors that influence potential benefits include:

Location upstream of a flood-control, hydropower, or water-supply reservoir or convey- �
ance, proximity to previous or other planned restoration projects, hydrogeologic setting as 
it affects the our ability to measure hydrologic change related to the restoration and prox-
imity to remnant populations of meadow-dependent fish and wildlife species that are the 
target of this plan.

Factors that influence the likelihood of success include:

Land owner support, participation in IRWMP or equivalent, access for heavy equipment  �
and materials, availability of qualified personnel, and availability of matching funds.
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Activity 3: Develop standardized methodology for measuring impact. 

At present, we do not have a standardized methodology for measuring the range of benefits expected 
from meadow restoration, including water quality (sediment, temperature), groundwater storage, flood 
attenuation, vegetative response, etc. In order to compare a range of restoration methods and types, 
we need concurrence on how to measure and report project impacts.

Activity 4: Fund and implement ready-to-proceed projects.

Restoration efforts proceed on a rapidly increasing scale with the goal of implementing 20,000 acres 
of restoration per year by Year 5 of the implementation of this plan.  

Activity 5: Implementing Best Management Practices (BMPs) on restored meadows.

During project design, management measures such as grazing management plans, livestock man-
agement infrastructure, and timber harvest management need to be identified and funded to ensure 
long-term sustainability of the ecosystem services. 

Strategy 2: Develop priorities for Years 3 – 6 Restoration Work ($350,000)

Although numerous meadows have emerged as priority meadows, ready to proceed to restoration 
per the attached Table, most of the meadows in the Sierra have not been assessed to determine the 
need for restoration, nor the potential beneficial impact or restoring or preserving them. An important 
early strategy aimed at ensuring that meadow restoration in the Sierra results in the biggest impact is 
to develop a prioritization methodology that includes stakeholder and technical participation for each 
step, a science-based framework for identifying areas supporting critical ecosystem functions, and a 
flexible means of weighing the relative importance of multiple factors. 

Activity 1: Develop a watershed-specific, multi-criteria methodology for identifying 
priority meadows for preservation and/or restoration.

One of the first tasks will be to review prioritization methodologies used in other systems and decide 
on the one that best fits the needs of the Sierra.  The selected methodology to measure the hydro-
logic response to restoration will take into account the different groundwater sources, flow paths, and 
hydraulic properties and determine flow rates and storage of groundwater in meadows.  The method-
ology to measure the habitat response to restoration will take into account the proximity of remnant 
populations of meadow-dependent fish and wildlife species that are the target of this plan and will 
use a focal species region specific approach as a measure of success.

Activity 2: Pilot methodology on subset of watersheds.

The next step under this strategy will be the application of this methodology to an initial set of water-
sheds in the Sierra to test and refine the approach, and work toward the adoption of this methodol-
ogy throughout the Sierra over time. 

THREAT II — Uncertainty over Magnitude of Ecosystem Service Benefits 

The most likely sources of non-federal funds for meadow restoration are provided through California 
state bond sales authorized under Proposition 84, the Safe Drinking Water Quality and Supply, Flood 
Control, River and Coastal Protection Bond Act of 2006.  These funds are administered primarily by 
two state agencies, the Department of Water Resources and the Sierra Nevada Conservancy.  Grants 
are funded competitively for a variety of purposes authorized by legislation.  Grant eligibility criteria 
and funding allocations confer competitive advantages to projects that can demonstrate benefits to 
water supply and flood control.  Accurate estimates of potential water-supply and flood-control ben-
efits are therefore important for securing matching funds for NFWF grants.   Accurate estimates of 
water-resource benefits may also provide opportunities to develop partnerships with municipal water 
agencies and hydropower companies.
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In the larger perspective of statewide water supply, the concurrent drought and state budget crises 
have increased the importance of finding cost-effective solutions to water shortages.  Proposals for 
new dams, reservoirs and conveyance structures are under consideration.  The financial and environ-
mental costs of such structures are likely to be significant.  Accurate estimates of meadow-restoration 
benefits would help to provide the public with sufficient information to adequately evaluate alterna-
tive structural and non-structural approaches to improving water supplies and lead to increased public 
support and long-term funding opportunities.  

However, current lack of information and disagreement about available evidence among the scientific 
community significantly undermines the ability to make a case for restoration to state and federal 
agencies and the public.

Strategy 1: Validate Benefits ($1,000,000) 

A functional healthy meadow has water quality, water delivery and habitat benefits.  Hydrologically 
functional meadows support the wetland species that depend on meadow habitat and protect against 
competition from invasive terrestrial and aquatic plant and animal species.  The underlying common 
cause of meadow habitat loss is degraded hydrologic function and the primary restoration mechanism 
is improved hydrology.  The integrated functionality of hydrology and biology means that validating the 
benefits of meadow restoration can be measured as improved hydrology, (water temperature, water 
levels, and reduced stream incision) as well as by improved biology, (presence or absence of focal 
specie groups).  The range of variability of each of these parameters is perhaps less for the abiotic 
factors (hydrologic parameters) than it is for the biologic factors (species success).  Variability in these 
parameters is the result of a wide range of hydrogeologic conditions across the Sierra and the nature 
of multiple threats on species success that makes recovery due to restoration difficult to measure.  
Site specific monitoring before during and after restoration will insure that success is measured against 
local and relevant conditions, while at the same time enable the development of region wide analyses. 

Activity 1 (partly complete): Before/after comparison of water and habitat benefits of 
restoration with coordinated monitoring and analysis.

Several recent studies of meadow restoration projects provide before/after analyses of water-resource 
and habitat benefits, including work by Liang and others (2006), Loheide and Gorelick (2007), 
Cornwell and Brown (2008), and Hammersmark and others (2008).  These studies are generally 
encouraging, in that all 4 studies showed increases in groundwater storage following restoration.  
However, these studies were restricted to a relatively small area in the northern Sierra Nevada in 
watersheds underlain by volcanic rocks.  In fact, 3 of the 4 studies were done within a single water-
shed in Plumas County.  Conclusions regarding volume and duration of baseflow were inconsistent 
between these studies.  Liang and others (2006) reported an increase in baseflow, but Hammersmark 
and others (2008) reported a decrease (the other 2 studies did not directly assess volume and dura-
tion of baseflow).

The hydraulic properties of the bedrock surrounding and underlying meadows are highly likely to exert 
significant influence on the amounts and timing of groundwater discharge in meadows.  Therefore, 
results of these 4 studies are difficult to extrapolate to large areas of the Sierra Nevada underlain by 
granite and diorite with varying degrees of fracturing and weathering that significantly affect water 
movement.  Additional monitoring is needed on a subset of new restoration projects (see Threat I, 
Strategy 1 above) that is representative of the variability in bedrock geology throughout the Sierra 
Nevada.  This variability requires a wide subset of study meadows north to south, high to low eleva-
tions and soil/biota types to provide an overall estimate of potential water reliability benefits.  This 
would allow defensible quantification of overall programmatic benefits while recognizing that each indi-
vidual meadow will provide a varied level of benefit for each ecosystem service at the project level. 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page255



 Draft | March 24, 2009 | 13

Activity 2: Quantification of groundwater storage and streamflow regulation.

Quantification of meadow groundwater storage potential is critical to restoration because changes in 
water storage will determine the magnitude of hydrologic and habitat benefits.  Support is needed 
for groundwater surveys and predictive assessments of meadow groundwater storage and stream-
flow regulation throughout the Sierra Nevada (see Threat II, strategy 1, activity 1 above).  Linked 
groundwater-surface water flow models (for example, the WEHY model used at UC Davis and the 
USGS Modflow modular model) are needed to evaluate the hydrologic linkages between meadows 
and their surrounding watersheds.  Surface-water hydraulics models such as the Corps of Engineers 
HEC-RAS and the USGS WSPRO models are needed for predictive analyses of flood attenuation.to 
inform coordinated monitoring efforts and develop more accurate estimates of watershed processes 
that meadows provide.  

Activity 3: Economic analysis of ecosystem service values provided by restoration.

Additional analysis is necessary to reveal whether meadow restoration offers a better cost-benefit 
rationale than structural or other approaches to provide flow regulation, flood attenuation, supply reli-
ability, water quality and habitat services to California.  

Strategy 2: Build Scientific Consensus ($500,000)

Hydrologic, economic and other studies need to be designed, implemented and disseminated so as to 
build consensus around the findings of the studies and assessments; projects that do not have ‘buy 
in’ on methodologies will fail to convince skeptics that the results are valuable and reduce uncertainty.    

Activity 1: Annual Sierra Meadow Forum.

Because meadow restoration is a relatively new and emerging science, there is a need for an Annual 
Sierra Meadow Forum/Summit to share results, and receive feedback on meadow science and mead-
ow restoration approaches.

Activity 2: National Academy of Sciences review.

Between now and Year 5 of this plan, sufficient research, analysis and technical and peer-reviewed 
publications may exist to warrant a national scientific review of the science and findings.  This activ-
ity should be pursued if it would help resolve any remaining disagreements over potential ecosystem 
service benefits of meadow restoration or help develop consensus methodologies to assess and moni-
tor subsequent work.

Activity 3: Field visits.

As part of the Meadow Forum described above, or as separate events, meadow restoration practi-
tioners, scientists, and managers would all benefit from visiting meadow sites pre, during and post-
restoration to get on-the-ground exposure to the restoration process, and associated monitoring.

Activity 4: Reporting on performance.

Often when projects are completed, information regarding the restoration process, and monitoring 
results can be lost. There is a need to ensure that this information is captured and reported on in 
ways that are easily accessible and informative.

Activity 5: Long-term monitoring of water-supply benefits at the large watershed scale.

The quantification of hydrologic benefits for individual meadow restoration projects will not in itself 
determine the benefits to downstream water supplies.  Long-term monitoring of streamflow, sediment 
loads, and water temperature at downstream monitoring stations will be needed to  accurately deter-
mine the extent of project benefits at the scale of larger watersheds important for water supply.
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THREAT III — Lack of Organizational Capacity Limits Ability to 
Implement Current Priorities and Limits Future Expansion of Restoration, 
Especially in Southern Sierras 

The State of California has provided the financial support for the development of Integrated 
Watershed Management Planning (IRWMP) groups to encourage stakeholder driven, region specific, 
watershed planning. Proposition 50 was passed in 2005 by California voters and it provided the 
funding for the initial establishment of the IRWMP framework in order to improve water manage-
ment for the State. As a result there are IRWMP groups in the Sierra that have diverse stakeholder 
memberships, meet regularly to discuss the implementation of the Integrated Regional Watershed 
Management Plan for their region and can submit proposals as a group or individually for the imple-
mentation of meadow restoration projects. 

Strategy 1: Continued support of regional Integrated Watershed planning ($250,000)

The current functionality of the IRWMP groups varies in that some are fully fledged and function-
ing, some are emerging and some regions do not yet have a representative IRWMP.  However, it is 
clear that the IRWMP framework is the most holistic planning effort to date because it integrates 
watershed conservation, preservation and restoration with brick and mortal type projects that oth-
erwise would not have such components. The IRWMP planning efforts have brought together previ-
ously adversarial stakeholders for candid discussion and implementation of watershed improvement 
projects. The success of the IRWMP model depends on building the institutional capacity to create 
IRWMPs where there currently are none and supporting the growth,  revision, and implementation 
efforts for those IRWMP that exist in the way of bridge funding. 

Activity 1 (in progress): State Bond fund support of regional planning groups throughout 
the Sierra Nevada.

State funding has already provided momentum for a number of planning efforts and the draft 
state Water Plan provides sufficient emphasis on meadow restoration for planning groups to utilize.  
Continued implementation of this state policy and funding should expand regional capacity for mead-
ow restoration.  The priority should be on supporting the establishment of collaborative, community-
based groups that have a significant number of public and private stakeholders partners/landowners.

Strategy 2: Supporting implementation of regional Integrated Watershed plans

Existing IRWMP groups with a prominent meadow restoration component, such as the Feather River 
Coordinated Resource Integrated Management (CRIM) Group and the Cosumnes, American, Bear, 
Yuba (CABY) IRWMP will be extremely helpful in creating models for similar on-the-ground meadow 
restoration capacity in other regions that may have an under developed or are completely lacking an 
IRWMP for their area..  However, additional support is needed to help these groups actually imple-
ment meadow restoration.

Activity 1: Institutional capacity building of existing entities.

Support is needed to expand the technical capacity to plan, design and implement restoration 
projects in watersheds that have not heretofore implemented any or many such projects.  Focus 
should be on groups with defined watershed goals and which propose to use Resource Conservation 
Districts, local non-governmental organizations (NGOs), special districts or local government to imple-
ment work.  Capacity is most needed in watersheds with significant acreages of degraded meadows 
on private and non-federal lands.  
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Activity 2: Institutional capacity building in areas that do not have an integrated 
regional watershed  management planning entity. 

Support is needed to form IRWMPs in regions that currently do not have them. These areas include 
the far northern Sierra (Pitt River area) southern Sierra (Kings, Keweenaw and Kern river area) and 
the Eastern Sierra where meadow restoration is predicted to have substantial wildlife benefits. The 
Sierra Nevada Alliance has put forth a strategic effort to organize IRMP’s in areas of the Sierra where 
there are none and this work needs additional funding to be successful.

THREAT IV — RISK — Loss of Benefits over time, Post-Restoration

Subdivision, infrastructure and road development are pervasive threats to approximately 10 percent 
of meadows, including high value meadows that currently provide extensive environmental services 
and those being restored through this plan.  In addition, recreational use, unplanned livestock graz-
ing, fire and other threats may impact and decrease the value of restored meadows over time.  

Strategy 1: Land protection through project agreement, easement or acquisition 
($3,000,000)

In order to protect the public and private investment that funds meadow restoration a project agree-
ment with the landowner, the project manager, the funder and the regulatory appropriate State or 
Federal agency is used to define the terms of post project monitoring, maintenance, and manage-
ment. Project agreements are best set up at the outset of a project.  A management plan would 
include management for a range of ecological benefits in addition to agricultural products. Deeded 
easement are another option, and are more likely when relationships of trust and understanding have 
had time to develop,   A rangeland trust would protect land from development in perpetuity.  The 
proceeds to selling off development rights can be used to offset the cost of a management plan. The 
acquisition or easement of land should be associated with a meadow restoration project, rather than 
acquiring degraded land without the means to restore it. 

Strategy 2: Deployment of Best Management Practices (see Threat I above). ($100,000)

Best Management Practices vary depending on the type of restoration, the landscape and planned 
use of the area and in this way should encapsulate the goals of the project and should describe the 
maintenance activities, roles and responsibilities and be adaptive in nature. For example, it may be 
necessary after restoration for the land to have a three year complete exclusion for rest before graz-
ing at any intensity can resume, however with adaptive management and monitoring, if conditions 
warrant, grazing may resume sooner or later than expected.  The Best Management Practices should 
be described in the post restoration management plan which is signed by the landowner, the project 
manager, the funder, and the appropriate State or Federal agency.

THREAT V — Ranching Community is not yet fully supportive 

Most meadows on public and private lands in the Sierra Nevada are grazed by livestock, primarily 
cattle, and many ranches have more than a 100-year history of operation on these lands.  In many 
cases, implementation of this meadow restoration should proceed in concert with and with strong 
support from ranching communities.  Meadows that are hydrologically functional (either as a result 
of restoration or due to lack of historical impacts) have higher productivity than dried or degraded 
ones and therefore generate more forage and can support more livestock than degraded meadows, if 
grazed appropriately (SNEP 2006). Studies have shown that grazing systems that are well tailored to 
a particular meadow can support more livestock without causing ecological degradation (SNEP 2006). 
Some of these range-management methods include livestock exclusion from channel edges within 
meadows and shorter periods of more intensive grazing followed by a month or more relief to allow 
for regrowth (Dudley and Dietrich 1995; Herbst and Knapp 1995; Odion et al. 1988). Other methods 
include excluding grazing every other year on some meadows using a rest-rotation system of grazing, 
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and herding of livestock by professional cowhands to keep livestock from concentrating in particular 
meadows and streambanks for extended periods of time.  However, this opportunity for cooperation 
is at risk because it may not always be clear to ranchers that any voluntary limits on grazing intensity 
(duration, seasonality and stocking density) would either be compensated or be offset by sufficiently 
higher forage value (animal performance, weight gain per animal).

Strategy 1: Improve information and technical assistance to ranchers

Thus, healthy meadows, with intact hydrology and appropriate grazing systems, can offer reliable, 
increased forage for local ranches, thereby helping to support the local agrarian economy.  The suc-
cess of this business plan depends on convincing the community of ranchers than manage private 
lands and grazing allotments that this is true.

Activity 1: Quantify grazing benefits associated with meadow restoration

In order to promote ranching support of meadow restoration, additional research needs to be done 
in conjunction with meadow restoration that demonstrates the economic benefit of meadow restora-
tion to cattle grazing. The amount of forage pre and post restoration should be measured in order to 
quantify success in a meaning full way to ranchers and improve support for meadow restoration.

Activity 2: Showcase restoration efforts that demonstrate nexus between conservation 
and grazing

Once adequate research and monitoring has been completed that conclusively demonstrates the ben-
efits of meadow restoration for grazing, then these cases need to be showcased in venues that reach 
the ranching community. Meadow that have already been successfully restored should be compaired 
to exsisting degraded meadows in order to generate estimated benefits and begin outreach to the 
farming community immediately. Effective outreach for should include collaboration with the local 
Resource Conservation Districts and University Extension centers.

Activity 3: Develop and test criteria for integration of ranching and meadow restoration 

Where, when and how ranching is compatible with meadow restoration needs to be clearly tested 
and then articulated to reduce conflict between interest groups. The needs of ranchers must be fully 
understood on a case by case basis in order to insure effective integration of restoration with existing 
ranching operations. One method might be a restoration/grazing rotation program so that the farmers 
immediate needs continue to be met while conducting restoration efforts.

Activity 4: Develop mechanisms to monetize ecosystem services to provide income 
incentive for  landowners to manage for multiple resource services

The most effective way to communicate with the ranching community is on an economic level where-
by the number of animal/unit/months can be translated pound for pound of cattle weight.  Similarly, 
additional off set programs that could benefit ranchers may include carbon sequestration and water 
trusts. In this way, landowners will learn about new and innovative landuse activities and the eco-
nomic benefits of managing their lands for these multiple benefits as long as these types of offset 
programs are more than conceptual in nature.
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Evaluating Success
All conservation investments are made with a desire to have something change.  Monitoring tells us 
whether that change is occurring.  Evaluation tells us whether the combined set of investments being 
made are being designed and implemented to maximize that change.  

The Foundation will work with outside experts to prioritize proposals based on how well they fit in 
with the results chains and priorities identified in this plan. Success of funded projects will be evalu-
ated based upon success in implementing proposed activities and achieving anticipated outcomes. As 
part of each project’s annual (for multi-year awards) and final reports, individual grantees will provide 
a summary of completed activities and key outcomes directly to NFWF. These would likely include 
outcome metrics identified at the initiative scale.  

Periodic expert evaluation of all investments funded under this initiative will occur and will help grant-
ees to monitor key indicators to ensure that data across individual projects can be scaled up to pro-
grammatic and initiative levels. Findings from monitoring and evaluation activities will be used to con-
tinuously learn from our grantmaking and inform future decision-making to ensure initiative success. 

Restoration of meadow habitat in the Sierra Nevada creates a host of integrated benefits described 
earlier in this Plan.  This complexity means that a number of indicators and monitoring programs are 
needed to adequately evaluate success and guide implementation over time, as described for Threat 
II, strategy 1 above.  However, all of the potential benefits of meadow restoration are directly related 
to the extent and duration of saturated conditions within restored meadows — groundwater storage.  

Groundwater Storage

As described above, restoration will proceed in the first five years by pursuing what appear to be the 
projects that have the highest likelihood of success.  Thus, we need to make predictions of those 
benefits as potential restoration projects are prioritized and then test those predictions as restora-
tion proceeds.  Changes in groundwater storage resulting from meadow restoration will be predicted 
based on the following

Storage change = meadow area x average gully depth x specific soil yield x shape factor

Meadow Restoration Results Chain: A results chain is a chain of logic that illustrates how a 
specific strategy is presumed to reach a particular conservation outcome. Results chains are used to 
develop a suite of indicators to show progress at different stages in the initiative.
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Once predictions are made and restoration projects prioritized, current groundwater storage at select-
ed sites is best measured through changes in the water-table elevations.  Water-table elevations can 
be easily measured in simple, inexpensive cased wells installed in hand-augered holes or with easily 
fabricated geotechnical probes.  Given the generally low topographic gradients of meadows, meadow 
water tables can be reasonably represented with a relatively small number (roughly 4 to 12 per 
meadow) of wells in conjunction with periodic field visits to document the extent and duration of sub-
surface to surface saturation (water table at or above the land surface) in the summer months.  

Relatively accurate measurement of project benefits will require at least 2 years of pre-implementa-
tion monitoring and 3 years of post-implementation monitoring.  Additional longer-term monitoring 
should be conducted at a subset of selected meadows to reduce uncertainty of results.  This inten-
sive level of pre- and post-restoration monitoring will not be needed on most restorations funded 
through this effort because the intensively-monitored subset will be selected to represent the vari-
ability in geologic, climatic, vegetative, and land-use factors that affect meadow hydrology throughout 
the Sierra Nevada.  Practitioners will be encouraged to use the simplest possible methods to infer 
benefits for most restoration projects, which will allow monitoring resources to be focused on more 
intensive measurement and modeling for a smaller number of restoration projects that are designed 
and implemented expressly for assessment purposes.  Partners to this effort will develop an estimate 
of the minimum number of projects on which this level of study is needed and will attempt to imple-
ment monitoring at that level of replication.

Indicators — Results will be reported as increased groundwater storage in acre-feet at the end of 
snowmelt, as determined by the area of meadow surface saturation, the average specific yield of 
meadow alluvium, the average difference between gully-bed and water-table elevations, and a shape 
factor (Cornwell and Brown, 2008).  Data will be summarized and expressed as acre-feet of increased 
water storage per acre of meadow area to allow computation of a regional estimate for all Sierran 
meadows.  The regional estimate will account for changes in evapotranspiration using information 
from Loheide, et.al., (2005), Wood (1975).

Surface Flow Reliability and Volume

The relations between water-table elevations and base flow augmentation is a major uncertainty that can 
be addressed through upstream and downstream synoptic stage (stream water level) and streamflow 
measurements.  Stage can be monitored during periodic visits using simple staff plates, and can be eas-
ily and inexpensively recorded with submersible transducers with on-board data loggers.  In the absence 
of continuous streamflow data, stage can serve as a surrogate for flow duration.  Streamflow mea-
surements can be made using a variety of methods, with varying expense and accuracy.  Additionally, 
stream water temperatures can be accurately recorded during the summer period (June – Sept.) using 
HoboTemps to characterize water temperature changes through the project both pre- and post project.  
Temperature change can provide strong evidence of subsurface water retention and release.  Existing 
data (Loheide, et.al., 2006) provides a strong correlation between floodplain/meadow recharge and 
decreased daily maximum temperatures as well as decreased diurnal temperature fluctuation.

Indicators — 

Significant rainfall during summers is rare in the Sierra Nevada, and periodic streamflow 1. 
measurements upstream and downstream of restoration projects can generally provide 
reasonable estimates of baseflow augmentation in meadows.  Results of periodic stream-
flow measurements will be summarized as the differences between upstream inflows and 
downstream outflows.  Results will be expressed as volumes per unit time (for example, 
cubic feet per second), and volumes per unit time per unit of meadow and watershed 
areas to allow regional extrapolation.

Baseflow duration between the end of snowmelt and the onset of winter storms will be 2. 
determined from stage and streamflow measurements and records.  Results will be pre-
sented as the number of days with measurable base flow. 
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Wildlife Monitoring 

Biological monitoring will focus on documenting vegetative changes and use a “focal species” approach 
to document trends in wildlife species responses to habitat changes.  Vegetation responses to res-
toration are often immediate, and represent specific changes to the immediate area that has been 
restored.  Documenting vertebrate responses to restoration is also important and will be supported on 
a case by case basis to improve documentation of desired wildlife outcomes, but can be confounded 
by animal’s mobility and the potential of a lack of response due to other factors negatively affecting  
numbers and distribution (e.g. impacts on wintering areas for migratory birds.Most meadow re-water-
ing projects require 3 – 5 years for the aquatic and terrestrial habitats to recover and mature.  A mini-
mum of 1 and preferably 2 years of pre-project data collection combined with post project monitoring 
in years 1, 2 and 5 will be needed where biological monitoring is necessary. Additional species benefits 
are derived from the availability of surface water within meadows and increased availability in down-
stream riparian habitat and comparisons of dry season flow before and after restorations and water 
temperature will be used to estimate the potential fish benefits of this plan.

Wildlife Results Chain
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Livestock Forage

Meadow restoration is expected to produce benefits in summer forage quality and quantity that 
improve overall weight gain opportunities for livestock.  One measure of restoration success will 
be estimated through forage production plots or line transects pre- and post project  by quantify-
ing species composition change and total biomass weight change.  In one case pre project biomass 
was estimated at 300 pounds/acre and post project were estimated to be as much as 3000 pounds 
of biomass per acres. If enough pre and postproject animal weight data were collected by livestock 
operators, animal weights could also be used as a measure of success.  Normally the intent is not to 
promote increased numbers but to promote increased weights/calving success per animal unit. 
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Additional Benefits
Standard monitoring techniques are also available to monitor flood peaks, sediment loads, water tem-
perature, hydropower production, carbon sequestration and fuel loading.  However, for most projects 
the expense of these efforts will be difficult to justify and benefits will be inferred from results of the 
water-table and streamflow monitoring.  

Protecting cultural and aesthetic values.  Native Americans have used mountain meadows 
for thousands of years and these ecosystems are a critical part of native cultures (Anderson 2006). 
Shrubs and graminoids unique to meadows provide important materials for medicinal uses and bas-
ket weaving, among other things (Anderson 2006).  The loss of meadow specific plans and animals 
means that native peoples lose their sovereign right to practice traditional and ceremonial acts. 
Similarly, mountain meadows have important aesthetic values for all cultures since they are lush 
and verdant, with rich floral displays in the spring, and are attractive sites for local and out of town 
visitors. Part of the growing tourist economy of the Sierra Nevada is due to its perceived value as a 
beautiful, ‘back-to-nature’ destination for both the local rural population and for visitors from distant 
urban areas. 

Improving water temperature.  Late summer baseflow from meadows plays an important role in 
temperature buffering and nutrient cycling, elevating water quality as well as quantity. Stream reach-
es with high groundwater contributions have lower daily maximum temperatures because ground-
water remains cool relative to stream water (Loheide and Gorelick, 2006).  Native plant communi-
ties dependent on shallow water tables also support soil microbial populations which aid in nutrient 
cycling processes (Naiman et al. 2005).

Improving water quality.  Wetlands improve water quality by sequestering or detoxifying nutrients 
and some toxins added from the groundwater or adjacent lands (Vellidis et al. 2003, Merrill 2001, 
Merrill and Benning 2006, Stubblefield et al. 2006, Klein et al. 2005). Numerous studies have shown 
that riparian and meadow ecosystems act as buffers by reducing nutrient and sediment concentra-
tions of overland and subsurface waters (Vellidis et al. 2003, Naiman et al. 2005, Merrill 2001, Merrill 
and Benning 2006). Preston and Bedford (1988) and Lowrance and Vellidis (1994) describe the water 
quality function of wetlands as “the capacity to remove or transform excess nutrients, organic com-
pounds, trace metals sediment, and refractory chemicals from water as it moves downstream.” In 
general, the longer the time during which ground and/or surface water interacts with meadow soils 
(especially within the rooting zone), the greater the positive effect on water quality (Naiman et al. 
2005). Thus, wide meadows with high growing season ground water levels (e.g. <3 feet deep) and 
fine texture soils are likely to offer the greatest water quality benefits.

Carbon Sequestration.  Qualitatively, restoration of hydrologically functional meadows appear to 
significantly increase soil organic carbon stocks through the much increased root mass as well as 
increased surface growth (Jungst, 2008).  Elemental soil carbon may also be increased due to more 
effective hyporheic exchange throughout the meadow.   Current evaluation of eleven years of com-
pleted projects (with control sites where available) should greatly assist in beginning to establish 
baseline conditions for future projects with marketable carbon stocks.  The goal of this effort would 
be to identify carbon sequestration as a potential income stream for landowners/land management 
agencies to continue management/restoration strategies for degraded lands.
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Funding Needs
Success in achieving the goals of this business plan depends upon the Foundation raising and spend-
ing at least $10 million over 10 years on the strategies described herein. It also depends upon gov-
ernment and non-government agencies and organizations providing an additional $200 million over 
10 years. USDA’s Natural Resources Conservation Service and Forest Service are likely to make a 
major contribution to this effort, as are the California Department of Water Resources, Sierra Nevada 
Conservancy, and [others]. 

Other partners who are already committed to making investments to Sierra Meadow restoration and 
conservation include American Rivers, the Trust for Public Land, Sierra Fund, The Sierra Nevada 
Conservancy, The Sierra Nevada Alliance, The Feather River Coordinated Resource Management 
Group, The Plumas Corporation, The Cosumnes, American, Bear and Yuba Integrated Regional 
Management Group (CABY).
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Long-Term Foundation Support
This business plan lays out a strategy to achieve clear outcomes that benefit wildlife, water and 
other ecosystem services over a 5-year period. If data collected during this period demonstrates that 
the ecosystem services are significantly more modest than initially expected or less cost effective 
to secure, the Foundation is likely to reconsider future investments in this initiative.  In particular, if 
the magnitude of estimated water flow and flow reliability benefits from 200,000 – 300,000 acres of 
meadow restoration are revised to be less than 100,000 acre feet of new storage benefits, we are 
likely to cease investments, unless the direct benefits to specific wildlife populations prove more sig-
nificant than expected.  

Even if the Foundation chooses not to continue its investments, we expect that our Years 1 – 5 invest-
ment in capacity-building will create additional opportunities for others to continue to fund this work.  
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About NFWF — The National Fish and Wildlife Foundation is a 501(c)(3) organization dedicated to 
funding sustainable conservation initiatives. Chartered by the United States Congress in 1984, NFWF 
leverages federal grants and private support to achieve maximum conservation impact. Recently, the 
Foundation — through its Keystone Initiatives — strategically repositioned itself to more effectively 
capture conservation gains by directing a substantial portion of its investments towards programs that 
had the greatest chance of successfully securing the long-term future of imperiled species. By lever-
aging innovative program design from scientific experts, the Foundation is able to structure conserva-
tion programs that consistently achieve measurable and meaningful outcomes. [www.nfwf.org] 
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Appendix A. Ancillary Benefits

Status1 Habitat2

Potential for 
Occurrence 

in Meadows3

FISH

Lahontan 

cutthroat trout

Oncorhynchus 
clarkii henshawi

FT

Historically in all accessible cold waters of 

the Lahonton basin in a wide variety of water 

temperatures and conditions.  Cannot tolerate 

presence of other salmonids.  Requires gravel 

riffles in streams for spawning.

High

Eagle Lake 

rainbow trout

Currently hatchery propagated, needs 

meadow restoration in the Eagle Lake 

watershed to spawn naturally

High

McCloud River 

redband trout
SC

Meadow restoration in the McCloud River 

watershed would create late season thermal 

refugia, this would increase the number 

of over-summering fingerlings and adult 

survival rates

High

California 

golden trout

Nearly all of the meadow habitat within 

the range of the golden trout is severely 

degraded, restoration in the Kern River 

watershed would greatly increase 

population numbers

High

AMPHIBIANS

California red-

legged frog
Rana draytonii FT

Lowlands and foothills in or near permanent 

sources of deep water with dense, shrubby 

or emergent riparian vegetation.  Requires 

11 – 20 weeks of permanent water for 

larval development. Must have access to 

aestivation habitat.

Moderate

Foothill yellow-

legged frog
Rana boylii C

Partly-shaded, shallow streams and riffles 

with a rocky substrate in a variety of 

habitats.  Need at least some cobble-sized 

substrate for egg-laying. Need at least 15 

weeks to attain metamorphosis.

High

Sierra Nevada 

yellow-legged 

frog

Rana sierrae FC

Always encountered within a few feet of 

water. Tadpoles may require 2 – 4 yrs to 

complete their aquatic development.  

Moderate

Yosemite Toad Bufo canorus
Meadows and riparian areas south of South 

Lake Tahoe to Yosemite area.

Moderate

Mountain  

yellow-legged 

frog

Rana muscosa FC

Once one of the most abundant vertebrates 

in the Sierra Nevada. Strongly linked to 

meadow habitats and use the tarns of 

meadows to overwinter.

High
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Status1 Habitat2

Potential for 
Occurrence 

in Meadows3

BIRDS

Great gray owl Strix nebulosa SE

Resident of mixed conifer or red fir forest 

habitat, in or on edge of meadows.  Requires 

large diameter snags in a forest with high 

canopy closure, which provide a cool sub-

canopy microclimate.

High

Long-eared owl Asio otus C

Riparian bottomlands grown to tall willows 

and cottonwoods  Also, belts of live oak 

paralleling stream courses.  Require adjacent 

open land productive of mice and the 

presence of old nests of crows, hawks, or 

magpies for breeding.

High

Willow 

flycatcher

Empidonax 
traillii

SE

Inhabits extensive thickets of low, dense 

willows on edge of wet meadows, ponds, 

or backwaters 2,000 – 8,000 ft elevation  

Requires dense willow thickets for nesting/

roosting. Low, exposed branches are used for 

singing posts/hunting perches.

High

Bank swallow Riparia riparia ST

Colonial nester.  Nests primarily in riparian 

and other lowland habitats west of the 

desert.  Requires vertical banks/cliffs with 

fine-textured/sandy soils near streams, 

rivers, lakes, ocean to dig nesting hole.

High

Yellow warbler

Dendroica 
petechia 
brewsteri

C

Riparian plant associations. Prefers willows, 

cottonwoods, aspens, sycamores, and alders 

for nesting and foraging.  Also nests in 

montane shrubbery in open conifer forests.

High

Grasshopper 

sparrow

Ammodramus 
savannarum

C

Dense grasslands on rolling hills, lowland 

plains, in valleys and on hillsides on lower 

mountain slopes.  Favors native grasslands 

with a mix of grasses, forbs and scattered 

shrubs. Loosely colonial when nesting.

High

Yellow-headed 

blackbird

Xanthocephalus 
xanthocephalus

C

Nests in freshwater emergent wetlands with 

dense vegetation and deep water. Often 

along borders of lakes or ponds.  Nests 

only where large insects such as odonata 

are abundant, nesting timed with maximum 

emergence of aquatic insects.

Moderate

Northern 

harrier
Circus cyaneus

Occurs from annual grassland up to alpine 

meadow habitats. Frequents meadows, 

grasslands, and emergent wetlands, nests 

on the ground at march edge, plowing of 

nesting areas during early stages of breeding 

are a major reason for their decline

High

Greater 

sandhill crain

Grus 
Canadensis 
tabida

ST

Nests in montane meadows, forages in 

wetlands, need areas protected from grazing 

for young to survive to adulthood.

Moderate
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Status1 Habitat2

Potential for 
Occurrence 

in Meadows3

MAMMALS

Townsend’s 

big-eared bat

Corynorhinus 
townsendii

C

Throughout California in a wide variety 

of habitats. Most common in mesic sites.  

Roosts in the open, hanging from walls and 

ceilings. Roosting sites limiting. Extremely 

sensitive to human disturbance.

High

Pallid bat
Antrozous 
pallidus

C

Deserts, grasslands, shrublands, woodlands 

and forests. Most common in open, dry habi-

tats with rocky areas for roosting.  Roosts 

must protect bats from high temperatures. 

Very sensitive to disturbance of roosting sites.

High

Sierra Nevada 

mountain 

beaver

Aplodontia rufa 
californica

C

Dense growth of small deciduous trees 

and shrubs, wet soil, and abundance of 

forbs in the Sierra Nevada and east slope.  

Needs dense understory for food and cover.  

Burrows into soft soil. Needs abundant 

supply of water.

Moderate

Sierra Nevada 

red fox

Vulpes vulpes 
necator

ST

Found from the cascades down to the Sierra 

Nevada.  Found in a variety of habitats from 

wet meadows to forested areas.  Use dense 

vegetation and rocky areas for cover and 

den sites.  Prefer forests interspersed w/ 

meadows or alpine fell-fields.

High

Pacific fisher

Martes 
pennanti 
(pacifica) DPS

FC

Intermediate to large-tree stages of 

coniferous forests and deciduous-riparian 

areas with high percent canopy closure.  

Uses cavities, snags, logs and rocky areas 

for cover and denning. Needs large areas of 

mature, dense forest.

Moderate

American 

badger
Taxidea taxus C

Most abundant in drier open stages of most 

shrub, forest, and herbaceous habitats, with 

friable soils.  Need sufficient food, friable 

soils and open, uncultivated ground.  Prey on 

burrowing rodents.  Dig burrows.

Low

* The California Natural Diversity Database (CNDDB) was queried for special-status species occurring in the following counties 

which overlap the CABY Region: El Dorado, Nevada, and Placer counties.
1 Status:

FT = Federally threatened

FC = Candidate for federal listing

SE = State endangered

ST = State threatened

C = California species of special concern (CDFG)
2 CNDDB habitat associations.
3 High = Habitat range overlaps with the CABY Region and utilizes meadow habitat (e.g., for breeding, foraging, migration).

 Moderate = Slight overlap of habitat 
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Appendix B. Immediate Restoration Priorities Site List
Criteria for inclusion on this list of high priority ready-to-proceed meadow restoration projects include 
the following:

Eligibility —a.  Eligible projects under this category are those in which partners/landown-
ers have already undertaken work and that work will resume in the 2009 field season.  
Work is defined as conceptual or final designs, resource surveys that are underway/com-
pleted, CEQA/NEPA is completed or can be completed within one year, timeline to initiate 
project construction is the field season of 2010 or before.  Project construction will not be 
authorized until CEQA/NEPA clearances have been obtained and all landowners and part-
ners have executed a project agreement which will identify the management, monitoring 
and maintenance requirements for the project.

Prioritization — b. Project activities or areas must be identified as high priority in one or 
more of the following, including but not limited to: watershed management strategies/
plans, Regional Water Board basin plans, Integrated Regional Water Management Plan(s), 
USFS Land and Resource Management Plans or equivalent for BLM or NPS jurisdictions.

Monitoring/Research — c. There is one or more significant research or monitoring com-
ponent associated with the project to quantify project benefits in the following catego-
ries: water reliability (flood and/or supply), aquatic or terrestrial wildlife, water quality, 
vegetation change/forage productivity, carbon sequestration.  Ideally, at least two years 
of baseline data collection should be included with project construction and adequate 
post-project monitoring (2 – 5 years) to encompass a reasonable range of natural vari-
ability for research quality.

Project/Program development — d. Future project development and program capacity 
expansion are eligible.

Acknowledgements
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a 501(c)(3) organization dedicated to funding sustainable conservation initiatives.  Chartered by 
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maximum conservation impact. Recently, the NFWF – through its Keystone Initiatives -- strategically 
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INTRODUCTION

Populations of alien invasive American bullfrogs, 
(Rana (Lithobates) catesbeiana), are now established 
in western North America, western Europe, south and 
east Asia, and Central and South America.  Historically, 
live bullfrogs were exported from their native range in 
eastern North America to establish new wild populations 
supplying international markets for frog meat.  Bullfrogs 
acclimatise readily to habitats ranging from temperate 
to tropical.  Rapid population growth rates coupled with 
migration outward from source population leads eventually 
to bullfrogs in all habitable lakes and ponds.  The result is 
potentially catastrophic for native species that are prey to 
this large, abundant and aggressive non-native predator.  
Eradication of bullfrog populations has been proposed out 
of concern for the sustainability of native ecosystems and 
species diversity, but also because of human objections to 
the noise produced by choruses of large male bullfrogs and 
their consequent effects on property values.  Continental 
bullfrog populations can spread out geographically 
over wide areas.  However, island populations are area-
constrained, often with relatively few vital freshwater 
spawning ‘sites’ available and surrounding habitat that 
is bounded on all sides by a barrier of saltwater.  Islands 
therefore have advantages if bullfrog eradication is to be 
attempted.  Once eradication is achieved, islands should 
also be easier to keep bullfrog-free.

Vancouver Island is the largest island on the west coast 
of North America (32,134 km2).  Its cool mountainous 
interior, vast tracts of rocky terrain and thick forest restrict 
or inhibit bullfrog dispersal.  However, bullfrogs have been 
released and are spreading from multiple disjunct pocket 
populations along the low, warm, coastal zone of south-
eastern Vancouver Island.  They have also been introduced 
to smaller, adjacent islands, and have for many decades 
populated regional Vancouver on the adjacent mainland 
coast (Fig. 1).

Removal of the American bullfrog Rana (Lithobates) catesbeiana from a 
pond and a lake on Vancouver Island, British Columbia, Canada

S. A. Orchard
BullfrogControl.com Inc., 69A Burnside Road West, Victoria British Columbia, Canada, V9A 1B6. 

<bullfrogcontrol@shaw.ca>.

Abstract  The American bullfrog is listed as one of the 100 Worst Alien Invasive Species internationally because it is 
adaptable, prolific, competitively exclusive, loud, and predatory.  An expectation of profits from the sale of frog legs for 
human consumption has led to bullfrogs becoming established on most continents as well as on islands in western Canada 
and the western United States, Hawaii, throughout the Caribbean, Crete, Indonesia, Japan, Singapore, Sri Lanka, and 
Taiwan.  The ecological impact of bullfrogs on islands can be profound especially where ecologically vital freshwater 
resources may be limited.  While the problems created by bullfrogs are well-documented, there have been few technological 
advances in their effective control and management.  In 2006, a programme was initiated to design, field test, and refine 
new equipment and tactics to capture individual bullfrogs at rates to exceed replacement.  The programme also hoped 
to demonstrate that bullfrog eradication is a feasible and practical option.  The principal manual capture technique is 
modified fisheries electro-shocking tailored specifically for capturing juvenile (<80 mm body length) and adult (>80 
mm body length) bullfrogs.  Bullfrog tadpoles are not hunted directly but collected as they reach the latter stages of 
metamorphosis or have recently transformed.  Clear patterns have emerged from comparative data sets collected between 
2007 and 2009 that identify some basic units of bullfrog eradication, including logistical and time sequence requirements 
for successful removal of all age-classes from a single lake or pond after only one successful spawning.  The two case 
studies presented here illustrate patterns useful for interpreting catch results and for predicting the time, effort, and costs 
in carrying out complete site eradications.  In both examples, ‘site eradication’, i.e. reducing numbers of all bullfrog age-
classes at one site from hundreds or thousands to zero, was carried out by one two-person team and achieved over three 
years with only a few nights effort per site per year.  The cost of running this programme is  currently $400/night/2-person 
team.  At Amy’s Pond (0.4 km perimeter distance), 1587 adult and juvenile bullfrogs were collected after 23 nights of 
effort spread over 3 years for a total cost of CAN$9200.  At Glen Lake (2 km perimeter distance), 1774 bullfrogs were 
collected after 41 nights of effort spread over 3 years for a total cost of CAN$16,000.

Keywords:  Amphibian management, eradication, control, site eradication, electro-frogging, cost-effective 

Pages 217-221 In: Veitch, C. R.; Clout, M. N. and Towns, D. R. (eds.). 2011.  Island invasives: eradication and management. 
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Fig. 1  Location of case study sites on the Saanich 
Peninsula, Vancouver Island, British Columbia, Canada.
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There are few published case studies of bullfrog 
eradication, and the few successful examples were 
laborious and costly (Adams and Pearl 2007; Kraus 2009).  
In England in 1996, the eradication of bullfrogs from 
only a few small ponds cost approximately US$70,000, 
including the earth-moving equipment that ultimately 
destroyed freshwater habitat (Banks et al 2000; CABI 
Bioscience 2005).  In Germany between 2001 and 2004, 
bullfrogs were eradicated from five ponds with help from 
a volunteer force of 20 as well as the local fire department 
and an ‘electro-fish’ team.  Cost estimates for this project 
were US$80,230/pond/year for five ponds or US$409,000 
annually (Reinhardt et al 2003; Nehring and Klingenstein 
2008).  These European case studies utilised large work 
forces and heavy equipment beyond the budgets of many 
agencies.  Other attempts at managing or eradicating 
invasive bullfrog populations have used netting, barrier 
fencing, seining, shooting, gigging (spearing), pitfall traps, 
and pond draining.  These technologically unsophisticated 
attempts have been mostly ineffectual, excessively labour-
intensive, and unable to keep pace with the bullfrogs’ prolific 
reproduction and mobility.  Such attempts are particularly 
difficult where populations have grown to maturity and 
have dispersed geographically before any control efforts 
were attempted.  A general impression is then formed that 
bullfrog eradication may be feasible through the intense 
countervailing efforts of a large and dedicated workforce, 
but the time-consuming exertions required also make these 
measures exorbitantly expensive and generally impractical 
(Adams and Pearl 2007; Krause 2009).

In this paper I describe cost-effectiveness of methods 
used to remove bullfrogs from a pond and a lake on 
Vancouver Island, British Columbia, Canada.  For the 
purposes of this study, I use the following definitions:

A ‘bullfrog site’ is a discrete body of standing water 
– generally a lake, pond, or pool – where some or all life 
stages of bullfrogs are present.  When all sites are identified 
regionally and brought ‘under control’ by the eradication 
programme then eradication is  inevitable because  standing 
water is  vital for population sustainability and growth.

‘Productive sites’ have the essential elements of: 
1) permanent water that does not freeze to the bottom 
of become anoxic in winter; and 2) summer surface  
temperatures that reach and exceed 25° C. for an interval 
of weeks in mid- to  late summer to facilitate reproduction.  
Permanent water is a requirement because, at this latitude, 
bullfrog tadpoles will commonly take 24 to 36 months to 
reach metamorphosis.  

‘Non-productive sites’ are either: 1) impermanent 
pools that trap and kill bullfrog tadpoles before they 
metamorphose; or 2) too cool in summer for reproduction 
to occur, e.g., <25° C.   Non-productive sites are useful 
only to migrating bullfrogs as way stations or as over-
wintering sites.

STUDY SITES

The two case studies presented here are drawn from 
preliminary results of a long-term regional control program 
that encompasses a cluster of lakes and ponds at the 
isthmus of the Saanich Peninsula, at the extreme southern 
end of Vancouver Island, including the City of Victoria 
(Fig. 2).  The particular significance of the case studies 
presented is that the sites are dissimilar in size and habitat 
characteristics, but comparable in their stage of bullfrog 
colonization.  In both instances, fieldwork began shortly 
after the arrival of adult bullfrogs and after one spawning 
had occurred at each site.  It was unknown at the start 
how many tadpoles would reach metamorphosis and how 
much time and effort would be required to capture them 
all post-transformation.  The innovative manual capture 
technique developed specifically for this program was, at 

that stage, untested.  At the end of the third field season 
(2007 – 2009) it was possible to quantify material costs, 
time and effort required to de-populate both sites using the 
‘electro-frogger’ technique.

1. Amy’s Pond
At Amy’s Pond the margins were essentially bare of 

aquatic and emergent vegetation throughout the summer.  
This meant that despite somewhat turbid water, there 
was good visibility at the surface and accessibility to the 
margins.  With a perimeter distance of only 0.4 km, many 
circuits of Amy’s Pond could be made in a single three-
hour evening session and virtually every individual of 
every post-larval age-class present could be located and 
captured on any given night.

2. Glen Lake
Glen Lake had a perimeter distance of about 2 km, or 

five times the margin of Amy’s Pond.  It was also much 
more florally complex with many species of aquatic, 
floating, and emergent plants, as well as riparian shrub 
and tree thickets.  These all provided effective cover for 
bullfrogs, impeded vision during searches, and interfered 
with the ability to manoeuvre during approach and capture.  
Unlike at Amy’s Pond, only one thorough circuit of Glen 
Lake could be completed per evening and this only when 
bullfrog numbers were very low.  While bullfrog densities 
were high, only a portion of the lake margin could be 
cleared per evening session.

MATERIALS AND METHODS

For this programme, one two-person team is the 
minimum manpower unit so what follows are the 

Fig. 2  Site of the founding bullfrog population (diamond) 
and current approximate distribution limits of bullfrogs on 
the Saanich Peninsula, British Columbia, including the 
case study sites Amy’s Pond and Glen Lake.
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requirements to equip, transport, and fund one team.  
Transportation includes a utility vehicle and a very sturdy 
inflatable rowboat.  Essential field equipment includes 
a modified fisheries electro-shocker, ‘electro-frogger’ 
pole, powerful spotlights, and two chest freezers, with 
one modified to maintain a temperature slightly above 
freezing.  The freezers were used in a two step euthanasia 
procedure.

On southern Vancouver Island, the field season began 
in April and ended around the beginning of October.  
Fieldwork was weather-dependent and incompatible with 
excessive wind (> 15 km/hr) or rain.  As explained, the 
case studies are part of a larger regional programme that 
encompassed many more sites.  Regionally, we worked 
every  night with suitable weather, which amounted to 
93 nights in 2007 (19 sites/4,479 bullfrogs), 114 nights 
in 2008 (20 sites/3,430 bullfrogs), and 125 nights in 2009 
(28 sites/3872 bullfrogs).  Costs averaged about $400/
night/team or CAN$37,200 in 2007, CAN$45,600 in 2008, 
and CAN$50,000 in 2009.  The programme also included 
daytime site assessments, examination and measurement 
of the catch, dissections, data compilation and analysis, 
and write-up of results.  On-going annual maintenance 
costs included permits and licences, liability insurance, and 
automobile insurance, as well as routine costs such as fuel, 
facilities, utilities, website, public relations and equipment 
repair and replacement.  

In 2006, a prototype electrode-fitted pole (electro-
frogger) was developed and field tested, and more refined, 
patent-pending versions have been employed since 2007.  
During the summers of 2007 to 2009, a two-person team 
applied this manual capture technique for four-hour sessions 
on every evening that weather permitted.  A four-hour 
session included loading and unloading equipment, so the 
time locating and capturing bullfrogs was approximately 
three hours.  Teams worked at night from an inflatable 
boat, with one person to manoeuvre and position the boat 
while the second person located and caught juveniles (< 80 
mm body length) and adults (> 80 mm) frogs.  Pond and 
lake margins were scanned by spotlight to detect bullfrogs 
by their eye reflections.  Vocalisations from adult male 
bullfrogs also independently identified their whereabouts.  
Bullfrogs were dazzled and transfixed by the spotlight’s 
beam as we approached.  Then the electrode-fitted pole 
was used to generate a subsurface concentrated electrical 
field of < 50 cm diameter near the target bullfrog.  The 
electrical field stunned and temporarily paralysed juvenile 
and adult bullfrogs for 30 seconds to one minute, which was 
enough time to get them into a container.  The technique is 
humane, species-specific and only targets one bullfrog or 
small groups of bullfrogs in very close proximity to one 
another.  Capture rates, on any given night, are influenced 
by each site’s habitat characteristics, weather, and bullfrog 
density and demographics.

For euthanasia, bullfrogs were placed into a chest 
freezer modified to lower their core body temperature to 
just below 2° C.  After at least 12 hours they are transferred 
to a conventional deepfreeze that quick-freezes the now 

cold-stupified bullfrogs. They remain in the second 
freezer for at least 48 hours.  Cold is a natural anaesthetic 
for amphibians and freezing leaves an uncontaminated, 
chemical-free carcass that can be safely used to feed 
injured wildlife, donated to high schools for educational 
dissections, or composted.

RESULTS

In the spring of 2007, Amy’s Pond and Glen Lake 
were at the same initial stages of bullfrog colonisation.  At 
Amy’s Pond, few adults were present, there were a few new 
arrivals, and there had been one successful spawning 12 
to 24 months previously, which produced many tadpoles.  
Around mid-summer 2007, this single cohort of bullfrog 
tadpoles began to metamorphose and on 30 August 
we collected 237 transforming or recently transformed 
juveniles and five adults. Transformations continued 
throughout the remainder of the summer, but the number 
of juveniles captured per evening declined markedly with 
each subsequent visit in 2007 (Fig. 3a).

Fieldwork re-commenced in April 2008 (Fig. 3b) as the 
over-wintered remnant of the same cohort became active 
and began to complete their transformations.   By the end 
of the 2008 season, we could find no bullfrogs of any age-
class.  

Our 2009 results confirmed that the metamorphosis 
event that began mid-summer 2007 was essentially over by 
mid-summer 2008.  Spawning was prevented from 2007 
onward by clearing the pond of all adults prior to the mid- 
to late-summer spawning period.  By 2009, Amy’s Pond 
was tadpole-free, though there was a small but persistent 
influx of juveniles and young adults from adjacent lakes 
and ponds.

Ultimately, we removed 1587 bullfrogs from Amy’s 
Pond by investing 3 hours of collecting effort in each of 
23 nights spread over 3 consecutive summers.  By the end 
of the 2008 season, bullfrog numbers had been reduced to 
zero and all bullfrogs encountered thereafter were the result 
of immigration or release.  The total cost for this three-year 
(23 nights) effort was CAN$9200 (Table 1).

Like Amy’s Pond, Glen Lake was in the earliest stage 
of bullfrog colonisation in 2007 with just one successful 
spawning.  By mid-summer 2007, bullfrog tadpoles first 
noted in late-2006 had begun to metamorphose.  On 25 
July, we collected 59 bullfrogs (Fig 4a), all but one of 
which was either in the latter stages of metamorphosis 
or had just recently completed transformation.  From 25 
July to 16 August, we concentrated on one end of the lake 
where the number of juveniles was high and the conditions 
were especially difficult due to extensive patches of 
cattail, rushes, water lilies, various floating aquatic plants, 
and willow thickets.  By 17 August, one end of the lake 
was clear of bullfrogs and efforts were moved to the 
opposing end, which was also heavily vegetated.  Tadpole 
metamorphosis followed a pattern similar to Amy’s Pond, 
commencing in mid-summer 2007 with transformations 
continuing throughout that summer (Figs. 3a, 4a).

Orchard: American bullfrog control and eradication

Table 1  Comparison of site characteristics with time and cost of achieving ‘site eradication’  

Sites Perimeter Littoral/
Riparian Nights/year Catch/year Cost/year 3-year total 

catch/cost

Amy’s Pond 0.4 km Florally 
barren

8/2007
10/2008
5/2009

871
661
55

$3200
$4000
$2000

1587/$9200

Glen Lake 2.0 km
Florally 
abundant & 
complex

16/2007
16/2008
9/2009

1376
366
32

$6400
$6400
$3600

1774/$16,400
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The 2008 season (Fig. 4b) began with a resumption 
of metamorphosis that tapered off to near zero by mid-
summer.  Adults recorded from 27 June onward undoubtedly 
included a few immigrants but were primarily Glen Lake 
juveniles whose body lengths had grown rapidly to young 
adult size (>80 mm body length) before we were able to 
locate and capture them.

In 2009, there were only a few newly arriving adults 
and juveniles.  Total costs for this three-year (41 nights) 
effort was CAN$16,400 (Table 1).

DISCUSSION

By the end of the 2009 field season, all age-classes of 
bullfrogs had been successfully removed from both sites.  
Excluding repopulation through natural immigration or 
human translocation, both Amy’s Pond and Glen Lake 
were then free of bullfrogs.

The two case studies are comparable because both had 
only one spawning per site.  Without knowing how many 
eggs were produced by each of the two adult females there 
was nevertheless remarkable similarity in the timing and 

interval of tadpole transformation, and in the numbers of 
metamorphs/juveniles ultimately captured.  If it is assumed 
that each female produced thousands of eggs, then there 
must have been considerable mortality in the tadpole stage 
to have resulted in only about 1,500 metamorphs/juveniles 
taken from each site.  This is one reason to ignore the tadpole 
stage and concentrate on capturing the post-metamorphic 
stages if tadpole mortality is consistently high.

Another similarity between these case study results 
is a pattern of asynchronous cohort transformations from 
tadpole to juvenile that stretches over 12 months and two 
calendar years.  For example, for each cohort there was 
an induction stage to this incremental metamorphosis that 
commenced about mid-summer of one year and continued 
throughout the remainder of the active season, e.g., July 
to October.  However, some of this tadpole cohort did 
not metamorphose before the onset of winter, completing 
transformation the following spring in a protracted 
conclusion stage, e.g., April to August that peaked in spring.  
If this pattern proves to be consistent, a manual capture 
technique that targets only post-metamorphic stages will, 
by necessity, require two calendar years or more to clear a 

Fig. 3  Amy’s Pond chronology and nightly capture results 
2007- 2009 (n = 1587).

Fig. 4  Glen Lake chronology and nightly capture results 
2007 - 2009 (n = 1774).
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lake or pond of all bullfrogs.  If spawning has occurred in 
two or more consecutive years then the removal process will 
take three or more calendar years to complete.  At Amy’s 
Pond, 57% (849) of our 2-year total of 1490 metamorphs/
juveniles were captured during the induction stage in 2007 
and the remaining 43% (641) during the conclusion stage 
in 2008.  In Glen Lake, 92% (1332) of our 2-year total 
of 1454 metamorphs/juveniles were captured during the 
induction stage in 2007 and the remaining 8% (122) during 
the conclusion stage in 2008 (Fig. 5).

The electro-frogger manual capture technique 
demonstrated a capacity to collect as many as 241 bullfrogs 
per three-hour session at Amy’s Pond and 181 per three-
hour session at Glen Lake (Fig. 3, 4).

CONCLUSIONS

1.  The manual capture ‘electro-frogger’ technique, 
when competently and diligently applied and when coupled 
with various pieces of essential accessory equipment, 
successfully located and captured juvenile and adult 
bullfrogs at rates that far exceeded replacement.

2.  The ‘electro-frogger’ does not place all individuals 
of the population at risk simultaneously because the 
tadpole stage is largely unaffected.  However, as tadpoles 
transform from landlocked aquatic larvae to semi-aquatic 
juveniles they rise to the surface and become vulnerable to 
capture.

3.  At the latitude of Vancouver Island, adult bullfrogs 
can be successfully located and removed as they emerge 
from winter torpor (April – May) and prior to the spawning 
season (July – September).  This means that with appropriate 
intensity of effort, bullfrog reproduction can be prevented 
within the first few weeks of the first year of an eradication 
programme and similarly prevented in subsequent years.

4.  A singe two-person team can eradication bullfrogs 
from small to medium-sized water bodies but the number 
of nights per year required per year will vary depending 
upon perimeter distance and habitat characteristics at each 
site as well as the age-class complexity of the bullfrog 
population.  An additional team would not have reduced 
the number of nights or number of years required to bring 
Amy’s Pond under control.  However, the number of nights 
per year spent on the much larger Glen Lake would have 
been significantly reduced by adding a second team.  The 
number of years, however, remains independent of the 
number of teams deployed since each cohort of tadpoles 
begins to metamorphose in one calendar year and finishes 
in the next.                 

5.  Where bullfrogs have spawned more than once in 
the same year, at the same site, the number of resultant 
juveniles will be numerically greater than reported here.  
However, they can still be removed within two years from 
the onset of metamorphosis if sufficient effort is applied in 
terms of increasing the number of field nights per year and/
or increasing the number of teams active per site per night.  
Where there has been multiple spawning in each of two or 
more consecutive years, then it will take three to four years 
to achieve the same result with appropriate proportional 
increases in the intensity of effort.

6.  The case studies presented here represent an 
environmental situation characteristic of a particular 
latitudinal range and climatic regime.  Results from 
southern British Columbia should be directly relevant 
to bullfrog invasions in Europe, northern Asia, western 
United States, and possibly southern South America.  It 
would be helpful to have comparative data sets from 
subtropical and tropical regions where bullfrogs are active 
year-round and the tadpoles reach metamorphosis within 
12 months.  Conceivably, a comparable programme in 
warmer climates with no winter dormant period would 
move along much faster than in these case studies, in which 
case site eradication through manual electro-frogging may 
be achievable in as little as 12 months.

7.  The proposition that bullfrog eradication is 
neither feasible nor practical is contradicted by this 
study.  Furthermore, the technique used is time-efficient, 
cost-effective, humane, and safe for personnel and the 
environment.
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Abstract—This report was commissioned by the USDA Forest Service Lake Tahoe Basin Manage-
ment Unit to synthesize existing information on the ecology and management of aspen (Populus 
tremuloides) in the Sierra Nevada of California and surrounding environs. It summarizes available 
information on aspen throughout North America from published literature, internal government 
agency reports, and experienced scientists and managers. The historic distribution, abundance, 
and ecologic role of aspen in the Sierra Nevada are discussed, along with the reproductive physi-
ology of aspen. Issues that affect aspen health and vigor in the Sierra Nevada and elsewhere are 
covered, along with methodology for assessing the condition of aspen and monitoring the ef-
fects of management activities to restore and maintain aspen. Descriptions of the types of aspen 
that occur in the Sierra Nevada are presented along with alternative techniques to manage and 
restore aspen that are applicable wherever aspen is found.
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Preface

This publication was undertaken through a cooperative work agreement between the USDA 
Forest Service Lake Tahoe Basin Management Unit. Printing costs were covered by the USDA 
Forest Service Pacific Southwest Region. We thank them for their generous support. Much of the 
information contained in this publication appeared in an internal report submitted to the Lake 
Tahoe Basin Management Unit in January, 2006. It has since been subjected to additional peer 
and policy review and has been revised to include additional sources of information and clarify 
statements made in the earlier report.

The purpose of this effort is to assemble the best information available about the ecology, bio-
diversity, and management of aspen (Populus tremuloides) within the Sierra Nevada ecosystem 
and nearby environs. However, we feel that much of the information contained in this docu-
ment is applicable outside the Sierra Nevada proper and will be useful to managers elsewhere. 
To meet our goal, we scoured published literature, internal agency reports, and captured local 
expertise through personal contacts with the intent of finding the best and most pertinent infor-
mation available about aspen. Because aspen is a minor component of landscapes in the Sierra 
Nevada, the body of published literature is somewhat limited. Therefore, we have interpreted 
results of research published elsewhere in North America and extrapolated that knowledge to 
the biophysical setting of the Sierra Nevada within the limits of our accumulated experience and 
knowledge of aspen ecology. In all instances, we have endeavored to separate fact from opinion, 
and knowledge from assumption. We feel that what we have presented here is the state of the art 
of what is currently known about aspen, but remind readers that local knowledge and experience 
gained from trial and observation through an adaptive approach to management is as valuable 
as anything we have included in this document.
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Chapter 1.

Introduction

Quaking aspen (Populus tremuloides) is the most 
widespread tree species in North America (Baker 1925; 
Preston 1976; Lieffers and others 2001), and thought to 
be second in worldwide range only to Eurasian aspen 
(Populus tremula) (Jones 1985a). Aspen is found in most 
of eastern Canada and the U.S. (except the Southeast), 
throughout the upper Midwest and Lake States, across 
sub-boreal Canada and Alaska, in the Rocky Mountains 
from Canada through the U.S. and into northern Mexico, 
and in mountain ranges paralleling the west coast from 
Alaska through British Columbia, Washington, Oregon, 
California, and Mexico’s northern Baja California 
(Preston 1976). The species is most abundant in Canada’s 
central provinces and the U.S. states of Colorado and 
Utah (Jones 1985a; Lieffers and others 2001). In much 
of the western U.S., aspen is a mid-elevation shade-
intolerant species that is a relatively minor component 
of more widespread conifer forests.

Aspen is an important tree species throughout the 
western United States. One of the few broad-leaved 
hardwood trees in many western forests, it is a valuable 
ecological component of many landscapes, occurring 
in pure forests as well as growing in association with 
many conifer and other hardwood species. While 
aspen provides desirable scenic value, the diversity of 
understory plants that occur in the filtered light under 
aspen trees supply critical wildlife habitat, valuable 
grazing resources, and protection for soil and water. 
Though aspen is a crucial component of many Western 
landscapes, it may be even more valuable in the Sierra 
Nevada, where it is less common or extensive than 
elsewhere.

To that end, this publication presents a broad-based 
synthesis of aspen ecology and management for the 
Sierra Nevada Range of California and Nevada. We use 
the same geographic criteria applied in the Sierra Nevada 
Ecosystem Project (SNEP 1996) and the Forest Service’s 
Sierra Nevada Forest Plan Amendment (SNFPA FSEIS) 

(USDA Forest Service 2004c) to define our area of inter-
est (fig. 1-1). In short, these documents focus primarily 
on the entire Sierra Nevada ecoregion section—hence 
called “ecoregion” (Bailey 1995; Miles and Goudey 
1997)—as well as portions of the Southern Cascade and 
Modoc Plateau ecoregions (fig. 1-2). These ecoregions 
contain aspen on lands administered by the United States 
Forest Service, Bureau of Land Management, National 
Park Service, Nevada and California State Park Systems, 
California Tahoe Conservancy, California Department 
of Fish and Game, and private ownership (fig. 1-3). We 
believe the Lake Tahoe basin can serve as a barometer 
of aspen issues found throughout the Sierra Nevada, and 
we will therefore use the basin and adjacent environs 
for case studies to illustrate issues at finer scales. A base 
map of the Lake Tahoe basin is provided as a reference 
for those less familiar with the area (fig. 1-4).

Within this framework, the primary objectives of 
this publication are to provide resource managers with 
the knowledge and tools to:

Understand contemporary aspen ecology and re-
source issues.
Develop management direction and goals.
Work toward desired conditions for aspen.
Apply regulatory standards and guidelines to aspen 
situations.
Map out strategies for monitoring that will support 
adaptive management.
To meet these objectives, pertinent information on 

aspen ecology and management was synthesized for the 
Sierra Nevada. Aspen-specific research from the Sierra 
Nevada region is limited. Throughout this publication 
we use research produced elsewhere to address this 
geographic shortcoming in aspen knowledge. Sources 
used include published and unpublished literature, as 
well as administrative records.

•

•
•
•

•
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In order to provide a scientific framework for the 
implementation of aspen-related management, we rely 
heavily on the related concepts of “range of natural 
variability” (RNV) (Landres and others 1999) and 
“properly functioning conditions” (PFC) (Campbell 
and Bartos 2001). At their core, these concepts can be 
used to implement management practices based on the 

Figure 1-1. The geographic area covered by this report. It is the same as that in the Sierra 
Nevada Ecosystem Project (1996) and Forest Service Sierra Nevada Forest Plan Amend-
ment (2004).

best available understanding of ecosystem dynamics in 
a context of changing physical and social environments. 
It is proper to discuss aspen ecology and management 
in this framework because it is closely related to 
standards and guidelines of the government agencies 
that administer public lands in the Sierra Nevada. For 
example, in the U.S. Forest Service’s Final Supplemental 
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Figure 1-2. The portions of the Sierra Nevada, Southern Cascade, and Modoc Plateau 
ecoregion sections (Miles and Goudey 1997) that are within the geographic area 
covered by this report.

Environmental Impact Statement of the Sierra Nevada 
Forest Plan Amendment (USDA Forest Service 2004c) 
the Record of Decision states:

At either the landscape or project scale, 
determine if the age class, structural diversity, 
composition, and cover of riparian vegetation 
are within the range of natural variability of 

the vegetative community. If outside the range 
of natural variability, consider implementing 
mitigation and/or restoration actions that will 
result in an upward trend. Actions could include 
restoration of aspen or other riparian vegetation 
where conifer encroachment is identified as a 
problem.
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Figure 1-3. Land ownership within the geographic area covered by this report. The 
“Other” category includes State, County, City, and Tribal Trust administered lands, 
as well as lands under private ownership.

The Bureau of Land Management and the National 
Park Service call for similar attention to properly 
functioning natural conditions in vegetative commu-
nities (USDI NPS 1999; USDI BLM 1999a; USDI 
BLM 1999b). Since these directives call for vegetative 
communities to be managed within a range of natural 
variability or in a properly functioning condition, a 

short review of the concepts will provide a foundation 
for much of the discussion that follows.

Landres and others (1999) define natural vari-
ability as “the ecological conditions, and the spatial 
and temporal variation in these conditions, that are 
relatively unaffected by people.” The authors illustrate 
how management’s use of natural variability relies on 
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Figure 1-4. Land ownership and physical features in the Lake Tahoe basin.

two concepts: understanding ecological processes and 
recognizing that those processes are constantly in flux. 
We would like to emphasize the importance of avoid-
ing defining the variability of a plant community in 
too wide a spatial scale or too exact a temporal point. 
Regarding spatial variables, Fule and others (2002) 
point out that changes in site specific characteristics, 
like geography, soils, precipitation, aspect, and slope are 

spatial variations that may cause shifts in natural vari-
ability. Likewise, regarding temporal variables, Millar 
(1997) indicates that temporal variation caused by short 
and long term climate changes requires consideration 
of ecosystem relationships and climatic factors rather 
than natural variability tied to one pre-anthropogenic 
reference point. The primary difference between the two 
concepts is that natural variability is used to identify 
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variation in a vegetative community, and functioning 
condition is used to describe where the current com-
munity is in relationship to overall variation.

For our purposes, we consider a vegetative com-
munity to be in a properly functioning condition if it is 
within the range of conditions known to have existed 
historically in the area where it is found (Barrett and 
others 1993; USDA Forest Service 1997; Campbell 
and Bartos 2001).

This publication is based on the concept of managing 
aspen within its natural variability. To better understand 
historic variability, we begin in Chapter 2 by looking at 
pertinent spatial and temporal factors found in the Sierra 
Nevada, such as climate and human-caused disturbance, 
which have strongly influenced contemporary aspen 
communities. Next, we examine current knowledge 
of aspen ecology (Chapter 3). This discussion begins 

with aspen physiology and evolves toward a broader 
look at aspen’s role in ecosystems. The relationship of 
aspen to a range of modern land management issues 
is discussed in Chapter 4. Then we review current 
conditions in aspen communities in the Sierra Nevada 
through the use of historical records and existing aspen 
stand assessments (Chapter 5). A review of research 
on aspen management and discussion of applications 
to specific conditions found in the Sierra Nevada fol-
lows (Chapter 6). Chapter 7 details the history of stand 
assessment and monitoring techniques for evaluating 
aspen management. We conclude by discussing the use 
of adaptive management techniques to meet aspen-
oriented objectives. Finally, a brief summary chapter 
will review the important messages presented in this 
document (Chapter 8).
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Chapter 2.

Natural and Historical Setting

Physical Environment_______

Defining the Area of Concern

The same criteria applied by previous regional exami-
nations published under the title “Sierra Nevada” (SNEP 
1996; USDA Forest Service 2004c), are being used here, 
acknowledging similar ecological and social concerns 
as the previous efforts (fig. 1-1). We will emphasize 
the core Sierra Nevada range, but on occasion will use 
adjacent ecoregions for related discussions.

Three ecoregions (sections) define and describe this 
area: Sierra Nevada, Southern Cascades, and Modoc 
Plateau (fig. 1-2). The Sierra Nevada Foothills section 
has been excluded for the practical reason that there are 
very limited aspen in this region (Potter 1998). Likewise, 
there are other areas adjacent to the Sierra Nevada ecore-
gion that contain aspen populations. Several features are 
common to these three ecoregions (table 2-1). All have 
warm, dry summers and cool to cold, moist winters. 
Likewise, soils of granitic or volcanic parent material 
that commonly support aspen forests (Potter 1998) are 
abundant in all three sections. Finally, these ecoregions 
occur in higher elevation mountain landscapes (as op-
posed to interspersed valleys). Regional precipitation 
patterns are presented in figure 2-1. Because temperature 
and precipitation data were only available for certain 
locations, climate in mountainous terrain may deviate 
considerably from the averages presented.

Ecoregion Sections

The Sierra Nevada ecoregion (fig. 1-2) is a block-
fault range trending northwest along the eastern edge of 
California. Elevations vary from 1,000 to 14,495 ft (305 

to 4,418 m). The range is tilted to the west meaning there 
are generally much longer, gradual slopes to the west 
than to the east. The west side is generally wetter, with 
the steep east slope lying in a classic rain shadow. Deeply 
incised canyons flow to the west eventually joining the 
central valley, while to the east drainages are relatively 
short, flowing over bedrock into the Great Basin (Miles 
and Goudey 1997). Precipitation generally increases 
from south to north and from low to high elevation in 
the Sierra Nevada (fig. 2-1). The west slope receives 
more precipitation than the east slope and most moisture 
comes in the form of snow. The western foothills get 20 
to 30 inches (50 to 76 cm) of rain annually; the mixed 
conifer forest belt gets between 30 and 60 inches (76 and 
152 cm); and the highest elevations can receive up to 
100 inches (254 cm) (Hornbeck and Kane 1983). Dryer 
east side slopes tend to have similar precipitation zones, 
although they are narrower and occur at slightly higher 
elevations. The Lake Tahoe basin contains elements of 
both moist western slope and rain shadow eastern slope 
precipitation regimes (fig. 2-2).

Local mountains and ridges may alter the general 
precipitation and temperature trends stated above. Boca, 
California is an example from the northern part of the 
range (east side). This town rests at 5,575 ft (1,699 m), 
to the north of Lake Tahoe, and on the lower edge of 
the forested belt. Boca receives an average of 22 inches 
(56 cm) of moisture annually (60 percent as snow), with 
an average temperature of 42° F (5.5° C) (Hornbeck 
and Kane 1983).

The Southern Cascades occupy the northwest por-
tion of our area of interest, extending northwest to a 
point near Mt. Shasta, then due north to Oregon. This 
ecoregion is comprised mainly of volcanic highlands 
dissected by broad valleys. Elevations range from 
2,000 feet (610 m) on the western side of the range to 
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14,162 feet (4,316 m) at Mt. Shasta (Miles and Goudey 
1997). This range is deceptive, however, because un-
like the numerous 14,000 foot (4,267 m) peaks in the 
Sierra Nevada, Mt. Shasta towers above much of the 
surrounding Southern Cascades.

The primary watersheds within the Southern Cascades 
proper are the Klamath and Sacramento Rivers on the 
west slope, while lesser waterways drain to the east 
into the Modoc Plateau ecoregion. There is generally 
greater precipitation in the western parts of the Southern 
Cascades. Average annual moisture for the section is 20 
to 70 inches (50 to 178 cm) (Miles and Goudey 1997), 
though some areas near Mt. Shasta receive as much as 
90 inches (228 cm) (Hornbeck and Kane 1983). This 
ecoregion is characterized as being a mix of two climate 
zones in California: the Mediterranean highland and 
Mediterranean warm summer. The upshot of this mix 
is that most of the area follows similar temperature 
and precipitation patterns as the Sierra Nevada section. 
An exception is the southwest portion of this section, 
centered between Mt. Shasta and Lassen Peak, which 
more closely follows the higher annual rainfall and 
warmer winters of the Mediterranean warm summer 
climate zone. This area often receives more moisture 
than the Modoc Plateau to the east (Hornbeck and 
Kane 1983).

The Modoc Plateau ecoregion encompasses the area 
to the north of the Sierra Nevada and much of the 
northeast corner of California. Geomorphologically 
the Modoc Plateau is comprised of blocks and faults 
similar to the Basin and Range formations of the Great 
Basin. These northward trending mountains and valleys 
are infused with volcanic remnants such as craters, 
cones, and lava flows. The elevations range from 
3,700 to 9,892 ft (1,128 to 3,015 m) in the Warner 
Mountains (Miles and Goudey 1997). While some 
rivers flow to the western drainages of the Southern 
Cascades, many drain internally to catchments or to 
the east toward the Great Basin. Average rainfall for 
Fort Bidwell, California (4,500 ft [1,371 m]), in the 
Mediterranean highland climatic zone, is 16.1 inches 
(40.9 cm) (section-wide range of 8 to 30 inches/20 to 
76 cm). Average summer high temperatures are about 
68° F (20° C) (about 7° F/4° C warmer than Boca in 
the Sierra Nevada). The Modoc Plateau receives only 
30 percent of its annual moisture from snow, whereas 
the Sierra Nevada receives at least 60 percent from 
snow (Hornbeck and Kane 1983).
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Figure 2-1. Precipitation patterns across the 
Sierra Nevada region. Moisture generally 
increases with elevation and latitude. The 
east side of the range is drier than the 
west side.

slope, to 8,800 ft (2,682 m) at the crest of the Sierra 
Range, descending to 5,640 ft (1,719 m) to the east where 
the Sierra Nevada meets the Great Basin. Aspen can 
also be found in abundant numbers in the Carson and 
Monitor Ranges located east and south of Lake Tahoe, 
in the Sweetwater Mountains north of Mono Lake, and 
in the White Mountains east of Bishop.

In the Southern Cascades, aspen is located on both 
sides of the range and, as is the case in the Sierra 
Nevada, is more abundant on the eastern slope of the 
range. In the area of Lassen National Forest and Lassen 
National Park, aspen ranges from 5,500 ft (1,676 m) 
on the western slope to 8,000 ft (2,438 m) in Lassen 

Aspen Distribution

Aspen is located throughout the three ecoregions of 
our area of interest and spills into adjacent provinces 
(fig. 2-3). In the Sierra Nevada, aspen is found in stands 
from the Kern Plateau in the Sequoia National Forest 
in the south to Diamond Peak in the Lassen National 
Forest on the north. Aspen stands are located on both 
east and west sides of the Sierra, though they tend to 
be larger and more abundant on the east slope. Stands 
can be found along a west-to-east transect through the 
Eldorado and Humboldt-Toiyabe National Forests in the 
central Sierra from 5,310 ft (1,618 m) on the western 
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National Park to 6,000 ft (1,828 m) on the eastern 
slope of the range, where the Southern Cascades join 
the Modoc Plateau.

In the Modoc Plateau, aspen is found extensively in the 
Warner Mountains as well as in nearly all the mountains 
at elevations above the broad valley floors. Aspen is  
also located in small isolated sites in the expansive 
Devils Garden plateau, near Alturas, California.

Geology and Glaciation
The modern Sierra Nevada owes its form to geologic 

forces created by the collisions of tectonic plates over 

the last 200 million years (Hill 1975). The Sierra Nevada 
range originated during the Mesozoic Era from 150 to 
200 million years ago. The range is a product of con-
tinental shifting and folding, which forced a buckling 
along block fault lines on the present east slope, when 
the North American continental plate collided with the 
Pacific Ocean plate. At the core of the mountain range, 
very large metamorphic granite intrusions of Jurassic 
(135 to 180 million years BP) and Cretaceous (70 to 
135 million years BP) origin were uplifted during this 
mountain forming period (Hornbeck and Kane 1983). 
As mountains rose, a combination of fluvial and gla-
ciofluvial processes began to incise deep canyons along 

Figure 2-2. Precipitation patterns within the 
Lake Tahoe basin.
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prominent waterways, notably those on the western 
slope. Today volcanic rocks that originated during the 
Tertiary Period (26 to 66 million years BP) are common 
in the northern and central Sierra Nevada, although 
small outcrops can be seen throughout the range (Hill 
1975; Clark and others 2005).

Active fault zones dominate the Sierra Nevada 
landscape. Lake Tahoe was formed by uplifting 
along fault lines followed by a series of volcanic 
dams on the upper Truckee River that periodically 
raised the level of the lake. During subsequent glacial 
epochs, additional glacial dams were formed and later 

breached, causing catastrophic flooding downstream 
(Schweickert and others 2000). The present Lake 
Tahoe basin is in an active earthquake zone. The 
Sierra Nevada fault block is currently inching west 
to northwest. A major fault bisects the lake itself, 
forming a boundary between the Basin and Range 
province to the east and the Sierra Nevada proper. 
By geologists reckoning, the same continental shifts 
along fault lines that helped shape the Sierra could 
spawn a magnitude 7.0 earthquake in the Lake Tahoe 
basin today. Evidence of tsunamis—large destructive 
waves generated by earthquakes—is also found in 

Figure 2-3. Subsections of the Ecological 
Units of California (Miles and Goudey 
1997), where aspen is known to occur. 
No inference should be drawn as to 
the number and size of stands in each 
subsection.
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the contemporary geology of Lake Tahoe’s western 
shoreline (Schweickert and others 2000).

Subsequent to mountain formation, the Sierra Nevada 
experienced significant glacial periods that carved out 
prominent canyons, while moving large volumes of 
parent material downslope. Abundant landforms left by 
past glaciers define some of the Sierra Nevada’s most 
prominent scenery, including National Parks, alpine 
peaks, and scenic mountain lakes. Major glaciation 
took place in the Sierra Nevada during the Pleistocene 
Epoch (10,000 to 1.5 million BP). Birman (1964) notes 
at least seven glacial periods during the Quaternary: six 
in the Pleistocene and one in the Holocene. The latter 
occurred specifically during the Little Ice Age (1350 to 
1850 A.D.). Numerous researchers have investigated 
the close link between climate and glacial advances 
and retreats of the Holocene and their subsequent ef-
fects on vegetation (see Climate Effects on Vegetation, 
this chapter). In terms of ongoing glaciation, there are 
presently 108 active, mostly small glaciers and 401 
glacierettes (large over-summer snowfields) in the Sierra 
Nevada (Guyton 1998).

In the previous eras of larger glaciers, it is likely that 
aspen was among the first species to colonize recently 
vacated outwash plains. Recently glaciated landscapes 
are free of other vegetation, have deep soil deposits, 
and have a ready source of moisture in glacial melt 
(Muller and Richard 2001). All of these landscapes 
would favor the establishment of aspen seedlings 
(McDonough 1979). It has been hypothesized that new 
genetic varieties of aspen have not been introduced 
to the Sierra Nevada since the last major glaciation 
when climate may have been more conducive to true 
seedling establishment (Strain 1964). However, recent 
documentation of seedling establishment in Yellowstone 
National Park (Romme and others 1997), and research in 
the Sierra Nevada documenting genetic diversity among 
small isolated aspen stands (Hipkins and Kitzmiller 
2004), raises the possibility that more recent seedling 
establishment has occurred here.

Water and Hydrology

The Sierra Nevada contains some of the most in-
tensively used and managed watersheds anywhere on 
earth. Nearly every drop of moisture that hits the range 
is allocated for some downstream human use. Between 
75 and 90 percent of the runoff goes to agricultural uses. 
Every major drainage in the range has been significantly 
altered, either by historic uses or contemporary dams. 
Currently, there are hundreds of large dams in the 

Sierras and thousands of minor dams (Hornbeck and 
Kane 1983; Kattelmann 1996).

In the latter half of the 19th century, mining had 
enormous effects on Sierra Nevada watersheds. Early 
surveys documented seasonal drying up of both major 
and minor rivers in the area from mining activities 
(Sudworth 1900). Though surface erosion is naturally 
low in granitic soils because of high infiltration rates, 
intensive use and redistribution of water during the 
mining era dramatically affected soil and vegetation. 
As a result of large-scale mining, waterways were 
dammed, diverted, polluted, excavated, and filled with 
debris. Hydraulic mining—redirection of water using 
gravity into flumes, down steep slopes, and eventually 
through high pressure nozzles directed at river banks and 
hillsides to remove gold-bearing sediments—was the 
most egregious form of riparian destruction. Kattelmann 
(1996) asserts there were over 400 hydraulic mining 
operations in the Sierra Nevada during peak use, most of 
these being located on the west slope between the North 
Fork of the American and Feather rivers. While much 
of the hydraulic mining took place at lower elevations, 
water was diverted and timber was cut to support these 
activities in areas where aspen occurred.

Clearing of near-stream forest vegetation, includ-
ing timber cutting for flumes, sluices, mine timbers, 
and construction materials was also related to mining 
operations. This activity led to further sedimentation 
of streams and significant alteration of surrounding 
vegetation. However, clearing of vegetation adjacent 
to streams may have created openings with abundant 
water, allowing established riparian aspen clones to 
expand onto disturbed sites. Such mining activities, 
like other disturbances of this era, likely contributed 
to the creation of riparian aspen stands found on the 
landscape today (Potter 1998). Like mining and logging, 
excessive livestock grazing in the late 19th century was 
also responsible for removing meadow vegetation that 
increased sedimentation and led to downstream gullying 
(Kattelmann 1996).

The 20th century brought new large-scale impacts 
to California’s waterways. In the Sierra Nevada, fire 
suppression was fully instituted (after some debate) by 
the 1920s. In terms of riparian systems, it was thought 
that suppressing fires would reduce erosion. While it is 
true that a pulse of erosion generally occurs after fires, 
periodic fires also contribute important organic matter 
to stream systems (Kattelmann 1996). Suppression of 
frequent surface fires can eventually lead to denser 
forest canopies that burn as larger crown fires which, 
in turn may contribute bigger sediment loads to lakes 
and rivers. Increased logging and development later in 
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the century led to large-scale road building. Improperly 
constructed forest roads can divert streams, increase 
sedimentation, and occasionally lead to slope failure. In 
Kattelmann’s opinion, roads built during the period from 
the 1950s to the 1970s were the greatest disturbance to 
healthy watersheds since the 19th century mining era.

Although many large dams were built at lower eleva-
tions during the early- to mid-20th century, numerous 
small dams were also constructed throughout the range 
(Kattelmann 1996). Dams may effectively simulate 
localized drought on downstream riparian vegetation, 
allowing tolerant plants to invade formerly active stream 
channels. This conversion can cause downstream water 
tables to drop, leading to stream incision, reduced 
overbank flooding, and eventual die-off of adjacent 
woody vegetation (Kondolf and others 1996). In one 
documented case around 1940, water was diverted from 
Rush Creek, near Mono Lake, to supply water to Los 
Angeles, drying-up the creek downstream of the diver-
sion and causing die-off of aspen and related riparian 
communities (Stine and others 1984). Water backing up 
behind dams has also flooded aspen habitat at numerous 
reservoirs in the Sierra Nevada. Thin strips of aspen 
remain along reservoir shorelines today where larger 
stands may previously have existed (fig. 2-4).

Cumulative effects on adjacent forest communities 
of major and minor hydrologic alterations throughout 
the region are not well understood. Although we have 
reason to speculate that aspen forests were unintention-
ally changed by past riparian manipulations, further 
investigation is needed to verify this hypothesis. We do 

Figure 2-4. Aspen growing on the shoreline 
of Caples Lake, formerly known as Twin 
Lakes, in the Eldorado National Forest. 
Aspen habitats, as well as part of the 
Mormon	 Emigrant	 Trail,	 were	 flooded	
when this lake was increased in size as 
part of a hydroelectric development.

know from other regions that forest succession alone 
may have lasting impacts on water balances. Gradual 
succession from seral aspen stands to longer-lived 
conifer forests is evident in the absence of fire and with 
unchecked browsing of aspen regeneration (Mueggler 
1985; Bartos and Campbell 1998; Rogers 2002).

It is thought that forests dominated by conifers 
will use more water than those dominated by aspen 
(Kaufmann 1985), given the greater transpiring surface 
area of conifers and their ability to transpire moisture 
from the soil anytime that temperatures are above 
freezing. In Utah, researchers measured net water 
changes between stands of aspen, subalpine fir (Abies 
lasiocarpa) and Engelmann spruce (Picea engelmannii), 
and combined spruce-fir stands. They found that there 
was a net reduction in runoff in all the conifer stands 
when compared to aspen (Gifford and others 1983a). A 
similar study in Colorado examined seasonal water use 
and available moisture by aspen, spruce, and grassland 
ecosystems (Brown and Thompson 1965). Results from 
this study suggest that aspen use more water during 
the summer season, although more water is available 
from aspen forests (presumably due to retention in deep 
clay/organic soils) than from either spruce or grassland 
types. These authors caution that they did not closely 
examine year-round use and that interception of snow by 
spruce, for example, may alter annual use and moisture 
projections. They go on to speculate that aspen use 
more water during the growing season; conifers likely 
use more water over the entire year. Previous studies of 
forest composition and water retention imply that aspen 
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stands can potentially increase hydrologic flows if they 
are retained on the landscape, but further research is 
needed to confirm these theories.

Climate Effects on  
Vegetation_________________

Recent advances in the field of disturbance ecol-
ogy—the study of long-term and large-scale catastrophic 
events on ecosystem change—have become more reli-
ant on understanding climate patterns and their effects 
on vegetation (Millar and Woolfenden 1999a; Veblen 
and others 2000; Dale and others 2001; Whitlock and 
Knox 2002; Whitlock 2004; Pierce and others 2004). 
Estimations of natural variability in ecosystems are 
based on knowledge of disturbance regimes that are 
largely dependent on climatic fluctuations (see Historical 
Disturbance Ecology, this chapter). The overarching 
message from these studies is that climate, and therefore 
natural systems, are not static. The Sierra Nevada is no 
exception to this rule. A full appreciation of the role 
that climate has had on the occurrence and distribution 
of aspen in Sierra Nevada ecosystems requires a brief 
review of climatic variability over long-term, millen-
nial, and recent time scales. This will also allow some 
speculation as to the effect of future climate projections 
on aspen in the region.

Long-Term Climate Variability

On the scale of millions of years, geologic evidence 
of gross change may reflect continental shifting and 
large climate flux. In the realm of centuries—closer 
to our own lifespan—finer-scale disturbance cycles, 
such as flood, fire, insect and disease infestations, and 
human interventions, seem of more importance. Where 
short-term drought events seem important within human 
life spans, they have less standing at millennial scales. 
In general, pre-Holocene climate favored long glacial 
periods over brief regional warming. Thus, glacial 
fluxes affected the spatial distribution of vegetation 
in dramatic ways. For instance, around Owens Lake, 
vegetation alternated between spruce-fir (Picea-Abies 
spp.) and juniper (Juniperous spp.) forests from 800,000 
to 650,000 B.P. (Woolfenden 1996). Not only does 
this point to wide elevational fluctuations of forest 
cover, but to changes in spatial distribution as well. For  

example, the closest contemporary stands of spruce 
are in Arizona.

The Holocene (10,000 years to the present) marked 
the end of the last true glacial advance. During the 
Holocene, longer warm periods in the Sierra were 
generally punctuated by a few prominent cooler epochs 
lasting several hundred years. These did not include 
significant glaciation, and occurred around 11,000; 
8,000; and 3,000 B.P. (Woolfenden 1996). Aspen, as 
well as other species, likely resided in different locations 
during these times.

A 1000-Year Record

Multiple authors have documented a warmer climate 
in the Sierra Nevada, known as the Medieval Warm 
Period, occurring from approximately 1000 to 1400 A.D. 
(Swetnam 1993; Scuderi 1993; Woolfenden 1996; Millar 
and Woolfenden 1999a; Millar and Woolfenden 1999b; 
Millar and others 2004). Several lines of evidence, in-
cluding increases in tree ring growth, fire scars, tree line 
elevations, pollen records for fire-dependent species, and 
decreased Mono lake levels indicate consistent patterns 
of prolonged drought and large-scale disturbance during 
this time. Millar and Woolfenden (1999a) speculate that 
volcanic vents erupted later in this period in the Glass 
Creek watershed and played a role in igniting fires in 
the region. Regardless of ignition source, the warmer 
and dryer conditions prominent during the Medieval 
Warm Period appear to have encouraged more frequent 
fires at low elevations (Swetnam 1993), as well as in 
montane forests (Millar and Woolfenden 1999a). This 
climate and disturbance pattern probably encouraged 
growth of species more resistant to low intensity fire, 
such as Jeffrey pine (Pinus jeffreyii) and Ponderosa 
pine (P. ponderosa).

The Little Ice Age (1400 to 1850 A.D.), as the name 
suggests, was characterized by cool temperatures and 
increased precipitation. Although the later portion of 
this period was moderately dry, the overall cool and 
wet conditions spawned minor glacial advances in the 
Sierras (Stine 1996). In terms of vegetation, much of the 
current “old growth” red fir forest in the Sierra Nevada 
originated during this era when fires were generally 
infrequent, though more intense (fig. 2-5) (Millar and 
Woolfenden 1999a). Swetnam (1993) documented the 
lowest fire return intervals of the past 2000 years during 
the Little Ice Age (except for the 1860 to present fire 
exclusion period). Generally, the longer the fire return 
interval, the easier it is for shade tolerant species such 
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as red fir, white fir (Abies concolor), and mountain hem-
lock (Tsuga mertensiana) to colonize particular sites. 
However, lodgepole pine (Pinus contorta) and quaking 
aspen can thrive immediately after crown fires at upper 
elevations because of their need for full sunlight and 
ability to regenerate quickly after disturbance. Millar 
and Woolfenden (1999a) describe cycling shifts between 
red fir and lodgepole pine forest as climate changed 
over the past several centuries. The first fir originated 
during the cool/wet early Little Ice Age period, followed 
by a pulse of pine as cool/moderately dry conditions 
prevailed around the turn of the 19th century. A final 
understory layer of fir regeneration is found in present 
stands reflecting a 20th century that was relatively fire 
free and moist (Millar and others 2004). We presume 
that aspen “pulses” parallel those of lodgepole pine, 
given the two species’ similar response to climate and 
disturbance (Skinner and Chang 1996). This would result 
in greater aspen abundance toward the end of the Little 
Ice Age (based on climate conditions) and toward the 
end of the 19th century (resulting from human-caused 
disturbances).

As previously mentioned, the transition from Little 
Ice Age to a warm and moist 20th century was coin-
cident with widespread impacts of human settlement 
(see Historical Disturbance Ecology, this chapter). 
Other authors have noted the difficulty in separating the 
effects of these factors on modern vegetation (Millar 
and Woolfenden 1999a); however, Swetnam (1993) 
does note a clear decline in the fire frequency after 
1860 in lower montane west-side sequoia groves in the 
central Sierras. Conversely, other studies cite frequent 

burning in upper montane sites that was documented 
by early settlers and forest surveyors (Sudworth 
1900; Leiberg 1902; Cermak 1988). Beaty and Taylor 
(2001) attribute frequent fires that proliferated into the 
early 20th century in the northern part of our area 
to a combination of grazing practices (post-season 
burning) and drought conditions. Increased fire starts 
in the upper montane zone during the latter half of 
the 19th century were likely brought on by natural 
climate fluctuations (Millar and others 2004) in con-
junction with intentional and unintentional burning 
by settlers. Based on current aspen stand ages (Potter 
1998), we think that these late 19th century climate 
and disturbance patterns favored a widespread pulse 
of aspen regeneration.

Recent Climates and  
Future Directions

Observations of annual branch growth of treeline 
conifers, snowfield invasion, vertical branch growth 
in krümmholz, meadow invasion, and climate records 
have all indicated some decadal climatic generalities 
based on synchrony across methods and sites in the 
range, which characterize the 100-year record for the 
region (Millar and others 2004). Overall, the past century 
was warmer and wetter than several previous centuries; 
relatively warm periods occurred from 1920 to 1940 
and 1976 to 2000. The second half of the century was 
wetter than the first half, and the relatively dry periods 
occurred from 1910 to 1935 and 1945 to 1970.

Many scientists now speculate that we are on the 
brink of another climatic shift fueled primarily by 
human industrialization that will lead to accumulation 
of greenhouse gasses in the atmosphere (Overpeck 
and others 1990; Dettinger and others 2004). Specific 
effects of such a climate shift on aspen are not known, 
but we could expect that aspen growing in ecotones near 
the limits of its growing conditions would be affected. 
There may be far-reaching consequences for aspen 
where exotic species act in tandem with rapid climate 
shifts. A recent study in Utah used conservative (1 
percent/year increase) CO2-based estimates of climate 
warming to model potential impacts of gypsy moth 
(Lymanteria dispar) on quaking aspen in the coming 
century (Logan and others 2006). Their results suggest 
incremental temperature increases in the next century 
will facilitate widespread introductions of gypsy moth 
into previously temperature-limited elevation zones 
containing Gambel oak (Quercus gambelii), bigtooth 
maple (Acer grandidentatum), and aspen. Where 

Figure 2-5.	Pollen	records	of	Abies	(white	fir	and	red	fir)	from	
the central Sierra Nevada show an increasing abundance 
since the last major glaciation in the elevation range where 
aspen is present today (Anderson and Smith 1994).
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these hardwoods have no previous exposure to gypsy 
moth, large contiguous stands without natural defense 
mechanisms may be destroyed. Similar potential host 
situations occur throughout western mountain ranges 
where temperature modification will have more pro-
nounced effects by elevation than by latitude.

In the Sierra Nevada, projections are for a warm-
ing of about 5.4º F (3º C) during the 21st century 
(Dettinger and others 2004). While these authors are 
less confident in the direction of precipitation change, 
they do expect warming to have significant affects on 
the timing and amount of spring runoff. Where snow-
melt occurs earlier in the spring, longer and warmer 
summers will likely result in drying forest fuels, 
facilitating wildfire ignition and expansion. This will 
also result in soils drying out sooner which could lead 
to greater moisture stress in aspen. If this predicted 
climate trend materializes, a practical approach toward 
natural range of variability management in aspen may 
be to emulate patterns and processes favored during 
the Medieval Warm Period, rather than those found 
during the Little Ice Age just prior to Euro-American 
settlement. After all, a warm/dry summer weather 
pattern facilitating increased frequency of fires may 
be one more favorable to aspen expansion, or at least 
more favorable to greater renewal of aspen and regular 
culling of competing conifers. However, unpredictable 
consequences of artificial warming, such as exotic 
pest introductions, cannot be overemphasized. To 
add further caution, most studies cited in this sec-
tion have stressed a high degree of variability within 
broad climate patterns and especially during periods 
of climatic shift (Millar and others 2004; Dettinger 
and others 2004). The unprecedented nature of hu-
man-induced climate change, though not intentional, 
introduces further variability to natural change where 
future vegetation, including aspen, and human health 
are concerned.

Historical Disturbance 
Ecology___________________

We have previously discussed aspen’s great ability 
to adapt to varying environments as evidenced by its 
wide contemporary range (see Physical Environment, 
this chapter). For example, aspen is apparently one of 
the first colonizers following glacial retreat in Canada 
(Muller and Richard 2001). Modern literature suggests 
that some aspen have been in the Sierra Nevada for at 
least the last 8,000 years (Strain 1964), although some 

estimates of clonal persistence for Interior West locales 
date to the Pleistecene (Baker 1925; Grant 1993; Mitton 
and Grant 1996). Mobility of clones over long periods 
is not well understood; however, it is conceivable that 
particular clones could migrate to adapt to changing 
conditions. A study in eastern Oregon found two  
sections of a genetically identical clone over 800 ft apart 
(Personal Comm., Valerie Hipkins, Geneticist, USDA 
Forest Service, National Forest Genetics Laboratory). 
Alternatively, specific climatic conditions, such as those 
following the Yellowstone fires of 1988, may facili-
tate episodic seedling establishment, thereby greatly 
increasing local aspen range and abundance (Romme 
and others 1997). Potentially, these two strategies work 
in tandem to effect both slow and rapid advancement 
that is dependent on climate pattern.

The role of disturbance in Sierra Nevada forests, 
and specifically in aspen’s place in those forests, is 
largely a study of 19th and 20th century environmental 
history. Region-wide, this 200-year period witnessed 
a human impact on vegetation transformed from 
relatively benign, to very intense, to scientifically 
“managed.” This transformation was based not only on 
great changes in population, but on changes (in orders 
of magnitude) in the scale and intensity of landscape 
modification. Native cultures exploited the mountain 
range at a subsistence level; Euro-Americans extracted 
resources and converted land at an industrial level. 
Cermak (1988) echoes this sentiment in relation to 
magnitude of Native American versus Euro-American 
burning:

It is likely that Indian burning affected this 
natural balance in some places and not others. 
At any rate, Indian burning had little effect upon 
California’s forests compared to the repeated, 
widespread burning of forests and brushlands 
practiced by settlers during the last half of the 
nineteenth century.

There is no doubt that natural disturbance cycles 
have been disrupted over the past 200 years. Our in-
tent here is to discuss the impacts and interactions of 
natural- and human-caused disturbance (or, in the case 
of fire suppression, lack of disturbance) on aspen. In 
addition, parallel and sometimes coincident changes in 
regional climate have strongly influenced disturbance 
and vegetative patterns.

To unravel the effect of these impacts on the limited 
cover of aspen forests in the region we must examine 
pre-settlement, Euro-American settlement, and modern 
era patterns of forest disturbance. Disturbance com-
monly affects more than a single vegetation community, 
often benefiting one vegetation type to the detriment 
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of another (Rogers 1996). Thus, interplay between 
aspen and its successional associates is an important 
component of our historical assessment.

Pre-Settlement

Prior to Native American migration to the Sierra 
Nevada region, vegetation was largely influenced by 
climate and natural disturbance. During the Holocene, 
California witnessed dramatic climate change that 
resulted in broad elevational shifts in vegetation 
(Woolfenden 1996). From this long-term perspective, 
disturbances—volcanoes, earthquakes, glaciation, 
floods, land slides, snow avalanches, insect and disease 
epidemics, and wildfires—were commonplace. As a 
pioneer species, aspen was likely the first tree species 
on site after most of these disturbances. For example, 
aspen was the most effective colonizer after continental 
glaciation in Canada (Muller and Richard 2001).

Although all of these disturbances have occurred  
in the Sierra Nevada, fire stands out as possibly hav-
ing the most consistent long-term influence on aspen 
communities. We know more about fire’s influence, 
compared to other disturbances, on aspen from a large 
body of research in this subject area predominantly 
conducted in the Interior West (Gruell 1983; Jones and 
DeByle 1985b; Bartos and others 1994; Floyd and others 
1997; Romme and others 2001; Rogers 2002).

Aspen in the Sierra Nevada is found primarily in the 
upper montane zone (Potter 1998), so we will confine our 
brief review of fire ecology to that vegetation zone. In 
general, aspen regenerate best after stand-replacing fires 
given their root sprouting habit and need for open sun-
light unhindered by competing overstory species (Jones 
and DeByle 1985b). However, montane fire regimes 
are not uniform. The most common aspen associates in 
the high Sierra—red fir (Abies magnifica) and white fir  
(A. concolor)—tend to have fire return intervals between 
50 and 150 years (Skinner and Chang 1996; Potter 
1998). In contrast, the slightly lower elevation mixed 
conifer zone tends to have fire return intervals between 
30 and 90 years, and the lowest elevation west slope 
and drier east slope forests have very short fire return 
intervals between 5 and 30 years (Skinner and Chang 
1996; Taylor 2004). Thus, the structure and composition 
of aspen’s vegetative associates can be expected to vary 
considerably under varying fire regimes.

These are broad generalizations. Species composition 
and microhabitat will more directly affect the fire ecol-
ogy at a given locale (Brown and Simmerman 1986). 
For example, aspen associates such as lodgepole pine, 

Jeffrey pine, sugar pine (P. labertiana), western white 
pine (P. monticola), and whitebark pine (P. albicaulis) 
include widely varying fire characteristics, from frequent 
underburning (Jeffrey pine) to infrequent crown fires 
(lodgepole and whitebark pine). Pure aspen stands in 
Colorado have been described as nearly fire resistant 
because of their high density of moist forbs and higher 
stand humidity (Fechner and Barrows 1976). However, 
under very dry conditions even this dense forb layer 
becomes flammable (Jones and DeByle 1985b). Aspen 
trees also have thin bark that is extremely sensitive 
to fire. Even low intensity fire will often lead to high 
aspen mortality where flammable vegetation is found 
in the understory of aspen stands (Jones and DeByle 
1985b). Where aspen commonly occurs in the Sierra 
Nevada in riparian and other moist areas (Potter 1998), 
we would expect a somewhat longer fire cycle. Though 
little research specific to aspen forests has been done 
here, Skinner and Chang (1996) speculate that “Fire 
return intervals in these locations are likely to be quite 
variable and long.” The natural fire cycle may be 
shortened where conifers are readily invading aspen 
sites. In terms of fire size, most fires in this zone are 
relatively small, often limited by discontinuous fuels 
or natural fire breaks.

Anthropological evidence suggests that Native 
Americans have lived in the Sierra Nevada for the past 
10,000 years (Anderson and Moratto 1996; Parker 2002). 
At least six major tribes and countless smaller bands 
lived in and around this range with a total estimated 
population of about 90,000 to 100,000 prior to European 
settlement (Cook 1978; Parker 2002). Several authors 
have attempted to piece together the environmental  
use and vegetative impacts—primarily intentional 
burning of forests—of Native Americans (Denevan 
1992; Anderson and Moratto 1996; Vale 1998; Parker 
2002; Vale 2002). These assessments run the range from 
Native Americans having widespread regional impacts  
to having very little impact at all on vegetation. An 
exhaustive synthesis of demographics, physical envi-
ronment, lightning strikes, climate patterns, tree ring  
records, and anthropological land uses conducted by 
Parker (2002) concludes that aboriginal populations did 
modify landscapes intensively near permanent settle-
ments, but effectively left most of the Sierra Nevada  
range to processes of natural disturbance and succession.

Native Americans also modified landscapes in other 
ways, including land clearing for settlement, planting 
for agricultural practices, and harvesting products 
such as nuts, berries, pruned limbs, and other plants 
for food and tools (Anderson and Moratto 1996; Vale 
1998). However, these activities were generally at very 
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local scales, and not common where aspen occurred 
in the upper montane zone. Although modifications 
may have been substantial in places like the Yosemite 
Valley, where large Miwok villages were located, the 
high elevation hinterland was used only on a seasonal 
basis, and mainly for transitory hunting purposes (Vale 
1998). In sum, there was minimal human alteration of 
vegetation during the pre-settlement period at upper 
montane locations where most aspen occurs.

The end of the pre-settlement era (1780 to 1850) 
witnessed minor European exploration from the east 
(American traders and explorers) and west (Spanish 
missionaries and military), and only limited settle-
ment in the area. Euro-American contact had swift and 
devastating impacts on Native American demography. 
From 1800 to 1830, Native American mortality origi-
nated primarily from coastal Spanish missions via three 
mechanisms: Native Americans returning from mission 
trading brought disease into their villages; interior 
Spanish military excursions brought disease to foothill 
settlements, which in turn spread epidemics to Sierra 
tribes; and occasional violence upon arrival of military 
treks in Indian Territory (Cook 1978). After 1830, as 
Euro-American contact from the east began in earnest, 
Native mortality increased exponentially resulting in 
an estimated 60 percent of all mortality taking place 
during the period from 1830 to 1848 (Castillo 1978). 
Beesley (1996) estimates that 80 percent of pre-contact 
Sierra Nevada Indian populations died as a result of 
Euro-American contact, mostly from disease and, to a 
lesser degree, violent confrontation. He calculated that 
although some settlers were killed in conflicts, the ratio 
was nearly 50 Native Americans dying for every white 
settler. To the extent that Native Americans impacted 
vegetation prior to contact, whether locally or region-
ally, the drastically reduced populations of these tribes 
effectively nullified their impacts by 1850. Based on low 
indigenous population densities and a subsistence-scale 
of land use, vegetation impacts, on the whole, were 
driven primarily by natural factors.

A recent pre-settlement fire history near Lake Tahoe 
attributes 90 percent of fire starts to climatic conditions 
that were common during the period from 1650 to 1850. 
Essentially, late summer weather, including dry condi-
tions during La Niña years and periods of peak lightning 
strikes, seems to be sufficient to account for the number 
and seasonality of pre-settlement fire regimes (Taylor 
and Beaty 2005). Van Wagtendonk (2004) pinpointed 
the highest levels of lightning strikes to be east of the 
Sierra crest and between 8,500 and 9,000 ft elevation, 
with the northern half of the range receiving slightly 
more lightning strikes than the southern half. This zone 

favors frequent historical fire ignitions within aspen 
growing elevations (Potter 1998).

Euro-American Settlement

It is well known that the mid-19th century Gold 
Rush brought prospectors and settlers into California’s 
high country in large numbers. Initial settlement was 
followed by successive waves of resource extraction-
driven development. For this reason the settlement era in 
the Sierra Nevada is best characterized by intensive use 
and abuse of natural resources, beginning with mining 
and followed by small-scale water diversion, logging, 
and grazing. These efforts were not necessarily mutu-
ally exclusive. For example, hydraulic mining diverted 
streams to extract gold-bearing sediments along major 
Sierra tributaries. Palmer (1992) estimates use in north-
ern Sierra watersheds alone as being 36 million gallons 
(136 million liters) of water in a single 24-hour period, 
some three times the use of San Francisco during that 
era. These operations, spread throughout the range, but 
more commonly on the west slope, completely cleared 
adjacent hillsides of vegetation and sent millions of 
tons of sediment downstream to the Sacramento valley. 
Eventually hydraulic mining was stopped, not because 
of its impact on the immediate landscape, but because 
sedimentation severely limited valley farmers’ use of 
water for irrigation. Construction of local sluices not 
only diverted substantial amounts of water from streams 
and increased erosion near prospecting sites, but often 
involved denuding surrounding hillsides for building 
materials (Beesley 1996). Such disturbances could not 
only have favored aspen with the removal of competing 
conifers, but been detrimental to aspen where roots were 
washed away or buried under heavy sediment.

Logging had both local and widespread impacts on 
the central Sierra Nevada. In the Lake Tahoe basin, log-
ging to support the Comstock mining district in Nevada 
nearly denuded the Carson range (east of Lake Tahoe) 
and impacted most forests surrounding the lake to some 
degree (Jackson and others 1982; Strong 1984; Kim 
and Rejmánková 2001; Taylor 2004). Pollen analysis 
of sediment cores at three marsh sites near Lake Tahoe 
show a distinct signature of increased sedimentation and 
decreased pine pollens during the late 19th and early 
20th centuries (Kim and Rejmánková 2001). Historic 
photos from this period show barren hillsides behind 
logging decks stacked high with locally harvested timber 
(Strong 1984) (fig. 2-6). Near Truckee, huge volumes 
of logs were extracted to supply mines, construct giant 
V-shaped flumes for transporting logs, and for use on 
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the Union Pacific rail line (Jackson and others 1982). 
Beesley (1996) estimated that 300 million board feet 
of timber were harvested to construct snow sheds for 
the railroad and an additional 20 million board feet 
per year to maintain the sheds. In Comstock, mining 
efforts consumed an additional 70 million board feet per 
year, for about 10 years, for flume construction, mine 
ties, fuel wood, home building, and construction of a 
narrow-gauge rail line from Virginia City to Spooner 
Summit (and eventually Lake Tahoe itself). Of course, 
this rail line allowed massive exploitation of lumber, 
which was towed by boom from various points across 
the lake (Strong 1984; Beesley 1996). Strong (1984) 
further explains that logging practices at this time often 
involved post-harvest burning, which contributed to 
large fires in 1889, 1898, 1902, and 1903, and resulted 
in expanses of brush fields in the following decades. In 
1900, the government agent George Sudworth made an 
extensive survey of the Stanislaus Forest Reserve on the 
west slope of the Sierra Nevada. He encountered small 
mills in the headwaters of each major and many minor 
west slope drainages and found evidence that mills had 
moved several times after exhausting the entire supply 
of lumber within a 2.5 to 3 mile radius (Sudworth 1900). 
This massive clearing of forests in the Sierra Nevada, 
although not directed at aspen as a species, nevertheless 
had great residual effects by stimulating aspen growth 
in large newly created forest openings.

Even though mining and logging activities were 
widespread during the late 19th century, they probably 
affected less total land than sheep (Ovis spp.) grazing. 
Grazing, especially by sheep, leaves a near-continuous 
impact on the landscape, whereas both mining and 
logging activities tend to leave a “patchy” disturbance 

Figure 2-7. In 1905, Grove Karl Gilbert photographed and noted 
the extensive sheep grazing and browsing on lands near 
Bowman Lake in what is now the Tahoe National Forest. 
Source: U.S. Geological Survey, Denver, Colorado.

footprint. Noting that some of these later “patches” 
could be quite large, their impact in terms of acres could 
not compare to grazing during this period. During the 
“sheep boom” (1870 to 1890) there were no restrictions 
on the number of sheep or the timing and movement of 
herds. Although accurate estimates of sheep use during 
this period are not available, Beesley (1996) says that 
they numbered in “the millions” and Cermak (1988) 
noted 7 million for the state, a substantial portion of 
which likely used this prime high elevation rangeland. 
Although foraging and trampling by sheep can devastate 
meadows (fig. 2-7), both meadow and forest alike were 
affected by the common and widespread practice of 
burning pasturage upon leaving the mountains in the 
fall. In general, aspen persistence thrives in frequent 

Figure 2-6. Intense logging during the 
Comstock era denuded much of 
the Carson range. This photo was 
taken at Spooner Summit in 1876. 
© Reproduced by permission (Goin 
and Blesse 1992).
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fire environments (Brown and DeByle 1989; Bartos and 
others 1991; Skinner and Chang 1996; Rogers 2002). 
Numerous authors detailed these burning practices 
(Sudworth 1900; Leiberg 1902; Jackson and others 
1982; Cermak 1988; Kinney 1996; Beesley 1996) 
typified in a quote from P.Y. Lewis (Cermak 1988): 
“We started setting fires and continued setting them 
until we reached the foothills. We burned everything 
that would burn.”

Burning, sheep grazing, logging, mining, and water 
diversion had major effects on Sierra Nevada vegetation 
during the latter half of the 19th century. Some areas, 
such as the Carson range on Lake Tahoe’s east side, 
were completely transformed (Strong 1984; Taylor 
2004). Potter (1998) aptly relates this human-caused 
disturbance of over a hundred years ago to contemporary 
aspen cover:

In general, the ages of the current aspen com-
ponent in many stands corresponds relatively well 
with the end of intensive grazing pressures in the 
late 1800s and the institution of fire suppression 
policies in the early 1900s.

Modern Era

In large part, the establishment of Forest Reserves, 
and eventually the Forest Service in the Department of 
Agriculture, were a reaction to the west-wide abuses of 
the land resources during the late 1800s. The modern 
period therefore is characterized by implementation of 
much needed regulation of forest lands, both nation-
ally and in the high Sierra. The age of scientific land 
management began to take hold after documentation of 
natural resource abuses by the likes of Sudworth (1900), 
Leiburg (1902), and preservationists such as John Muir 
(Muir 1982). Grazing was limited and monitored to 
some degree, logging was planned and inspected, and  
mining and water use were closely regulated. In 
hindsight, this approach to implementing emerging 
management practices was fraught with scientific weak-
ness and personnel shortages, but esprit de corps and 
sheer bravado often carried the day in the newfound 
agencies. The Forest Service in California’s newly 
formed Region 5 confronted fire in an all out attack, 
not only on wildfire, but on the burning practices of the 
settlement era and those of Native Americans.

After the big fires of the 1890s and early 1900s, forest 
managers began discussing the idea of fire suppression 
as a means of bringing the former situation under con-
trol. Established forest use practices of that time were 
largely ignored in the effort to control wildfire. This 

included Native American use of fire and other resource 
users who intentionally set fires to improve forage for 
livestock, clear brush and logging slash (although this 
often led to more brush), clear land for settlement, and 
improve game forage and hunting visibility. In 1910, 
extreme fire conditions in the northern Rockies (Pyne 
2001) brought the national debate—fire suppression 
versus “light burning”—to the forefront (Hoxie 1910). 
Eventually, Stuart Bevier Show, a Region 5 forester, 
played a national role in advancing the fire suppression 
policy agency-wide (Show and Kotok 1930). This policy 
of suppressing all fire, especially following the heavy 
burning and extraction of the previous era, is likely a 
key factor in the development of contemporary aspen 
forests.

The legacy of early 20th century scientific forestry, 
epitomized by Gifford Pinchot and Henry Graves at 
the national level and S.B. Show in California, was 
the establishment of practices designed to bring both 
nature (even if it was rebounding from large-scale hu-
man abuse) and resource extraction into alignment with 
management objectives that conserved and sustained 
forest resource outputs. Hence, fire would be suppressed 
with military fervor; rivers would be controlled with 
dams and diversions; forests would be “managed” for 
highest yields; and game animals would be regulated 
by elimination of large predators and optimization of 
game species’ numbers. The economic engine driving 
forest management in the Sierra Nevada, as in much 
of the nation through this period, was timber harvest. 
More specifically, this meant the intensive management 
of high value, fast growing conifer species. Secondarily, 
forage for livestock and forage for wild ungulates were 
considered forest “products” to be favored in manage-
ment plans.

Resource extraction did not cease around 1900; it was 
only controlled and managed by the resource agencies 
established at that time. For instance, in the Truckee 
basin, several waves of industrial logging continued 
until about 1940, when “virgin timber” was eventu-
ally exhausted (Knowles 1942). In water engineering, 
the scale of resource use may have been larger than 
previously occurred. To some degree, twentieth century 
water diversion on both large- and small-scales probably 
affected riparian uplands where aspen reside through 
the flooding of small meadows and the diversion of 
water from streams. In the Mono Lake drainage, for 
example, diversion of water for Los Angeles led to a 
loss of riparian vegetation, notably large stands of aspen, 
along Rush Creek (Stine and others 1984). Similar 
impacts on aspen communities may have taken place 
throughout the range as a result of politically driven, and 
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scientifically engineered, solutions to economic devel-
opment. To some extent, riparian-associated vegetation 
like aspen is accustomed to frequent fluvial events that 
accompany wet and dry periods. However, dams and 
diversions effectively mimic continuous downstream 
drought conditions, ultimately leaving deeply incised 
channels and lowering local water tables that support 
moist site trees such as aspen (Mount 1995).

Management philosophy around the middle of the 
20th century began to shift from control of nature to 
understanding, and eventually to working with natural 
processes. This movement was evident in management 
reactions to disturbances, notably wildfire and floods. 
The “multiple use” management approach began with 
the U.S. Forest Service and was eventually adopted 
by many land use agencies. Essentially, multiple use 
meant that agencies were transforming from single use 
missions, such as cutting timber or capturing streams 
with dams, to a variety of “outputs,” often led by the 
same dominant uses.

On the heels of multiple use management came the 
increased environmental and planning requirements 
of the 1970s meant to bolster protection for multiple 
resources. This transformation from a production 
mode, primed by California’s rapid population growth, 
to a stewardship mode, was not easy (Beesley 1996). 
However, the evolution of resource management is ongo-
ing nationally, with greater recognition of disturbance 
processes having become more accepted in today’s 
management decisions (Rogers 1996).

The modern era, especially in response to settle-
ment practices, has had a great impact on the Sierra 

Nevada landscape. The extent of aspen was certainly 
influenced by the combined effects of fire suppres-
sion, management favoring conifers (cutting and 
replanting commercial species), and grazing of aspen 
sprouts by livestock and unfettered wild ungulates. To 
a lesser extent, a relatively moist 20th century may 
have helped boost the confidence of managers in their 
quest to suppress most wildfires. The impact on aspen 
communities in this 100-year period, beginning with 
widespread disturbance that favored regeneration, has 
been a general trend toward advancing succession in 
the absence of fire, where many stands have “a few 
remnant aspen below an almost closed canopy of 
conifers” (Potter 1998).

Whether or not the absence of fire is the result of 
successful fire suppression, wetter climate, or com-
bined effects, the end result is a century of relatively 
low fire occurrence on the heels of elevated levels of 
disturbance (in the latter part of the 19th century). 
However, a fire suppression management strategy 
may not be sustainable under warmer and dryer years, 
which could lead to more intense fire activity at the 
start of the current century.

Aspen forests have probably never covered large 
areas of the Sierra Nevada. Additionally, aspen ecosys-
tems (as well as other vegetation) have been grossly 
disrupted by human activities over the past 200 years. 
The challenge for today’s managers, in light of today’s 
intense human development and use of Sierra forests, 
is to return aspen communities to some semblance of 
their natural range of variability.
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Chapter 3.

Aspen Ecology

Physiology of Aspen________

Many years of ecological research have revealed a 
great deal about how aspen thrive on the landscape. 
We believe the basic physiological research—cited 
here primarily from the Interior West of the U.S. and 
Canada—is equally valid in Sierra Nevada aspen stands. 
A key prerequisite to managing aspen community 
health is understanding the basics of aspen’s growth 
habit, ecology, and its reproductive physiology that 
emphasizes vegetative rather than sexual reproduction. 
Further discussion related to seed dispersal and sexual 
reproduction can be found in the Aspen Genetics section 
later in this chapter.

Aspen’s Ecological Amplitude  
and Habitat

Although aspen occurs throughout the western United 
States, in California aspen is found in the Sierra Nevada, 
southern Cascades, Modoc Plateau, Transverse and 
Peninsular Ranges, and select highlands of the Basin 
and Range province (Strain 1964; Barry 1971; Thorne 
1977; Di Orio and others 2005). California aspen is 
generally more limited in range, most often confining 
itself to areas of above average soil moisture, such as 
stream banks, meadows, springs, and subsurface water 
sources (Barry and Sachs 1968; Potter 1998; Smith and 
Davidson 2003). However, in the Southern Cascades 
and Modoc Plateau ecoregions, as well as parts of the 
eastern Sierra Nevada, aspen may also be found outside 
of riparian settings.

At the continental scale, aspen has several physi-
ological characteristics that permit it to attain great 
geographic amplitude. Lieffers and others (2001) 

outline the following important adaptive traits of as-
pen: 1) Among the wide ranging genus Populus spp.  
(cottonwoods, poplars, aspen), aspen seems to have a 
very high stress tolerance. Usually, high stress tolerance 
is associated with slow growing species and those with 
a limited reproduction strategy; 2) Aspen appears to 
rely on vegetative reproduction via root suckering more 
than other Populus spp. These authors assert that the 
passing of extensive root systems between generations 
enhances tolerance to absorb climate stress (DesRochers 
and Lieffers 2001); 3) Aspen also has the ability to adapt 
leaf size to xeric and mesic conditions (that is, smaller 
leaves for drier sites). Its smaller leaf size could keep 
the leaf surface slightly cooler, allowing earlier shut 
down of stomata, thus tempering water stress during 
drought; 4) Aspen seems to tolerate cold temperature 
and short growing seasons better than most hardwoods 
(Pearson and Lawrence 1958); 5) Leaf fluttering may 
be an adaptive advantage in cooling leaf surfaces of 
many Populus; and 6) Aspen appears to have a higher 
photosynthesis capability than other Populus spp., 
which is comparable to that of high yield poplar hybrids. 
Aspen photosynthesizes well in low light (for example, 
competitive situations) and its bark is also capable of 
photosynthesis, which helps to ameliorate respiration 
during periods of high insolation (before spring leaf-out) 
(Pearson and Lawrence 1958). Photosynthesizing bark 
may help aspen recover from injuries and infestations 
(Jones and Schier 1985; Lieffers and others 2001) and 
may allow aspen to photosynthesize at low levels during 
the winter giving the tree a photosynthetic “boost” prior 
to leaf-out (Pearson and Lawrence 1958; Shepperd and 
others 2004). As leaf chlorophyll increases during the 
summer, bark chlorophyll decreases causing bark to 
become whiter (Strain 1964).

Most aspen stands are composed of one to several 
clones that may persist along a continuum of succes-
sional stages, from sparsely growing individuals to 
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apparently stable pure or near-pure groves. Although 
clones are often separate and distinct from one another, 
studies have demonstrated spatial intermingling where 
multiple clones are co-located (DeByle 1964; Mitton 
and Grant 1980; Wyman and others 2003; Hipkins and 
Kitzmiller 2004). In eastern North America, clones tend 
to be smaller in size (less than 5 acres [2.02 ha]) and 
tree establishment from seed is not uncommon. In the 
Interior West, clone sizes are generally larger (from 20 
to 100 acres [8.09 to 40.47 ha]) and seedling events 
are rare (Kemperman and Barnes 1976). Compared to 
conifers, aspen ramets—individual stems, or suckers, 
of the same genotype from a parent root system—are 
relatively short lived. This is due to succession (re-
placement of aspen by more shade tolerant species) 
and/or a typical onslaught of mortality related to stem 
decays and diseases from ages 80 to 100 years (Baker 
1925; Hinds 1985; Potter 1998; Rogers 2002). Aspen 
thrive where somewhat regular and frequent distur-
bance promotes regeneration (DeByle and Winokur 
1985). Occasionally, aspen stands appear to perpetuate 
themselves with regular low-level regeneration in multi-
layer, stable stands (Mueggler 1988; Cryer and Murray 
1992). Healthy ramets (trees) can live over 300 years 
(Personal Comm., John Shaw, Forester, USDA Forest 
Service, Rocky Mountain Research Station) and attain 
diameters of at least 38 inches (96.5 cm) diameter at 
breast height (dbh). Aspen in the western U.S. are longer 
lived than elsewhere. Many mature stands in Colorado 
are currently over 120 years of age (Shepperd 1990). 
Tree form varies from shrubby at upper and lower for-
est margins to over 100 ft (30.5 m in height) in prime 
locations with average heights of 50 to 60 ft (15 to 18 
m) (Baker 1925).

It should be noted that variation in physical traits of 
aspen is often determined by genotype and therefore 
expressed on a clonal basis by all stems within a particular 
clone. For example, in Colorado the timing of spring leaf 
development, color during growing season and during 
senescence, size, bark color, and leaf fall may be used 
to distinguish separate clones (Shepperd 1982). The fol-
lowing characteristics are common to aspen: leaves are 
1.5 to 2 inches (3.8 to 5.1 cm) long, with serrate margins, 
semiorbicular shape, ending in a distinct point (similar 
to the “spade” in a deck of playing cards). New sprouts 
will often have considerably larger leaves allowing 
increased photosynthesis and quick growth. Flattened 
petioles allow leaves to flip or “quake” in a breeze. 
Aspen bark may vary from green-white, yellow-white, 
pure white, to deeply furrowed black on the lower trunk 
of older specimens (Shepperd 1982, 1990). Quaking 
aspen is characteristically dioecious, meaning there are 

separate male and female plants. However, perfect flow-
ers, containing staminate and pistillate flowers, seem to 
occur in 5 to 20 percent of ramets (McDonough 1985). 
Catkins containing the developed pistillate seeds are 
from 2 to 4 inches (5.1 to 10.2 cm) long and can readily 
be seen dangling from aspen twigs in the late spring. 
As the tiny seeds mature, tufts of white cotton protrude 
from catkins. These tufts will hold seeds aloft as they 
are dispersed in the wind (fig. 3-1).

Clonal Habit and Root Systems

Though the topic is touched on elsewhere in this 
publication (see Aspen Genetics, this chapter), here 
we focus more on the physiology of aspen clones and 
their associated root systems. Aspen generally sprout 
profusely (up to 500,000 stems per acre) following 
disturbance, although there is some continuous low-
level regeneration even in shaded stands. High initial 
numbers of aspen suckers in post-disturbance stands 
typically self-thin following a negative exponential 
decay model, with most losses occurring in the first few 
years (fig. 3-2) (Shepperd 1993). Young trees studied 
in Canada and the U.S. Rocky Mountains grow an 
average of 3 to 6 ft (0.9 to 1.8 m) the first 2 years and 
a total of 9 to 15 ft (2.7 to 4.6 m) in 5 years (Shepperd 
1993; Miller 1996).

Lateral aspen roots are found generally within a 
foot of the soil surface. These roots are mostly 0.25 
to 3 inches (0.6 to 7.6 cm) in diameter and have very 
little taper at distances out to 100 ft (30.5 m) from 

Figure 3-1. Aspen seed dispersing from pods on a branch.
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the parent tree. Fine “sinker roots” may develop any-
where along the lateral roots, with about 30 percent 
originating beneath developing ramets (Baker 1925; 
Jones and DeByle 1985b). The primary role of these 
vertical roots is to tap into soil nutrients and water 
while increasing stem and root system stability (fig. 
3-3). A key ingredient of healthy lateral root systems 
is their ability to store carbohydrates as “fuel” for 
shoot growth in the event of a regeneration pulse. 
Aspen stands in Colorado between the ages of 20 
to 80 years have been shown to have higher rates 
of carbohydrate storage in their roots than older or 
younger stands (Shepperd and Smith 1993). It has been 
demonstrated that carbohydrate levels vary throughout 
the year (Shepperd and others 2004). In addition to 
carbohydrate storage, overall root mass may be related 
to clone vigor. Shepperd and others (2001) found 
greater root masses in aspen stands that were actively 
regenerating versus those that were not.

Most root suckers arise on roots within 6 inches (15 
cm) of the soil surface and on roots from 0.15 to 0.79 
inches (4 to 20 mm) in diameter (Schier and Campbell 
1978). Suckers initially depend on parent roots for 
nutrients and water (Jones and DeByle 1985b) and 
stored assimilates (Tew 1970), but later develop discrete 
root systems (Shepperd and Smith 1993). As a sucker 
grows, the distal parent root enlarges and new branch 
roots arise from the base of the shoot itself (Baker 1925; 
Brown 1935). Dependence on parent root support is 
thought to decrease as suckers develop their own roots 
(Zahner and DeByle 1965) and connected roots die or 
break (Gifford 1966). The parent root system no longer 
offers a competitive advantage to the new suckers after 
a few years (Shepperd 1993), although functional root 

connections between small groups of stems arising 
from the same parent root may exist throughout the 
life of a stand (DeByle 1964; Maini 1968; Tew and 
others 1969).

The mechanism driving the suckering process is the 
ratio of cytokinin to auxin hormones in the roots and 
apical meristem (Schier 1976, 1981; Frey and others 
2003). Auxins translocated from the apical meristem 
are thought to suppress suckering, while cytokinins in 
the root tips are believed to induce new shoot growth 
(Schier 1981). When aspen crowns are receiving 
ample sunlight, auxins are sent to the root system, ef-
fectively curbing new shoot development. In the event 
of increased aboveground mortality, such as from fire 
or land clearing, auxin production is sharply reduced 
allowing cytokinins to stimulate bud primordia on roots 
to develop into a proliferation of new suckers. In less 
extreme events, increased soil temperature alone can 
stimulate cytokinins to the point of developing new suck-
ers (Schier 1976; Frey and others 2003). This factor is 
probably instrumental in low-level suckering in partially 
shaded stands. Apparently, soil temperatures are critical 
only where roots are near the surface. Deeper roots are 
less affected by thermal heating of the forest floor. In 
a post-burn study in Arizona, the soil temperature of 
the blackened surface increased down to 15 cm and 
induced greater suckering compared to the unburned 
treatments (Shepperd 2004). These deeper roots seem 
to be capable of producing suckers when auxins are 

Figure 3-2. Self thinning of young aspen sucker populations 
follow a negative exponential decay model. Data from 
a study of aspen regeneration in the Rocky Mountains 
(Shepperd 199�).

Figure 3-3. Lateral roots of aspen form a dense mat just under 
the soil surface. Fine roots descend from the lateral roots 
to access moisture deep in the soil.
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suppressed after stand replacing disturbance (Frey and 
others 2003).

Although aspen ramets are relatively short-lived, 
aspen genotypes may persist for a very long time 
(Schier 1981; Mitton and Grant 1996). Clone longevity, 
especially in very large clones, has been attributed to 
the interconnected nature of their extensive root systems 
(Mitton and Grant 1996; DesRochers and Lieffers 2001). 
This does not necessarily mean that individual roots 
persist for hundreds or thousands of years. Changes in 
root biomass as ramets age suggest that belowground 
biomass rejuvenates each ramet generation as well 
(Shepperd and Smith 1993). Past work noted that young 
ramets became progressively less dependent on their 
parental root system after 25 years of age, eventually 
cutting underground ties completely (Barnes 1966). 
Other researchers have demonstrated that portions of root 
systems appear to remain functionally interconnected 
for more than one generation (DeByle 1964; Jones and 
DeByle 1985b; DesRochers and Lieffers 2001).

Although all stems in a clone may not be connected, 
connections between stems may act as a vital survival 
mechanism where decaying stands must support young 
trees. Desrochers and Lieffers (2001) found that young 
trees in southern Canada connected to a parent root 
system could utilize the pre-existing root network 
when parent stems died. They found that even dead 
parent trees had portions of their root network living. 
Interestingly, these researchers did not find that stem 
decays aboveground were transferred into the still living 
belowground root network. Physically disconnecting 
aspen roots from parent trees can also stimulate the 
suckering process. From studies conducted in Arizona, 
Shepperd (2001, 2004) found that separating lateral roots 
from parent trees resulted in greater sprouting density 
and subsequently demonstrated that root ripping can be 
an effective way of expanding existing aspen clones.

Aspen can grow in a large variety of soils, although it 
prefers relatively deep and nutrient rich soils with ample 
moisture found most often on moderate slope angles. 
Aspen favor deeper soils on flood plains, benches, slope 
bottoms, and concave landforms because they retain 
soil moisture and have fewer subsurface rocks that 
can inhibit lateral root extension (Baker 1925; Jones 
and DeByle 1985c). Exceptions may be found where 
aspen grows in avalanche chutes, near ridge lines, or on 
talus slopes. In much of the West, aspen is commonly 
found on mollisol soil types (Cryer and Murray 1992; 
Bartos and Amacher 1998) containing a well-developed 
organic layer. Soils associated with aspen stands in the 
Sierra Nevada include mostly inceptisols, followed in 
prominence by alfisols and mollisols (Potter 1998). Soil 

richness under aspen has been attributed in part to organic 
matter accumulation from annual leaf fall from aspen. 
Where conifers are invading aspen stands, needle litter 
can alter soil properties over time (Cryer and Murray 
1992). However, it is believed that this change is not 
extreme enough to limit aspen regeneration in the event 
of fire (Bartos and Amacher 1998).

Much of the regeneration “strategy” of aspen 
involves quickly producing suckers following distur-
bance in order to out-compete rival plants. Elevated 
levels of nitrogen in post-fire soils afford greater 
nutrient availability for developing aspen regeneration 
for 1 to 3 years following fire (Amacher and others 
2001; DesRochers and others 2003). Increased soil 
temperatures work in tandem with elevated nutrient 
levels after fire to give aspen an apparent edge in early 
growth following disturbance (Shepperd 2001, 2004; 
Fraser and others 2002). Shepperd (2004) presented 
data from an experimental burning study in Arizona 
that indicates increased temperature and nutrients 
associated with burned soils led to more numerous 
aspen stems and greater growth in individual stems 
in the early post-fire years. However, DesRochers and 
others (2003) provide a note of caution. They found 
different responses to post-fire nutrient use in Alberta 
among clones in the same area.

Damaging Agents Affecting 
Aspen____________________

A number of insects, diseases, and other damaging 
agents can affect the health and vigor of aspen. Complete 
and extensive discussions of these factors have been 
presented elsewhere (Walters and others 1982; Hinds 
1985; Ostry and others 1988), so we will only briefly 
review them here.

Stem Canker Diseases

Aspen’s living bark makes it susceptible to a number 
of fungal canker diseases that can attack, girdle, and 
ultimately kill the trees by blocking the transport of 
photosynthates to the roots. Some, such as Ceratosystis 
spp., or target cankers are slow growing and can take 
years to girdle a tree (fig. 3-4). Others, such as Encoelia 
pruinosa (Cenangium spp.), or sooty-bark canker (fig. 
3-5) can kill a tree in just a few years. Yet others, such 
as Cryptosphaeria canker (fig. 3-6) can kill aspen trees 
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in a single year. All are fungal organisms that infect 
the living bark phloem tissue through wounds, some 
as insignificant as that caused by the staple holding 
the card on the tree in figure 3-6. Once a canker fungi 
spore infects phloem tissue, the fungus grows, feeding 
off nutrients in the living cells and killing them as it 
spreads through the surrounding bark. Although not all 
wounds get infected, any wound is a potential entry site 
for a canker infection. If the fungus is a slow-growing 
species, the tree reacts to the infection by producing 
callous tissue to seal-off the fungus and eventually heal 
the wound by growing new tissue over it, similar to what 
happens when fire scars a tree. Usually, canker organ-
isms spread again the next growing season, resulting in 
an annual infection and callus production that creates 
the characteristic concentric wounds on aspen that will 
eventually girdle and kill the tree.

Trunk rot fungus, Phellinus tremulae (fig. 3-7), af-
fects wood quality if aspen is grown for commercial 
wood products. It also weakens live trees, making 
them susceptible to wind breakage. Trees near houses 
or in developed recreation areas that have hoof-shaped 

Figure 3-4. Ceratosystis stem canker on aspen. Note the 
target-like compact concentric growth rings.

Figure 3-5. Sooty-bark canker (Encoelia pruinosa) on as-
pen. The large concentric bands indicate annual growth 
progression.

Figure 3-6. Cryptosphaeria stem canker on aspen. This fast 
growing canker can kill a tree in a single year.
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“conks” or fruiting bodies of this fungus should be 
considered for removal to reduce potential hazard and 
spread of disease to adjacent stems.

Root Diseases

Aspen is subject to root diseases such as Armillaria 
spp., which can cause significant localized mortality 
within aspen stands, but usually does not kill entire 
stands. Root diseases kill the roots and spread to the 
stems causing them to topple over in light winds. Since 
the disease can spread through the soil, all roots in an 
epicenter usually die, preventing any aspen suckering 
from occurring. While root diseases may contribute 
to clonal decline, they have not been a major cause of 
aspen mortality in our experience.

Boring Insects

Aspen is not susceptible to bark beetles, such as 
Mountain Pine beetle (Dendroctonus ponderosae), or 
spruce beetle (Dendroctonus rufipennis). However, 
wood boring insects and beetles such as Agrilus pla-
nipennis (fig. 3-8), do attack aspen, boring directly 
into the wood and affecting wood quality. Although 
wood borers usually do not directly kill the tree, their 
wounds can be entry points for canker infections, which 
can kill trees.

Figure 3-8. Large galleries of Agrilus planipennis wood borer 
under aspen bark.

Figure 3-7. Phellinus tremulae, trunk rot fungus in aspen.

Foliage Diseases

Other fungal diseases, such as ink-spot (Ciborina 
whetzelii) (fig. 3-9), attack aspen leaves, killing cells 
and creating characteristic patterns of leaf mortality 
that can stress trees, but usually don’t directly kill 
them. Such diseases are periodic, not occurring every 
year or in every genotype, but can create distinct color 
patterns in pure aspen forests when viewed from a 
distance.

Defoliating Insects

Insects such as aspen tortrix (Choristoneura con-
flictana) and western tent caterpillar (Malacosoma 
californicum) (fig. 3-10) can defoliate large areas of 
aspen. Single defoliation events usually do not kill 
many trees, but can trigger suckering events in aspen 
clones. Repeated defoliations for a number of years 
can result in widespread mortality. However, clones 
can naturally regenerate after such events, if growing 
conditions permit.
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Figure 3-9. Foliage disease on aspen caused by Ciborina 
whetzelii, ink-spot fungus.

Figure 3-10. Western tent caterpillar (Malacosoma californi-
cum) can be a serious aspen damage agent.

Figure 3-11. Deep snowpacks can settle and severely deform 
young aspen suckers (note ski pole in foreground).

Physical Damage

A number of physical factors can damage aspen and 
affect stem form and tree longevity. Snow can bend or 
break mature aspen stems and deform young suckers into 
grotesque shapes (fig. 3-11). Aspen’s shallow rooting 
habit makes it susceptible to windthrow, especially if 
protected trees are exposed by partial harvests of trees 
of similar age. Animals that can physically harm aspen 
include large animals such as elk (Cervus elaphus), 
moose (Alces alces), and deer (Odocoileus spp.) (fig. 
3-12) that may feed on bark because of its high food 
value in winter (Shepperd and others 2004). Small 
mammals, such as beaver (Castor spp.) (see Terrestrial 
Biota, this chapter) or voles, also feed on aspen bark 
(fig. 3-13). The degree to which animals harm aspen is 
dependent upon the size of both the animal and aspen 
populations in a given area.

As a disturbance dependent species, aspen has evolved 
to deal with damaging physical agents by absorbing the 
effects through the sheer number of stems in a clone, 
or by rapidly reproducing new stems to replace those 
killed. In properly functioning ecosystems, an uneasy 
balance is struck between aspen and its damaging agents. 
Recognizing when this balance has been disturbed and 
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Figure 3-13. Voles have gnawed bark from the stem of this 
aspen sucker and girdled it.

Figure 3-12. Infected wounds caused by elk on aspen.

taking steps to correct it is a basic tenet of contemporary 
aspen management.

Aspen Genetics____________

In recent years, the subfield of aspen genetics has 
begun to question previous assumptions about aspen life 
histories. For instance, researchers generally considered 
aspen “stands” to be synonymous with individual 
clones, and that clones could be easily discerned based 
on phenotypic characteristics. Also, it has long been 
assumed that rare seedling establishment in the West 
“…is of no importance in the management of aspen 
stands…” (Baker 1925). More recently, researchers are 
pondering the relationship between unusual events in 
time and their impact on species genetic diversity on 
the landscape. Could rare seedling establishment be 
related to aspen’s limited spatial extent in the Sierra 
Nevada? Or, do rare seedling pulses occurring over 
time play a crucial genetic role in maintaining the 
limited extent of aspen on the landscape that is so 
important to vegetation and wildlife diversity in the 

Sierra Nevada? And finally, what role does somatic 
mutation play in maintaining diversity under the 
regime of asexual (clonal) reproduction? Before ad-
dressing these topics, a basic understanding is needed 
of reproductive strategies in aspen.

Asexual and Sexual  
Reproduction

It has long been held that quaking aspen in western 
North America reproduce primarily from suckers aris-
ing out of a common root system (Baker 1925) (see 
Physiology of Aspen, this chapter). A network of lateral 
roots exists near the soil surface and may produce vertical 
suckers or shoots (fig. 3-3). Mature ramets (stems) pro-
duce auxins that suppress development of adventitious 
shoots. When a stem loses apical dominance, auxin 
levels decrease and pre-existing meristems and buds 
can develop into full-fledged shoots (Schier and others 
1985). Over time, clones may expand as regeneration 
takes place on the perimeter of an open grown stand, 
when disturbance eliminates apical dominance of the 
existing clone, or when there is competition from other 
tree species. Depending on light availability and the 
preponderance of disturbance, clones may vegetatively 
expand or contract over time, or physically migrate 
across a landscape.

Could vegetative reproduction alone account for 
the huge range of aspen (Baker 1925; Strain 1964)? 
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Figure 3-14a,b.	Micro-photographs	of	male	(a)	and	female	(b)	catkins	of	aspen.	The	staminate	(male)	flowers	are	distinguished	
by	the	four-lobed	stamens	and	the	pistillate	(female)	flowers	by	their	 frill-edged	style	and	pear-shaped	ovaries.	Source:	
Andrew Groover, Instiute of Forest Genetics, USDA Forest Service.

a b

Figure 3-15. Profuse aspen seeding along a roadside in 
southern Colorado (note radio for scale). Source: Larry 
Johnson, U.S. Forest Service.

Baker (1925) estimated that lateral roots in Utah could 
expand out 15 to 50 ft (4.6 to 15.2 m) over a 20 year 
period. Other researchers have found maximum root 
lengths to be around 100 ft (30.5 m) (Buell and Buell 
1959; Jones and DeByle 1985b). We have personally 
observed a sucker growing 150 ft (46 m) from the 
edge of an isolated clone in a Utah meadow. Although 
these spread rates are impressive, it seems unlikely that 
they can explain the vast expanse of aspen coverage 
on the continent. Furthermore, physical barriers to 
root expansion, such as bedrock and riparian areas, in 
combination with soil and climatic restrictions, would 
seem to further inhibit purely clonal explanations for 
widespread distribution.

Sexual regeneration results in the production of new 
genets from seed. In the West, recruitment from seed 
is rare in many clonal species and adverse conditions 
may hinder sexual reproduction, such as when plants 
are near their geographic limit or climates are changing 
(Eriksson 1992). Although aspen do produce viable 
seed, many authors have attested to the rarity of seedling 
establishment in comparison to vegetative reproduction 
(Baker 1925; Barnes 1966; Einspahr and Winton 1976; 
Schier and others 1985; Romme and others 1997). Aspen 
is characteristically dioecious, having separate female 
and male plants, which develop in catkins on twigs 
prior to leaf-out in the spring (fig. 3-14a,b). Ratios of 
male to female clones can vary widely. Researchers in 
Colorado, for example, found a decreasing proportion 
of female aspen with increasing elevation (Grant and 
Mitton 1979). Tiny aspen seeds (about 0.04 inches/1 
mm) are dispersed by wind with the aid of a placental 

cotton-like hair that keeps them aloft for up to 200 miles 
(322 km) (Einspahr and Winton 1976) (fig. 3-1). Seed 
production is profuse, with mature trees generating 
millions of seeds in a good seed year (fig. 3-15) (Maini 
1968; Schreiner 1974).

Aspen seedling establishment across regions of 
North America appears limited by a narrow range of 
conditions for germination (Barnes 1966; Barry and 
Sachs 1968; McDonough 1979; Jelinski and Cheliak 
1992). Seeds are only viable between 2 and 4 weeks in 
situ and need exposed mineral soil for bedding (Barry 
and Sachs 1968). Also, temperatures must be above 
freezing and in near-constant moisture to promote 
seed germination and facilitate seedling establishment 
through the first full growing season (McDonough 
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Figure 3-16. In this exceptional situation, an aspen seedling 
takes advantage of moisture availability and lack of com-
petition to establish, if only temporarily, in a street gutter.

1979) (fig. 3-16). Since seedling growth is dependent 
on minimum competition from other vegetation, re-
cently burned surfaces facilitate this requirement. Some 
authors in the western U.S. feel that these requirements 
are rare enough that seedling “events” introducing 
new genes into aspen populations may occur only at 
a given locale on a scale of hundreds (Barnes 1966; 
Romme and others 1997) or even thousands of years 
(Strain 1964). In the rare case where quaking aspen 
seeds do germinate, herbivory from large ungulates 
can severely impact the newly established seedlings 
(Turner and others 2003). While occasional aspen 
seedlings do establish, the events are so rare that we 
cannot depend upon seedling establishment to manage 
aspen in the western U.S.

Clonal Intermixing

It is a common perception that individual aspen 
clones dominate specific sites, and where clones come in 
contact with each other, they can be easily distinguished 
by phenotypic characteristics, such as timing and color 
of spring leaf out and autumn senescence (Baker 1925; 
Jones and DeByle 1985a; Miller 1996). However, 
studies have shown that intermixing of clones on the 
landscape is common (Barnes 1966) and that relying on 
morphological characteristics alone may be misleading 
(Mitton and Grant 1980). In the Sierra Nevada, Hipkins 
and Kitzmiller (2004) used genetic information to  

identify the number of genotypes per stand, assess levels 
of genetic diversity, and detect geographic patterns of 
variation. They found stands in close proximity can 
be genetically quite distinct, with nearly 50 percent of 
individual west slope stands on the Eldorado National 
Forest each containing only a single genotype.

These monoclonal stands in the Sierra Nevada tend 
to be smaller in average size (0.8 acres [0.32 ha]) than 
multiclonal stands (3.1 acres [1.25 ha]) (Hipkins and 
Kitzmiller 2004). All clone sizes in this study were 
more similar to those in the eastern U.S. than in the 
Interior West (Barnes 1966; Miller 1996). For com-
parison, Interior West clones sizes ranging up to 200 
acres (80.94 ha) (based on phenotypic characteristics) 
were found to be common in south-central Utah. It has 
been hypothesized that clone sizes in semi-arid regions 
are larger because seed germination is rare, thereby 
promoting longer lasting and larger clones bolstered 
by vegetative sprouting following repeated disturbance 
(Kemperman and Barnes 1976). If this hypothesis 
holds, then a possible explanation for smaller Sierra 
Nevada aspen stands may be their general proximity 
to favorable growing conditions. Alternatively, small 
stand size in this region may be due to a lack of recent 
disturbance, or the compromise notion that a paucity of 
disturbance has forced aspen stands to contract toward 
the relative stability provided by increased soil moisture 
availability. Regardless of mechanism, the monoclonal 
nature of stands in conjunction with the spread of some 
genotypes between stands suggests a broader, more 
extensive occurrence of aspen in the Sierra Nevada in 
the past than what we find now.

Hipkins and Kitzmiller (2004) also found a very 
high level of genetic variability throughout their Sierra 
Nevada study area. Overall, they found 82 percent 
genetic variation as measured by polymorphic loci. 
This same high level of genetic variation has been 
confirmed in Canada (Cheliak and Dancik 1982; Jelinski 
and Cheliak 1992) and has led researchers to proclaim 
aspen one of the most genetically diverse plant species 
(Mitton and Grant 1996). Using the same method, 
enzyme electrophoresis, Hipkins (Personal Comm., 
Geneticist, USDA Forest Service, National Forest 
Genetics Laboratory) found 88 percent polymorphic 
loci in a similar unpublished study conducted in eastern 
Oregon. Multiple clones were documented in many 
stands in both the Oregon and California studies (fig. 
3-17). In Oregon, results suggest that aspen stands in 
one drainage were on average small, monoclonal, and 
less diverse—in terms of genetics and male/female 
clone ratios—while the opposite was true in another 
watershed. She hypothesized that greater numbers of 
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Figure 3-17. Often there may be multiple aspen clones within 
a contiguous stand. Here, separate clones can easily be 
distinguished by their early summer leaf development 
and color.

disturbances over long periods in the latter watershed 
created more seedling opportunities and therefore greater 
genetic diversity. Likewise, greater equality in clone sex 
ratios affords more and better chances of viable seed 
crops following disturbance (Personal Comm., Valerie 
Hipkins, Geneticist, USDA Forest Service, National 
Forest Genetics Laboratory). The sexual distribution of 
clones was not established in the Sierra Nevada genetic 
study. However, male and female clones were identified 
in a separate study on the Eldorado National Forest on 
the Western Slope of the Sierra Nevada (Burton 2004b). 
These findings establish sexual duality in aspen on the 
western slope of the Sierra Nevada, contrary to the 
postulations of previous researchers that only male 
clones were present here (Hutchinson and Stebbins 
1986; Johnston 1994).

In Quebec, Wyman and others (2003) used a newer 
technique, microsatellite (loci) analysis, to examine 
clonal intermixing in stands. They discovered that 
suckers from different genotypes are likely to be highly 
intermixed after disturbance with ramets of different 
genotypes located within 6 to 9 ft (2 to 3 m) of a central 
trunk. In their words, “No clear relationship was found 
between the mean distance of the potential ramet to 
the central trunk and whether or not the central trunk 
and ramet were the same genotype.” They conclude 
that it was not possible to distinguish between clones 
based purely on morphological features at their study 
site. However, they also found more genetic variabil-
ity within stands than between stands, suggesting a 

very different stand make up in eastern forests versus 
western forests (Wyman and others 2003; Hipkins and 
Kitzmiller 2004).

A byproduct of clonal intermixing is a potential for 
natural root grafting. Barnes (1966) found only a single 
root grafted to another ramet in his study of clonal root 
systems in Michigan. Though he did acknowledge 
intergrowth of clones following disturbance, he ap-
parently did not give consideration to the possibility 
of intermixed clones grafting. However, DesRochers 
and Leiffers (2001) found a much higher rate of root 
grafting, most commonly directly under the stems of 
both live and dead mature aspen. Their main conclusions 
focus on the long-term health of clones maintained by 
adoption of established root systems of mature ramets 
within a clone; however, there could be implications 
for genetic fitness in combination with root-associated 
physiological adaptations among intermixed clones 
that graft.

Long-Term Heterozygosity

Genetic diversity, or heterozygosity, can be viewed at 
the broadest scale as a measure of aspen’s reproductive 
health. Though many aspen stands are made up of single 
clones, we have seen that there is considerable genetic 
diversity within local populations and, at least in some 
places, within stands. This high level of heterozygos-
ity seems counter-intuitive in a species so dependent 
on vegetative reproduction from clones. Two known 
mechanisms may account for high levels of genetic 
diversity in aspen: clonal mutation and rare seedling 
establishment.

Somatic mutations occur when random “mistakes” 
happen in the creation of DNA in the process of veg-
etative reproduction. These chance happenings that 
result in favorable morphological traits are “selected 
for” in the evolutionary process of adaptation to local 
environments. A prerequisite for successful somatic 
mutation in long-lived species like quaking aspen 
is that clones be relatively stable on a landscape for 
many generations—commonly estimated to be several 
thousand years or since the last glacial epoch (Baker 
1925; Strain 1964; Barnes 1966; Jelinski and Cheliak 
1992; Mitton and Grant 1996). Some authors have 
further hypothesized that dry climatic conditions in the 
West are more conducive to clonal permanence (on the 
landscape) and therefore somatic mutation, whereas 
genetic variability in eastern North American forests is 
more reliant on greater frequency of successful seedling 
events (Kemperman and Barnes 1976; Jelinski and 
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Cheliak 1992; Mitton and Grant 1996). Interestingly, 
both asexual and sexual genetic variances are dependent 
on regular disturbance.

As previously established, successful seedling events, 
notably in western locations, are rare due to very spe-
cific conditions required for germination (Maini 1968; 
McDonough 1979). We found no reports of seedling 
establishment in the Sierra Nevada. However, recent 
documentation of large-scale seedling establishment 
following the Yellowstone National Park fires of 1988 
questions the notion that sexual reproduction plays a 
limited role in genetic diversity of quaking aspen (Kay 
1993; Hargrove 1993; Tuskan and others 1996; Romme 
and others 1997; Turner and others 2003). In Alberta, 
Jelinski and Cheliak (1992) found genetic variability 
high among aspen and pointed to mutation as the most 
likely contemporary explanation. Even though they 
have no immediate evidence of seedling establish-
ment, Jelinski and Cheliak speculate that uncommon 
“windows of opportunity” are a likely explanation for 
high rates of genetic variability in their populations. 
Yellowstone researchers take this proposition a step 
further with clear evidence of increased genetic vari-
ability after the landmark seedling establishments in 
those environments (Tuskan and others 1996; Stevens 
and others 1999; Romme and Turner 2004). However, 
these authors caution that long-term survival of the 
recent seedling crop will be crucial and they have thus 
far been monitoring new gamets for about 15 years. 
Romme and Turner (2004) have reported large-scale 
losses of new seedlings due to elk herbivory, but they and 
Ripple and Larsen (2001) note that “islands” of protected 
seedlings occur when downed wood, predominantly 
falling dead trees from the wildfire, act as natural bar-
riers to ungulates. In addition to increased population 
heterozygosity, Yellowstone studies have demonstrated 
clear range expansions into areas previously unoccupied 
by aspen (Romme and others 1997; Romme and Turner 
2004). These findings could point to a larger regional or 
continental model for long-term genetic variability and 
fitness, as well as a punctuated equilibrium explanation 
for range expansion. We may yet witness “windows of 
opportunity” in aspen genetic variance, depending on 
survivorship in the Yellowstone situation, and possible 
new seedling events elsewhere under a warmer climate 
and increased large-scale fire scenario.

What might we expect with changing climates 
in terms of aspen regeneration generally and sexual 
reproduction (genetic fitness) more specifically? In 
general, we have seen that over the millennia, aspen 
may be one of the most highly adapted tree species 
in North America. This may be shown by its genetic  

variability, the large size and grand age of some regional 
clones, or its wide habitat and climate range across the 
continent (Barnes 1966; Kemperman and Barnes 1976; 
Jones 1985b; Lieffers and others 2001). Westfall and 
Millar (2004) discuss how tree species have adapted to 
climatic shifts in the past. Though they do not discuss 
aspen specifically, they do reflect on survival strategies 
during shifting climatic epochs. Foremost among these 
characteristics is high genetic variability to cope with 
what they see as inevitable climatic shifts. They state 
that “greater genetic variation results in a higher pro-
portion of individuals that are adapted to the changed 
environment.” However, the models they used were 
highly dependent on seed dispersal as a mechanism 
for adaptation. In mountainous landscapes, shifts in a 
species’ range can be elevational as well as latitudinal. 
Of course, with shifts in temperature and precipitation 
there are accompanying changes in disturbance frequen-
cies. For example, cooler and wetter periods accompany 
longer cycles, but more intense fire events (Pierce and 
others 2004). If rare seedling events are brought on by 
epoch climatic shifts accompanied by large disturbance 
(cool/moist scenario), then aspen seems well positioned 
to move over long distances with its small seeds to 
colonize favorable environments, provided adequate 
seed beds and moisture are available (Romme and 
others 1997). We speculate that where more frequent 
disturbance dominates (warm/dry scenario), we might 
expect short-cycle disturbance regimes that are more 
favorable to clonal reproduction, mutation, and creeping 
migration. In either case, models presented by Westfall 
and Millar (2004) emphasize “sufficient plasticity” 
in species in terms of genetic variation and dispersal 
mechanisms as the key to long-term population survival. 
These are the same traits that have been reviewed here 
for quaking aspen.

Frontiers in Aspen Genetics

Investigations in aspen genetics have used a range 
of established and developing techniques. In the past 
10 to 15 years, new molecular techniques have been 
made available that increase the resolution of genetic 
studies (Parker and others 1998). The most commonly 
used method for aspen studies has been enzyme 
electrophoresis (Jelinski and Cheliak 1992; Hipkins 
and Kitzmiller 2004). Advantages of this technique 
include low cost, relative simplicity, and dependability 
in discerning degrees of polymorphism.

New techniques revolve around different ways 
of examining DNA tissue at higher resolution than  
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established enzyme analysis. Though more expensive, 
these approaches give a more detailed “DNA finger-
print” of individual sections of the much larger genetic 
sequence of an organism. For example, Tuskan and oth-
ers (1996) used a procedure called randomly amplified 
polymorphic DNA (RAPD) to isolate desired sections 
of the aspen genome, thereby eliminating nonheritable 
segments of the genome. In essence, RAPD allows 
researchers to focus more quickly on specific sequences 
with the DNA structure that distinguish clones.

Wyman and others (2003) were most interested 
in the clonal intermixing question addressed above. 
They worked with microsatellite DNA specifically 
because of its strong applications in population stud-
ies. Microsatellite genetics is an especially rewarding 
technique where all or most of a particular organism’s 
total genetic make-up, or genome, can be catalogued. 
Fortunately for aspen researchers, the Populus ge-
nome was released for public use in September of 
2004 (International Populus Genome Consortium 
2005). Published work has already resulted from this 
breakthrough (Moreau and others 2005) and geneti-
cists will likely gain considerable mileage from the 
Populus genome as it relates specifically to aspen—the 
most widely distributed tree of this genus—using a 
broader variety of DNA sequencing techniques and 
applications.

Recent work using this technique on European aspen 
(Populus tremula) in Finland was able to demonstrate 
that very small clone sizes (average 2.3 ramets per 
clone) appear to be the rule, rather than the excep-
tion, in this region (Suvanto and Latva-Karjanmaa 
2005). Microsatellites allow investigators to more 
easily discern up to 30 to 50 alleles at a given DNA 
loci of interest, making positive individual identifica-
tions within populations possible and allowing for 
possibilities in tracing clonal heredity (Parker and 
others 1998).

In summary, aspen genetics provide many avenues 
for study and conservation of the species. We have seen 
how a variety of methods have been used to investigate 
population heterozygosity and clonal intermixing. 
Aspen genetics studies may also aid us in understanding 
explanatory mechanisms for the species’ great adapt-
ability to varying environments, as well as its high rate 
of polymorphism. While geneticists and ecologists are 
still unraveling the role of rare seedling events in long-
term species genetics, recent developments in DNA 
sequencing techniques have made investigation of fine-
scale population heredity possible. The interdisciplinary 
nature of this final point should not be overlooked; 
genetic knowledge should not be viewed in isolation 

from basic ecology. If addressed jointly, genetics and 
ecology provide a powerful analytical approach to 
understanding and managing aspen.

From a local conservation perspective, further 
research is needed to increase understanding of range-
wide and stand-level diversity of aspen. Depending on 
the outcome of further investigation, we may find that 
population isolation in the Sierra Nevada has led to a 
limited genetic resource in aspen. In this case, greater 
effort will need to be placed on a strict conservation 
course of action. However, if we find that genetic diver-
sity is strong, then we can feel more confident in aspen’s 
local adaptability to changing climates. Of course, the 
unknown in these speculations is the amount or prob-
ability of future seedling events. Thus far, there has not 
been documentation of recent genotype establishment 
in the Sierra Nevada. Whether reproducing from seed 
or suckering, aspen still must have adequate moisture, 
deep soils, and relatively unhindered disturbance 
regimes. In the absence of these basic requirements, it 
will be difficult to maintain even the small populations 
that currently exist in our area of interest.

Plant Associations__________

Vegetation Classification  
in California

On a statewide scale, California’s vegetation is very 
diverse, from desert to coastal scrub to rainforest to 
alpine. The size of the state and diversity of plant types 
is not conducive to mapping (or even classifying) aspen 
forests at this scale. Aspen is considered a “minor” 
hardwood forest type with about 1 percent of the total 
forest cover in the state (Bolsinger 1988). Previous clas-
sification efforts in California illustrate the difficulty of 
elevating an uncommon species to regional prominence 
via systematic land typing at a large scale.

Mapping and habitat classification efforts in the state 
have been piecemeal (regional) or incomplete through 
the mid 20th century (Sawyer and Keeler-Wolf 1995). 
Wieslander (1946) produced a first approximation 
statewide vegetation map based on USDA Forest Service 
ground observations that only covered about half the 
state’s area. A complementary vegetation classification 
system was developed later by Jensen (1947), but was not 
comprehensive for the entire state. In the 1970’s, Barbour 
and Major (1977) developed a statewide compilation of 
physiognomic types centered largely on vegetation types 
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Figure 3-18. The quaking 
aspen/mountain pen-
nyroyal (Monardella 
odoratissima) associa-
tion is usually found in 
drier or more upland 
locations than the as-
pen association with 
corn lily (Fig. �-19). 
These stands will have 
more available subsur-
face moisture than the 
surrounding general 
forested landscape.

and based somewhat on work done by Barry (1971). 
These authors further divided aspen forests into nine 
distinct “habitats,”which included: sagebrush scrub, 
Jeffrey pine woodland, northern juniper woodlands, 
red fir forest, lodgepole pine forest, subalpine forest, 
mixed conifer forest, ponderosa pine forest, and mon-
tane chaparral (Barry 1971; Barbour and Major 1977). 
Unfortunately, this work did not go beyond mention 
of these types, and did not describe physical traits 
separating one type from the next. During this period, 
other regions were moving ahead with habitat typing 
and plant association guides such as those developed by 
Daubenmire and Daubenmire (1968). California later 
developed a systematic manual for forest classification 
(Sawyer and Keeler-Wolf 1995) following numerous 
publications of the previous decade centered on the 
concept of potential natural vegetation (Driscoll and 
others 1984; Allen 1987; Hall 1988; Kauffman 1990; 
USDA Forest Service 1991).

In the past two decades, vegetation mapping and 
classification have been enhanced by remote sensing 
technology. California implemented a Gap Analysis 
Project (GAP) habitat mapping system in the early 
1990s. This study found that 89 percent of all aspen in 
the Sierra Nevada are on National Forest System land, 
with the next largest landowner being “private” with 
6 percent of the aspen stands (Davis and Stoms 1996). 
However, the GAP likely missed many small aspen 
stands (and other infrequent vegetation types) because 
of the coarse resolution (minimum 240 acres [97.1 ha]) 

of this database (Sawyer and Keeler-Wolf 1995). Using 
classification and mapping techniques, Sawyer and 
Keeler-Wolf produced a statewide vegetation manual. 
At this scale, these authors describe a single aspen 
“series” for California that is a co-dominant with red 
fir and/or white fir in the forest canopy. Perhaps, in the 
end, we are left with too small of a vegetation type to 
be adequately represented at a statewide-scale.

Aspen Vegetation Types

Greater progress has been made toward classifying 
aspen as a distinct type, or types, in smaller geographic 
regions, with a more pointed focus on forest vegetation. 
In the Sierra Nevada, the most detailed classification 
of montane forests provides two aspen associations 
or “potential natural communities”—quaking aspen/
mountain pennyroyal (Monardella odoratissima) (fig. 
3-18) and quaking aspen/California corn lily (Veratrum 
Californicum) (fig. 3-19) (Potter 1998). The most 
striking commonalities among aspen associations in 
the montane zone are that they are mostly less than 5 
acres (2.02 ha), seem to have the deepest and richest 
soils of Sierra Nevada forests, and as the stands increase 
in age they are increasingly invaded by shade-tolerant 
conifers. Both described types are found in moderate to 
very moist sites in the red fir belt, with the mountain 
pennyroyal association representing a slightly dryer and 
upland group, and the California corn lily association 
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Figure 3-19. California corn lily (Veratrum californicum) is a 
large understory forb common in wetter aspen stands of 
the Sierra Nevada.

representing a wetter riparian, near-riparian, and wet 
meadow fringe group. The distinction between these 
two associations is slight enough that the California 
corn lily is found on mountain pennyroyal sites, but 
pennyroyal is not found on corn lily sites. Other 
characteristics of these sites are that they are on low 
slope angles (less than 25 percent), have deep water 
retaining soils, usually Inceptisols, and are relatively 
high in plant diversity. Aspen communities in the 
upper montane zone are second in species richness to 
the very diverse western juniper/sagebrush (Juniperus 
occidentalis/Artemisia spp.) association (Potter 1998). 
Interestingly, Potter does not use quaking aspen as a 
plant associate in either the understory or overstory of 
the remaining 24 forest communities described.

Much of the aspen in the Sierra Nevada is commonly 
associated with riparian and meadow communities. 
This seems to be the case for west slope and montane 
forests, but may be less true on the east slope of the 
Sierra Nevada and in the Southern Cascades and 
Modoc Plateau. A recent classification for eastside 
riparian zones features two distinct aspen types in 
a total of 16 “ecological types” (Weixelman and  

others 1999; Kay 2001a). These authors place aspen in 
riparian communities in the higher elevation “eastside 
mixed conifer forest,” the somewhat drier “yellow 
[ponderosa/Jeffrey] pine forest,” and in narrow strips 
along with black cottonwood (Populus trichocarpa) in 
the lowest and driest “Reno floristic section” (although 
they do allude to distinct “hillslope aspen” types that 
join some of their riparian types). The wetter of the 
two types, aspen/mesic graminoid, appears to be dif-
ferent from either of Potter’s (1998) associations in 
terms of the plant community described. This type is 
characterized by coarser soil sediments, moderately 
deep soil profile, an “at field capacity” water table, and 
low slope angles (6 to 7 percent). The highest percent 
constancies on these sites were in graminoids, while 
California corn lily displayed only a moderate pres-
ence (20 percent of plots). The second type, aspen/tall 
forb, had deeper soils (also with coarse stream bed 
sediments), a dark/rich surface horizon, and barely 
higher slope angles (8 to 9 percent). Weixelman and 
others (1999) noted slightly drier conditions on these 
types with lower water tables that were adjacent to 
incised stream channels. Aspen/tall forb ecological 
types are more vulnerable to conifer invasion, in their 
estimation, because of their record of past human 
disturbance and suppression of wildfires. In sum, they 
describe two types that are similar to Potter’s (1998) 
plant associations (that is, both Potter indicator species 
are present, but only at moderate levels), but they also 
key in on some distinctions, such as the high presence 
of graminoids on wetter plots and alternate forbs and 
shrubs on tall forb plots.

Both the Modoc Plateau and the Southern Cascades 
aspen forests are less dependent on wetland habitat 
and thus may be considered more similar to aspen 
community types found in the Interior West (Mueggler 
1988). One effort to address ecological communities 
on the Modoc National Forest features an “aspen 
moisture regime” within a Land Type Associations 
(LTA) system that classifies all lands on the National 
Forest (Smith and Davidson 2003). This Forest consid-
ers aspen an “emphasized forest type,” meaning its 
managers should be cognizant of, and manage for, 
aspen communities within any LTA where it occurs. 
Though this is not technically an aspen classification 
system, they do distinguish aspen types as being both 
riparian and upland types, with the qualification that 
“aspen most often occurs in azonally moist areas.” 
As in many dry Interior West forests, where aspen is 
common on non-riparian sites, aspen on the Modoc 
Plateau can be found in relatively moist climatic and 
topographic pockets on lower slope angles.
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Models for Community Typing  
in the Sierra Nevada

A model for aspen forest classification in the Sierra 
Nevada region may be found in Mueggler’s (1988) work 
in the Interior West. Certainly the plateaus and ranges of 
the Modoc Plateau have similarities to Rocky Mountain, 
or Great Basin and Range highlands, where aspen is 
a vital component of forested landscapes. Mueggler’s 
Aspen Community Types of the Intermountain Region 
includes eight “cover types” and 56 “community 
types” for Nevada, Utah, southern Idaho, and western 
Wyoming. Fourteen of Mueggler’s community types 
describe two-thirds of all stands sampled—these he 
later calls “major community types.” For those familiar 
with “habitat types” (vegetation communities with an 
assumed successional course toward specific climax 
forest cover), Mueggler is cautious to distinguish 
aspen community types as being more temporary and 
transitory. As a mostly seral species, aspen community 
types are viewed as distinct at any point in time, but 
usually on a path toward some other climax tree cover. 
In his words, “Community types are what the manager 
actually sees in the field.”

At least one of Mueggler’s habitat types, P. tremu-
loides/Veratrum californicum, resembles a prominent 
type described by Potter (1998) and perhaps Weixelman 
and others (1999), in that the understory species is 
common, along with deep saturated soils in this type. 
Though this habitat type is relatively uncommon for 
the Interior West, it may provide a point of departure, 
where such stands appear common in the Sierra Nevada, 
for an aspen based community typing system in this 
region.

It is likely that further development, with a focus 
on aspen communities rather than all montane forests 
or all riparian ecological types, would yield a more 
refined aspen classification system for this region. The 
earlier work of Barry (1971) may provide a model for 
a detailed aspen classification in the Sierra Nevada. 
He reviewed aspen communities with a cursory listing 
of plant associates for each major cover type along an 
east-west transect of the range. Though the emphasis 
of this work was not a classification system, it does 
provide a framework, with aspen as the focal point, for 
better species and community management.

Vegetation classification systems that look at the 
total forested landscape may be overly focused on 
contemporary aspen coverage. It may be that con-
temporary aspen forests have retrenched to moister 
physiographic zones as a result of a century of grazing, 

fire suppression, and advancing conifer succession 
(see Chapter 2: Historical Disturbance Ecology). We 
believe that an alternative approach would view any 
occurrence of aspen on the landscape today as being a 
potentially viable aspen community with the addition 
of sucker inducing disturbance (Bartos and Campbell 
1998), provision for a proper growth environment, and 
protection of resulting suckers from browsing animals 
(Shepperd 2001; Rogers 2002; Shepperd 2004). This 
approach, in combination with a “community types” 
or “plant association” classification, would strive to 
delineate both current and potential aspen (those with 
advanced conifer succession) plant communities.

Terrestrial Biota____________

Evaluating Diversity in Aspen Systems

In the early to mid-20th century, forest managers 
were not overtly concerned with vegetation diversity 
and considered wildlife management, a field in its 
infancy at the time, to be primarily the regulation and 
maintenance of game species. A key element in this 
period of forest management history was the principle 
of “scientific management.” That is, having the ability 
to calculate outcomes of management actions in natural 
systems with a high degree of certainty (Zimmerer 
1994; Hirt 1994). An exemplar of scientific manage-
ment during this era was the same Stuart Bevier 
Show, discussed earlier, who promoted formalization 
of fire suppression in the U.S. Forest Service in the 
early 20th century. Show and colleagues (Show and 
others 1947) addressed aspen as wildlife habitat in 
their 1940s handbook in this way:

Aspen—Though limited in area this type is 
highly productive of food, furnishes good cover or 
is associated with good food and cover types. Can 
easily become a problem with high populations 
of big game animals. Is assigned to the Canadian 
Life Zone although it may follow water courses 
into the Transition [Zone]. Summer water sup-
plies are abundant. Is in the belt of heavy snow. 
Most species using the type are migrant, however 
it is the natural home of the beaver.

Aside from placing beaver firmly in aspen terrain, a 
subject we will return to later, these authors generally 
regard aspen forests as favorable, though transitory to 
most wildlife. Though they are unclear on the “prob-
lem” with “high populations of big game animals,” it is  
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Table 3-1. Locally extinct wildlife of the Lake Tahoe basin.

Group	 Common	name	 Scientific	name

Birds
 Canyon wren Catherpes mexicanus
 Peregrine falcon Falco peregrinus
 Lewis’s woodpecker Melanerpes lewis
 Savannah sparrow Passerculus sandwichensis
Mammals
 White tailed hare Lepus townsedii
 Wolverine Gulo gulo
 Heather vole Phenacomys intermedius
 Canyon mouse Permyscus crinitus
 Mountain sheep Ovis canadensis californiana
 Sierra nevada red fox Vulpes vulpes necator
 Grizzly bear Ursus artos
Amphibians
 Northern leopard frog* Rana pipiens
Fish
 Four exotic species have gone locally extinct in the past  
	 	 three	decades	(Lake	whitefish,	Arctic	grayling,	Atlantic	 
  salmon, Chinook salmon).

* It is unknown at this time whether this is a true native species.

Source: Schlesinger, Matthew D. and Romsos, Shane J. 2000. Appendix G: Vertebrate 
species of the Lake Tahoe Basin. Murphy, Dennis D. and Knopp, Christopher M., edi-
tors. Lake Tahoe Watershed Assessment: Volume II. Appendices. Albany, CA: USDA 
Forest	Service,	Pacific	Southwest	Research	Station;	pp.	G1-15.

assumed they are suggesting that limited aspen cover can 
easily be overloaded, thus leading to habitat damage.

The wildlife handbook goes on to promote the 
“working circle” (a period term referring to actively 
managing for all successional stages) as the primary 
tool for increasing productivity of both wildlife and 
domestic livestock. They summarize their advocacy 
thus: “The total capacity of a managed working circle of 
forest land for both wildlife and livestock is far higher 
than for undisturbed virgin forest.” Though the main 
focus of the handbook is on game and fish species, the 
authors do associate aspen with three species: beaver, 
sagehen (also sage-grouse, Centrocerus urophasianus), 
and mink (Mustela vison). We will expand this limited 
treatment of aspen’s terrestrial biota to include both 
plants and animals dependent upon aspen forests (see 
Aspen-related wildlife and Plant diversity in aspen 
forests, below).

Before we discuss aspen related species, it is im-
portant to understand the overall biological diversity 
in our area. An example of diversity assessment within 
the region was recently completed for the Lake Tahoe 
basin (Manley and others 2000). This large research 
effort yielded the following category totals for species 
currently in the basin (as opposed to historic sightings of 

transitory individuals): 312 vertebrate species consisting 
of 217 bird, 59 mammal, five amphibian, eight reptile, 
23 fish; 1,308 vascular plants; 115 non-vascular plants 
estimated; 810 invertebrates; and 573 fungi and lichens. 
Perhaps more telling is the assessment of wildlife species 
that have become locally extinct since Euro-American 
settlement (table 3-1). In addition to this short list of 
extirpated wildlife, we may safely presume that some 
native vascular plants, non-vascular plants, inverte-
brates, and fungi and lichens have been eliminated due 
to both human and natural causes in association with 
ubiquitous 19th century resource extraction and 20th 
century land development in the Sierra Nevada. In this 
same period, numerous species have been introduced 
to this region as well (see Chapter 4: Invasive Species 
and Aspen Communities).

There are certain aspen-related focal species that ei-
ther directly or indirectly enhance regional biodiversity. 
Alteration of aspen forests may have cascading trophic 
effects on these and (likely) not yet documented plant 
and animal species. In addition to the idea of specific 
species dependence, we will address the concept of 
greater plant diversity in aspen communities. Both of 
these themes should be further considered in light of 
changes in aspen extent at the regional level.
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Figure 3-20. Sapsucker (Sphyrapicus spp.) wounds often 
scar aspen bark in a distinctly horizontal pattern. Excessive 
sapsucker bark penetration may encircle the stem thereby 
girdling and killing a tree.

Aspen-Related Wildlife

For the western U.S., Flack (1976) and DeByle 
(1985c) provide good overviews of bird species 
that specialize in aspen habitats (fig. 3-20). Flack 
conducted a systematic survey of aspen/bird habitat 
in both western Canada and the U.S. Across this vast 
region he looked at pure and near-pure aspen stands 
for patterns associated with forest structure and bird 
species diversity. Fortunately, Flack’s dataset includes 
one plot at Monitor Pass just south of Lake Tahoe. 
The most common birds found at this aspen site were 
warbling vireo (Vireo gilvus), Empidonax flycatcher 
(Empidonax spp.), house wren (Troglodytes troglo-
dytes), and Oregon junco (Junco hyemalis thuberi). In 
fact, the Warbling vireo is a common denominator in 
aspen forests throughout western North American as 
evidenced by Flack (1976) and others (McGraw 1986; 
Turchi and others 1995; Matson 2000; Borgmann and 
Morrison 2004). Heath and Ballard (2003), working in 
the eastern Sierra Nevada, found that warbling vireos 
are highly associated with aspen, which indirectly 

suggests that recent declines in warbling vireo may 
be associated with concurrent reductions in aspen 
extent reported by Bartos and Campbell (1998) and 
Di Orio and others (2005). Matson’s (2000) work in 
Wyoming suggests that warbling vireo, along with 
Orange-crowned warbler (Vermivora celata), which is 
also found in the Sierra Nevada, be used as “indicator 
species” for aspen habitats.

In terms of aspen stand structure and bird diversity, 
Flack’s (1976) broad regional study found bird species 
abundance decreased with increasing tree density or 
decreasing tree diameter. Put another way, bird diversity 
was greatest in older (larger diameter), more open aspen 
stands. The implication is that stand age enhances bird 
diversity as stands naturally tend to thin over time. 
However, this may not be the case where invading 
conifers begin to change the species composition of 
aspen stands.

In Rocky Mountain National Park in Colorado, Turchi 
and others (1995) established a clear positive relation-
ship between number of bird species and aspen cover; 
fewer species were consistently found in surrounding 
conifer stands. They attribute bird species richness 
in aspen to high understory cover and, in particular, 
increased shrub cover.

Similar results have been found in eastern Sierra 
Nevada aspen forests. Bird species richness and 
abundance increased with lower percent conifer cover, 
increased herbaceous cover, and lower shrub-class aspen 
cover (Richardson and Heath 2004). Shrub-class aspen 
are those trees that are either stunted or young, in either 
case often being located on recently disturbed sites. 
While researchers have found decreased bird diversity 
in shrub-class, greater diversity has been noted in mature 
aspen stands (McGraw 1986), especially where conifer 
invasion was minimal (Richardson and Heath 2004). 
These authors and Verner (1988) describe the following 
specific benefits to bird diversity that are provided by 
aspen in eastern Sierra Nevada forest communities: 1) 
thick herbaceous layer for forage and cover; 2) aspen’s 
susceptibility to heart rot as a benefit to both primary 
and secondary cavity nesters; 3) increased abundance 
and diversity of insects; and 4) the ability of aspen sites 
to remain moist provides a ready water source, for birds 
as well as ensuring more insects as a food source. An 
Arizona study of bird populations, also found greater 
diversity in aspen compared to conifer/aspen and pure 
conifer stands (Griffis-Kyle and Beier 2003). Heath 
and Ballard (2003) reported that habitats dominated 
by aspen and black willow trees support “some of the 
most diverse riparian breeding songbird populations in 
the eastern Sierra Nevada.”
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Figure 3-21. Woodpeckers often use aspen for nesting 
because of its thin bark and propensity for decay, thus 
making cavity excavation easier. This red-breasted sap-
sucker (Sphyrapicus ruber) is shown just below the nest. 
Fledglings still occupy the nest, despite a recent attempted 
predation	 by	 an	 unidentified	mammal	 that	 peeled	 bark	
away from the entry hole.

A subgroup of birds that nest in both live and dead 
tree cavities seem to favor aspen over other tree species 
in the West (Flack 1976; DeByle 1985c; McGraw 1986; 
Dobkin and others 1995). Common cavity nesters in our 
region include flickers (Colaptes spp.), woodpeckers 
(Picoides spp. and Melanerpes spp.), chickadees (Parus 
spp.), and nuthatches (Sitta spp.) (fig. 3-21). Their affin-
ity for aspen may be due to a generally limited hardwood 
resource in many western forests. Additionally, this 
particular “hardwood” actually has fairly soft wood, a 
thin bark, and a propensity toward various heartwood 
decays in older stems (Baker 1925; Hinds 1985; Rogers 
2002) that allow easier cavity excavation.

Decades of western regional research have docu-
mented the symbiotic relationship between cavity nesters 
and stem pathogens in aspen (Shigo and Kilham 1968; 
Flack 1976; DeByle 1985c; McGraw 1986; Dobkin and 
others 1995). In southeastern Oregon, Dobkin and others 
(1995) found that 73 percent of trees with cavities had 
some sort of fungus present on the stem. In addition to 
initial cavity builders and nesters, secondary colonizers 
like owls and sparrows also inhabit aspen cavities. They 
found that cavity nesters prefer dead trees over live trees 

and large trees (> 9.4 inches [23.9 cm] dbh) over small 
trees. A similar study comparing Great Basin with Sierra 
nesting habitat concluded that cavity nesters preferred 
mature stands over younger stands (McGraw 1986). 
Concern has been expressed that lack of large live and 
dead trees can lead to declining habitat for cavity nesters, 
especially where grazing is compounding the problem 
by severely limiting regeneration (Dobkin and others 
1995). In sum, invasion by conifers, a limited supply 
of mature trees, and lack of regeneration may lead to 
declining habitat for several bird species dependent on 
aspen forests.

In addition to breeding birds, a few mammals are 
notable for their aspen affinity. In the Sierra, like most 
of the West, beaver were intensively trapped for their 
fur in the early- to mid-19th century. Trappers, and later 
managers, during the late 19th and early 20th century 
began reintroduction programs to improve population 
viability for the fur trade and ecological restoration. It 
was estimated in 1940 that there were about 680 beaver 
across California, most of these near the Sacramento 
River delta (Tappe 1942). Show and others (1947) 
distinguish between two native and one introduced 
subspecies in the Sierra Nevada:

The native Shasta beaver [Castor canadensis 
shastensis] is found in the Pit and Klamath 
drainages and has recently been transplanted to 
the Walker River. The Canadian beaver [Castor 
canadensis canadensis], introduced from Oregon 
and Idaho, is located in the drainages from the 
Feather River to the Tuolumne. Golden beaver 
[Castor canadensis subauratus], a native of the 
Great Valley, has been planted on the Mendocino, 
Los Padres, Stanislaus and Sierra forests.

According to Tappe (1942) the Shasta beaver occurred 
naturally in the Southern Cascades and Modoc Plateau 
areas. This race was nearly wiped out, but subsequent 
reintroductions appear to have revived populations. 
Native beaver populations in the Sierra Nevada proper 
have not been documented, except for a single footnote 
where Tappe interviewed a range rider who attests to 
beaver sign in the upper Carson River drainage during 
the late 19th century. At this point, most beaver popu-
lations in the Sierra Nevada have been introduced or 
reintroduced following extensive historic trapping.

Opinions vary widely on how introduced beaver 
have affected and will continue to affect the natural 
aspen community. Periodic introductions and culling 
of exotic beaver populations have had unknown long-
term effects on forest ecosystems, including aspen. It is 
known, however, that beaver have a strong preference 
for aspen as a food source and for dam and lodging 
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Figure 3-22. Beaver 
(Castor spp.) dam-
age to a mixed as-
pen/conifer forest in 
the Sierra Nevada. 
Trees are killed by 
girdling and toppled 
for den material and 
as a beaver food 
source. There is also 
incidental aspen 
mortality from dam 
water inundation.

material (fig. 3-22). Hall (1960) estimates that beaver 
need about 3 pounds of aspen bark per day to sustain 
themselves and they seem to favor eating smaller sapling-
sized trees—likely because they are also a good size 
for building material—though they do often take large 
diameter stems. Beaver may completely remove a stand’s 
overstory, similar to a logging clear cut or fire, except 
that most downed stems remain on site. Those branches 
and stems that are hauled away by beaver may be used 
for lodging or dams. Aspen felling and dam building 
may temporarily alter forests drastically; a raised water 
table behind the dam will impede further aspen regen-
eration. However, following eventual dam breaching, a 
longer term outlook may see the area recolonized first 
by aspen, then by beaver. Weixelman and others (1999) 
feel that beaver may be equally as important to riparian 
aspen stand regulation as fire: “Beaver periodically 
renew aspen stands. As long as beaver populations 
are not too dense, aspen sites recover between periods 
of beaver colonization.” Though cyclic interactions 
of the introduced beaver and natural processes—fire, 
flooding, aspen regeneration and growth—are not well 
understood at this time, local studies on these questions 
have resulted in a pessimistic outlook for beaver and 
aspen interactions (Hall 1960; Beier and Barrett 1987). 
Both of these studies concluded that beaver may lead 
to local aspen extinction if population numbers are not 
closely controlled.

The mountain beaver (not a true beaver [Aplodontia 
rufa]) is a candidate for federal endangered status and 
uses aspen forests for habitat and forage. Beier (1989) 
considers mountain beaver habitat to be marginal in 
the relatively dry Sierra Nevada as compared to the 

Pacific Northwest. In the Sierra Nevada, this species 
is somewhat limited to cool and moist regimes with 
deep soils provided by riparian habitat containing aspen 
and non-aspen woody species (Beier 1989; Todd 1992; 
Carraway and Verts 1993). Apparently, mountain beaver 
feed on conifers in the winter when other species are 
not available. In Oregon, researchers found that a high 
percentage of conifer seedlings were eaten by mountain 
beaver (Carraway and Verts 1993). In the Sierra Nevada, 
Steele (1989) documented use of aspen bark for food 
and found clippings in “haystacks,” a mix of vegetation 
used in nest building.

Mule deer (Odocoileus hemionus) are the largest na-
tive ungulate currently on the Sierra Nevada landscape. 
Domestic cattle (Bos taurus spp.) and sheep (see Chapter 
2: Historical Disturbance Ecology), though they prefer 
non-woody forage, have been known to trample suck-
ers, denude their foliage, and promote exotic grasses 
and forbs in overgrazing situations (Kay and Bartos 
2000). The combined effects of deer and cattle on aspen 
communities have been examined by researchers in 
the McCormick Creek basin of the Stanislaus National 
Forest (Loft and others 1987, 1991, 1993). One conclu-
sion of this series of studies is that deer and cattle are 
attracted to the same dense forb communities that aspen 
provide, but deer often avoid these sites when cattle 
are present (Loft and others 1993). The aspen/corn lily 
vegetation type (see Plant Associations, this chapter) was 
more highly used by cattle than adjacent willow types 
because of high quality forage (Loft and others 1987). 
They found deer must spend more of their day feeding 
and less time resting, and that there was significantly 
less hiding cover for fawns, when cattle are competing 
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for the same forage in aspen stands (Loft and others 
1993). As summers progress, deer must expand their 
range further to make up for denuded preferred aspen 
habitat that cattle have been grazing (Loft 1989). In sum, 
these authors felt that the limited aspen cover in their 
study area (4 percent of total area) should be devoted to 
mule deer (and other wildlife) habitat rather than cattle 
grazing since the negative effects of competition with 
livestock were so pronounced on deer and livestock 
could use other forage types (Loft and others 1993).

Where native ungulate herbivory is unchecked by 
predation, animal disease, extreme weather, recent 
disturbance, or wildlife management measures, aspen 
regeneration can be severely limited. Though elk exist 
in small numbers in the Southern Cascades and Modoc 
Plateau, they have not become the dominant consumers 
of aspen sprouts as they are in the Rocky Mountains 
(Baker and others 1997; Kay and Bartos 2000; Romme 
and Turner 2004). Further growth of these herds may 
begin to show increased effects on aspen communities 
in this area, particularly in reducing regeneration. In the 
Greater Yellowstone region, research has demonstrated 
that large herbivores relax their natural predator avoid-
ance behavior when top carnivores are absent, linger 
in open aspen stands, and decimate aspen regeneration 
(Ripple and others 2001). Aside from minor predation 
from mountain lions (Felis concolor) in the Sierra 
Nevada, unimpeded deer, or small elk populations 
farther north, may consume prodigious amounts of 
aspen suckers.

Aspen seedlings or sprouts may be partially protected 
from herbivory where recent disturbance, such as fire 
or aspen felling by beaver or windthrow, has resulted 
in large amounts of downed trees. Downed trees can 
impede localized ungulate travel by presenting natural 
barriers. Where downed trees are not dense enough to 
block travel, large logs can physically hide regenerating 
aspen from herbivores (Barry 1971; Ripple and others 
2001). After the 1988 fires in the Greater Yellowstone 
region, a large pulse of aspen seedlings were discov-
ered on burned sites (Romme and others 1997). Many 
of the burned trees, predominantly lodgepole pine, 
subsequently fell to the forest floor providing protec-
tion for new growth of various species, including the 
rare crop of aspen seedlings (Ripple and others 2001). 
However, a trade-off exists between the protection 
offered by downed logs and the effect that their shade 
has on soil temperature and sprouting. Shepperd (1996) 
found that in Colorado, heavy slash loadings greatly 
reduced aspen sucker establishment. A final factor, 
the reintroduction of gray wolves (Canus lupus) to 
theYellowstone ecosystem, has provided an additional 

element of protection for aspen seedlings and sprouts 
in that the threat of predation keeps elk on guard and 
moving so that they do not browse excessively in any 
given area (Ripple and others 2001).

The trophic links in Yellowstone may provide a model 
for a healthy aspen terrestrial biota in the Sierra Nevada 
and elsewhere. Burgeoning populations of introduced or 
native herbivores have the potential to severely affect 
aspen stands, which in turn, will have cascading impacts 
on other species, such as rare breeding birds or diverse 
plant communities. Maintenance of ecosystem function 
and structure will likely enhance the broadest species 
composition (Noss 1990), provided that the ecosystem 
is within its “natural range of variability” (Landres and 
others 1999). Our limited discussion of terrestrial biota 
has thus far explored aspen-fauna interactions. Let’s now 
balance our review by discussing the floral diversity of 
aspen communities.

Plant Diversity in Aspen Forests

Just as aspen is associated with many different 
types of animals, aspen is also associated with certain 
plant species. As previously discussed (see Plant 
Associations, this chapter), aspen is usually a minor 
forest type surrounded by, or included within, drier co-
nifer forests in the Sierra Nevada and surrounding areas 
covered in this work. Therefore, we may view aspen 
communities as oases of plant and animal diversity. 
Several authors cite high levels of plant diversity in 
aspen when compared to surrounding vegetation types 
(Mueggler 1985; Potter 1998; Manley and Schlesinger 
2001; Chong and others 2001). Specifically, Manley 
and Schlesinger (2001) observed greater than 60 plant 
species in riparian zones of the Sierra Nevada where 
at least 10 percent of a stream reach was occupied by 
aspen-cottonwood. Additionally, they found increases 
in rare plant species and even mammal observations 
when cover of aspen-cottonwood increased in riparian 
corridors. In the Interior West, however, Mueggler 
(1985) found plant species richness was high in aspen 
types, but did not find a corresponding association 
of aspen endemics. He observed that most plants in 
aspen forests also occurred in surrounding communi-
ties, but adjacent types did not bear all of those plants 
in close proximity, hence aspen’s commonly higher 
diversity level. Potter’s (1998) work reflects a more 
detailed study of plant communities, including aspen, 
in the upper montane zone of the Sierra Nevada. As a 
byproduct of his plant association classification work 
he found that aspen/mountain pennyroyal association 
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had higher vegetative diversity than all of its forest 
associates except those in the western juniper/sage-
brush (Juniperus occidentalis/Artemisia spp.) series. 
The higher density of plants, many with larger cover 
values, make aspen appear more diverse, though they 
are merely more lush than the western juniper type. 
Potter’s aspen/California corn lily association had a 
slightly lower species richness than the two associa-
tions just mentioned.

Little work has been done specifically on aspen 
and lichen communities, though preliminary evidence 
suggests that aspen, often occurring as a sole hardwood 
among conifers, possesses a unique lichen flora. In their 

brief discussion of aspen and macrolichen interactions 
as part of a larger forest monitoring effort in Colorado, 
McCune and others (1998) refer to the “distinctive lichen 
community” found in “mature to old aspen.” They go 
on to suggest that, “Loss of aspen would affect all of 
the species dependent on it, including the characteristic 
lichen communities.” In Colorado forests, as well as in 
European aspen (Populus tremula), the greatest lichen 
diversity was documented where older aspen were 
mixed with conifers; younger and pure aspen stands do 
not appear to provide a diversity of substrates and local 
moisture (humidity) needed to support an increased 
lichen flora (Hedenås and Ericson 2004).
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Figure 4-1. Stem cankers may have profound effects on 
entire aspen stands. As stands age, they become more 
susceptible to serious decay.

Chapter 4.

Current Forest Issues Related to 
Aspen Communities

Thus far we have examined Sierra Nevada natural 
history, human impacts on the forest component, and 
basic ecology of the aspen community. The intent of this 
review was to lay a foundation for discussing current 
aspen-related issues, monitoring activities, and potential 
management actions. We now turn to an evaluation of 
important issues affecting aspen health in the Sierra 
Nevada, often turning to the Lake Tahoe basin for specific 
examples. Although these issues may be interrelated 
and complex, we will attempt to advance an informed 
discussion and recommend appropriate alternatives. A 
clear understanding of ecological benefits, as well as 
potential cautions, of aspen related issues is necessary 
to make informed decisions about managing aspen in 
specific landscapes or to improve aspen community 
vigor at the regional scale.

Threats to Aspen 
Sustainability______________

Advancing Conifer Succession

An overarching theme in this chapter, and one al-
luded to throughout this publication, is succession of 
vegetation in Sierra Nevada forests over the past century. 
Aspen ramets are relatively short-lived when compared 
to their coniferous counterparts. Numerous authors have 
documented the disturbance dependent nature of aspen 
forests (Sampson 1916; Baker 1925; Mueggler 1985; 
Jones and DeByle 1985b; Bartos and others 1991; Rogers 
2002). Following forest disturbance, such as a wildfire 

or avalanche, aspen suckers sprout from existing root 
stock to take advantage of open sunlight created by 
clearing of the previous forest. As stands age, the new 
aspen cohort will self-thin over time due to competition 
for limited resources. Eventually, in most aspen forests, 
more shade tolerant tree species will colonize stands. 
As these trees begin to overtop the aspen, a decline in 
growth and concordant onslaught of pathogens typically 
causes a rapid reduction in stand vigor (Baker 1925; 
Hinds 1985; Rogers 2002) (fig. 4-1). Remaining aspen 
may persist if they can maintain some open light in the 
canopy of conifers (Ko 2001) (fig. 4-2). These trees may 
act as root-stock refugia that will eventually sucker anew 
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Figure 4-2. Although aspen is often overtopped by conifers, 
it may persist with low levels of regeneration where ample 
gaps allow sunlight to reach the understory. The photo 
shows young aspen reaching for sunlight around this 
small forest opening.

Figure 4-3. Aspen stands in the Lake Tahoe basin. Stands 
indicated in this map are located on land administered by 
the Lake Tahoe Basin Management Unit, California Con-
servancy, and California and Nevada State Park Systems. 
As of the printing of this map, the Forest Service has not 
inventoried its lands in the northern part of the Basin. 
Verified	aspen	locations	shown	at	this	scale	are	generally	
aligned with canyon bottoms. No data are available for 
aspen stands located on private lands. Each indication on 
this map represents an individual geo-referenced point. 
The	size	of	stands	is	not	reflected	on	this	map.

with a stand replacing disturbance. In the absence of 
stand replacing (or at least stand opening) disturbance, 
all ramets of the previous generation will eventually die 
out. Viable root stock cannot be maintained without 
at least some living ramets to procure photosynthetic 
energy, so complete loss of aspen from a site may be 
the final outcome of vegetation succession from aspen 
to conifers.

As discussed previously, aspen may also regenerate 
from seed, although this appears to be a rarity in the West, 
perhaps occurring on a scale of centuries at any given 
locale (Kay 1993; Romme and others 1997). Although 
we assume that seedling establishment is possible in 
the Sierra Nevada, since both male and female clones 
exist (Burton 2004b), as yet we are unaware of specific 
documentation of true seedlings. Thus, as a short term 
strategy, re-establishment via natural seeding events 
does not appear to be a reliable option for regional 
maintenance of the species.

Aspen is generally associated with canyon bottoms 
and meadow communities in the Lake Tahoe basin. 
Figure 4-3 presents a preliminary census of aspen stands 
in this basin. At this scale, the association between aspen 
and primary streams is evident. Overall, aspen cover 
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Figure 4-4a,b. Dramatic change over a 1�0-year period at Spooner Summit: (a) an historic photo from 1876 at height of log-
ging/mining	boom	during	the	Comstock	era.	The	voracious	need	for	wood	for	railroads,	mining	materials,	flumes,	housing,	
and	fuel	resulted	in	denuded	slopes	and	transformed	landscapes;	(b) this 1992 photograph of the same landscape shows 
ample aspen growth in the riparian zone with conifers upslope. Some invasion of aspen by conifers is already underway. 
©Reproduced by permission (Goin and Blesse 1992).

only a small portion of the basin’s landscape—about 
0.5 percent by recent estimations (Manley and others 
2000). Was this always the case, or are there particular 
human-induced circumstances that have led to the cur-
rent vegetative configuration? One way to examine this 
question is through the historical record of disturbance, 
which we discussed previously (see Chapter 2: Historical 
Disturbance Ecology).

Comparison of historic and recent photographs is 
another method of documenting landscape change over 
time. A few researchers have used historic photos in the 
Interior West to document change in aspen communi-
ties (Gruell 1983; Manier and Laven 2002; Kay 2003). 
The photographic record in the Sierra Nevada seems 
to bear out historic and climatic evidence, as reflected 
in vegetative cover, of intense disturbance in the 19th 
century being followed by advancing succession of 
shade-tolerant trees in the 20th century. Figure 4-4 
consists of a photo pair dated 1876 (a) and 1992 (b). 
In the historic photo you can see the immense impact 
that the mining era had on the Carson Range, and spe-
cifically at Spooner Summit where forested hillsides 
were denuded to supply logging trains traveling east 
to Virginia City area mines (Strong 1984). Drainage 
bottoms, where aspen exist today (fig. 4-4b) were 
impacted most by the construction of rail lines, wagon 
and horse trails, small houses, and loading platforms. 
All of this activity virtually wiped out the native tree 
cover on the summit. The modern photo shows aspen 
clones occupying moister and deeper soils, with a century 

of conifer growth dominating the higher slopes. Some 
conifers can be seen penetrating through the aspen, 
signifying a gradual succession to conifers. Signs of 
past development (rail tracks, homes, logging flumes) 
are absent from this more recent landscape view. The 
assertion by Potter (1998) that contemporary aspen 
began their development following land clearing by 
post-settlement industrialists is evident in these photos. 
Human activities in the area today, including fence and 
power lines, a picnic area, and adjoining trails, continue 
to shape contemporary forest development, although 
in more subtle ways.

Aspen stands shown near Conway Summit (fig. 
4-5a and b) present a very different view of advancing 
succession. In this instance, near-pure aspen stands in a 
non-forest matrix have proliferated and expanded during 
this 80-year period. Since natural fire is very limited at 
this high elevation, we presume that previous decades 
of intense livestock grazing kept aspen regeneration 
at bay in the 1906 photo. Aspen is not readily visible 
in the 1906 photo that was apparently taken in late 
spring prior to leaf-out, but aspen cover seems to be 
limited in stature and located primarily within drainage 
bottoms. The modern photo of the same area shows a 
more vibrant aspen community, apparently thriving in 
upland conditions (foreground).

Contemporary photos around the Lake Tahoe basin 
depict primarily riparian aspen with conifers invading 
the edges of aspen stands. Figure 4-6 shows 20- to 30-
year old white fir beginning to shade out a much older 

a b

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page333



48 USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006

Figure 4-5a,b.	Photo	pair	taken	at	Conway	Summit	depicts	a	different	type	of	change	from	our	previous	example	(figure	4-4a,b),	
although	advancing	succession	in	this	instance	resulted	in	greater	aspen	cover	where	historic	overgrazing	and	related	fires	
kept regeneration in check. The historic photo (a),	taken	in	1906,	shows	limited	aspen	cover	confined	predominantly	to	the	
drainage bottoms, while the modern photo (b), from 1998, illustrates substantial growth of woody plants, mostly aspen, with 
the removal of livestock over recent decades. Source: (1906) W.D. Johnson, Conway Summit-Virginia Creek, Mono County, 
California. Photo #666, Geological Survey Photography Library, Denver, Colorado. ©(1998) George E. Gruell, Carson City, 
Nevada.

a

b
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Figure 4-6. This small aspen 
stand at the edge of a meadow 
in Blackwood Canyon is being 
actively	 invaded	 by	 white	 fir	
(Abies concolor). Ample light 
under mature aspen is encour-
aging some regeneration of 
aspen, but little regeneration 
is occurring under the heav-
ily	 shaded	 fir	 portion	 of	 this	
stand.

aspen stand. When taking this photo, we noted that 
regeneration was plentiful under mature aspen, but no 
aspen sprouts were evident where fir was dominant.

Limited Aspen Regeneration

Advancing succession presents only one part of the 
aspen story in the Sierra Nevada. Not only do conifers 
shade out mature aspen trees, but they severely limit 
the possibility of aspen suckering. Overstory clearing, 
whether in small gaps or in large openings, provides 
the needed light for suckers to proliferate. A recent 
study of aspen regeneration in the Lake Tahoe Basin 
suggests that aspen is not declining overall because of 
a high rate of small-scale gap filling by seedlings and 
saplings (Ko 2001). However, this study apparently 
focused on stands where aspen comprised the dominant 
overstory and not on locations where remnant aspen 
trees are now outnumbered by a conifer canopy. Though 
gap replacement may engender small-scale population 
stability, it will not curtail the larger trend of conifer 
succession in stands currently dominated by aspen and 
in stands where conifers have long since overtopped the 
previous aspen forests. Where aspen abut larger forest 
openings, either natural or human-caused, new suckers 
may arise in an “apron” of regeneration where aspen roots 
penetrate into the opening (fig. 4-7). In the past century, 
reduced wildfire, related to relatively moist climate 

patterns (Millar and others 2004) and fire suppression, 
appears to have led to reduced aspen regeneration (fig. 
4-8). Compounding this situation (mostly outside the 
Tahoe basin) is the possibility of losing aspen sprouts 
because of domestic and wild ungulate use (see Chapter 
3: Terrestrial Biota Earlier and Range Management and 
Aspen Communities, below).

Other factors can also affect aspen regeneration 
success. Figure 4-9 shows a conifer removal cut with 
very limited aspen regeneration in the Lake Tahoe 
basin. Since neither livestock nor elk are present, this 
may be due to a limited aspen root system resulting 
from previous conifer dominance and/or persistent 
shading from surrounding uncut trees. This clone may 
require additional disturbance to initiate suckering, so 
additional management actions, such as “root ripping” 
(see Chapter 6: Treatment Alternatives to Regenerate 
Aspen—Root Separation) may be warranted. An ex-
ample of normal regeneration following disturbance 
is shown in figure 4-10.

In essence, the true threat to aspen sustainability is 
maintaining the status quo: suppressing natural fires and/
or avoiding active management options, such as targeted 
cutting, prescribed burning, and regeneration protec-
tion. Alternatives that can promote aspen rejuvenation, 
which is dependent on moderate-to-intense disturbance, 
are limited in the highly developed Lake Tahoe basin. 
The basic choices are: 1) allowing natural disturbances 
to take their course, 2) actively managing for aspen  
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Figure 4-8. Lack of regeneration under mature aspen cover. 
The stand appears to be changing cover types from as-
pen to tall grass meadow, or possibly pine (Pinus spp.), 
and is showing signs of encroachment near the granite 
outcrop.

Figure 4-9. Three years post-harvest there is very little re-
generation in this North Canyon aspen stand.

Figure 4-7. Aspen may continue to 
grow out in “waves” from an estab-
lished stand where there is a lack of 
competition from other trees, and 
adequate growing conditions (full 
sunlight, moisture, soils, etc.).
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Figure 4-10.	Typical	flush	of	aspen	regeneration	one	year	
after	a	fire	on	the	Modoc	National	Forest.	Each	alternating	
color stripe on the pole equals six inches (1� cm).

rejuvenation, or 3) intelligently crafting geographically 
specific syntheses of both options. For instance, at 
sites farther from human development it may be more 
appropriate to allow natural fire or conduct occasional 
prescribed burns. Management near residential areas 
may require a more precise, less random, course of 
action, such as small patch clearings with precisely 
controlled burning. A more detailed discussion of 
management options for particular situations, including 
highly developed areas, can be found in Chapter 6.

Aspen Habitat and Species  
of Concern________________

Aspen as Prime Habitat

A recent comprehensive watershed assessment of the 
Lake Tahoe basin declares aspen forest types as one of 
nine “Ecologically Significant Areas” (ESAs) (Manley 
and others 2000). The criteria used for this designation 

are minimum human alteration, rarity on the landscape, 
and potential for high biological diversity. Aspen is one 
of two ESAs that is both geographically rare and shows 
high diversity—the other being marshes. Most of the 
nine ESAs were closely related to water proximity. 
This places a premium value on existing aspen stands 
and evaluating options for stands where other forest 
types may be encroaching on the very limited aspen 
cover in the Lake Tahoe basin. Numerous authors have 
broadly discussed the high biotic diversity of aspen 
stands (DeByle 1985c; Chong and others 2001) and we 
have devoted considerable discussion to the topic as it 
applies to the Sierra Nevada (see Chapter 3: Terrestrial 
Biota). But how dependent are identified wildlife spe-
cies on aspen in the Lake Tahoe basin and how will 
management (or lack thereof) affect those species? If, 
as Manley and others (2000) asserted, aspen is truly 
“ecologically significant,” then important steps should 
be taken to preserve aspen not only for its own sake, 
but for the species that are dependent upon aspen for 
critical habitat.

Species of Concern, Lake Tahoe Basin

Several species within the Lake Tahoe basin are 
formally designated on state threatened or endangered 
lists. In this section we highlight those species of 
concern that are either somewhat or highly dependent 
on aspen ecosystems. Table 4-1 shows threatened 
vertebrates known to use aspen in the Sierra Nevada 
and Lake Tahoe areas. Federally endangered species 
carry the greatest restrictions. California “threatened” 
and Nevada “rare” species include legislative prohibi-
tions on intentional destruction (for example, hunting 
or trapping). The Nevada “watch list” is the least 
restrictive category, designating species of some demo-
graphic concern. At this time there are no confirmed 
southwestern willow flycatchers (Empidonax traillii 
extimus), a federal endangered species, in the Lake 
Tahoe basin, although this subspecies is known to 
inhabit the southern Sierra Nevada. Survey data from 
around the basin shows mountain willow flycatcher 
(Empidonax traillii adastus), a threatened species in 
California, either directly or indirectly using aspen 
habitat (Morrison 2005). Preliminary results showed 
an estimated 43 mountain willow flycatcher territories 
in the Lake Tahoe basin (Morrison and others 2002). 
In many cases, willow (Salix spp.) used by willow 
flycatcher is co-located with aspen stands around wet 
meadows or along streams. Where conifers are invading, 
meadows will become drier, decreasing willow/aspen 
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Table 4-1. Listed vertebrates for the Lake Tahoe basin known to use aspen habitat.

 Common name Latin name Status notes

Amphibians Mountain yellow-legged frog Rana muscosa	 Nevada	rare	species	list;	federally	 
    endangered in southern California

Birds Northern goshawk  Accipiter gentillis Nevada rare species list
	 Mountain	willow	flycatcher	 Empidonax traillii adastus	 Califronia	threatened	species;	Nevada	 
    rare species list
 MacGillivary’s warbler Oporornis tolmiei Nevada watch list
 Flammulated owl* Otus flammelous Nevada rare species list
 Red-naped Sapsucker Sphyrapicus nuchalis Nevada watch list

Mammals Sierra (Mono Basin) mountain  Aplodontia rufa californica	 Nevada	rare	species	list;	see	 
  beaver  Terrestrial Biota discussion
	 Northern	flying	squirrel	 Glaucomys sabrinus Nevada watch list
 North American wolverine Gulo gulo	 Califronia	threatened	species;	Nevada	 
    watch list
 Western red bat Lasiurus blossevillii Nevada rare species list
 Sierra Nevada snowshoe hare Lepus americanus tahoensis  Nevada watch list
 American marten Martes americana Nevada rare species list
 American pika Ochotona princeps Nevada watch list
 Sierra Nevada red fox Vulpes vulpes necator	 Califronia	threatened	species;	Nevada	 
    watch list
 Western jumping mouse Zapus princeps oregonus Nevada watch list

Sources:	 Manley,	Patricia	N.;	Fites-Kaufman,	Jo	Ann	A.;	Barbour,	Michael	G.;	Schlesinger,	Matthew	D.,	and	Rizzo,	David	M.	Biological	 
 integrity. 

 Murphy, Dennis D. and Knopp, Christopher M., editors. Lake Tahoe watershed assessment: Volume I. Albany, CA: USDA,  
	 Forest	Service,	Pacific	Southwest	Research	Station;	2000;	p.554-557.
	 *	Powers,	Leon	R.;	Dale,	Allen;	Gaede,	Peter	A.;	Rodes,	Chris;	Nelson,	Lance;	Dean,	John	J.,	and	May,	Jared	D.	Nesting	and	 
	 Food	Habits	of	the	Flammulated	Owl	(Otus	Flammeolus)	in	Southcentral	Idaho.	Journal-of-Raptor-Research.	1996;	30(1):15-20.
 Nevada Natural Heritage Program:  http://heritage.nv.gov/lists/animls04.htm
 California Department of Fish & Game:  http://www.dfg.ca.gov/whdab/pdfs/TEAnimals.pdf

habitat and increasing predation of mountain willow 
flycatchers (Morrison 2005).

The USDA Forest Service Lake Tahoe Basin 
Management Unit (LTBMU) has recently conducted 
center point bird counts in aspen stands surrounding 
Lake Tahoe. One state listed species, MacGillivray’s 
warbler (Oporornis tolmiei), has been tallied six times 
in these counts along with numerous other birds that are 
not listed as using aspen habitat (data on file, Lake Tahoe 
Basin Management Unit). LTBMU wildlife biologists 
have recently documented northern goshawk (Accipiter 
gentillis) nesting sites associated with aspen within the 
Lake Tahoe watershed (fig. 4-11). A 2004 Lake Tahoe 
basin survey of goshawks detected 23 nest sites and 45 
individuals (29 adult and 16 juveniles). Approximately 
9.5 percent of goshawk nests were located in aspen trees 
in a variety of forest types and over half (61 percent) were 
within 300 ft of a water source (USDA Forest Service 
2004b). Researchers in the Great Basin have documented 
the close relationship of goshawks to aspen communities 
(Younk and Bechard 1994). This study found that gos-
hawks preferred larger and older aspen, with relatively 
open understories, in close proximity to water similar to 
the Lake Tahoe findings described here.

Surveys of intermediate size native carnivores in the 
Sierra Nevada have not confirmed sightings of either 
the North American wolverine (Gulo gulo) or the Sierra 
Nevada red fox (Vulpes vulpes necator) in over 60 years. 
The lack of sightings of these two species may be at-
tributed to their notorious aversion to people (Zielinski 
2004). Zielinski also notes a decline in American marten 
(Martes Americana) throughout the Sierra Nevada, 
especially outside of reserved areas (lands reserved 
from logging and alteration, such as designated wil-
derness, National Parks, and wildlife preserves). It is 
thought that reductions in marten numbers are due to 
forest fragmentation, but this assertion has not been 
specifically tested in the Sierra Nevada. The LTBMU, in 
cooperation with agency and private enterprise partners, 
is involved in several surveys of mammals with some 
focus on marten. Their interests in marten vary from Off 
Highway Vehicle (OHV) impacts, to general baseline 
biodiversity surveys and urban/development impacts. 
Thus far, they have been monitoring up to 17 marten 
detection sites around the basin. Although Manley and 
others (2000) describe marten as using aspen habitats, 
it is unclear how critical this type is to their survival. 
In the Rocky Mountains, researchers have depicted 
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Figure 4-11. A goshawk (Ac-
cipiter gentilis) (inset) and 
its nest located along Tay-
lor Creek in Sugar Pine 
Point State Park on the 
West Shore of Lake Tahoe. 
Source: R. Young. Sierra 
District, California State 
Parks.

marten as an old growth conifer species (Hargis and 
others 1999). Further research is clearly needed on 
habitat types used by American marten and potentially 
specific needs derived from aspen.

In summary, specific surveys are not being conducted 
for most threatened species found in table 4-1 and 
therefore definitive data sets are scarce on these species. 
However, we concur with Manley and others (2000) that 
aspen stands that are apparently succumbing to succes-
sion in parts of the Lake Tahoe basin are a potentially 
critical resource for maintaining diverse faunal, as well 
as floral, populations. It would seem reasonable that 
targeting aspen as a keystone species may be beneficial 
to several species of concern. It is clear, however, that 
land managers will be under continued scrutiny to 
monitor threatened aspen communities, as well as to 
document the status of individual species.

Invasive Species and Aspen 
Communities______________

We use the term “invasive” here in the most general 
sense: denoting active spread of non-native plants into 
native landscapes. Aspen communities possess at least 
three characteristics that present fertile ground for 

invasive plants: 1) they have deep, rich, soils; 2) their 
proximity to moist meadows and riparian zones offer a 
ready source of water; and 3) their dependency on distur-
bance and open light is shared by many invasive species. 
Monitoring for invasives at aspen management sites is 
crucial. Some of the management suggestions advocated 
in this publication may in fact lead to spreading of weedy 
plants if precautions are not taken, such as washing and 
sterilizing machinery to avoid bringing invasive seed into 
aspen stands. The immediacy of human development and 
recreation to forest lands also influences the spread of 
invasives in the Lake Tahoe basin. People are the prime 
transporters of non-native plants. In the Sierra Nevada, 
construction and road building, escaped domestic plants 
from private residences and commercial nurseries, 
importation of fill soil containing foreign seed, and the 
movement of people and domestic animals may also 
carry seed into wildlands (Schwartz and others 1996). 
In addition to these direct modes of introduction, other 
human activities indirectly encourage invasive species, 
which are often generalists that are able to tolerate a wide 
range of conditions. For example, it is well known that 
humans are contributing excessive nitrogen and carbon 
dioxide into the soils and atmosphere from various 
waste products. Excess amounts of these compounds 
often discourage native species growth while favoring 
fast-spreading invasives. “Quite simply, increased hu-
man presence means increased risk of plant invasion” 
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(Schwartz and others 1996). This certainly does not bode 
well for the Lake Tahoe basin.

Aspen communities are known for high plant diversity 
(see Chapter 3: Plant Associations), and serve as oases 
of animal habitat even when covering only a small 
proportion of total land area (see Chapter 3: Terrestrial 
Biota). But high diversity does not necessarily equate 
with low plant invasion. Recent research suggests that 
diverse plant communities, such as aspen forests, are 
not necessarily more resistant to invasive plants as is 
commonly believed (Lonsdale 1999; Stohlgren and 
others 2003; Gilbert and Lechowicz 2005). A study of 
several forest types in Rocky Mountain National Park 
found more invasive species present in aspen stands than 
other forest cover. Of 42 total invasive species in the 
study, 90 percent were found in aspen and 39 percent 
of those were exclusive to the aspen type (Chong and 
others 2001). Interestingly, they did not find a large 
cover of invasives, only a large diversity of their pres-
ence in aspen stands. Thus, Chong and others caution 
that given appropriate disturbance, these aspen stands 
located in a relatively pristine setting, but with invasive 
seed present, are poised for higher levels of invasion 
that could crowd out native species.

Invasive Species of the  
Sierra Nevada

Many of the highly disruptive activities of the 
settlement era (1850 to 1900, see Chapter 2: Historical 
Disturbance Ecology), in addition to modern road 
building and related development, have provided 
an ecological opening for invasive plants. We might 
imagine that invasive or exotic species colonize wild-
lands in a rapid or dramatic fashion, but most plant 
invasions have been underway for decades or centuries. 
Often an introduced species will persist at low levels 
for decades before spreading rapidly when favorable 
climatic or disturbance conditions present themselves. 
Many of the exotic species found in California for-
ests today were introduced either intentionally or  
unintentionally by European settlers, beginning in the 
18th century (Bossard and others 2000). Nearly all 
of these species are of Eurasian origin and are noted 
for their ecological amplitude. For example, common 
mullein (Verbascum thapsus) was likely intentionally 
introduced to the eastern United States as a medicinal 
plant in the 1700s from Europe. It was subsequently 
transported by settlers, either intentionally or not, and 
established in California by the 1880s. Jepson (1925) 

acknowledged 292 non-native species in the state. By 
the end of the 20th century the estimate was at 1,045 
invasive plants (Randall and others 1998). Of these 
1,045 non-native species in California, about 10 percent 
are considered serious threats (Bossard and others 
2000). In table 4-2 we list species that constitute the 
most serious threats to Sierra Nevada forests according 
to the California Exotic Pest Plant Council (Bossard 
and others 2000; D’Antonio and others 2004; Calflora 
database [www.calflora.org/index0.html]). Thus far, 
many of these plants have only been documented in 
low quantities above 5,000 ft (1,524 m) in elevation 
where aspen habitat exists. Changing conditions may 
promote further expansion of any one of these plants, 
so it is essential for managers to detect, monitor, and 
eradicate (if appropriate) non-native species at an early 
stage (D’Antonio and others 2004). This strategy is 
recommended for economic efficiency and protection 
of native diversity. Exponential spread of invasive 
species can result in dominance of resources used by 
native plant communities within a short time.

Invasive Plant Survey of  
Lake Tahoe Basin

Though the Lake Tahoe basin has most of the basic 
ingredients for rapid dissemination of invasive weeds, 
one thing working in its favor is its relatively high 
elevation. Generally, the impact of invasive species is 
less at higher elevations. “While there are species (for 
example, Kentucky bluegrass [Poa pratensis]) that 
invade high-elevation Sierra Nevada meadows, the 
number of these is few relative to lower elevations in 
the Sierras” (Schwartz and others 1996). Most invasive 
species found in our list (table 4-2) thrive at elevations 
lower than the basin’s 6,200 foot (1,890 m) base. A 
preliminary survey of invasive species conducted by 
the LTBMU is depicted in figure 4-12. This map shows 
a spotty pattern of non-native intrusions, mostly cor-
related with heavy development and recreation sites, 
but also with riparian zones where aspen is prevalent. 
Basin-wide geographic patterns of invasive species 
are evident. Those invasive species that are evenly 
distributed throughout the basin and are away from 
major roads, such as bull thistle (Cirsium vulgare), have 
likely been here longer and have efficient dispersal and 
germination mechanisms for this location. Others, such 
as nodding bluegrass (Poa reflexa), display the opposite 
pattern (locally distributed, near roads) suggesting a 
recent introduction or limited dispersal ability in this 
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Table 4-2. Major invasive exotic plants of forested communities above 5,000 feet (1,524 m) elevation in the Siera Nevada.

Common name Latin name Elevation (ft.) Notes

Cheatgrass Bromus tectorum	 up	to	7,200	 eastern	Sierra	Nevada;	Modoc	Plateau
Hairy whitetop Cardaria pubescens  up to 6,600 proliferate in moist riparian uplands
Nodding plumeless thistle Carduus nutans	 up	to	6,500*	 fields	and	roadsides
White knapweed Centaurea diffusa	 up	to	7,500	 northern	Sierra;	uncommon	in	Lake	Tahoe	basin
Spotted knapweed Centaurea maculosa	 up	to	6,600	 widespread;	aggressive	colonizer
Tocalote Centaurea melitensis	 up	to	7,200	 woodlands	and	field,	of	lesser	invasiveness
Yellow starthistle Centaurea solstitialis	 up	to	7,500	 dry	sites;	spreading	in	Cascades,	Sierra,	and	Modoc
Canada thistle Cirsium arvense	 up	to	6,000	 spreading	by	roots;	a	robust	plant	up	to	6	ft.	in	height
Yellowspine thistle Cirsium ochrocentrum up to 10,000 pine, pinyon-juniper, sagebrush communities
Bull thistle Cirsium vulgare	 up	to	7,500	 widespread;	colonizes	recently	disturbed	sites
Scotchbroom Cytisus scoparius up to 6,200* found on river banks, road cuts, and forest clearcuts
St. Johnswort Hypericum perforatum	 up	to	7,100*	 woodlands	and	field,	of	lesser	invasiveness
Broadleaved pepperweed Lepidium latifolium up to 7,200 riparian, roadsides, wet meadows
Ox-eye daisy Leucanthemum vulgare up to 7,000 northern Sierra, mountain meadows, riparian forests
Butter and eggs Linaria vulgaris up to 6,�00* recently introduced in Lake Tahoe area
Dalmation	toad-flax	 Linaria dalmatica  up to 7,000* forest openings and grasslands
Purple loosestrife Lythrum salicaria up to 6,000 found in wetlands, riparian, and meadow habitat
Scotch thistle Onopordum acanthium  up to 5,200 widespread throughout region
Kentucky bluegrass Poa pratensis up to 8,000 widespread in moist and dry sites
Sulphur cinquefoil Potentilla recta	 up	to	6,400*	 roadside;	recently	introduced	in	Lake	Tahoe	area
Black locust Robinia pseudoacacia up to 6,200 mature groves may shade out native vegetation
Himalayan blackberry Rubus discolor up to 5,200 Bossard et al. (2000), occurs in the Sierra Nevada
Russian thistle Salsola tragus	 up	to	8,900	 Shrublands,	Calflora	is	requesting	more	information
Common dandelion Taraxacum officinale	 up	to	10,800	 widespread;	usually	in	non-wetland	areas
Common mullein Verbascum thapsus up to 7,200 broad range in forest cuts, riparian, and meadows

Sources:	 Bossard,	Carla	C.;	Randall,	John	M.,	and	Hoshovsky,	Marc	C.	2000.	Invasive	plants	of	California’s	wildlands.	Berkeley,	CA:	 
	 University	of	California	Press;	360	p.
	 D’Antonio,	Carla	M.;	Berlow,	Eric	L.,	and	Haubensak,	Karen	L.	Invasive	exotic	plant	species	in	Sierra	Nevada	ecosystems.	In:	 
 Murphy, Dennis D. and Stine, Peter A., editors. Proceedings of the Sierra Nevada science symposium. Albany, CA: USDA Forest  
	 Service,	Pacific	Southwest	Research	Station;	2004;	PSW-GTR-193.	175-184.
	 Hickman,	James	C.	The	Jepson	manual:	higher	plants	of	California.	Berkeley,	CA:	University	of	California	Press;	1993.	1400	p.
	 Calflora	taxon	report:	www.calflora.org
* Documented at higher elevations than acknowedged elsewhere in Sierra Nevada in Lake Tahoe area by USDA Forest Service, Lake Tahoe 

Basin Management Unit.

area. Not surprisingly, the most invaded areas within 
the Lake Tahoe basin are those with the highest human 
use. A quick glance at figure 4-12 shows moderate inva-
sions at several populated points along major highways 
around the lake, and heavier invasion at high use areas 
on the south shore and in Blackwood Canyon midway 
up the west side of the lake.

A closer look at Blackwood Canyon, a moderately 
infested watershed, reveals patterns and potential risks 
when we compare an invasive species survey with the 
location of delineated aspen stands (fig. 4-13). Of a 
total of 6.05 acres (2.45 ha) of surveyed invasive weeds 
in Blackwood Canyon, 75 percent are St. Johnswort 
(Hypericum perforatum) and 25 percent are bull thistle. 
All introduced plants surveyed here are near roads and 
many are adjacent to aspen stand polygons. Not coinci-
dently, roads play an important role in weed introduction. 
Loosely affixed invasive seeds are often transported by 

cars and deposited at stopping points or while vehicles 
are moving. The road follows the drainage bottom in the 
lower reaches of Blackwood Canyon, which is a riparian 
corridor with deeper soils, common prerequisites for 
aspen stands in the Tahoe basin. Musk thistle (Carduus 
nutans) has been found in aspen treatment areas else-
where in the Sierra Nevada (figure 4-14). It is classified 
as an “A” rated noxious weed by the California depart-
ment of Food and Agriculture, and should be targeted 
for eradication or containment when found.

Human disturbance associated with recreation (see 
Recreation Impacts, this chapter) along this corridor 
are also present. Activities such as horseback riding 
or all terrain vehicle use, reduce plant cover, expose 
mineral soil, and help disperse invasive plant seeds. 
Considering that aspen regeneration may require 
additional disturbance and that at least two invasive 
plants are already established adjacent to aspen  
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Figure 4-12. A basin-wide survey of invasive species by the USDA Forest Service Lake Tahoe Basin Management 
Unit depicts the location and diversity of species present. Lake Tahoe basin has a modest level of invasive spe-
cies compared to lower elevation sites.
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Figure 4-13.		Association	of	field	verified	aspen	stands,	and	St.	Johnswort	(Hypericum perforatum) and bull 
thistle (Cirsium vulgare) survey data in Blackwood Canyon, on Lake Tahoe’s west side. This large-scale 
view shows a clear relationship between plant invasions and road and riparian corridors, as well as plant 
invasion in close proximity to aspen stands.
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Figure 4-14. Musk thistle (Carduus nutans) colonizing a re-
cently burned site where the soil was particularly disturbed. 
Young aspen are regenerating in the background.

communities in Blackwood Canyon, preventative mea-
sures to eliminate or reduce plant invasions following 
aspen regeneration would be recommended. In addition 
to out-competing native understory species, aggressive 
non-native plants may limit the regeneration success 
of aspen in this area. Careful treatment and long-term 
monitoring will be needed to insure successful aspen 
reestablishment.

Aspen in the Wildland Urban 
Interface (WUI)____________

Development and Natural Process 
Conflict

An aspect of aspen community health that is some-
what unique to the Lake Tahoe basin is its proximity to 
large tracts of human development. Natural disturbance 
processes, as well as forest management actions, often 
conflict with homeowner expectations or values. Many 

residents and visitors to Lake Tahoe view forests as 
beautiful settings for human enjoyment that remain 
unchanged over time. Disturbance ecology tells us that 
there is a certain inevitability, such as “building on 
a flood plain,” that all forests eventually succumb to 
significant change agents (wildfire, landslide, beetle 
infestation, natural pathogens, weather events, etc.), 
whether or not they are populated by people (Rogers 
1996). Aspen are particularly dependent on dynamic 
environments where disturbance spawns stand rejuve-
nation. Although aspen thrive on disturbance, either 
natural or human engineered, it may be difficult to 
allow stand-replacing disturbance events to occur 
near developed or urban landscapes. Commonly, land 
managers will manage disturbance processes more 
intensively in developed situations near the urban 
interface, while forests farther from settlements are 
allowed greater leeway in the magnitude of disturbances 
that are acceptable.

We must realize that a potential conflict exists 
between encouraging aspen to regenerate and protect-
ing human developments. Patches of forest thinning 
with subsequent prescribed burning may be enough 
to stimulate aspen regeneration in heavily managed 
zones. Although such actions may not be popular, they 
may be necessary to arrest vegetation succession and 
regenerate aspen. Managers and residents alike should 
realize that forests will eventually renew themselves via 
natural disturbance events if preventative actions are not 
periodically taken to reduce forest density. Interference 
in fire regimes, for example by suppression, eventually 
will favor larger fires. To seek acceptable methods for 
managing aspen, understanding basic aspen ecology 
is an essential first step in the dialogue between land 
managers and residents of the area.

Lake Tahoe Defense Zones

The map shown in (fig. 4-15) depicts the designation 
of wildland urban interface zones in the Lake Tahoe 
basin. Defense zones are defined as “the buffer in closest 
proximity to communities, areas with higher densities 
of residences, commercial buildings, and/or administra-
tive sites with facilities” (USDA Forest Service 2004c). 
Threat zones, in most instances, are used to buffer defense 
zones from potentially catastrophic fire situations. Threat 
or defense zones may be adjusted for local conditions 
where fire suppression is projected to be difficult.

Aspen not only thrives on periodic disturbance, but 
pure aspen forests in the Rocky Mountains are considered 
a deterrent to crown fire spread because of the moisture 
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Figure 4-15. A basin-wide view of wildland urban interface defense zones. Defense zones are usually found clos-
est to developed property, while threat zones are meant to buffer defense zones from potential disturbances, 
most	commonly	fire.
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Figure 4-16. A developed picnic ground in an aspen stand 
at Spooner Pass.

often held in the dense understory and the lack of aspen 
bark flammability (Fechner and Barrows 1976; Jones 
and DeByle 1985b). Thus, silvicultural techniques, 
prescribed burning, or wildfire that serve to restore aspen 
communities may, in turn, provide effective fuel breaks 
in the Lake Tahoe basin and other developed interface 
areas. Of the 388 aspen survey plots in the basin (fig. 
4-3), 63 percent fall within either designated defense 
zones on Forest lands or developed urban private and 
municipal lands. Recall from figure 4-3 that much of 
the north and east portions of the basin had not been 
formally inventoried to date. Nonetheless, 35 percent 
of aspen stands inventoried fall in the wildland urban 
defense zones, providing excellent opportunities for 
fire prevention through bioremediation; in this case, 
promoting aspen health while reducing crown fire 
potential near developed areas.

Nearly all of the inventoried aspen polygons in the 
Blackwood Canyon example fall within the defense 
zone. Including aspen in the defense zone allows maxi-
mum flexibility to take preventative actions in an area 
of high use, but only moderate development. Because 
Blackwood Canyon is not a typical highly developed 
defense zone, managers feel no need to designate a sur-
rounding threat zone. Therefore, managers may be able 
to stimulate additional aspen growth using prescribed 
fire or other management techniques in this canyon and 
other places where declining aspen stands occur within 
wildland urban interface (WUI) designated defense 
zones. If aspen regenerate beyond browse height, then 
expanded aspen forests may serve a complementary 
goal of providing a natural fire break near recreation 
and development locations.

Recreation Impacts_________

Recreation is just one of many forest values in our 
area of concern, but recreational use has the potential 
to severely compromise other values (Cole and others 
1987). This section presents an overview of the impacts 
of recreation on aspen habitats and factors that influ-
ence the severity of these impacts. In the management 
section (Chapter 6) we will explore ways of reducing 
the conflict between recreational use and conserving 
aspen communities.

From a recreation standpoint, aspen stands are 
aesthetically pleasing locations, and are often used for 
dispersed hiking, hunting, camping, and OHV travel. 
Occasionally, agencies have developed roads or trails, 
or constructed picnic or camping areas in aspen stands 

(fig. 4-16). However, recreational activities at concen-
trated levels are often detrimental to sensitive aspen 
communities. For example, the thin bark of aspen is 
easily damaged by human activity and subsequently 
penetrated by a variety of diseases (Walters and others 
1982; Hinds 1985). Likewise, human activity may 
impede aspen regeneration through trampling and soil 
compaction.

Many variables determine the impact of recreational 
uses of ecological habitats. The most significant are 
the: 1) amount of use, 2) type of recreational activity, 
3) behavior of recreationists, and 4) the spatial and 
temporal distribution of use. Combinations of these 
factors can have a range of impacts on four ecological 
components of habitats-soil, vegetation, wildlife, and 
water (Cole 1993). In their review of literature on human 
impacts in wilderness areas across America, Leung and 
Marion (2000) summarize a broad range of impacts to 
sensitive areas like aspen stands caused by recreation 
activities (table 4-3).

In a Rocky Mountain study, Hinds (1976) found 
the principal causes of damage to aspen through rec-
reational use are: 1) cutting and carving aspen trees, 2) 
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Table 4-3. Direct and indirect effects of heavy recreation impact on soils, vegetation, wildlife, and water on aspen habitats 
(Leung and Marion 2002).

 Ecological Component

 Soil Vegetation Wildlife Water

Direct effects Soil compaction Reduced height and  Habitat alteration Introduction of exotic 
  vigor   species

 Loss of organic litter Loss of ground  Loss of habitats Increased turbidity 
  vegetation cover

 Loss of mineral soil Loss of fragile species Introduction of exotic  Increased nutrient inputs 
   species

  Loss of trees and shrubs Wildlife harassment Increased levels of 
     pathogenic bacteria
	 	 Tree	trunk	damage	 Modification	of		 Altered	water	quality 

   wildlife behavior
  Introduction of exotic  Displacement from 

  species  food, water, and  
    shelter

Indirect/derivative  Reduced soil  Composition change Reduced health and  Reduced health of aquatic 
effects  moisture	 	 	 fitness	 	 ecosystems

 Reduced soil pore  Altered microclimate Reduced reproduction  Composition change 
 space   rates

 Accelerated soil  Accelerated soil erosion Increased mortality Excessive algae growth 
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Figure 4-17. Damaged trees are common in aspen stands 
in developed and dispersed camping areas within aspen 
stands.

trampling community understory, and 3) soil compac-
tion. Human induced wounds to aspen not only damage 
the physical function of the trees, but provide a pathway 
for pathogens to enter individual trees and sometimes 
even entire clones (see Chapter 3: Damaging Agents 
Affecting Aspen). For example, in a Colorado study of 
camp grounds, Hinds (1976) found 83 percent of aspen 
trunks contained mechanical damage from human cut-
ting, carving, and axing of aspen trees (fig. 4-17), whereas 
only two percent of the aspen in an adjacent natural 
setting contained trunk wounds. In these campgrounds, 
47 percent of the living trees had trunk cankers versus 
only 11 percent in the natural setting.

Soil compaction can occur from concentrated hu-
man foot travel, horse travel, or use of OHVs (Weaver 
and Dale 1978). Additionally, concentrated camping 
can cause extensive damage to aspen because of soil 
compaction, trampling, and sucker removal (fig. 4-18) 
(DeByle 1985b). Human foot traffic, pack stock, and 
OHV use can significantly alter soil properties. The 
forces exerted upon the soil reduce pore space, particu-
larly macro pore spaces, that provide for air and water 
movement through soils (Cole and others 1987). In a 
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Figure 4-18. Soil compaction 
can result from repeated 
use of dispersed camping 
sites.

study on aspen soils similar to those described for aspen 
in the Serra Nevada (Potter 1998), Shepperd (1993) 
found that near-surface aspen roots were damaged by 
soil compactive forces. This occurred most commonly 
when numerous vehicle passes caused the stripping of 
small moisture-absorbing roots from large lateral roots. 
Soil compaction within stands may increase runoff from 
storm events and lead to erosion and sedimentation of 
waterways. Impacts can differ greatly with the type of 
recreational activity. Weaver and Dale (1978) reported 
that although there are exceptions, the general rule of 
thumb is that motorized uses will usually cause more 
impact than non-motorized uses, and horses will cause 
more impact than hikers. All of these impacts are ampli-
fied when soils are saturated. They found that 200 passes 
by a motorcycle removed twice as much vegetation as 
the same number of passes by a horse, and nine times as 
much vegetation as 200 hikers in a controlled experiment 
on a grassland in Montana. Shepperd (1993) found in 
Colorado that compaction and damage of aspen roots 
were affected by the number of vehicle passes and soil 
organic matter content with maximum damage occurring 
after 16 vehicle passes. Compaction effects in this study 
did not diminish for up to 14 years. Cole and Schreiner 
(1981) cite numerous studies in the Sierra Nevada that 
have documented compaction and damage to ground 
vegetation from recreation activities on wetter, more 
developed soils, such as those favored by aspen in this 
region (Potter 1998).

DeByle (1985b) speculated that winter use of aspen 
areas is generally not damaging because of the uniform 
snow cover that normally protects aspen regeneration 
and limits soil compaction. However, there has been a 
great boom in snowmobile use on public lands in the 
winter, and as is the case with concentrated summer 
recreation, attention should be given to concentrated 
uses of these over-snow vehicles for possible habitat 
alteration and increased wildlife harassment. Although 
we found no research data to indicate that snow machines 
harm aspen, their presence in young sprout stands could 
contribute to sucker damage caused by snow compaction 
and settling (See Chapter 3: Damaging Agents Affecting 
Aspen and fig. 3-11).

Extensive concentration of people in aspen stands 
may also have a negative effect on bird and mammal 
behavior patterns in aspen. Cole and Landres (1995) 
found that vegetation in newly established campsites 
can change within a year as sites are trampled and soil 
becomes compacted. Cover begins to decline, especially 
in ground and shrub layers. Hinds (1976) reported that 
dead and downed wood was quickly scavenged for fires 
or removed for safety in Colorado campgrounds in aspen 
stands. Plant species diversity, as well as horizontal and 
vertical structural diversity may decline. Moreover, bird 
communities change in response to habitat alteration. 
Habitat changes will generally cause the greatest reduc-
tion in bird species that rely on shrub and ground cover 
(juncos, thrushes, warblers, sparrows, vireos, and wrens) 
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and those that depend on standing dead and downed 
woody debris (woodpeckers and secondary cavity nest-
ers). Additionally, Marzluff (1997), reviewing studies on 
the effect of recreation in a range of habitat types, found 
that disturbance during certain times of the year may 
have an impact on bird behavior. For example, repeated 
intrusions during the nesting season may cause birds to 
minimize or stop singing, decrease defensive behavior 
at nests, and possibly cause birds to abandon nest sites 
leading to an overall decline in nesting productivity. 
Most significantly, Marzluff (1997) reported that the 
potential influence of human disturbance increases with 
the frequency and intensity of disturbance.

From a recreation standpoint, pronounced aspen 
mortality and site degradation lower the quality of the 
recreation experience. In his study of Rocky Mountains 
campgrounds in aspen stands, Hinds (1976) found that 
many of the aspen camping sites were no longer able to 
provide significant shade to campers due to mortality 
of the mature canopy. He reported average campsite 
tree loss of 44 percent in 8 years in one campground, 
68 percent in 12 years in another, and 23 per cent in 
8 years in yet another one. The heaviest loss he found 
was a 90 percent tree loss after 14 years.

In our area of interest, aspen make up a small per-
centage of the landscape and are disproportionately 
important in affecting ecological diversity. Therefore, 
it would be prudent to avoid developing recreation 
sites in aspen stands, but it might be helpful from the 
recreational quality perspective to place sites within 
view of aspen landscapes or provide trails that pass 
near aspen forests.

Water Quality and Quantity_

Since riparian ecosystems are often found in or 
adjacent to aspen communities, there is an increasing 
interest in relationships between these unique habitats. 
Understanding those relationships is critical to their 
management as will be detailed in the management 
section of this synthesis. Four important variables within 
these aspen habitats contribute to water quality and 
quantity in riparian systems: 1) the nature of the soils 
found under the aspen, 2) the structure and composition 
of the vegetative community found within the habitat, 
3) the interaction of rain and snow with specific soils 
and vegetation cover, and 4) the evapotranspiration that 
takes place in the ecosystem.

Soils

Soils formed in aspen communities play an important 
role in the water quality and quantity of adjacent riparian 
ecosystems because of the aspen soil’s water-holding 
capacity. The most significant factor in the formation 
of aspen soils is the presence of a nutrient-rich litter 
created from the annual leaf fall of aspen. Results from 
a study in the Intermountain west (Bartos and DeByle 
1981) indicate this litter decays rapidly, forming a thin 
surface organic horizon that is typically underlain by 
a thick mollic horizon, high in organic matter content 
and available nutrients. Breakdown of organic matter 
from the understory contributes additional litter to the 
formation and maintenance of the mollic horizon.

In another Intermountain study, Tew (1968) reported 
that the surface 6 inches (15.2 cm) of soil under aspen 
had 4 percent more organic matter, a higher water hold-
ing capacity, a slightly higher pH, and more available 
phosphorus than adjacent stands of shrubs and herba-
ceous vegetation. This is consistent with Potter (1998), 
who reported that the Populus Tremuloides/Veratrum 
Californicum association in the upper montane area of 
the central Sierra Nevada had the highest Available Water 
Holding Capacity (AWC) of any forested associations. 
He defined AWC as the capacity of soils to hold water 
available for use by most plants. He believed that this 
was a reflection of the deep soils, finer soil textures, 
and low levels of coarse fragments throughout the soil 
profile. This association was often found in or adjacent 
to riparian corridors in the upper montane.

Cryer and Murray (1992) suggested that soil types 
in thriving aspen stands in western Colorado are 
significantly different than those of adjacent aspen 
forests that have recently converted to conifer types, 
although other evidence challenges this assertion 
(Bartos and Amacher 1998). The logic behind Cryer 
and Murray’s (1992) assertion is that decomposition 
occurs much faster in aspen than in conifer forests, 
thus making nutrients more readily available for 
soil organisms and plant roots in aspen communi-
ties. Soil therefore becomes reflective of what type 
of vegetation has occupied the site for the longest 
time. They feel that in as short as one generation, 
conifer encroachment in western Colorado aspen can 
increase water percolation through the soil profile and 
lead to the formation of an albic (leached) horizon. 
Although Bartos and Amacher (1998) found similar 
morphological changes occurring in soil profiles as 
conifers invaded aspen in a Utah study, they did not 
find any evidence of corresponding changes in chemical 
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properties. Nevertheless, it seems reasonable that the 
cyclic relationship between soil nutrient availability 
with aspen and its accompanying understory and the 
breakdown of organic matter from those species (thus 
returning the nutrients to the soil), is the foundation 
for development of a stable water holding capacity of 
typical aspen soils, wherever they occur.

Overstory and Understory Protection

Overland flow leading to erosion is a major factor in 
lowering water quality in riparian ecosystems. However, 
DeByle (1985b) hypothesized that a well stocked 
aspen stand provides excellent watershed protection. 
The trees, shrubs, and herbaceous layer can provide 
virtually 100 percent soil cover. This is particularly 
true in Potter’s (1998) aspen/California corn lily as-
sociation in the Sierra Nevada. He reported that the 
mean percent cover of all species was 94 percent with 
a range of 82 to 99 percent cover in that association. 
The aspen/mountain pennyroyal association, found 
in relatively drier conditions, contained a mean total 
vegetative cover of 94 percent, but had a slightly 
wider range from 70 to 100 percent. This mixture of 
high cover of herbaceous and woody stemmed root 
systems, which penetrates and anchors the soil (fig. 
3-3), is likely to reduce the probability of overland 
flow in these stands (DeByle 1985b). In an earlier 
Utah study, Marston (1952) reported that adequate 
infiltration occurred when the combination of aspen, 
shrub, herbaceous, litter, and rock cover was over 
65 percent with only small amounts of bare cover. 
However, Marston did find that erosion can occur if 
cover is lower than 65 percent due to intense or heavy 
ungulate use. This study further demonstrated that 
even storms with 5-minute intensities approaching 
6 inches per hour were able to infiltrate the porous, 
humus-rich soil in Utah. Snow melt, which accounts 
for the greater percentage of precipitation in California 
aspen stands, is rarely this intense.

Shading Quality

A study in Oregon of aspen habitats adjacent to 
riparian corridors found some interesting results relat-
ing to the quantity and extent of shading in streams 
(McNamara 2003). The vegetation communities 
surveyed for shading were sedge/grass, willow/shrub, 
alder, lodgepole pine, ponderosa pine, white fir, and 
cottonwood/aspen. The categories included numerous 

species and were derived from the dominant species 
types present. Using randomly selected shade survey 
sites, McNamara (2003) found that the average percent 
of shade, as well as the maximum and minimum per-
cent of shade in aspen/cottonwood, was greater than 
that provided by many conifer species. For example, 
the study found that in streams with a wetted width of 
less than 5 feet, aspen/cottonwood shading averaged 
greater than lodgepole pine, ponderosa pine, or white 
fir. In streams with a wetted width between 5 and 15 
feet, aspen/cottonwood still provided more shading on 
average than lodgepole pine or ponderosa pine. This 
study calls attention to the value of aspen in providing 
shade in a riparian ecosystem. In the monitoring chapter 
(Chapter 7), we review a current study being conducted 
in the Sierra Nevada that should help evaluate the role 
of shade in aspen habitats along the short reaches where 
they occur.

Evapotranspiration

Water quantity is greatly influenced by evapotranspi-
ration rates of the vegetation occupying the landscape. 
There is greater evapotranspiration in conifer dominated 
forests due to the conifer demands in spring and fall 
before aspen leaf bud and after aspen leaf fall. One Utah 
study reported a 5 percent decrease in water yield when 
conifers replace aspen (Harper and others 1981), while 
a second Utah study modeled water yield decreases of 3 
to 7 inches (7.6 to 17.8 cm) under similar circumstances 
(Gifford and others 1983b). This loss of water means 
that it is not available to produce understory vegetation, 
recharge soil profiles, or contribute to streamflow (Bartos 
2001) (see Chapter 2: Physical Environment—Water 
and hydrology). An early study that completely cut a 
mixed aspen/conifer watershed at Wagon Wheel Gap, 
Colorado increased measurable streamflow for 7 years 
until aspen reclaimed the site (Bates and Henry 1928). 
DeByle (1985b) reported an additional increased yield 
after fire because of removal of understory vegetation. 
However, increases in stream flow are proportional, 
not only to the amount of conifer or aspen removal, but 
also to other factors including the shape of watershed, 
drainage patterns and soil characteristics, and proxim-
ity of cuts to stream sides. For example, Tew (1967) 
found that aspect, elevation, and the age of vegetation 
affected the amount of soil moisture during the growing 
season in Utah. Significantly, Johnston (1984) found that 
suspended and bedload sediments during post treatment 
indicated good quality water and generally low erosion 
rates in treated aspen stands in Utah. While he did find 
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significant difference in pH, Ca, Mg, and NO3, he also 
found significant difference in the control, indicating 
that treatment was not a factor. Apparently, this was a 
result of other environmental fluctuations not associated 
with low levels of canopy removal. In Utah, where aspen 
distribution is more extensive than California, Johnston 
reported that removal of less than 20 percent of the 
forested canopy from an aspen dominated watershed 
did not cause a detectable change in stream flow.

Range Management and 
Aspen Communities________

Livestock and Aspen Stands

Like wild ungulates and many other terrestrial species, 
domestic livestock, whether cattle, sheep, or horses, are 
drawn to aspen communities because of their association 
with water and the quality of forage that is consistently 
found under aspen (Potter 1998; Mueggler 1988). In 
California, for example, we know that plant diversity 
in two recognized aspen types was among the highest 
of all the plant communities of the upper Montane 
zone of the Central and Southern Sierra Nevada (Potter 
1998). This included not only total species, but also the 
number of species providing hiding cover (see Chapter 
2: Plant Associations).

Not only are aspen stands more diverse in understory 
plants, but they appear to have greater quantities of 
herbage as well. Woods and others (1982) found that 
Rocky Mountain aspen stands have significantly more 
herbage in their understory than other forest types. 
Reynolds (1969) showed in an Arizona study that 
aspen may have 10 times more herbaceous vegeta-
tion than that found in conifer understories. Mueggler 
(1988) reported that productive aspen communities in 
Wyoming can produce as much as 2,900 lb/acre (3,200 
kg/ha) of air-dry undergrowth material. However, he 
notes that forage production in aspen habitats is site 
specific and that aspen communities are generally 
less productive in their northern and southern ranges. 
Richardson and Heath (2004) working in the Sierra 
Nevada, and Dobkin and others (1995) working in the 
Great Basin, found that vegetative diversity plays an 
important role in distribution of wildlife species found 
in aspen communities.

While we would expect regional variation in the biota 
associated with ungrazed aspen, domestic livestock 

have altered natural patterns over time. For example, 
Loft and others (1987) noted that the removal of hiding 
cover by intense cattle grazing and browsing adversely 
affected wildlife in Sierra Nevada aspen communities. 
Kie and others (1991) showed that the natural range of 
deer in the Sierra Nevada was affected by cattle grazing. 
Mueggler (1988) noted extensive alteration of plant 
communities related to a history of excessive grazing 
and browsing in the Intermountain West. In addition, 
DeByle (1985a) reminds us that “any ground-nesting 
bird can be adversely affected by heavy grazing during 
the nesting season.”

Range Management History  
and Aspen

In their study of 20th Century management of 
rangelands in the Sierra Nevada prepared for the Sierra 
Nevada Ecosystem Project, Menke and others (1996) 
found that throughout most of the central part of the 
last century (1930 to 1970), use and changes of range 
intensity and range management improvements in the 
Sierra Nevada were most often driven by socioeconomic 
and forage production reasons rather than decisions 
based on ecological condition. There was little focus on 
the potential for natural vegetation to develop on site. 
Most ranges were stocked above carrying capacity until 
very recently (1979 to the present) (Menke and others 
1996). Alterations in plant communities have resulted 
from changes in intensity, frequency, and seasonality 
of livestock use. These factors, in combination with fire 
suppression, have likely had significant impacts on the 
remaining forage for both livestock and wildlife.

In the second half of the century, Menke and others 
reported that general range conditions in the Sierra 
Nevada may have slightly improved or at least remained 
static. However, they found this was not the case for 
drainages, meadows, watering places, and other natural 
concentration areas that generally continued to decline. 
It was not until the 1970s and 1980s that resource 
protection became a greater emphasis relative to forage 
resource production.

Grazing Effects on Aspen Stand 
Structure

While there is not extensive historical evidence on 
the effects of grazing in the Sierra Nevada on aspen  
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Figure 4-19. Excessive ungulate 
grazing can lead to the introduc-
tion and multiplication of invasive 
weeds.

communities, Potter (1998), in his study of upper 
montane vegetative communities in the Central and 
Southern Sierra Nevada, noted that the age of the current 
aspen component in many stands corresponds well with 
the end of the intensive grazing pressures of the late 
1800s and the institution of fire suppression policies in 
the early 1900s. This interpretation is consistent with 
other views in the West. Mueggler (1988) speculated 
that over a century of frequently intense grazing in the 
Intermountain West (sometimes by multiple classes of 
livestock in a season in addition to wildlife) left both 
pronounced and subtle alterations of species composi-
tion. From a contemporary standpoint, Potter (1998) 
found that many of the stands he sampled in the Sierra 
Nevada were found adjacent to meadows and other 
moist areas where livestock congregate in the summer 
season for shade, forage, and water. He observed that 
livestock would often graze the understory heavily 
and use aspen as a primary browse species. Kie and 
Boroski (1996) and Loft and others (1991) quantified 
this observation in Sierra Nevada studies, finding that 
cattle had a strong summer-long preference for riparian 
habitats. This is consistent with Menke and others (1996), 
who reviewed range management records of Sierra 
Nevada national forests. They reported that potentially  
productive habitats located in drainages, meadows, 
watering places, and other areas where livestock con-
centrate were in the poorest shape.

Range Quality

In the Interior West, research has focused on the 
effects of intensive grazing and browsing in aspen 
communities. We believe these findings are applicable 
to California aspen communities as well, since the in-
tensity of livestock use appears to be similar. As a rule 
of thumb, livestock grazing tends to shift plant species 
composition in the understory to those of lower palat-
ability (Houston 1954). Intense grazing can also lead to 
increases of annuals, the introduction of invasive weeds 
(fig. 4-19), and a lowering of ground cover (DeByle 
1985a). For example, Mueggler (1988) found in the 
Intermountain West that in many of the stands that were 
severely overgrazed for extended periods of time, the 
amount of perennial forbs was generally reduced and the 
proportion of annuals or graminoids increased. As palat-
able species were eliminated by repeated use, a change 
in dominance to lower growing, more drought resistant, 
and less palatable species occurred. Mueggler (1988) 
found severely depleted ranges to be dominated by an-
nuals, ruderals, and unpalatable perennials. Dominance 
by a single species or very few species can be a sign of 
overgrazing (Houston 1954). Another potential effect 
that may be critical to shallow-rooted aspen is that litter 
cover is lessened as it is pulverized and trampled, and 
soil may be compacted with a potential increase in soil 
erosion (DeByle 1985a).
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Aspen Regeneration

It seems logical to assume that light grazing while the 
herbaceous understory is lush and succulent is less likely 
to damage aspen regeneration than grazing late in the 
season after the herbaceous plants cure and become less 
palatable (DeByle 1985a). We acknowledge, however, 
that early season grazing may cause more intense soil 
compaction, thereby limiting growth in many species. 
It has been shown that domestic livestock consume 
aspen with increasing pressure through summer and 
early fall as preferred forage decreases in volume and 
nutritional quality (DeByle 1985a; Fitzgerald and others 
1986). This browsing can be very severe, especially 
on young succulent sprouts, and can be site specific 
by all ungulates. This increased utilization of aspen by 
domestic livestock as the season progressed is parallel 
to a similar pattern found with deer browse in Utah 
(Julander 1952) and observed in California (Personal 
Comm., Chuck Lofland, Wildlife Biologist, USDA 
Forest Service). Julander also noted that deer also utilize 
aspen leaves that have fallen on the ground after leaf 
fall, which does not harm the aspen. However, repeated 
heavy browsing will lead to bushy, multi-stemmed aspen 
shrubs, leaving them susceptible to browsing year after 
year until use ceases, or the aspen eventually disappear 
(Keigley and Frisina 1998).

Conifer Encroachment  
on Rangelands

Much of the aspen rangeland in our area of interest 
is found in the fire-adapted ecosystems of the Sierra 
Nevada, Southern Cascades, and Modoc Plateau (Taylor 
1998, 2000). Fire regimes began to change radically 
with the advent of intense grazing during the late 1800s 
and early 1900s. Grazing reduces “fine fuels” that 
would carry frequent low intensity fires through the 
understory of forests and shrubland ecosystems. The 
advent of fire suppression resulted in an initial increase 
in shrub components followed by conifer invasion that 
eventually led to the development of dense conifer 
canopy covers, which burn as high-intensity crown 
fires. While we are not aware of specific studies of the 
effect of conifer encroachment into aspen in the Sierra 
Nevada, Bartos (2001) documented loss of vegetative 
diversity in aspen forests in Utah and attributed it to fire  
suppression and subsequent conversion to conifer 
dominated systems. Conifer encroachment shades 
out understory plants, lowering plant cover, forage 

productivity, and species diversity. Mueggler (1988), 
in his study of aspen communities of the Intermountain 
West, found that production of understory herbaceous 
and shrubby cover decreased as conifer overstory 
increased. This effect becomes apparent when as 
little as 15 percent of the basal area is made up of 
conifers. Furthermore, Reynolds (1969) reported that 
an Arizona study found aspen habitats contained 10 
times more forage than adjacent ponderosa pine forests. 
Succession of aspen to conifers therefore results in a 
considerable lowering of the grazing capacity and a 
preference by both wild and domestic ungulates for 
aspen communities over conifer communities. This 
issue is significant because with no changes in stocking 
intensity, livestock and wildlife are forced to compete 
for diminishing resources.

Livestock/Wildlife Interactions

Removal of forage, as well as disruption of nesting 
site cover, can have negative effects on both large and 
small mammals (Kie and others 1991; Loft and others 
1987 ; Dobkin and others 1995). Kie and others (1991) 
reported that deer in the Sierra Nevada of California 
increased their home range as cattle grazing increased. 
Loft and others (1987) found that deer and fawn hiding 
cover decreased with increases in browsing intensity 
by domestic livestock in the Sierra Nevada.

Livestock grazing is limited to stringer meadows, 
riparian areas, brush fields, and transitional areas in 
mixed-conifer forest at mid-elevations on the western 
slope of the Sierra Nevada (for example, areas created 
after wildfires, or plantations installed after clear cutting 
or small group selection harvests). Many of the aspen 
on the Western slope of the Sierra Nevada are found in 
stringer meadows and riparian areas. Loft and others 
(1993) found that as the grazing season progressed, 
cattle were attracted to the patchy meadow-riparian 
and aspen habitats where herbaceous forage was most 
available. Therefore, we feel confident in stating that 
grazing management is a critical issue in aspen type 
in the Sierra Nevada and that timing and intensity of 
livestock use is critical as it relates to aspen regeneration 
and wildlife values.

A final consideration is that elk herds have recently 
become established in the Southern Cascades and Warner 
Mountains (Personal Comm., Mary Flores and Tom 
Rickman, Wildlife Biologists, USDA Forest Service, 
Modoc NF and Lassen NF). Elk can put added pressure 
on aspen habitats, especially when aspen are found on 
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winter ranges (DeByle 1985c; Baker and others 1997; 
Suzuki and others 1999; Barnett and Stohlgren 2001). 
We conclude it is essential that management of both 
domestic and wild animals be closely linked to forage 
carrying capacity to avoid adverse effects on the aspen 
resource.

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page354



USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006 69

Chapter 5.

Assessment of Current Aspen 
Conditions

Ecological Status___________

To understand the significance of the management 
discussion in Chapter 6, we feel it is best to first examine 
the current ecological condition of aspen communities 
in our area of interest. Individual aspen inventories and 
assessments have been conducted throughout the three 
ecoregions in this area (fig. 2-3) by the U.S. Forest 
Service, Bureau of Land Management, California 
Department of Fish and Game, California Tahoe 
Conservancy, California and Nevada state park systems, 
and National Park Service. While these inventories and 
assessments have yet to be unified for statewide analysis, 
in the areas where they have occurred they individually 
increase the body of knowledge about: 1) aspen spatial 
distribution, 2) current ecological condition of the stands 
assessed and, 3) further management implications at a 
variety of scales. They illustrate, among other things, 
the importance of focusing on site-specific evaluation 
of information when looking at such issues as range of 
natural variability and how current ecological condi-
tions may have been affected by anthropogenic factors 
such as fire suppression and browsing intensity. We 
examined three large data sets, one from each region, 
to gain understanding of the ecological condition of 
the aspen habitats over the broad range of our area. We 
believe that these data sets are representative of the other 
assessment efforts that we have examined.

Sierra Nevada Section

The first data set is from the Forest Service’s Lake 
Tahoe Basin Management Unit (LTBMU). There are 

four state or federal agencies in the Lake Tahoe basin 
that have been conducting aspen assessments since 2002. 
While this data set does not represent the entire potential 
inventory of the LTBMU, it is large enough to help 
understand the distribution and condition of aspen across 
the Lake Tahoe basin landscape. The LTBMU conducted 
assessments between 2002 and 2005 (fig. 4-3) using a 
protocol developed by the Aspen Delineation Project 
(Aspen Delineation Project 2002, Data on Record at the 
LTBMU). Detailed information about this protocol can 
be found in Assessment and Monitoring Methodology 
(Chapter 7). The protocol examines three subjects: 1) 
spatial descriptors—where the stand is located and its 
extent; 2) stand condition data—ecological measures to 
assess risk of decline and/or imminent loss of an aspen 
stand; and 3) management information—what unique 
conditions exist that may affect management options.

We focus here on 542 stand assessments from the 
2002 to 2005 survey of the Lake Tahoe basin. Aspen 
stands are located from lake level at 6,226 ft (1,897 m) 
to over 8,800 ft (2,682 m) with 40 percent of the stands 
within a 1 to 300 ft (0.3 to 91 m) height gradient above 
lake level (fig. 5-1). This propensity for low elevations 
is not necessarily related to their close proximity to 
Lake Tahoe, but rather to the broad canyon bottoms 
of the Lake Tahoe basin (fig. 5-2). Stand sizes range 
from less than a quarter acre (0.1 ha) to 97 acres (39.2 
ha) (fig. 5-3), with 51 percent of the stands being half 
an acre (0.2 ha) or smaller. The LTBMU assessments 
also note stand associations with specific geographic or 
habitat relationships (fig. 5-4). For example, 57 percent 
of the stands are associated with riparian corridors or 
springs. Probably the most significant result of this 
effort was the assessment of the ecological condition 
of each aspen stand. Each stand was assigned a “stand 
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Figure 5-1. Elevation range 
of the 542 aspen as-
sessments conducted 
between 2002 and 2005 
by the Lake Tahoe Basin 
Management Unit.

Figure 5-2. Aspen stands in Blackwood 
and Ward Creek Canyons. The location 
of aspen appears to be associated with 
certain soils and landforms in the Lake 
Tahoe basin.
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Figure 5-3. Distribution of stand sizes for 542 aspen assess-
ments conducted between 2002 and 2005 by the Lake 
Tahoe Basin Management Unit.

Figure 5-4. Distribution of 542 aspen stands by landform. 
From an assessment conducted between 2002 and 2005 
by the Lake Tahoe Basin Management Unit.

Figure 5-5. Distribution of 542 aspen stands assessed  
between 2002 and 2005 by the Lake Tahoe Basin  
Management Unit, grouped as to relative risk of loss.

risk” rating based on a classification developed by 
Bartos and Campbell (1998). The classification includes 
five risk categories: highest, high, moderate, low, and 
none. The highest and high categories apply to aspen 
stands with extensive risk factors that may either cause 
them to disappear from the landscape entirely in the 
near future, or at the very least, diminish in extent and 
ecological significance. Moderate risk stands have risk 
factors associated with growing threats to the stand’s 
vitality. Low and no risk stands are basically healthy and 
viable stands that require no management intervention 
at the present time. The LTBMU assessments found 
that 70 percent of the stands sampled in the basin were 
at moderate to highest risk related to their ecological 
viability (fig. 5-5). The map in figure 5-6 illustrates how 
the assessment of ecological risk is distributed across 
aspen stands in two canyons in the Lake Tahoe basin, 
Blackwood Canyon, and Ward Creek.

Southern Cascade Section

To examine the condition of aspen in a representa-
tive location in the Southern Cascades, we reviewed 
an assessment from the Eagle Lake Ranger District, 
Lassen National Forest. This area is located in eastside 
ponderosa pine forests bordering Lassen National Park 
on the west and Eagle Lake, which is part of the Modoc 
Plateau Region, on the east. District personnel mapped 
and assessed aspen stands from 2000 to 2004 using 
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Figure 5-6. Aspen in Blackwood Canyon and Ward Creek (map developed by Lake Tahoe Basin Management 
Unit from 2002 and 200� data). Assessment data are grouped by ecological factors indicating stands at 
risk	of	diminishing	in	ecological	significance	or	being	completely	lost	from	the	landscape.
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Figure 5-7. Distribution of factors indicating risk of stands 
diminishing	in	ecological	significance	or	being	lost	com-
pletely from the landscape. Data are from 522 aspen stands 
assessed in the Southern Cascades in 2002 and 200� by 
the Eagle Lake Ranger District, Lassen National Forest, 
using the Bartos and Campbell (1998) protocol.

Figure 5-8a, b. Repeat photos taken in (a) 1915 along the Susan River in the Lassen Nation Forest reveals an extensive aspen 
stand. A repeat photograph (b) taken in 200� reveals increased conifer densities with no aspen present. Arrows have been 
added	for	orientation,	noting	a	bend	in	the	river	that	can	be	seen	in	both	photos.	Ground	surveys	confirmed	that	there	are	
no longer aspen on this site.

ba

the Bartos and Campbell (1998) risk factor protocol 
described above (Personal Comm., Bobette Jones 
and Tom Rickman, Wildlife Biologists, USDA Forest 
Service, Lassen NF, and data on file at the Eagle Lake 
RD). The assessment, which covered 522 stands on 
3,157 acres (1,277 ha), found that 430 (82 percent) 
of the stands were at high to highest risk of loss (fig. 

5-7). Seventy-three percent of the inventoried acreage 
fell into these risk categories, meaning that most of the 
aspen stands on the Eagle Lake District may disappear 
in the near future without intervention.

A significant element of the Eagle Lake Ranger 
District protocol was the identification of 37 stands where 
there are no longer any living aspen stems present. The 
Eagle Lake assessment revealed that 491 aspen stands 
(94 percent) were in need of conifer removal, and 321 
aspen stands (61 percent) needed control of browsing to 
allow aspen regeneration to establish. All told, conifer 
removal was recommended for 3,122 acres (1,263 ha) 
of aspen, or 99 percent of the District’s aspen area. 
Control of browsing was an added management action 
recommended for 1,534 acres (621 ha) or 48 percent 
of the District’s aspen.

It is interesting to note that the Eagle Lake Ranger 
District also conducted an extensive search of historic 
records that have helped establish a better interpretation 
of the spatial and ecological condition of aspen in their 
area. For example, only 24 percent of the stands in the 
entire inventory has been affected by wildfire since 1910. 
This is in a locality where historic mean and median 
fire interval rates of 5.0 and 7.2 years respectively have 
been reported for sites adjacent to meadows, along with 
mean fire intervals in upland pines sites of 14.4 years 
and 25.6 years in mixed conifer sites (Taylor 1998, 
2000). Additionally, the Ranger District has been able 
to historically document the loss of at least one specific 
aspen stand. Fig. 5-8a is a 1915 photograph of the Susan 
River showing an extensive aspen stand. The stand is no 
longer visible in figure 5-8b, taken from the same photo 
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Figure 5-9. Percentages of 199 aspen stands assessed in 
the Modoc Plateau in 200� and 2004 by the Alturas Field 
Office,	Bureau	of	Land	Management,	that	identified	risk	
to	stands	diminishing	in	ecological	significance	or	being	
lost completely from the landscape. The Aspen Delinea-
tion protocol (200�) described in Chapter 7 was used in 
this assessment.

Figure 5-10. Distribution of Modoc Plateau aspen stands in 
figure	5-9	by	land	form.
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point in 2003. An intensive on-the-ground assessment of 
the area conducted by District staff found no aspen.

Modoc Plateau Section

Two assessments of aspen habitat have occurred in 
the Warner Mountains in the Modoc Plateau. One effort 
was a 2-year (2002 to 2003) assessment conducted in the 
BLM’s Alturas Resource Area (data on file at the Alturas 
Field Office). The other was an assessment conducted 
by the California Department of Fish and Game in the 
Modoc National Forest (Di Orio and others 2005).

The BLM effort included 199 aspen stands. Sixty-
four percent of the stands were found to be half an acre 
in size or smaller. Overall, the ecological condition of 
these aspen stands was at-risk. The assessment found 
54 percent of the stands were in the high or highest risk 
category, with 28 percent at moderate risk of loss (fig. 
5-9). Of interest geographically, 62 percent of the stands 
in the Modoc assessment were found to be associated 
with talus, lava flows, or rocky outcrops, whereas only 
38 percent of the stands were associated with areas 

more closely linked to surface moisture sources such 
as riparian zones, meadows, springs, and ponds (fig. 
5-10). This is consistent with Smith and Davidson’s 
(2003) Modoc National Forest’s Terrestrial Ecological 
Unit Inventory (TEUI). The User’s Manual for the 
TEUI states that sources of azonal moisture (above 
average moisture compared to the adjacent area) can 
be riparian springs and seeps, moist meadow, or stream 
sides, but can just as likely be related to topographic 
orientations, positions, and site protections such as 
found in toe slopes, north slopes, talus slopes, and areas 
that accumulate and retain snow because of topography 
and/or weather patterns.

The second assessment in the Warner Mountains 
was undertaken by the California Department of Fish 
and Game (Di Orio and others 2005). The authors 
compared, scanned, and orthorectified photographs 
from 1946 that were repeated in 1994. From this, 
they calculated that there was a 24 percent decline 
in aspen coverage during the 48-year period between 
the photos. Total aspen acreage in the study area went 
from 9,689 acres (3,921 ha) in 1946 to 7,495 acres 
(3,033 ha) in 1994, a loss of 23 percent. However, 
there were actually 8 percent more aspen polygons 
identified in 1996, due to increased fragmentation of 
the stands over time.
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Figure 5-11. Meadow Fringe aspen. Note absence of aspen 
in the meadow.

Current Aspen Stand Types in 
the Sierra Nevada__________

The above assessments illustrate that aspen can be 
found in communities located in a range of elevations, 
geographic settings, and biotic relationships with other 
species. These communities can be adjacent to moist 
meadow complexes or on steep talus slopes. They can 
exist in an ever-changing seral relationship with conifer 
species or exist in pure “stable” communities (Mueggler 
1988). The dynamics of these aspen communities have 
been shaped by climate, soil development, topographic 
settings, moisture regimes, natural disturbance, and 
human impacts over an extensive spatial and temporal 
scale.

After examining many of the existing inventory 
and assessments data sets, reviewing the ecological 
classification of Potter (1998) and Smith and Davidson 
(2003), as well as calling upon our own knowledge 
of aspen in California, we have noted that a number 
of characteristics are common to aspen within the 
defined area of interest. We feel it would be valuable to 
describe these aspen types and use them as a basis for 
our discussion of management alternatives in Chapter 
6. We offer the following descriptions of seven com-
mon aspen community types that can be found in the 
Sierra Nevada. This approach is not meant to replace the 
value of a more detailed ecological classification, but 
will provide a framework for discussing possible aspen 
management alternatives. Aspen management is best 
approached on a site-specific basis since that is the level 
at which management activities will occur. Site-specific 
characteristics will determine which management op-
tions are necessary and, in some cases, even possible. 
Actions that work well on one site may not be suitable 
on another. We hope discussing ecological variability 
found within the following seven classifications will 
help the reader in developing site-specific management 
alternatives for aspen.

Meadow Fringe (Seral Aspen 
Community)

This classification includes aspen communities 
located on the fringe of meadows or within meadow 
complexes (fig. 5-11). In these cases, the meadows 
themselves are often found in sites of very high soil 
moisture. For proper root function, aspen require that 
soils are unsaturated at least seasonally, hence their 

restriction to the drier meadow fringe. These stands 
generally have a rich diverse herbaceous component 
within the stand except where moderate to heavy 
conifer encroachment has occurred. Soils are deep and 
seasonally very damp. These communities, which may 
be composed only of pure aspen in the overstory, are 
still considered seral because of the close proximity 
of conifer seed sources. With conifer seed sources 
nearby the aspen can provide a “nursery” location 
(that is, an ideal location for seeding establishment) 
for shade tolerant species such as white fir (Abies 
concolor). Many of the stands in this category fall into 
the Quaking Aspen/California Corn Lily association 
described in Potter (1998).

Riparian Aspen (Seral Aspen 
Community)

Riparian aspen communities are located along perma-
nent or seasonal watercourses or adjacent to fens, springs, 
or seeps (fig. 5-12). The stands may be: 1) alongside the 
watercourse’s high water mark, 2) on alluvial material 
near water courses, or 3) along watercourses where 
soil buildup has occurred from water flow slowing or 
flooding. Stands may contain thick herbaceous material 
or may contain little herbaceous material depending on 
moisture presence and conifer encroachment. If a ripar-
ian corridor is wide, aspen communities can be large. If 
narrow or steep, the communities can take on the form 
of narrow stringers located between the stream and the 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page361



76 USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006

Figure 5-12. Riparian aspen. These stands are restricted 
to	 areas	 along	 watercourses	 where	 sufficient	moisture	
is available for aspen to grow. They may occur as either 
pure aspen, or mixed with conifers.

Figure 5-13. Upland aspen/conifer. These stands occur 
outside of riparian zones and can be conifer forest with 
a minor aspen component, or aspen stands containing a 
minor conifer component. All can be expected to become 
pure conifer forests in the absence of disturbance.

upland forest landscape. This category also includes 
aspen communities that are located along alder groves 
or with other deciduous species like willows. In many 
cases, the aspen community exists in a narrow line 
between the alders or willows and the forest canopy. 
Depending on soil moisture content, alders or willows 
may or may not be intermixed with the aspen.

Upland Aspen/Conifer (Seral Aspen 
Community)

In California, aspen is a facultative wetland species 
that is equally as likely to occur in wetland or non-
wetland locations (USDI FWS 1997). These aspen 
communities are located away from obvious surface 
moisture regimes (fig. 5-13) on flats and hillsides in up-
land locations and generally have drier soil regimes than 
those located around meadows, seeps, springs, and fens. 
These stands have an early successional relationship with 
the particular conifer communities they are associated 
with, meaning that we can expect conifers to replace 

the aspen in the absence of disturbance. Associated 
conifer species can be Jeffrey pine (Pinus jeffreyi), 
white fir (Abies concolor), red fir (Abies magnifica), 
western juniper (Juniperus occidentalis), and lodgepole 
pine (Pinus contorta). Because of fire suppression, 
climate change, and browsing over the past 100 years, 
these successional relationships may have changed 
significantly. Openings in these aspen communities 
may contain very thick herbaceous material or little or 
no herb or forb component depending on subsurface 
moisture presence and conifer encroachment. Smith 
and Davidson (2003) described these sites as subhygric 
or slightly moist in relation to zonal sites. They often 
found these associations: 1) at the base of steep forest 
hillsides or moraines, 2) at the base of talus slopes, or 
3) in forest zones where no riparian watercourses are 
present. In the Sierra Nevada, many of these sites fit 
into the quaking aspen/mountain pennyroyal associa-
tion described by Potter (1998). We have personally 
observed that these communities are often upslope, but 
still adjacent to the damper soil of the meadow fringe 
aspen communities. Potter also found these stands on 
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Figure 5-14. Lithic aspen. These stands are associated 
with glacial moraines, talus-colluvium, rock falls, or lava 
flows.

Figure 5-15. Snowpocket aspen. These stands are associ-
ated with snow accumulation areas in the Great Basin and 
eastern Sierra Nevada.

benches and high on slopes where subsurface water 
appears to be plentiful.

Lithic Aspen (Lava, Bolder, Talus)

Lithic aspen communities are located on lateral or 
terminal moraine boulder material, talus-colluvium, 
rock falls, or lava flows (fig. 5-14). It has been said 
that such sites act as refugia for aspen (Jones and 
others 2005b). There are four significant relation-
ships that support the concept that lithic sites act 
as refugia for aspen: 1) the damp bare mineral soils 
found in these rocky sites may provide an ideal site 
for one or more aspen seeding events that could ac-
count for the clone or clones currently on-site; 2) the 
rocky locations may be subhydric—that is, extremely 
moist in relationship to the zonal site that surrounds 
the community (Smith and Davidson 2003), again 
making them suitable for establishment of aspen 
clones; 3) over time, these sites may have provided 
a safe haven for aspen regeneration from herbivory 
by both native and domestic animals; or 4) the sites 
may limit conifer establishment. Additionally, lithic 
stands of aspen are naturally resistant to wildfire due 
to limited surface fuels. This is somewhat perplexing 
given the fact that we believe aspen to be a generally 
fire-dependent forest type.

Snowpocket Aspen (Stable Aspen 
Community)

Snowpocket aspen communities occur in topographic 
positions where snow accumulates (fig. 5-15), mostly 
at higher north facing elevations. While these aspen 
communities are much more common in the Great 
Basin, they occur in our area of interest, mostly east of 
the Sierra Nevada proper. Smith and Davidson (2003) 
describe these sites as subhygric—that is, slightly moist 
in relation to the surrounding vegetation types. We 
have observed such communities in the Sweetwater 
Mountains north of Bridgeport and on Glass Mountain 
southeast of Mono Lake. The aspen trees in these 
communities are often short and stunted and rarely 
reach true tree stature because of a short growing 
season and harsh winter conditions. Snowpocket aspen 
stands tend to be pure and “stable” aspen stands. Even 
though conifers may be within seeding distances, they 
are unable to become established within the “snow 
pocket” because of the short growing season available 
to the species.

Upland Pure Aspen (Stable Aspen 
Community)

Upland pure aspen stands are rare, except in locations 
in the Southern Warner Mountains of the Modoc Plateau 
ecosystem, to the south of Lake Tahoe on the eastern 
side of the Sierra Crest, or on ranges that branch off 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page363



78 USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006

Figure 5-16. Upland pure aspen. 
These stands occur outside of 
riparian zones, do not contain 
conifers, and can be expected 
to persist on the landscape as 
aspen.

the main Sierra fault block such as the Monitor Range 
and the Sweetwater Mountains and Glass Mountain 
south and east of Mono Lake. Probably the largest 
established pure aspen communities are located west 
of Highway 395 in the Conway Summit area north of 
Mono Lake (fig. 5-16). Mueggler (1985) recognized 
two conditions that help clarify what is meant by the 
term stable or pure aspen. First, he conceded that 
over extended time periods—sometimes as much as 
1,000 years—stable aspen could become successional 
to conifers. He also felt that the presence of some 
conifers in a pure aspen stand doesn’t necessarily 
drop the community from the stable classification. 
Seral classification in Mueggler’s (1985) view implies 
“incipient or actual prominence of conifers, which 
suggests active replacement of the aspen overstory 
by more shade tolerant trees. Conifers, however, must 
be prominent, not merely present. Occasional conifers 

can be found in a basically stable aspen community 
because of highly unusual and temporary conditions 
that favor their establishment.”

Krümmholz Aspen (Stable Aspen 
Community)

Krümmholz aspen communities are pure aspen 
stands located in a range of habitats including some 
lithic situations. Their distinguishing characteristic is 
that the aspen component of the community is always 
found growing in a distinct shrub or krümmholz stature 
(fig. 5-17) with little stem height development and a 
highly deformed appearance. They can be found on 
ridgelines or other windswept locations, but are most 
often found on the upper elevation limits of other aspen 
communities described in our classifications.

Figure 5-17. Krümmholz aspen. These pure, 
stable aspen communities are limited to 
ridgelines, avalanche tracks, and wind-
swept locations that restrict stem devel-
opment.
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Figure 6-1. Large aspen tree in Blackwood Canyon, Lake 
Tahoe basin.

Chapter 6.

Management Alternatives for 
Aspen in the Sierra Nevada and 
Tahoe Basin

Characteristics of Aspen in 
the Sierra Nevada Ecosystem_

As discussed earlier, aspen in the Sierra Nevada is 
the same tree species (Populus tremuloides) that grows 
throughout North America. However, it does not occur 
as extensively, or grow in large stands as elsewhere, 
but rather is restricted to sites where it has been able 
to establish in the past and successfully compete with 
other vegetation within the Sierra Nevada ecosystem. 
Although aspen is a minor component of Sierra Nevada 
landscapes, particularly on the west side of the Sierra 
(Potter 1998), we nonetheless can expect it to have the 
same ecologic and adaptive characteristics as aspen 
found elsewhere. First of all, it is intolerant of shade, 
needing full sunlight to establish, grow, and prosper. 
It grows best on deep heavy soils as elsewhere, but 
can exist on a variety of soil types, including rocky 
soils, glacial till, volcanic ash, and alluvial deposits. 
Aspen’s growth rate is directly dependent upon avail-
able soil moisture and the microclimate of the site. 
The size and growth rates of individual aspen trees 
in some Sierra Nevada locations rival those of aspen 
anywhere (fig. 6-1).

Limited information exists on the ages of aspen in 
the Sierra Nevada. Aspen is notoriously difficult to age 
properly and requires special techniques to prepare wood 
samples to obtain accurate ages (Asherin and Mata 
2001). However, given the recovery of forests since 
settlement-era logging and fires in the Sierra Nevada, 
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we can assume that much of the aspen growing in asso-
ciation with post-settlement conifers is of similar age.

Earlier, we discussed how aspen can occur either in 
pure, stable stands that do not succeed to other vegetation 
types, or in mixed species stands associated with conifers 
(Mueggler 1988). Although mixed aspen/conifer stands 
predominate in the Sierra Nevada, there are instances 
where pure, stable aspen stands can be found. These 
include isolated “snowpocket aspen” described in the 
previous chapter that occur in the eastern Sierras, in the 
Modoc Range, and near Mono Lake. Since no conifers 
exist within these stands or within seeding range, they 
can be considered to be stable. That does not mean, 
however, that individual stems in stable stands live to 
long ages in the absence of disturbance. Disturbances 
that are active in these stands are more subtle than 
the fires that periodically reset succession in mixed 
aspen/conifer stands. Such factors as drought, insect 
defoliation, frost, disease, etc. can kill enough trees 
to allow suckering to periodically introduce new age 
classes of aspen into the forest.

Although crown fire is often thought to be the dis-
turbance of renewal in aspen/conifer forests, it does 
not necessarily have to occur at a landscape scale to be 
effective. Mixed severity fire regimes, where surface 
and crown fire are both active at sub-landscape scales, 
can create a mosaic of age-class patches across a given 
landscape. It is likely that the active fire regimes of the 
past resulted in a healthier and more diverse distribution 
of aspen age, stem sizes, and successional stages than 
exist in much of the Sierra Nevada today. The key to 
successful aspen management in the Sierra Nevada is 
to seek ways to sustain and increase the diversity of 
aspen by emulating natural disturbance regimes (Rogers 
1996; Franklin and others 2002).

Identifying the Need to 
Regenerate Aspen__________

From an ecological standpoint, before we can “fix” 
aspen we must be able to identify what is “broken.” 
This requires identifying the chronologic, pathologic, or 
successional stage of development for particular aspen 
clones or stands. By that we mean determining whether 
or not aspen trees that currently make up a clone are 
all of one age or contain multiple age classes; whether 
they are young, mature, in decline from competition and 
disease, or being actively replaced by conifers or other 
vegetation. A dichotomous key showing how managers 

might use some of these features to identify aspen stands 
in need of management intervention will be presented 
later in Chapter 7: Assessment and Monitoring. Our 
intent here is to discuss the physiologic and ecologic 
factors behind those classifications, from the perspective 
of the aspen, so readers might understand the reasons 
for their development.

First, aspen has evolved to be a disturbance dependent 
species. Given the proper growth environment, it can 
establish from seed on bare mineral soil left after fire, 
flood, or other major disturbance. However, if a clonal 
root system exists on a site, disturbances that remove 
competition from other vegetation and kill existing 
aspen trees can stimulate the root system to initiate a 
suckering response. Suckers arise from pre-existing 
roots and will appear only where roots from the previ-
ous aspen exist, normally no more than a tree-height 
from the edge of the previous aspen stand (although 
lateral roots have been documented to spread farther 
[see Chapter 3: Aspen Genetics).

Because new roots establish with each ramet genera-
tion (Shepperd and Smith 1993), periodic disturbances 
with replacement of some or all of the stems in a clone 
will result in the expansion of the clonal footprint 
through time. Although very large and old clones have 
been documented in Colorado (Grant 1993) and Utah 
(Mitton and Grant 1996), and hypothesized in the Sierra 
Nevada (Potter 1998), the spatial extent of an aspen 
clone’s lateral root system depends as much upon the 
existence of suitable resources for the aspen to grow 
and survive as the length of time a clone has occupied 
a site. Aspen may be limited to where sufficient water 
exists for growth, such as riparian areas, or along the 
lee side of ridges where snow accumulates, or aspen 
may be limited by competition from other trees. Aspen 
has been documented to persist in mixed aspen/conifer 
stands in Colorado for multiple generations (McKenzie 
2001), where periodic small-scale disturbances provided 
for the establishment of new cohorts and maintained a 
viable root system. Conversely, aspen/conifer forests 
may become pure aspen given the right disturbance 
(for example, a high intensity crown fire that kills all 
conifers in a landscape). Some landscapes in Colorado 
are currently occupied by aspen that sprouted after large 
extensive fires in the 19th century and may cover more 
area than before the fires (Kulakowski and others 2004). 
But again, those aspen forests would not exist today if 
root systems from a previous generation of aspen had 
not been present to initiate new suckers.

Similarly, the number of suckers that arise follow-
ing a disturbance is dependent upon the number and 
density of roots that exist from the previous generation 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page366



USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006 81

(Shepperd and others 2001). A vigorous, dense clone 
will produce more suckers if burned or cut than a poorly 
stocked clone because of the proportionality of above- 
to below-ground biomass in an aspen clone (Shepperd 
and Smith 1993; Shepperd and others 2001). Therefore, 
it may be easier to regenerate a healthy, dense young 
clone than an old, sparsely-stocked one.

The presence of suckers or younger established 
stems in a clone indicates that the clone is healthy, has 
a vigorous root system, and is genetically predisposed 
to regenerate with minimal disturbance. Conversely, 
a poorly stocked clone with few remaining live stems 
is not likely to have a vigorous and extensive root 
system (Shepperd and others 2001). Aspen roots are 
living tissue and have respiration demands that require 
replacement of stored carbohydrate reserves through 
photosynthesis to remain alive. Most roots in a mature 
clone are physically connected to only a few stems 
(DeByle 1964; DesRochers and Lieffers 2001) and will 
therefore die if separated from the parent tree when 
conditions do not allow the successful establishment 
of new suckers.

The belief that an extensive aspen root system ex-
ists underground where an aspen grove once stood is 
a fallacy, as is the notion that thousands of suckers 
will spring up if a clone containing only a few live 
trees is cut or disturbed (Ohms 2003). A better rule of 
thumb would be “as goes the above-ground portion of 
an aspen clone, so goes the below-ground portion.” 
Consideration of this rule is essential when estimating 
the need for protecting aspen sprouts from browsing 
after a regeneration treatment.

Large, dense, vigorous aspen clones are likely to 
produce many more sprouts than small, poorly-stocked 
clones. However, reintroduction of repeated disturbance 
in poorly-stocked clones may eventually allow signifi-
cant regeneration and clone spread over a number of 
disturbance cycles as the clonal root system develops 
over time. Although all of the above examples are drawn 
from studies conducted outside of the Sierra Nevada, it 
seems reasonable to assume that similar dynamics are 
occurring in Sierra Nevada ecosystems.

Treatment Alternatives to 
Regenerate Aspen__________

As discussed earlier, laboratory studies of the gen-
eral physiology of the species indicate that vegetative 
regeneration of aspen requires the interruption of auxin 

flowing from shoots to roots to stimulate root buds to 
begin growing (Schier and others 1985). This can result 
from disturbances that kill the parent trees outright, such 
as a fire, disease, or timber harvest, or from disturbances 
that only temporarily defoliate the parent tree, such as 
a late frost, defoliating insect attack, or light herbicide 
application. Severing lateral roots from parent trees 
can also cut off auxin flow and initiate suckering. This 
might occur when fire, burrowing animals, or human 
factors (for example, road building) kill portions of a 
lateral root or when roots are mechanically separated 
from parent trees (Shepperd 2004). This sucker-initiating 
process has been referred to as interruption of apical 
dominance (Schier and others 1985).

In any case, the initiation of shoot bud growth must 
also be accompanied by sufficient sunlight and warmer 
soil temperatures to allow the new suckers to thrive 
(Doucet 1989; Navratil 1991). Optimal aspen sucker 
growth occurs when soil temperatures are 59º F (15° 
C) or above. Full sunlight to the forest floor best meets 
these requirements. However, young aspen suckers 
are susceptible to competition from other understory 
plants and herbivory from browsing ungulates, even if 
abundant suckers are present.

The interaction and co-dependency of factors that 
affect aspen sucker initiation, growth, and survival 
can be expressed as a triangle model similar to the fire 
behavior triangle used by firefighters (Shepperd 2001) 
(fig. 6-2). Successful aspen suckering depends upon 
three key interacting components: hormonal stimulation, 
growth environment, and protection of the resulting 
suckers. One or more of the silvical characteristics 
of aspen discussed above is involved in each of these 
factors. Any manipulation of aspen must satisfy all 

Figure 6-2. The aspen regeneration triangle management 
decision model (Shepperd 2001, 2004).
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three of these requirements to successfully regenerate 
the species.

The three elements of the aspen regeneration triangle 
may not always need to be actively provided by man-
agers when trying to regenerate aspen. One or more 
of the elements could already exist in any particular 
aspen stand, so identifying which factors are lacking 
is crucial.

Techniques that can be used to initiate aspen suckering 
and provide a favorable growth environment include 
removal of existing trees through harvest, separation 
of roots from parent trees, removal of competing veg-
etation, and prescribed burning. Protection of suckers 
from browsing can be provided by satiating the demand, 
constructing physical barriers to browsing animals, or 
controlling animal movement.

Clearfell-Coppice Harvest

Complete removal of all aspen trees has been the 
traditional method of regeneration where commercial 
markets exist for aspen. The correct silviculture term 
for this activity is clearfell-coppice (Ford-Robertson 
1971) rather than clearcutting, since the forest will be 
regenerated by root suckering and not by seeding or 
planting. Clearfell-coppice regeneration fully stimu-
lates the roots to produce new suckers by completely 
removing all parent trees. It also provides an optimal 
growth environment by allowing full sunlight to 
reach the forest floor. Because commercial quality 
aspen stands are generally quite large, harvest blocks 
can be large enough to add an element of protection 
from browsing animals and diseases through the sheer 
numbers of suckers that are produced.

Clearfell-coppice harvest probably has limited ap-
plication in the Sierra Nevada. In addition to requiring 
large aspen stands, commercial markets for the aspen 
trees that are removed are needed in order for projects 
to be economically viable. Clearfelling does not work 
well in areas where aspen stands are small, unless 
cut units are fenced from browsing animals (where 
they are a problem) following treatment. Although 
clearfell-coppice harvest can introduce new age classes 
of aspen into landscapes, old trees, which provide 
many ecologic characteristics that are desirable for 
aspen forests, are eliminated within cutting units. Soil 
compaction and death of lateral roots from which 
suckers arise has occurred during harvest operations 
in Colorado (Shepperd 1993) and may also occur on 
similar clay soils (described by Potter [1998]) in the 
Sierra Nevada.

Root Separation

Mechanically severing lateral roots at some distance 
from parent trees is one means of regenerating aspen 
while retaining an older tree component in the aspen 
forest. This technique relies on the wide-spreading root 
habit of aspen to establish suckers in locations where 
they have a more favorable growth environment than 
that found under dense large aspen. Severing lateral roots 
blocks the flow of auxin from parent trees and provides 
the hormonal stimulation to allow pre-existing buds to 
produce suckers, provided a good growth environment 
exists and suckers are protected from excessive animal 
browsing.

This particular treatment technique was developed 
after a study in Central Colorado (Shepperd 1996) 
found that bulldozed areas produced more suckers than 
cut areas and that more suckers established in fenced 
areas than in those left unfenced. However, leaving all 
cut or bulldozed aspen trees on site clearly inhibited 
aspen sucker establishment. The stimulation effect of 
the bulldozed treatments was attributed to the complete 
severing of the stems from the roots. Apparently the 
stumps from cut trees retained some auxin, which had 
an inhibitory effect on subsequent suckering when the 
stumps were left attached to the roots.

Results from this initial study prompted the establish-
ment of two additional studies in Arizona to investigate 
alternative mechanical treatments that might be used to 
stimulate aspen suckering (Shepperd 2004). In the first, 
a crawler tractor with a ripper attachment was used to 
sever lateral roots in an open mature aspen stand that 
had been partially harvested 15 years earlier (fig. 6-3). 
This treatment stimulated about 486 suckers per acre 
(1,200 suckers / ha) while an unripped, but fenced portion 
produced only half that amount. Although fencing the 
stand clearly influenced increased sucker survival, the 
extra hormonal stimulation provided by tractor ripping 
doubled the number of suckers without any mortality 
to overstory trees.

A second study on the Coconino National Forest in 
Arizona (Shepperd 2001) ripped along the edge of a 
small isolated aspen clone that was growing beside a 
meadow. Using a single tractor pass cutting to a depth 
of 7.9 inches (20 cm) roots extending into the meadow 
away from the existing trees were severed. This simple 
treatment resulted in the establishment of the equivalent 
of over 10,500 stems per acre (26,000 stems/ha) up to 
45.9 ft (14 m) away from existing trees into the meadow. 
In this case, lateral roots produced suckers about 1 to 
1½ tree heights away from existing mature trees. No 
suckers were noted between the ripped zone and existing 
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Figure 6-3. Severing lateral aspen 
roots to stimulate suckering 
using a tractor-mounted ripper. 
Coconino NF, Arizona (Shep-
perd 2001, 2004).

Figure 6-4. Map of aspen suckers in a 6 x 45 foot (2 x 14 m) transect extending into a meadow adjoining 
an edge-ripped aspen clone, one year after treatment. Coconino NF, Arizona. Each circle represents 
one aspen sprout (Shepperd 2001, 2004).

trees (fig. 6-4), indicating that auxin from the parent 
trees inhibited suckering in the portion of roots in that 
zone. As in the previous study, no existing trees were 
killed by the ripping treatment.

These results are consistent with natural suckering 
events that we have observed in isolated Sierra Nevada 
aspen clones surrounded by meadows or shrublands. 
Therefore, we feel that ripping offers the potential for 
expanding the size of some existing Sierra Nevada aspen 
clones, or introducing new aspen age classes into oth-
ers without sacrificing existing aspen trees. However, 
if clones are small and browsing animals are present, 
protection of sprouts may be necessary. A single pass 

of the ripper along the edge of existing trees should 
be sufficient to isolate roots and stimulate suckering. 
Multiple passes may excessively injure roots and result 
in diminished suckering. Care should be taken if root 
diseases are present as ripping will provide entry ways 
for disease.

Removal of Competing Vegetation

Changing the growth environment may be all that 
is needed to successfully regenerate aspen, if hor-
monal stimulation already exists and protection for the  
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Figure 6-5. Removing competing conifers and fencing this 
two-stem aspen clone allowed new suckers to establish. 
Kaibab NF, Arizona (Shepperd 2001, 2004).

Figure 6-6a-d. Photo series showing aspen regeneration 
response to removal of competing overstory conifers. 
Photo (a) was taken in 2000, prior to treatment. Photo 
(b) was taken in 2001, photo (c) in 200�, and photo (d) 
in 2004. Eagle Lake Ranger District, Lassen NF.

a

b

c

d

suckers will be provided. If older aspen trees are 
stressed, they may already be trying to sucker, so the 
hormonal stimulation to regenerate already exists. This 
is often the case in late successional aspen/conifer stands 
where aspen is a minor component of the stocking. 
Removing the conifers will allow sunlight to reach the 
forest floor, raising soil temperatures, and providing 
the proper growth environment for aspen suckers to 
thrive. Managers can “punch holes” in the conifer forest 
surrounding isolated pockets of residual aspen and this 
will often cause the area to be restocked with aspen. As 
with other treatments, care should be exercised when 
browsing animals are a problem.

Removal of competing conifers will enhance any 
natural sucker production already occurring in declining 
clones and can retain any remaining old aspen trees 
for aesthetic and wildlife purposes. This technique has 
been successfully used in the Sierra Nevada (Jones and 
others 2005b). However, new aspen suckers in the clones 
in advanced stages of decline may require protection 
in order for them to successfully establish.

The effects of removing competing vegetation can 
be quite dramatic. Shepperd (2004) described a case in 
Arizona where removing conifers and fencing the area 
surrounding a clone consisting of two mature aspen 
trees resulted in over a hundred established aspen trees 
after 5 years (fig. 6-5). Removing competing vegetation 
produced similar results in (Jones and others 2005b) 
Sierra Nevada study (fig. 6-6).

Protection From Browsing

If an aspen clone is attempting to sucker, and if 
suckers are heavily browsed and shrubby in appearance 
with no central growth axis, protection from browsing 
may be all that is needed to successfully re-establish 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page370



USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006 85

the stand. Obviously, the hormonal stimulation to 
sucker exists if few overstory conifers are present 
and if a favorable growth environment also exists. 
The heavily browsed suckers would indicate that 
they need to be protected in order to grow above the 
reach of animals.

Direct protection of aspen reproduction will likely 
be expensive because of the cost of constructing fences 
(Rolf 2001; Kees 2004). However, it may be the only 
way to successfully reestablish aspen in the many areas 
in the Sierra Nevada where aspen is a minor component 
of forested landscapes and browsing animals are present. 
Manipulating logging slash (Rumble and others 1996) 
and “hinging,” or partially felling aspen or conifer 
trees around the perimeter of clones (Kota 2005), have 
been used in South Dakota to keep browsing animals at 
bay and may also be an option in some Sierra Nevada 
situations.

Whatever the method used, the goal is to prevent 
browsing of the terminal leader of the young aspen suck-
ers, which can lead to “hedging,” or a shrubby growth 
form that will never develop into a tree. Efficient fence 
designs have been developed (Rolf 2001; Kees 2004), but 
require regular maintenance to be effective. A perimeter 
clearance of one tree length of forest on both sides of 
the fence is suggested to minimize damage from trees 
falling on the fencing. Leaving too much slash on the 
ground can inhibit suckering (Rumble and others 1996; 
Shepperd 1996). Hinging requires skilled sawyers and 
a sufficiently dense aspen stand to create a perimeter 
barrier around the clone (Kota 2005). Chemical browse 
repellents were found to be effective at high dosages in 
a Colorado study using penned elk (Baker and others 
1999), but are likely too expensive for most wildland 
applications.

The length of time that suckers need protection 
depends upon whether the browsers are domestic 
livestock or elk. Domestic livestock will usually not 
bother suckers over 6 ft (2 m) in height, but elk can 
break off and consume aspen saplings up to 1.5 inches 
(4 cm) in diameter at breast height (4.5 ft or 1.4 m). 
In most cases 8 to 10 years of normal growth are 
necessary for suckers to attain these sizes (Shepperd 
2004).

Prescribed Fire

Because aspen is a fire-adapted species, prescribed 
fire can be used very effectively to regenerate aspen. 
Fire provides two of the three essential elements of 
the aspen regeneration triangle. Killing overstory 

stems and injuring lateral roots provides hormonal 
stimulation to initiate sucker production. Removal of 
competing vegetation and blackening the soil surface 
(allowing it to be warmed by the sun) creates ideal 
growing conditions for suckers. Burning also releases 
nutrients that contribute to the growth of suckers. 
However, fire may not provide protection for the 
new sprouts, unless large enough areas of aspen have 
been burned to satiate browsing animals’ appetites for 
aspen sprouts.

Pure aspen forests are somewhat difficult to burn 
because fuel loadings are generally light and the lush 
understory vegetation usually has high moisture content 
and does not contain sufficient biomass to burn effec-
tively (Fechner and Barrows 1976). Effective burning 
to regenerate aspen in these stands requires timing 
the fire when fuels are dry, or using alternative fuels 
to carry the fire into the aspen (for example, burning 
adjacent shrublands) (Shepperd 2004). Fire will usu-
ally burn into the aspen far enough to stimulate new 
aspen suckering along the edges of clones, even if the 
overstory aspen trees are not killed outright. This can 
create a diverse landscape in which some clones are 
completely replaced by new suckers, while others have 
some surviving overstory stems, but with new suckers 
beneath them and extending out from the periphery 
of the surviving trees. In both cases, the footprint or 
the area occupied by aspen in these landscapes will 
be increased to the area occupied by lateral roots sur-
rounding the existing clone. This has been reported to 
be about 1½ to 2 times tree height away from existing 
aspen stems from studies in South Dakota (Keyser 
and others 2005), Arizona (Shepperd 2004), and Idaho 
(data on file, Rocky Mountain Research Station, Ft. 
Collins, CO). Similar results could be expected in the 
Sierra Nevada.

Prescribed crown fire has been used successfully in 
southern Utah in mid- to late successional aspen/conifer 
forests where conifer crown bulk density is sufficient to 
carry a crown fire (Shepperd 2004). It should also work 
in similarly structured mixed aspen/conifer forests in 
the Sierra Nevada. This technique requires natural fuel 
breaks to keep the fire from spreading outside desired 
treatment areas. Such burns should be planned when 
soil moisture is high to avoid excessive damage to the 
shallow aspen roots. Although risky, prescribed crown 
fire provides all elements of the aspen regeneration 
triangle and can reintroduce large areas of pure aspen 
into mixed species landscapes. Although it also carries 
the social stigma of resembling a wildfire (killing all 
existing aspen as well as conifers), there are many 
positive benefits to this approach. Prescribed crown 
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Figure 6-7. Sucker densities (with standard deviation bars) 
before (1994) and 5 years after a spring prescribed burn 
in light logging slash. Coconino NF, Arizona (Shepperd 
2004).

Figure 6-8. Average dominant sucker height (with standard 
deviation bars) before (1994) and 5 years after a spring 
prescribed burn in light logging slash, Coconino NF, Arizona 
(Shepperd 2004).

Figure 6-9.	Average	soil	temperatures	during	the	first	growing	
season after treatments for burned and unburned aspen 
sites, with standard error bars. Coconino NF, Arizona 
(Shepperd 2004).

fire will not only rejuvenate aspen and reset vegeta-
tion succession, but it can also increase understory 
vegetation diversity, forage production, and water 
yields, as well as improve habitat for many wildlife 
species (Bartos and Campbell 1998).

A major disadvantage to using prescribed crown fire 
is safety. It can be used in isolated aspen/conifer stands 
surrounded by non-forest vegetation or where mixed 
crown and surface fire can be tolerated across large 
landscapes. Although there is a certain degree of risk 
that an unintended wildfire might result, this type of 
fire is probably what maintained many Sierra Nevada 
aspen/conifer forests in pre-settlement times.

Combined Treatment Techniques

Many times a combination of mechanical treat-
ment and prescribed fire is the best course of action 
to regenerate aspen in mixed aspen-conifer stands. A 
combined treatment can provide a means of emulating 
natural fire regimes by providing maximum hormonal 
stimulation and optimal growth environments for aspen 
suckers as well as eliminating or reducing competing 
conifers. Shepperd (2001, 2004) combined commercial 
harvest, prescribed burning, and fencing to successfully 
regenerate aspen in a study in northern Arizona. All 
ponderosa pine were removed within and surrounding 
isolated aspen clones using a commercial timber sale, 
and the entire area was fenced with an elk-proof wire 
fence. Logging slash was then scattered throughout 
the area and a prescribed burn applied to half of the 
area the next spring following snowmelt when soils 
were wet. The prescribed burn had a striking effect 
on both the numbers of suckers that were produced 
and survived over a 5-year period (fig. 6-7) and on the 
sucker height growth (fig. 6-8). Part of this effect was 
undoubtedly due to nutrients introduced into the soil 
by the fire, but the solar warming of the soil during 
the first few growing seasons following the fire (figure 
6-9) likely contributed as well.

Burning heavy logging slash in harvested areas can 
be detrimental to aspen suckering, especially when 
conditions are dry (Shepperd 2004). Intense heat 
penetration into the soil from the burn can kill aspen 
roots beneath heavy fuel concentrations (fig. 6-10), but 
studies in Colorado have demonstrated that adequate 
suckering can be maintained if soil conditions are wet 
when burning heavy slash (Shepperd 2004).
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Figure 6-10. An excavated aspen root segment ends at the 
edge of soil scorched by burning a small pile of slash. 
Roots	under	the	pile	were	consumed	by	the	fire.

Treatment Opportunities 
Specific to the Sierra Nevada 
and Lake Tahoe Basin_______

Aspen in the Sierra Nevada and Lake Tahoe basin 
are typically characterized by small stands that are 
intermixed with conifers, or isolated pure stands that 
occur in riparian areas, snow accumulation zones, or 
other topographic zones where moisture conditions are 
favorable for aspen. Although aspen in the Sierra Nevada 
is the same species and occurs in association with the 
same vegetation as elsewhere in the west, it does not 
grow in extensive landscape-wide forests. Therefore, 
management opportunities and techniques are more 
limited in the Sierra Nevada than those available to 
managers elsewhere.

A major difference between aspen in the Sierra 
Nevada and other places in the West is that commercial 
markets do not exist for aspen here. Consequently, the 
need to optimize growth of defect-free trees is not a 
primary goal of management. Instead, the principal 
objective of aspen management in the Sierra Nevada is 
to retain aspen on the landscape and restore declining 
or disappearing clones to a more healthy condition.

The seven Sierra Nevada aspen types described in 
Chapter 5 can serve as a framework on which to base 
our discussion of factors to consider in developing 
management alternatives. These classifications are 
not defined by associated vegetation, or limited to 
individual genotypes or clones, but are based solely 

on our observations of aspen’s occurrence in the Sierra 
Nevada across physiographic positions, soil conditions, 
and associations with conifers.

Upland Pure Aspen

These stands are typically found along the east side 
of the Sierra Nevada or Modoc Plateau in associa-
tion with grass or shrublands, where conifers are not 
present (fig. 5-16). Although site productivity is not 
high, some of these stands are several hundred acres 
in size. They may appear single-aged, but such stands 
usually contain cohorts of different ages and likely 
are made up of multiple aspen genotypes, or clones. 
Since these stands are similar to those found on the 
eastern edge of the Great Basin and in the Rocky 
Mountains, we recommend using the key by Campbell 
and Bartos (2001) (see Chapter 7) to identify the need 
for management intervention. Basically, intervention 
is needed if clones are in decline and no successful 
aspen suckering has occurred.

Management alternatives could include any of those 
discussed earlier, including clearfelling to introduce 
new aspen age classes into a landscape. These large 
stands are likely the only type of aspen occurring in 
the Sierra Nevada where clearfelling might be a vi-
able option to stimulate sufficient suckering to satiate 
browsing animals.

Upland Aspen/Conifer

Aspen is most commonly associated with conifers 
on upland (nonriparian) physiographic locations in the 
Sierra Nevada (fig. 5-13). These associations can occur 
with most, if not all, conifer forest types in the Sierra 
Nevada and can range from aspen forests containing a 
conifer understory to a few isolated individual aspen 
stems surviving in an otherwise pure conifer forest. 
The common feature of aspen in these situations is 
that the current ramet generation will most likely be 
replaced by conifers without a stand replacing fire or 
other disturbance to open the canopy and allow aspen 
to regenerate.

Clearly the stands most in need of immediate 
management intervention are those that contain the 
smallest component of aspen—the isolated mature stems 
described above. Identification of stands in need of treat-
ment can be done by using the assessment techniques 
described in Chapter 7 developed by Campbell and 
Bartos (2001). To have successful regeneration, aspen in 
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this situation will require the most intensive management 
actions. A large number of mature conifers may have to 
be removed to allow enough light to reach the forest floor 
for successful suckering. Even so, sucker densities are 
likely to be low because aspen lateral root systems are 
likely to be sparse in these situations. Fencing will likely 
be required if browsing animals are present. Prescribed 
burning is not likely useful if overstory conifers are large 
fire-resistant species. Prescribed surface fire may be 
useful in stimulating suckering, provided activity fuels 
are not too heavy. Burning in spring when soils are wet 
will avoid excessive damage to aspen roots.

Mixed aspen-conifer forests that contain a sizable 
component of aspen are most likely to benefit from 
conifer removal. They still have sufficient stocking 
and root density to sucker well, and at high densities. 
Complete conifer removal should be implemented to 
maximize the longevity of the treatment and introduce 
the attributes of a pure aspen forest into the landscape. 
However, an alternative treatment would be to “punch 
holes” in the conifers around the aspen (see discussion 
above in this section) to allow suckering to occur from 
roots extending into the conifers. Removal of some 
aspen may be necessary to break apical dominance if 
clones are vigorous and healthy, but complete removal 
of all aspen is unnecessary.

Care should be taken in the logging process to 
avoid damaging aspen trees that are intended to be 
left. Track-mounted mechanical feller-bunchers are 
the most efficient means of accomplishing conifer 
removal without damaging aspen stems or roots, but 
careful directional hand felling can work, too. Conifer 
logging slash should be removed to allow sunlight to 
reach the forest floor, unless a prescribed fire is planned 
to stimulate additional suckering. In the latter case, only 
scattered branches and tops should be left. Broadcast 
burning of heavy loadings of 1000-hour fuels will likely 
kill too many shallow aspen roots and result in poor 
suckering. In any case, a prescribed fire burning through 
logging slash will likely kill any remaining overstory 
aspen stems. Similarly, any piling and burning of slash 
should be done outside of the aspen lateral root system 
footprint that extends at least one tree height away from 
existing stems. Burning even small hand-piles can kill 
aspen roots (fig. 6-10).

Two additional issues should be discussed with 
regard to upland aspen/conifer forests. We remind the 
reader that goshawk nesting sites are off limits to any 
cutting under the record of decision for the FSEIS 
SNFPA guidelines (Appendix I). Therefore, any aspen 
occurring in these areas cannot be actively managed. 
Second, conifer trees larger than 30 inches can be cut 

outside goshawk PACs, if the action is properly justified 
(Appendix I). We believe that the removal of large conifer 
trees is justified (and in fact ecologically necessary) to 
restore aspen, if the aspen is overtopped by large trees. 
Leaving large conifers may not allow enough light to the 
forest floor to stimulate adequate aspen suckering and 
will certainly provide a ready source of conifer seed to 
quickly re-establish a dense conifer understory.

Riparian Aspen

These aspen stands occur along perennial and inter-
mittent watercourses throughout the Sierra Nevada and 
are especially common within the Lake Tahoe basin 
(fig. 5-12). Although individual clones may extend 
upland beyond the riparian zone, our concern here is 
for those aspen stands where growth and development 
is influenced by the deeper soils and moist growing 
conditions associated with the streamside riparian plane. 
Because these aspen stands are located in riparian zones 
defined in the Sierra Nevada Forest Plan Amendment 
(USDA Forest Service 2004c), management activities 
and options are more restricted here than elsewhere. 
Some riparian clones appear to be in good shape and 
contain multiple age classes of healthy trees, while  
others are rapidly being replaced by conifers. Still others 
have aspen regeneration that is being over-utilized by 
browsing animals.

Providing the proper aspen growth environment 
and protecting aspen regeneration from browsing will 
probably be essential to rehabilitating these clones. 
Prescribed burning and hand-felling of small conifer 
trees may help alleviate conifer competition in some 
cases, but removal of large mature conifers will often be 
required to provide the proper growth environment for 
aspen. Such activities are not specifically prohibited in 
the Record of Decision for the FSEIS SNFPA (USDA 
Forest Service 2004c) (Appendix I), but will require 
additional planning, coordination, and innovative tech-
niques to avoid adverse effects to the riparian zone.

Soil disturbance and compaction is a major concern 
with mechanical treatment activities in the riparian zone. 
Compaction in aspen soils increased with the number of 
times equipment passed over the site in a Colorado study 
(Shepperd 1993), so innovative harvest techniques may 
be needed to remove large trees. Mechanical harvesting 
by a tracked feller-buncher, which can drive into the 
riparian area, harvest a tree, and carry it directly back 
out over the same track without turning, will create 
very little soil disturbance and minimize compaction. 
Similarly, harvesting in winter when soils are frozen, 
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dry, or snow covered minimizes soil disturbance and 
compaction. Regardless of the harvest technique used, 
whole-tree harvesting will remove all slash and allow 
maximum light to reach the forest floor and stimulate 
new aspen sprouting.

It is extremely important that all overstory conifers 
be removed to allow light to reach aspen roots. This 
should include cutting conifers that likely shade aspen 
roots that extend away from existing aspen stems. A 
good rule of thumb would be to remove conifers from 
a large enough area to allow sunlight to reach an area 
1½ tree heights away from existing aspen stems as 
described earlier (see Chapter 6: Treatment Alternatives 
to Regenerate Aspen).

Although prescribed burning will remove compet-
ing conifer seedlings and maximize aspen sprouting, it 
may not always be feasible to use fire in riparian zones 
where soot and ash might reach streams and potentially 
affect water quality.

Meadow Fringe Aspen

This type of aspen is similar to riparian aspen, but 
instead of occurring along stream corridors, the aspen 
is situated along the edges of meadows, juxtaposed 
between the mesic grassland vegetation and the drier 
upland forest in a narrow band where conditions are 
ideal for aspen (fig. 5-11). Often, the presence of 
residual aspen stems and downed logs in the conifer 
forest behind the aspen indicates that these stands may 
have been larger under the frequent fire regimes of the 
past. In some instances, the presence of younger aspen 
stems near the meadow indicates that aspen is continu-
ing to invade the meadow. However, in some marshy 
meadows, further aspen invasion appears to be limited 
by saturated soils.

Opportunities exist to expand many meadow fringe 
aspen by removing conifers behind the aspen, away 
from the meadow, and allowing the aspen to re-colonize 
the area where aspen lateral roots still exist. Careful 
inspection of the conifer forest behind the aspen can 
locate ephemeral aspen sprouts in the understory that 
will reveal the extent of the aspen root system. Conifers 
should be removed for a sufficient distance (at least 1 
to 1 ½ tree heights) beyond the aspen roots to allow 
full sunlight to reach the forest floor and stimulate 
sprouting. If logging slash remains, it should either 
be removed and piled outside the area occupied by 
aspen roots, or burned when soil conditions are wet to 
minimize damage to aspen roots. Fencing may also be 
necessary if browsing animals are present since aspen 

sprouting may be sparse due to low root density under 
the conifer forest.

Snowpocket Aspen

These types of aspen stands are common along the 
eastern fringe of the Sierra Nevada and into the Great 
Basin where snow accumulates along the lee side of 
ridges and isolated mountains. The extra moisture that 
accumulates in these topographic locations is sufficient 
to support aspen within and just beneath the zone of 
maximum snow accumulation (fig. 5-15). These aspen 
stands are often pure, or contain few conifers, and are 
characterized by small misshapen stems that have been 
damaged and contorted by the drifting snow. The spatial 
extent of these stands is often limited by the topographic 
conditions that allow extra snowpack to accumulate. 
Heavy snow years damage aspen trees and provide 
sufficient mortality to stimulate the periodic production 
of new aspen suckers.

Snowpocket aspen is more resilient than other types 
of aspen in the Sierra Nevada because these stands are 
often pure aspen (not being invaded by conifers) and 
contain multiple age cohorts as a result of periodic 
snowpack disturbance. Active management intervention 
may not be needed if all of these features are present, 
even though the stand may not fit our ideal vision of 
what an aspen stand should look like. However, if a 
snowpocket aspen stand is in obvious decline without 
any new recruitment, or the aspen have been largely 
replaced by conifers, then active management may be 
needed. Alternatives may include fencing to exclude 
browsing animals or removal of conifers by mechanical 
means or by prescribed crown fire. The latter option 
may be viable because snowpocket aspen is often 
topographically isolated and surrounded by grasslands 
or shrublands that provide natural fire breaks. If snow-
pocket aspen occur on active sheep allotments, simply 
requiring herders to avoid them may be sufficient to 
allow the aspen to successfully regenerate.

Lithic Aspen

We use this term to describe aspen that is growing on 
talus slopes, basalt flows, and other rocky situations that 
would seem to be the antithesis of what thriving aspen 
require (fig. 5-14). In spite of the apparent contradic-
tion, such rocky conditions serve as refugia for aspen 
and allow it to persist in some landscapes. Wide-rang-
ing aspen roots can penetrate into the spaces between 
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rocks to access pockets of soil. The rocks essentially 
act as mulch, limiting water evaporation and preventing 
buildup of fuels that would allow fire to kill aspen. Aspen 
suckers can rely on root reserves to grow quickly above 
the rocks, where they enjoy full sunlight and may be 
protected somewhat from browsing animals.

Some lithic aspen may require removal of competing 
conifers and fencing to protect sprouts from browsing 
animals, but other management options may be limited. 
Before embarking on further actions, we recommend 
monitoring to ensure that the aspen is persisting and 
not in danger of disappearing.

Krümmholz Aspen

These are rare, but ecologically unique aspen stands 
that occur near upper treelines in the Sierra Nevada 
(fig. 5-17). Aspen often do not achieve tree form in 
these stands, but persist as misshapen shrubs that 
barely cling to life near the upper reaches of forest 
vegetation. Any attempt at stimulating additional 
sprouting by use of mechanical treatment or prescribed 
fire in Krümmholz aspen stands is likely to upset the 
delicate balance under which they exist and may do 
more harm than good. Management intervention for 
these aspen stands should probably consist of careful 
monitoring to ensure that browsing animals are not 
adversely affecting the aspen, and fencing clones that 
are being over-browsed.

Managing Aspen in the 
Wildland Urban Interface___

We’ve included this section to discuss alternatives 
that might be used to enhance aspen growing in areas 
that would not normally be managed for aspen or where 
other management objectives overshadow management 
for aspen. With some additional thought, actions can 
be undertaken in many of these circumstances that will 
fulfill the primary management objective and also benefit 
aspen that happens to occur in these areas.

Currently, many fuels treatment activities are un-
derway within the Wildland Urban Interface (WUI). 
These treatments include thinning, mechanical masti-
cation, and prescribed burning to remove understory 
conifers and accumulated ground fuels. Such activities 
will inherently benefit any aspen in these forests by 
allowing light to reach the forest floor to stimulate 
new suckering. However, aspen could benefit further 

by the removal of all conifers over an aspen clone’s 
root system footprint. Such removals would add spatial 
diversity to the forest and create pockets of pure aspen 
that may also act to alter the behavior of fire burning 
through the area. Including aspen-benefiting activi-
ties in WUI fuel treatments is certainly justified and 
beneficial to the forest ecosystem in the long run. We 
should note that diameter limits apply to the removal 
of conifers in fuel treatment projects (Appendix I). If 
large conifers need to be removed to benefit aspen, the 
activity needs to be planned and funded as an aspen 
restoration project so that diameter limits would not 
apply (Appendix I).

Similarly, private landowners whose property adjoins 
and is interspersed within the WUI (fig. 6-11) can also 
benefit from activities that retain and regenerate aspen. 
Because aspen will not burn with the intensity of conifers 
it can be planted or retained closer to structures than 
conifer trees. Creating aspen glades on even a small 
property will alter fire behavior (Fechner and Barrows 
1976) while retaining a forested appearance. We en-
courage counseling private property owners about the 
benefits of retaining aspen wherever possible.

Managing Aspen on 
Rangelands________________

Adaptive management of aspen communities on 
range allotments may be one of the most valuable 
tools in preserving regional aspen communities. As 
was described in Chapter 4: Range Management and 
Aspen Communities, Potter (1998) found that many 
of the stands he sampled in the Sierra Nevada were 
located adjacent to meadows and other moist areas 
where livestock congregate in the summer season for 
shade, forage, and access to water. During his study, he 
found that livestock would often graze heavily in these 
areas and use aspen as a primary browse species. This is 
consistent with Menke and others (1996) who found the 
most degraded range habitat to be located in drainages, 
meadows, watering places, and other natural livestock 
concentration areas. Loomis and others (1991), Kie 
and Boroski (1996), and Loft and others (1991) also 
noted similar intensive use of these types of habitats 
in the Sierra Nevada, as did Julander (1955) in Utah. 
Therefore, active management (restricting livestock) 
on rangeland will likely be necessary to successfully 
establish aspen suckers and retain biodiversity when 
aspen stands occur in these locations.

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page376



USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006 91

Figure 6-11. Aspen regenerating 
after fuels treatment activities 
on a private lot.

While we focus this part of our discussion on browsing 
of aspen by domestic livestock, we want to accentuate 
that long term management of aspen communities in 
rangelands needs to address the cumulative impacts 
of both wild and domestic ungulates. For example, by 
using three way enclosures in Utah, Kay and Bartos 
(2000) were not only able to document when domestic 
livestock were preventing aspen from regenerating, 
but they also found that fluctuations in deer herd size 
affected aspen’s ability to regenerate. The effects that 
livestock have on aspen ecosystems depends upon the 
type and class of livestock, animal density, and the 
seasonal timing, intensity, and frequency of use (Roath 
and Krueger 1982) (See Chapter 7 for techniques to 
monitor these variables).

Management Objective: Establish New 
Stems Above Browse Height

A principle objective of regenerating aspen on 
rangelands is to establish new suckers above the height 
that browsing animals can seriously damage them. The 
size at which aspen sprouts are vulnerable to brows-
ing depends upon the size of the animal eating them. 
Smith and others (1972) and Sampson (1919) found 
that sheep will browse up to 45 inches (1.14m) and 
cattle and deer up to 5 ft (1.5m). These heights have 
been generally accepted as being adequate to establish 
new aspen. However, in areas of recent elk introduction 
in the Southern Cascades and Modoc Plateau, aspen 
may need to reach at least 12 to 15 ft (4 to 5 m) and 

at least 1.5 inches (4 cm) dbh to avoid damage similar 
to that reported in other areas (Shepperd 2004). There 
are several site specific management techniques that 
are appropriate for modifying livestock distribution, 
alleviating concentration problems, and minimizing real 
or potential conflicts with aspen resource values.

Fencing

Fencing is an obvious tool for ungulate manage-
ment. It is important to identify whether intense 
browsing by wild ungulate, domestic livestock, or a 
combination of both is keeping a stand or group of 
stands from successfully regenerating. Fence designs 
differ depending on which animals are browsing the 
aspen. Steel, plastic, and pole fencing have been used 
successfully for aspen protection (Rolf 2001; Kees 
2004). Additionally, using brush piling or conifer trees 
that have been hinged when felled to create livestock 
barriers has been successful (Kota 2005). All of these 
techniques require close monitoring during those times 
that regeneration is vulnerable to browsing to ensure 
that barriers remain intact.

Salt Blocks and Water Source

Location of water and salt blocks are magnets for 
cattle grazing, browsing, trampling, and bedding (Roath 
and Krueger 1982). Keeping salt and water sources 
away from regenerating aspen communities will help 
disperse cattle and relieve grazing pressures.
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Seasonal Utilization

Seasonal herbivory on aspen regeneration generally 
increases when the herbaceous vegetation in and around 
an aspen community has cured and lost much of its value 
(for example, after the first killing frost). Aspen utilization 
will also occur when the amount of herbaceous vegetation 
available within or near aspen communities can no longer 
provide the carrying capacity of the range. Proper timing 
of allotment use can greatly benefit aspen. For example, 
successful regeneration of aspen has been demonstrated 
on the Sierraville Ranger District, Tahoe National Forest 
by moving cattle away from aspen as forage preferences 
change from herbaceous vegetation to aspen (Personal 
Comm., Fred Kent, Range Management Specialist, 
USDA Forest Service, Tahoe National Forest).

Wild ungulates may exhibit similar seasonal prefer-
ences. For example, it was observed on the Amador 
Ranger District, Eldorado National Forest that deer with 
fawns began bedding down in an aspen/meadow com-
munity and browsing intensely on aspen regeneration 
every year in mid-July (Personal Comm., Chuck Lofland, 
Wildlife Biologist, USDA Forest Service, Eldorado 
National Forest). Evidence of multi-stemmed and bush 
shaped aspen suckers were evidence that this process 
had occurred regularly over many years. Constructing 
a temporary woven fence around the area prior to July 
15 each year allowed those suckers to release and grow 
in subsequent years.

Class of Animal

While we were unable to find research to document 
this type of event, we feel that changing livestock from 
cow-calf to dry cow may increase the movement of the 
cattle enough to successfully allow aspen suckers to get 
above browse height. Successful aspen regeneration 
occurred in a number of aspen stands on the Sierraville 
Ranger District of the Tahoe National Forest within three 
seasons of moving from cow-calf to dry cows (Personal 
Comm., Fred Kent, Range Management Specialist, 
USDA Forest Service, Tahoe National Forest). It has 
also been noted that yearlings do less damage to aspen 
than cow-calf pairs.

Type of Livestock

Sheep have been reported to brows aspen more than 
cattle, which tend to prefer grazing over browsing. Sheep 
are often moved into steeper topography that cattle seem 
to avoid. This may place increased pressure on upland 

aspen communities. Good range management objectives 
should include herding sheep away from regenerating 
aspen, especially if the aspen is intended to be used as 
bedding grounds.

Cycling of Grazing to Benefit Aspen

To promote regeneration, DeByle (1985a) recom-
mended moderate grazing until an aspen overstory begins 
to decline, then heavy grazing for a couple of years to 
eliminate or weaken much understory competition, and 
then removing all grazing pressures for 3 to 5 years. This 
process could be repeated every 20 to 30 years to establish 
uneven aged stands. We believe that this approach needs 
to be modified to remove grazing pressures when aspen 
is “ready to regenerate” (show signs of unsuccessful 
sprouting). Waiting for the end of the life cycle of a mature 
age cohort to allow the production of a new age cohort 
may be ill-advised. A stand that is becoming decadent 
may not have enough root structure left to provide proper 
stocking (Shepperd and others 2001; Ohms 2003). Thus, 
we recommend close monitoring of aspen stands and 
providing protection to aspen clones when they naturally 
begin to regenerate a new age cohort.

Post Fire Recovery

Some National Forests in the Pacific Southwest 
Region (for example, the Modoc NF) currently practice 
a minimum of 2 years of allotment rest after wildfires to 
meet vegetation recovery objectives. This would benefit 
aspen clones when they are most likely to produce a 
new age cohort. Aspen clones are more susceptible to 
elimination by repeated browsing if all older aspen trees 
were killed during the fire. Aspen regeneration should 
be closely monitored during initial years following the 
rest period to ensure successful establishment of a new 
aspen stand. Because aspen suckers can be suppressed 
by chronic post-fire herbivory (Bartos and others 1994), 
poor range management or excessive wild ungulate use 
could hasten the death of a clone.

Management Strategies 
Relating to Recreation 
Impacts___________________

As we discussed in Chapter 4, establishing developed 
recreation areas in aspen stands is not a good idea. 
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Although aspen stands are highly desirable for their 
aesthetic appeal, their susceptibility to damage from con-
centrated human activities make them poor candidates 
for picnic areas and camp grounds. Root compaction 
from vehicles and intense foot traffic can kill aspen roots 
and stress trees. Any injury to the living bark of aspen 
is a potential entryway for canker infections that can 
kill the tree (Walters and others 1982) and aspen trees 
in developed recreation areas are commonly damaged 
by irresponsible users.

Research has looked extensively at recreation impacts 
on wildlands. Cole (1993) and Cole and others (1987) 
identified the importance of recognizing problems 
and carefully evaluating all potential solutions. As we 
discussed in our section on impacts of recreational use 
of aspen habitats (Chapter 4), the principal problem 
is from concentrated recreational uses in aspen. Any 
single recreational activity done in excess can set in 
motion events that can cause impacts to the ecology 
of the landscape. Most recreation activity conflicts that 
we have observed elsewhere in aspen were associated 
with developed and dispersed camping locations, along 
developed road and trail systems, in areas of high OHV 
use, and in or adjacent to pack stock corral or holding 
areas.

There are a number of options available to the manager 
to alleviate or prevent damage to the ecological values of 
aspen in these situations. First, the location of use within 
problem areas can be modified. Although it may not 
be possible to move existing developed campgrounds, 
planning of new facilities should keep the protection of 
aspen in mind. Steps can be taken in existing recreation 
facilities that have been established in aspen stands to 
prevent further injury and loss of aspen. Raised trails 
covered with wood chips or mulch can protect roots, 
and aesthetically pleasing fencing can be constructed to 
keep people away from aspen stems. Interpretive signs 
explaining that aspen bark is living, just like a person’s 
skin, can be used to discourage carving.

If shading is an important campground element, 
more resilient tree species can be established in exist-
ing campgrounds. Access to dispersed camping sites 
in highly impacted aspen areas can be discouraged or 
prohibited. Special use facilities such as corrals and 
horse stables can be located away from aspen. Pack 
stock use concentrations in aspen can be discouraged 
through education or prohibited through action.

If camping sites cannot be closed, educational pro-
grams can be developed to inform potential visitors of 
the disadvantages of damaging the critical aspen com-
ponent of campgrounds. One element of the educational 

program could be the development of interpretive signs 
explaining the ecological value of aspen habitats.

Generally speaking, we are not overly concerned 
about the impacts of dispersed recreation use of aspen 
communities. Activities like walking, picnicking, nature 
study, photography, and other permitted consumptive 
uses such as fishing and hunting each have slightly dif-
ferent impacts on aspen, but in moderation their effects 
are usually light. Where concentrated uses of aspen 
habitat occurs, cumulative recreational impacts can 
cause ecological damages equal to those in developed 
or dispersed camping areas. This is especially true along 
trails, roads, or in OHV use areas, where more intense 
recreation management practices would be needed.

Management: Water Quality 
and Quantity______________

Several of the aspen types discussed earlier are 
associated with moist physiographic positions where 
possible effects of management actions on water quality 
and quantity could be an issue. Management of aspen 
within the Forest Service’s Riparian Conservation 
Areas (RCAs) classification is within the param-
eters of the Sierra Nevada Forest Plan Amendment 
(SNFPA) (USDA Forest Service 2004c). In fact, the 
SNFPA singles out aspen as a species that can be 
managed in RCAs. This interpretation of the SNFPA 
has been confirmed by the Regional Office (Appendix 
I). Likewise, the Lahonton Regional Water Quality 
Control Board, which has regulatory control of the 
Stream Environment Zones (SEZ) on lands on the 
Eastern Slope of the Sierra Nevada (including the 
Lake Tahoe basin), has allowed activities to occur 
near streams, but under very close scrutiny. Agencies 
must work closely to develop management methods 
that will pass regulatory review.

Implementation of management objectives for 
restoring aspen communities adjacent to, and within 
riparian ecosystems, should have the principal goals of 
minimizing soil erosion, preserving water quality, and 
improving stream flow. This may occur by implement-
ing treatments that minimize soil disturbance and allow 
aspen communities the opportunity to return quickly 
to a state where it is contributing to the quality of the 
riparian ecosystem. Conifer removal and prescribed fire 
treatments should be designed to reach these goals, and 
range management practices should be adjusted to limit 
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habitat degradation and improve water quality within 
riparian zones.

In concluding this chapter, we remind readers 
that successful aspen management simply involves 
understanding aspen’s unique growth habits and ap-
plying treatments that favor the species. Regardless 
of the type of aspen they encounter, the descriptions 
discussed earlier can help managers identify the need 
for intervention. The three critical elements of the Aspen 
Regeneration Triangle (fig. 6-2) describe what must 
be provided in order for any attempt at regenerating 
aspen to succeed.
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Chapter 7.

Assessment and Monitoring 
Methodology

As described in the introduction to this synthesis, 
directives and supporting standards and guidelines from 
multiple governmental agencies call for the ecological 
assessment of vegetative communities such as aspen, 
and for management actions that will move plant com-
munities toward their range of natural variability. This 
chapter will focus on the actual methodologies that have 
been developed for: 1) deriving ecological assessments 
of aspen communities, 2) monitoring herbivory of aspen 
regeneration, and 3) examining whether management 
objectives to change the ecological status of aspen 
are being met. Our discussions will be framed with 
the realization that time and monetary constraints are 
always factors in the development and implementation 
of ecological assessments and monitoring protocols. 
To accommodate these constraints, we will tier our 
discussion—moving from qualitative to quantitative 
methods in all three cases. We recognize that no single 
method or protocol fits all management situations and 
that whatever methodology is used should be designed 
to measure whether management objectives are being 
met (Elzinga and others 1998).

The Record of Decision of the Sierra Nevada 
Forest Plan Amendment’s Final Environmental Impact 
Statement (USDA Forest Service 2004c) calls for iden-
tifying whether a vegetative community is outside the 
range of natural variability or moving in that direction. 
Therefore, resource managers need to identify indicators 
that can reflect the ecological status of the ecosystem. 
Many biotic relationships can act as indicators for 
the natural variability of the ecosystem (Richardson 
and Heath 2004; Martin and others 2004). Bartos and 
Campbell (1998) presented a case for using aspen 
itself as an indicator. They believe: 1) loss of aspen 
will cause a parallel loss of biotic diversity within the 

ecosystem; 2) aspen regeneration is closely linked to 
the natural disturbance factors in the ecosystem; and 
3) aspen clones provide a guide as to the spatial extent 
of aspen communities through time (see Chapter 3 for 
additional discussion of these topics).

The loss of aspen itself may be the best variable to 
indicate whether a stand has moved outside its range of 
natural variability. The complete loss of a clone marks, 
for all practical purposes, an ecologically irreversible 
event (Campbell and Bartos 2001). Planting aspen does 
not appear to be a viable method of replacing lost aspen 
clones (Shepperd and Mata 2005).

Because the loss of aspen is irreversible if the root 
system dies, development of assessment protocols ca-
pable of determining whether aspen is at risk of being 
lost is crucial to establishing the ecological condition of 
the ecosystem. Also essential are monitoring protocols 
that measure whether aspen will remain in a properly 
functioning condition (PFC) as part of these unique 
ecological systems.

To understand how aspen can be lost from the land-
scape, we must first look at: 1) the relationship of aspen 
to the rest of the habitat’s biota; 2) how site variables 
and natural disturbances affect aspen in space and over 
time; and 3) how historic and current human use of the 
landscape may be affecting the ecological viability 
of aspen. Some researchers and resource managers 
(Romme and others 2001) believe that human induced 
factors can increase intensity of environmental stressors 
on aspen communities and result in aspen loss from the 
habitat. For example, aspen’s apparent dependence on 
vegetative reproduction makes excessive browsing by 
wild or domestic ungulates a significant stressor to the 
viability of aspen regeneration and a potential factor 
in the loss of aspen. The remainder of this chapter will 
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illustrate how the relationship of aspen to stressors like 
these can be used to: 1) assess the risk of aspen being lost 
from the habitat; 2) measure the amount of herbivory; 
and 3) monitor changes to the ecological condition of 
an aspen habitat under a given management practice.

Stand Assessment 
Methodology______________

Developing Qualitative Assessment 
Protocols

Assessment protocols examining the ecological 
relationships between aspen and stressors on the habitat 
have become common techniques for identifying the 
ecological condition of an aspen habitat and for iden-
tifying the intensity of risk factors to aspen’s survival 
in that habitat. Elzinga and others (1998) illustrate the 
value of using ecological models in assessing a plant 
community, designing management objectives, and 
developing sampling designs for monitoring.

Many assessments have as their framework the 
materials presented in this synthesis. They capture 
the asexual reproductive characteristics of aspen, the 
interaction of aspen with a range of disturbance factors 
creating its range of natural variability, and aspen’s 
relationship to human induced variables such as fire 
suppression and livestock browsing. For example, 
Mueggler (1989) introduced an assessment model for 
identifying the risk of aspen loss from the ecosystem 
(fig. 7-1). Mueggler’s model used variables such as the 
ecological relationship between aspen and conifers, 
stand age, and browsing intensity to assess aspen con-
dition. Bartos and Campbell (1998) further developed 
Mueggler’s basic model by quantifying risk factors for 
aspen stands. They surmised that aspen stands were 
at risk when: 1) conifer cover in the understory and 
overstory was > 25 percent; 2) aspen canopy cover 
was < 40 percent; 3) dominant aspen trees were > 100 
years old; 4) aspen regeneration < 500 stems per acre; 
or 5) sagebrush cover was > 10 percent.

Later, Campbell and Bartos (2001) developed a key 
for prioritizing risk factors for landscapes with aspen 
(fig. 7-2). The resulting model has been used exten-
sively by resource managers for rapid assessment of 
the ecological condition of aspen stands (Brown 2001; 
Burton 2004a; Jones and others 2005b). An example 

of the use of the Campbell and Bartos model was il-
lustrated in Chapter 5.

A cooperative effort of the Forest Service and the 
Bureau of Land Management (Aspen Delineation 
Project 2002) used a qualitative approach to assessing 
the ecological condition of aspen habitats that was also 
based on the Campbell and Bartos model. This effort 
incorporated an additional level of assessment to as-
sist resource managers in evaluating the management 
implications of existing aspen stand conditions. Burton 
(2004a) explains that stand structure is the key variable 
used in this protocol to analyze a stand’s ecological 
condition. The definition of “stand,” adopted from the 
CNPS (California Native Plant Society 2004), calls for 
separating aspen ecosystems into units that have both 
compositional and structural similarity. By using this 
definition of stand, the resource manager can establish 
not only the presence and condition of aspen age cohorts, 
but the relationship of those age cohorts to any conifer 
encroachment, as well as the effects of browsing by wild 
and domestic ungulates. This delineation presents the 
resource manager with a clear picture of the ecological 
condition of the stand and provides an indication of 
possible restoration efforts.

Other assessment protocols developed in the West 
have used similar approaches. Jones and others (2005a) 
used the Bartos and Campbell (1998) risk factors 
in the Eagle Lake Ranger District, Lassen National 
Forest (we reviewed these Eagle Lake findings in 
Chapter 5). A protocol developed for the Bureau of 
Land Management in Oregon by Otting and Lytjen 
(2003) used aspen age/size classes similar to those in 
the Aspen Delineation Project protocol—overstory, 
recruitment (mid-aged cohorts free from browsing) and 
understory (vulnerable to browsing). Additionally, the 
Oregon assessment quantified a protocol for establishing 
overstory senescence as the percent of overstory trees 
that are dead or showing signs of decline—that is, trees 
including many dead limbs, conks, or weeping cankers. 
In Utah, a protocol developed for the Fishlake National 
Forest (Brown 2001) assessed stand structure, conifer 
and aspen dominance or co-dominance, and the pres-
ence or absence of regeneration. This protocol looked at 
the presence of “successful aspen regeneration” rather 
than the presence or absence of aspen regeneration still 
within the browse zone. The Fishlake National Forest 
protocol also used the Campbell and Bartos (2001) 
prioritized key discussed earlier in this chapter. The 
common denominator in all these protocols is that they 
are qualitative assessments.
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Figure 7-1. Assessment model 
for maintaining aspen stands 
in the Intermountain Region 
developed by Walt Mueggler 
(1989).

Photo Points

Any discussion of qualitative assessments of aspen 
should include the value of photo points. Whether used 
with a field conducted assessment or as a stand-alone 
process, photo points can be particularly effective in 
documenting seral stage relationships between aspen 
and conifers in an aspen ecological assessment (Kay 
2001b, 2003). In addition to documenting the ecologi-
cal condition of the stand, photo points can assess the 
need for implementing treatments to move stands back 
to an earlier seral stage. For example, figure 6-6a-d 
illustrates how conifer harvest and biomass removal 
re-established an aspen-dominated forest. Mechanical 
harvest was chosen over prescribed fire as a treatment 

option because only an intense crown fire, difficult to 
apply, could accomplish the same ecologic effect.

Photo points have an additional value. Repeat 
photographs taken from specific photo points can be a 
valuable tool in capturing the changes of aspen condi-
tion from the perspective of history or for illustrating 
whether management objectives are being met (Gruell 
and Loope 1974; Kay 2001b, 2003). Photo points are 
also valuable in monitoring aspen conditions into the 
future (see Implementation monitoring, later in this 
chapter). However, it is important to geo-reference all 
photo points when using repeat photographs. Agency 
publications (Hall 2002) have demonstrated the signifi-
cance of the repeated photos in general, and published 
studies using repeated photo points emphasize their 
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Figure 7-2. A key developed by Campbell and Bartos (2001) used to prioritize aspen areas for restoration and 
conservation. The authors assume in this key that aspen are present with a density of at least 20 mature 
trees	per	acre.	Note:	Option	1	refers	to	relative	cover;	options	2	through	5	refer	to	absolute	cover.

value as it relates to aspen (Gruell and Loope 1974; 
Kay 2001b).

Quantitative Assessment Protocols

While resource managers may not find the collection 
of quantitative data necessary or even economically 
feasible, such data are particularly valuable in provid-
ing baseline data for monitoring trends or effectiveness 
treatments. For example, if the management objective 
is to establish a new aspen age cohort above browse 
height, a quantitative assessment of the current condition 
of aspen suckers within the browse zone could act as 
the baseline data for management planning (Jones and 
others 2005b). However, if a manager wants to determine 
if a new practice is successful in establishing a new 
aspen age cohort, then a quantitative assessment of the 
current condition of aspen suckers within the browse 
zone would act as the baseline data in the effectiveness 
monitoring process (Kilpatrick and Abendroth 2001). 
Similar data taken in plots where management practices 
have been changed, and in plots where the practice has 

not been changed, can provide the additional element 
of a control treatment. Since quantitative assessments 
are so closely linked to effectiveness monitoring, they 
will be discussed in detail later in this chapter.

Implementation Monitoring__

Federal agencies managing lands in the Sierra Nevada 
have standards and guidelines limiting browsing to 
specific percentages of the annual leader growth of 
mature riparian woody vegetation (USDI BLM 1999a; 
USDI BLM 1999b; USDA Forest Service 2004c). 
Resource managers may find it necessary to develop 
monitoring protocols for determining whether agency 
standards and guidelines are being achieved. Likewise, 
directives such as the Forest Service’s SNFPA (USDA 
Forest Service 2004c), which calls for removal of 
livestock when browsing of woody stemmed vegetation 
is evident, are helpful when managers or permitees 
need ways to impartially and repeatedly evaluate this 
impact.
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Measuring and Monitoring  
Plant Populations

Elzinga and others (1998) state that implementation 
monitoring, or assessing whether management practices 
are carried out as designed, is the appropriate technique 
for monitoring browse intensity. Previously existing 
protocols were developed to measure woody stemmed 
shrub vegetation (Keigley and Frisina 1998; USDA 
Forest Service 2004c). However, it is important to use 
a protocol that recognizes that aspen is a tree and not 
a shrub, as terminal leaders of young aspen must be 
protected so they can grow into trees.

The USDA Forest Service Pacific Southwest Region 
protocol (USDA Forest Service 2004a) focuses on as-
sessing browse damage to the terminal leaders of young 
aspen stems. Terminal leader damage is used as the key 
indicator of browse because the terminal leader needs 
to remain intact while within the browse zone in order 
for an aspen tree to have uninterrupted growth (Keigley 
and Frisina 1998). This protocol also considers that the 
browse zone height may vary, depending on the species 
of the animal involved. If the terminal bud is damaged 
or removed, it takes up to two years for a new primary 
stem to establish. Jones and others (2005b) use 5 ft (1.5 
m) as the level at which the terminal leaders of aspen 
sprouts are above the reach of sheep, cattle, and deer, 
while (Shepperd 2004) recommends 7.5 ft (2.3 m) with 
a dbh of 1.5 inches (4 cm) as an appropriate height and 
size to avoid elk damage.

Monitoring locations for the Pacific Southwest 
Region protocol are chosen based on key or “critical 
areas” used in the interagency technical report titled 
Sampling Vegetation Attributes (USDI BLM 1996). A 
critical area is defined as an area that must be treated with 
special consideration because of inherent site factors, 
size, location, condition, values, or significant potential 
conflicts among users (Society of Range Management 
1998). Because aspen habitats have a unique biodiversity 
(Dobkin and others 1995; Bartos and Campbell 1998), 
the protocol adopted by the Pacific Southwest Region 
recognizes that individual aspen stands shall be refer-
enced as critical areas, or identified as key areas if they 
reference what is happening in a larger area as a result 
of on-the-ground management actions. A key area is 
therefore a representative sample of a larger stratum, 
which can be defined as a collection of aspen stands, 
a livestock pasture, a watershed, or an entire grazing 
allotment. Therefore, management decisions based on 
implementation monitoring can be applied to the entire 
stratum that the key area represents.

The Pacific Southwest Region protocol recommends 
making monitoring sites permanent. This practice is 
valuable because the power to detect change is often 
much greater with permanent sampling units, and spatial 
variability associated with repeated sampling using 
different plots is removed from analysis (Elzinga and 
others 1998). The reliability of permanent sampling units 
depends on the degree of correlation between sampling 
years. Elzinga and others suggested that the increase 
in power afforded by using permanent sampling points 
outweighs the initial increased costs of establishing 
them on the monitoring site.

The objective of the Pacific Southwest Region pro-
tocol is to determine whether a current management 
practice exceeds the Regional utilization standard of 20 
percent for aspen regeneration. The same basic process 
may be applied to any level of utilization (Personal 
comm., John Willoughby, California State Botanist, 
USDI Bureau of Land Management). For this protocol, 
the objective is to obtain a 95 percent confidence level 
around a mean value of 20 percent use. It was reported 
(Burton 2004a) that a sample size of 90 met these objec-
tives. To obtain this number, Burton assumed that the 
20 percent use was achieved by sampling aspen suckers 
up to 5 ft (1.5 m) tall and recording whether or not the 
terminal leader was browsed. These binomial data (yes/
no) allow for calculation of confidence intervals based 
only on the initial estimate (in this case, 20 percent) 
and the sample size (Zar 1999). Table 7-1 shows upper 
and lower 95 percent confidence limits for 20 percent 
use with different sample sizes. Using a sample size of 
90, the lower confidence limit is 0.123 and the upper 
confidence is 0.298. Thus, lower and upper confidence 
limits are within 10 percent of the utilization standard 
(20 percent).

It is important to remember that this protocol will 
quantify browsing intensity of a particular management 
practice at a specific time. While this protocol will not 
indicate to a resource manager whether the current 
management practice is moving the aspen habitat toward 
a desired condition (management objective), the utili-
zation measurement, together with range management 
information (the type and number of animals, length 
of grazing season, when animals were brought on and 
removed), may help in the analysis of effectiveness 
monitoring data.

Keigley and Frisina (1998) developed another method 
to monitor browse utilization of aspen for the Montana 
Fish Wildlife and Parks. Similar to Pacific Southwest 
Region protocol, this method stresses the importance 
of focusing on utilization on the terminal leader of the 
primary stem. In addition to measuring the presence or 
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Table 7-1.	Upper	and	lower	95	percent	confidence	limits	for	different	sample	sizes	to	
estimate 20 percent browse utilization of aspen sprouts (Burton 2005).

	Number	of	sampling	units		 Lower	confidence		 Upper	confidence	
 (aspens < 1.5 m) limit limit

 �0 0.077 0.�86
 40 0.09 0.�57
 50 0.1 0.��8
 60 0.107 0.�24
 70 0.11� 0.�1�
 80 0.118 0.�05
 90 0.123 0.298
 100 0.126 0.292
 150 0.1�9 0.274
 200 0.146 0.26�
 500 0.165 0.2�8
 1000 0.175 0.227

absence of browse, the intensity of browse and historic 
browsing trend of a stem are noted. The Keigley and 
Frisina technique can be implemented either as a qualita-
tive rapid assessment or as a quantitative assessment. 
In either case, it is based on the identification of four 
architectural structures for young aspen stems and their 
relationship to browsing history. The first growth form, 
described as “uninterrupted-growth-type,” is the tree-
like structure produced under light or moderate levels 
of browsing when the terminal leader is vulnerable 
to being killed. The second “arrested-type” form is a 
bush-like structure produced when a plant experiences 
an intense level of browsing throughout its life. The 
third, “retrogressed-type,” is a bush-like structure and 
the base of a dead tree structure, produced by a change 
from a light-to-moderate to an intense level of browsing. 
The fourth, “released-type” growth form, identifies a 
tree-like structure growing out of a bush structure and 
is produced by a change from intense browsing that 
caused arrested or retrogressed structures, to a light-to-
moderate level of browsing.

The quantitative version of the protocol developed by 
Keigley and Frisina (1998) is also based on these same 
four growth forms. It is a comprehensive-level survey 
that assesses browsing history by actually identifying 
when browsing occurred. Since this protocol can be used 
to establish current browsing intensity, it is still a utiliza-
tion protocol, but since it examines stems over time, it 
can be used for evaluating the history of the stand.

Effectiveness Monitoring____
As reported earlier, multiple agencies have identi-

fied the importance of identifying whether current  

management practices are keeping vegetative commu-
nities like aspen within a range of natural variability. 
Directives such as the SNFPA FSEIS (USDA Forest 
Service 2004c) call for “an active and focused adaptive 
management and monitoring strategy” to establish if 
vegetative community goals are being met. Elzinga and 
others (1998) diagram an adaptive management cycle. 
They explain that the effectiveness of any correspond-
ing monitoring lies in the development of management 
objectives that “set a specific goal for attaining some 
ecological condition or change value,” and the develop-
ment of sampling objectives to measure the condition 
or change in value. In other words, know what your 
objective is before designing a scheme and selecting 
indicators to monitor it.

Successful regeneration of aspen suckers has often 
been the management objective of resource managers 
(Kilpatrick and Abendroth 2001; Jones and others 
2005b). Reliable and repeatable methods for measur-
ing regeneration success are needed. For example, a 
four-year study on the Eagle Lake Ranger District on 
the Lassen National Forest by Jones and others (2005a) 
examined the effect of removing conifers from a mixed 
aspen/conifer stand that was not subject to heavy brows-
ing pressures. They tallied aspen sucker counts into four 
size classes to measure changes in aspen height in the 
plots. The size classes used were adapted from those used 
in research studies reported by Shepperd (2004):

Size Class I = less than or equal to 1.5 ft (0.46 
m)—meant to capture new recruitment of suckers;
Size Class II = greater than 1.5 ft (0.46 m) to 5 ft 
(1.5 m)—meant to capture older suckers that are 
vulnerable to browsing of the terminal leader;
Size Class III = greater than 5 ft (1.5 m) and up to 
1.0 inch (2.5 cm) dbh—meant to capture young 

•

•

•
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aspen that have grown past the browsing threat to 
the terminal leader; and
Size Class IV = greater than 1.0 inch (2.5 cm) 
dbh—meant to capture information of the size classes 
of the remaining cohort in the plot.
Using these size classes on permanent plots makes 

it possible to monitor the growth and establishment 
of aspen suckers through time as they shift to larger 
classes, or to identify the need for remedial protection of 
suckers if they do not grow into larger size classes.

Using these protocols, Jones and others (Aspen 
Delineation Project 2002) developed a protocol titled 
Effectiveness Monitoring of Aspen Regeneration 
on Managed Rangelands for application on Forest 
Service rangelands in the Pacific Southwest Region. 
The authors stress the significance of monitoring site 
selection for aspen. Relative abundance and distribution 
must be carefully considered during establishment of 
monitoring plots. This protocol calls for plot sites that 
are randomly chosen based on the spatial distribution 
of suckers. It calls for establishing stratified random 
sampling using existing protocols (USDI BLM 1999a; 
USDI BLM 1999b) for small or large aspen stands, 
that have suckers sparsely distributed and/or in small 
clumps, and for establishing restricted random sampling 
transects for small or large aspen stands with uniformly 
distributed suckers.

Another protocol was developed for the Wyoming 
Game and Fish Department to monitor the effects 
of prescribed fire and mechanical treatment in aspen 
stands near elk winter feeding grounds (Kilpatrick 
and Abendroth 2001). This protocol specified tal-
lying suckers by 1-foot (0.3 m) to 10-foot (3 m) 
height classes in randomly-placed circular plots. It 
recommends choosing a plot size based on pretreat-
ment tree density estimates (for example, 1/50th to 
1/100th acre (200 to 40 m2) plots for stands with 150 
to 250 trees per acre (370 to 617 trees per ha), and 
1/100th to 1/500th acre (40 to 8 m2) plots for 4,000 to 
15,000 trees per acre (9,880 to 37,050 trees per ha). 
The study also recommends increasing plot size with 
increased stand/clone heterogeneity. Larger sample 
plots will likely be needed to assess regeneration from  
sparsely-stocked stands because root density and 
subsequent suckering will be lower in these situations 
(Shepperd and others 2001).

•

Monitoring: Water Quality 
and Quantity______________

While there have been monitoring and research stud-
ies examining the positive effect of aspen communities 
on riparian ecosystems (Johnston 1984; Bartos and 
Campbell 1998), the intense scrutiny by regional regula-
tory agencies of water quality relating to management 
activities in riparian ecosystems warrants continued 
monitoring. Such monitoring can provide managers 
with the information necessary to adjust management 
practices in order to obtain desired conditions and 
address regulatory concerns. Monitoring key stream 
indicators such as stream flow, stream canopy, stream 
and air temperature, aquatic macroinvertebrates, pH, 
dissolved oxygen, electrical conductivity, turbidity, total 
suspended solids, total N, total P, nitrate, ammonium, 
phosphate, and potassium will help evaluate the effect 
of treatments on water resources. Monitoring stations 
established above, within, and below treatment and 
control stands can clarify how these variables are af-
fected by management actions. With reliable monitoring 
data, interested parties will become increasingly more 
confident in presenting and reviewing future manage-
ment actions. Currently, an ongoing research study is 
examining how these variables are affected by conifer 
removal treatments in aspen stands along short reaches 
of streams (Tate 2003). Results from this study should 
provide a foundation for decisions related to aspen 
management along riparian corridors as well as develop 
efficient monitoring protocols for successful adaptive 
management.

Our goal in this chapter was to present an overview 
of aspen stand assessment and monitoring methodolo-
gies that have enabled resource managers to effectively 
develop, implement, and evaluate aspen management 
activities. The consistent threads through all of the 
protocols we have reviewed are attention to measuring 
the ecological condition of aspen communities, capture 
of factors changing that ecological condition, and as-
sessment of the degree of change. We believe that these 
three focuses will be helpful to managers as they design 
and adjust management activities to benefit aspen in 
the Sierra Nevada and surrounding areas covered in 
this report.
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Chapter 8.

Summary

Our discussion of aspen in this document has centered 
on its place in the landscapes it occupies. Aspen is con-
sidered to be the most widely distributed deciduous tree 
in North America (Preston 1976). In western landscapes, 
this tree grows over wide ecological amplitude and is an 
important component of many ecosystems. Appreciation 
and concern for aspen in the western U.S. is held by 
managers and lay people alike. Many believe that 
aspen is a true keystone species in forested landscapes 
of the West. This means that the condition and health 
of aspen is a reflection of ecosystem composition and 
processes at large.

This effort is the first time since the publication 
of General Technical Report RM 119 (DeByle and 
Winokur, 1985) that a comprehensive synthesis of the 
existing knowledge and literature pertaining to western 
aspen has been compiled in one document. Because 
aspen-specific research from the Sierra Nevada is 
limited, we often used studies produced elsewhere to 
address this shortcoming. We view this approach as 
being informative to the Sierra Nevada region, as well 
as to the greater aspen literature. Although we have 
emphasized the ecology and management of aspen 
in the Lake Tahoe Basin, much of what is discussed 
here can be applied throughout the Sierra Nevada and 
potentially to other parts of the West.

Our discussion began with a presentation of the 
physical and natural environment in which aspen is 
found. We then discussed the setting for the existence 
of aspen in the Sierra Nevada as well as the climatic 
influences associated with aspen in this region. The 
impacts of humans (recent as well as historical) on the 
aspen system were reviewed in detail, as was the ecol-
ogy of aspen. We not only included the physiology and 
genetics of aspen, but discussed its role as a component 
of the greater terrestrial biota of the Sierra Nevada.

A number of threats and issues related to the health 
and continued existence of aspen in the Sierra Nevada 

are discussed. Advancing conifer succession is a major 
threat to aspen’s sustainability in the Sierra Nevada, as is 
the restricted ability of aspen to vegetatively reproduce 
via root suckering. Both of these factors are related 
to the limited presence of aspen in the Sierra Nevada 
under the modified natural disturbance regimes that 
exist today. The threat of introducing invasive species 
into Sierra Nevada ecosystems also must be considered 
when managing a disturbance-dependent species like 
aspen. Social values associated with development in 
the Wildland Urban Interface influence management 
options available for aspen in these areas, as do the 
incompatibilities between heavy recreation use and 
aspen. Consumption of young aspen sprouts by domestic 
livestock and wild ungulates must also be dealt with to 
ensure successful establishment of new aspen age classes 
in the Sierra Nevada and surrounding environs. Water 
quality and disturbance in riparian zones is another 
issue that must be considered when planning aspen 
management activities in these areas.

We describe seven distinctive aspen stand types that 
occur in the Sierra Nevada and discuss their current 
ecological status. These types include aspen types that 
we can expect to succeed to conifer forests within one 
generation in the absence of disturbance. These would 
include meadow fringe aspen, riparian aspen, and 
upland aspen/conifer types. Other aspen types that lack 
a conifer component are likely to remain as pure aspen, 
as existing trees die and are replaced by new suckers. 
These types include lithic aspen, snowpocket aspen, 
upland pure aspen, and Krümmholz aspen.

Many management techniques exist that can be used 
to treat or restore aspen. These include, but are not 
limited to, cutting, burning, protection from ungulates, 
severing lateral roots, removal of competing conifers, 
or various combinations of these techniques. Selection 
of a treatment alternative depends upon the health 
and vigor of an aspen stand, its successional status, 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page389



104 USDA Forest Service, Gen. Tech. Rep. RMRS-GTR-178.  2006

its susceptibility to browsing, and management objec-
tives for the stand in its particular location. Treatment 
alternatives that are appropriate for the seven aspen 
stand types found in the Sierra Nevada are reviewed 
and discussed. A decision tree was presented that can 
be used to identify aspen stands in need of management 
intervention, along with the aspen triangle model 
identifying key factors affecting aspen establishment. 
Because aspen is a critical component of rangelands 
in the Sierra Nevada, a section of the document is 
devoted to managing aspen on rangelands. Special 
management considerations related to urban interface 
areas, recreation activities, and water quality issues 
are also discussed.

Accurate assessment of the current ecologic condition 
of aspen in the Sierra Nevada is essential to making 
sound management decisions. Several protocols that 
have been used to delineate and assess aspen in the 
Sierra Nevada and surrounding areas are reviewed. 
Likewise, future changes in aspen condition and the 

effectiveness of any aspen management activities 
need to be monitored. Any treatment (including the 
no-treatment alternative) should be documented and 
tracked to determine its relative success and to guide the 
adaptive management process. Monitoring techniques 
that range from the most simplistic (photo points), to 
the more complicated, are given. In the recent past, 
considerable effort has been made to monitor aspen 
in the Sierra Nevada and elsewhere in the West. The 
knowledge we have gained from these efforts is shared 
with the reader.

A wealth of knowledge and experience about aspen 
has been presented in this document. This information 
should be beneficial to those individuals anywhere 
who are concerned about aspen, or are responsible for 
planning, implementing, and monitoring aspen manage-
ment activities. While we focused this document on the 
Sierra Nevada and surrounding areas, the information 
synthesized here should be applicable to other areas of 
the western United States as well.
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Appendix I.

Questions and Responses Related to Region 5 Management 
Team Concerning Interpretation of Sierra Nevada Forest Plan 

Amendment Decision Notice (2004a)

Wayne D

Shepperd/RMRS/USD

To

Michael Landram/R5/USDAFS@FSNOTES

03/22/2005 04:37 PM

Subject

Aspen Questions

Mike:

It was good to visit with you this afternoon. The memo with our SNFP aspen questions is attached.

Wayne D. Shepperd, Ph.D.
Research Silviculturist
Rocky Mountain Research Station
970-498-1259
email: wshepperd@fs.fed.us

(See attached file: AspenQuestions-Ltr.doc)
(Attached file: AspenQuestions-Ltr.doc)
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United States Forest Rocky Mountain 240 West Prospect
Department of Service Research Station Fort Collins, CO
Agriculture   80526-2098

File Code: 4000 Date: March 22, 2005

Route To:

Subject: Aspen Questions Pertaining to Sierra Nevada Forest Plan Amendment Record of Decision

To: Mike Landram, R5

As you know, The Rocky Mountain Research Station has been funded by the Tahoe Basin Management Unit to 
produce a synthesis publication entitled “Ecology and Management of Aspen in Sierra Nevada with Emphasis 
on the Lake Tahoe Basin.” We have identified several topic areas where we would like to request clarification on 
management policy. Specifically, we would like interpretations of some guidelines covered in the January, 2004 
Sierra Nevada Forest Plan Amendment Record of Decision. so we might formulate aspen management alterna-
tives that are consistent with the Record of Decision. If possible, we would like to receive written responses to 
the following five questions in the form of a signed memo or other document that we might cite in our publica-
tion.

The Sierra Nevada Forest Plan Amendment, Final Supplemental Environmental Impact Statement, Appendix 
A, p. 361 (A. Management of Uses Other Than Fire Hazard Reduction) states: “Standards and guidelines for 
crown closure and tree diameter apply only to thinning and regeneration harvest. Exceptions to the vegetation 
management standards and guidelines include responding to past infestation outbreaks and restoration activities, 
such as aspen regeneration, hardwood regeneration, sugar pine management, sequoia regeneration.” Does this 
statement still apply, and if so, under what conditions outlined in the Record of Decision? Are we correct in 
interpreting this to mean that the standard of retaining all live conifers 30” dbh or larger in mechanical thinning 
treatments (Record of Decision, Appendix A. p. 50, #6) does not apply when restoration of aspen is ecologically 
justified?

Guideline #105 for RCO#2 (ROD, Appendix A, p. 64) specifies: “If conditions are outside the range of natural 
variability, consider implementing mitigation and/or restoration actions that will result in an upward trend. Actions 
could include restoration of aspen or other riparian vegetation where other conifer encroachment is identified as 
a problem.” Does the exception to the general forest requirements (SNFPA, FSEIS Appendix A, p. 361) apply 
in aspen restoration in riparian corridors? Or, do diameter limits on conifer removals still apply? Similarly, may 
prescribed burning techniques other than backing fires be used to restore aspen in riparian corridors (SNFPA, 
FSEIS Appendix A, p. 344)? Our concern is that a backing fire might have a longer residency time than a head 
fire and may damage aspen lateral roots under heavier fuel loadings.

Can mechanical activities to restore aspen occur within the 500 ft. radius buffer surrounding Spotted Owl and 
Goshawk PAC’s specified in Guideline #73 (ROD Appendix A, p. 60) provided such activities maintain desired 
conditions (p. 38) within the overall buffer? Aspen stands are generally small and rare in many Sierra Nevada 
landscapes and would normally comprise only a small portion of a PAC or buffer area. Retaining viable aspen 
within these zones may provide a valuable component of the habitat. However, doing so may require removal 
of competing conifers that could not be killed by prescribed burning.

1.

2.

3.
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SNFPA, FSEIS Appendix A, p. 345 states: “Strategies should recognize the role of fire in ecosystem function 
and identify those instances where fire suppression or fuel management actions could be damaging to habitat or 
long-term function of the riparian community.” Is it therefore proper to advise that (1) wildfires be allowed to 
burn through aspen stands located in riparian corridors and (2) prescribed burning can be used to ecologically 
restore aspen communities in riparian corridors?

Since the goals of aspen (a hardwood) restoration are synonymous with the desired goals for Lower Westside 
Hardwood Ecosystems (ROD Appendix A, p. 35-36), could the Standards and Guidelines for Hardwood 
Management (ROD, Appendix A, p. 53, #18, 19, 22, 24, 25, and 26) apply also to aspen?

Please let me know if you would like additional clarification, or would like to discuss these questions further. I 
look forward to your response.

   /s/

WAYNE D. SHEPPERD, Ph.D.
Research Silviculturist
Rocky Mountain Research Station

Michael Landram/R5/USDAFS   

To

Tom Efird/R5/USDAFS@FSNOTES

03/22/2005 05:27 PM

cc

Stephen Bishop/R5/USDAFS@FSNOTES

Subject

Fw: Aspen Questions

Tom—This is formal request for interpretation of SNFP from The Rocky Mountain Research Station, funded 
by the Tahoe Basin Management Unit to produce a synthesis publication entitled “Ecology and Management of 
Aspen in Sierra Nevada with Emphasis on the Lake Tahoe Basin.”

They need a written response which will affect the kinds of alternative treatments considered and described in 
their work.

Mike Landram
mlandram@fs.fed.us
ph. (707) 562-8688
fx. (707) 562-9034

4.

5.
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----- Forwarded by Michael Landram/R5/USDAFS on 03/22/2005 05:01 PM -----

Tom Efird <tefird@fs.fed.us>

04/13/2005 01:52 PMTo

wshepperd@fs.fed.us

cc

Michael Landram <mlandram@fs.fed.us>, Kathy Clement <kclement@fs.fed.us>

bcc

Subject

Re: Fw: Aspen Questions

Wayne, here are the responses to your questions. Please call if my response is not clear or you need further 
explanation.

(See attached file: Response to Wayne Shepperd.doc)

Thomas C. Efird
Implementation Team Leader
Sierra Nevada Framework
Pacific Southwest Region
1323 Club Drive Vallejo, CA 94592
Voice: (707) 562-8976
Cell: (707) 688-3941
FAX: (707) 562-9049

(file: Response to Wayne Shepperd.doc)

Questions related to Sierra Nevada Framework and Aspen Management

1. The Sierra Nevada Forest Plan Amendment (SNFPA), Final Supplemental Environmental Impact 
Statement (FSEIS), Appendix A, p. 361 (A. Management of uses other than fire hazard reduction) states: 
“Standards and guidelines for crown closure and tree diameter apply only to thinning and regeneration 
harvest. Exceptions to the vegetation management standards and guidelines include responding to pest 
infestation outbreaks and restoration activities, such as aspen regeneration, hardwood regeneration, sugar 
pine management, Sequoia regeneration.” Does this statement still apply, and if so, under what conditions 
outlined in the Record of Decision (ROD)? Are we correct in interpreting this to mean that the standard of 
retaining all live conifers 30” or larger in mechanical thinning treatments (Record of Decision, Appendix 
A. p. 50, #6) does not apply when restoration of aspen is ecologically justified?
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Response:

Yes, the statement still applies. The Record of Decision, Appendix A. page 51, #9 states 
“Standards and guidelines #6, 7, and 9 above apply only to mechanical thinning harvests 
specifically designed to meet objectives for treating fuels and/or controlling stand densities.” 
This statement was intended to provide clear direction that activities, such as aspen 
management, are not subject to harvested tree size, basal area retention and/or residual canopy 
closure limitations that apply to fuel and/or density reduction treatments.

2. Guideline #105 for RCO #2 (ROD, Appendix A, p. 64) specifies: “If conditions are outside the range 
of natural variability, consider implementing mitigation and/or restoration actions that will result in an 
upward trend. Actions could include restoration of aspen or other riparian vegetation where other conifer 
encroachment is identified as a problem.” Does the exception to the general forest requirements (SNFPA, 
FSEIS Appendix A, p. 361) apply in aspen restoration in riparian corridors? Or, do diameter limits on 
conifer removals still apply? Similarly, may prescribed burning techniques other than backing fires be used 
to restore aspen in riparian corridors (SNFPA, FSEIS Appendix A, p. 344)? Our concern is that a backing 
fire may damage aspen lateral roots under heavier fuel loadings.

Response:

In the ROD, page 3, it states, “All of the management direction for this decision is included 
in this document (Appendix A). The SEIS represents an analysis and planning document and 
does not provide management direction.” So yes, as described above, Appendix A. page 51, #9, 
provides the direction to exclude non-fuel and/or density reduction management actions, such as 
aspen restoration, from harvested tree size, basal area retention and/or residual canopy closure 
limitations. Standards and Guidelines for Riparian Conservation Areas (RCAs) and Critical 
Aquatic Refuges (CARs) # 91 thru #124 apply to all projects within these designated areas. 
With regard to prescribed fire techniques, Appendix A does not restrict choices. A site-specific 
analysis and biological evaluation would be required to assess the consequences of proposed 
restoration treatments within RCAs and CARs.

3. Can mechanical activities to restore aspen occur within the 500 ft. radius buffer surrounding Spotted Owl 
and Goshawk PACs specified in Guideline #73 (ROD Appendix A, p. 60) provided such activities maintain 
desired conditions (p. 38) within the overall buffer? Aspen stands are generally small and rare in many 
Sierra Nevada landscapes and would normally comprise only a small portion of a PAC or buffer area. 
Retaining viable aspen within these zones may provide a valuable component of the habitat. However, 
doing so may require removal of competing conifers that could not be killed by prescribed burning.

Response:

No. Mechanical treatments (Including: pre-commercial thinning, biomass thinning, commercial 
thinning, salvage harvesting, group selection, piling, crushing, and mastication) are prohibited 
in California spotted owl and Northern Goshawk activity centers (500 foot buffer around the 
nest site) within the approximately 300 acre Protected Activity Center (PAC). ROD Standard 
and Guideline # 73. California spotted owl and Northern Goshawk PAC land allocations have 
the objective to “avoid vegetation and fuels management activities within PACs to the greatest 
extent possible.” Table 1 ROD page 45. Mechanical treatments for project objectives other than 
hazardous fuels reduction within the PAC are not addressed in the ROD. A site-specific analysis 
and biological evaluation would be required to assess the consequences of proposed restoration 
treatments within PACs. Based on the site-specific analysis and biological evaluation a non-
significant forest plan amendment may be prepared.
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4. SNFPA, FSEIS Appendix A, p. 345 states: “Strategies should recognize the role of fire in ecosystem 
function and identify those instances where fire suppression or fuel management actions could be 
damaging to habitat or long-term function of the riparian community.” Is it therefore proper to advise 
that (1) wildfires be allowed to burn through aspen stands located in riparian corridors and (2) prescribed 
burning can be used to ecologically restore aspen communities in riparian corridors?

Response:

Referring to the associated objective statement, which calls for enhancing or maintaining the 
physical and biological characteristics with riparian-dependant species, both advice statements 
would be appropriate considerations during wildland fire decision-making.

5. Since the goals of aspen (a hardwood) restoration are synonymous with the desired goals for Lower 
Westside Hardwood Ecosystems (ROD Appendix A, p. 35-36), could the Standards and Guidelines for 
Hardwood Management (ROD, Appendix A, p. 53, #18, 19, 22, 24, 25, and 26) apply also to aspen?

Response:

The ROD does not include aspen communities within the definition of the Lower Westside 
Hardwood Ecosystem, which is comprised of the montane hardwood forest and blue oak 
woodland vegetation communities. FEIS Volume 1, Chapter 2—page 17. However, site-specific 
analysis of aspen restoration projects can consider including these, or other, standards and 
guidelines.
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Effect of Conifer Encroachment Into Aspen Stands on Understory Biomass
B. R. Stam,1 J. C. Malechek,2 D. L. Bartos,3 J. E. Bowns,4 and E. B. Godfrey2

Authors are 1Assistant Extension Educator, University of Wyoming Cooperative Extension Service, Thermopolis, WY 82443, USA; 2Professor, Utah State
University, Logan, UT 84322-5320, USA; 3Ecologist, US Department of Agriculture, Forest Service, Rocky Mountain Research Station, Logan, UT

84321, USA; and 4Professor, Southern Utah University, Cedar City, UT 84720, USA.

Abstract

Conifers (Picea and Abies spp.) have replaced aspen (Populus tremuloides Michx.) over much of aspen’s historic range in the
western United States. We measured the impact of this change upon the production of understory vegetation potentially useful
as forage for livestock and wildlife on two southern Utah national forests. A negative exponential relationship between conifer
cover and understory biomass was demonstrated as log(biomass) 5 6.25 2 0.03787(% conifer), adjusted R2 5 0.57. Understory
production in aspen stands begins to decline under very low levels (10% to 20%) of conifer encroachment. Management
implications include loss of forage production capability and wildlife habitat and potential overstocking of livestock grazing
allotments if the associated loss of forage is not considered.

Resumen

Las confieras (Picea y Abies spp.) han remplazado al álamo (Populus tremuloides Michx.) en gran parte del rango histórico de
distribución de esta especie en el oeste de los Estados Unidos de América. Medimos el impacto de este cambio sobre la
producción del estrato herbáceo potencialmente útil como forraje para el ganado y fauna silvestre en dos bosques nacionales del
sur de Utah. Se demostró una relación exponencial negativa entre la cobertura de conı́feras y la biomasa del estrato herbáceo, tal
como lo demostró la siguiente ecuación: log(biomasa) 5 6.25 2 0.0378(% conı́fera), R2 ajustada 5 0.57. La producción
herbácea en las poblaciones de álamo inicia a disminuir a muy bajos niveles (10% a 20%) de expansión de las conı́feras. Las
implicaciones de manejo incluyen pérdida de capacidad de producción de forraje y del hábitat para la fauna silvestre y una
sobrecarga potencial de ganado, si la pérdida de forraje asociadas no se considera.

Key Words: canopy, Dixie National Forest, Fishlake National Forest, forage, Populus tremuloides

INTRODUCTION

Across eight of the western states (Arizona, Idaho, Utah,
Wyoming, Colorado, Nevada, New Mexico, and Montana)
quaking aspen (Populus tremuloides Michx.) stands now
occupy only about 40% of their estimated historic range
(Bartos 2001), having been replaced by coniferous species,
mainly Picea and Abies spp. Over much of this region,
including the area where this study was conducted, aspen is
considered a seral species in a conifer climax (Mueggler 1988).
However, aspen forest habitat types where aspen is thought to
be the climax species have also been observed in the region.
What determines whether aspen is succeeded by conifers or
remains the climax dominant is still unclear (Mueggler 1988).

A major reduction in anthropogenic burning and increased
effectiveness of wildfire control since European settlement are
thought to be major contributors to the changes in forest cover
(Mueggler 1988). Aspens are among the first species to
recolonize an area after a disturbance such as fire. In the
absence of subsequent disturbances and with an available seed
source, coniferous species frequently establish, outcompete the
aspens, and, in time, dominate the site.

A number of resource values and attributes are generally
considered to be lost or forgone as a result of this successional
change, including a decline in water yields from mountain
watersheds and a reduction in biodiversity (DeByle 1985; Bartos
and Campbell 1998). Intact aspen stands are also among the
most prolific producers of livestock and native ungulate forage
(grasses, forbs, shrubs, and young aspens) in the Intermountain
West. Aspen stands also provide excellent habitat for many small
mammal and avian wildlife species (Bartos 2001).

Previous research indicates that a coniferous component in
the canopy of a forest cover type typically has a predictably
strong negative impact on understory biomass production
(Jameson 1967); however, an aspen canopy per se appears to
have no consistent effect (Betters 1983). This probably relates
to the very different physical structure and physiological
properties associated with deciduous aspen compared to
evergreen conifers. The fundamental hypothesis of this study
is that understory biomass production varies as a function of
the amount of conifers in the canopy, and our prime objective
was to quantify this relationship as it relates to the mixed
aspen–conifer forest cover type of southern Utah.

METHODS

Study Area
Sample sites were located on the Cedar City Ranger District of
the Dixie National Forest, the Richfield Ranger District of the
Fishlake National Forest, and privately owned land on Cedar
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Mountain, approximately 20 km east of Cedar City, Utah. Sites
ranged in elevation from 2 618 to 3 035 m (mean of 2 815 m).
Total precipitation at the Webster Flat meteorological station,
approximately 10 km from the sites sampled both years, was
3.66 m for 2002, compared to 5.87 m for 2003 (Utah Snotel
2003). However, both years were well below the 23-yr average
of 7.82 m. About two-thirds of the precipitation at these
elevations comes as winter snow and the remaining one-third as
monsoonal summer thunderstorms.

The vegetation is characterized by large mountain meadows
interspersed among stands of aspen, conifers (Picea engelman-
nii Parry and Abies concolor [Gord. & Glend.] Lindl. and Abies
lasiocarpa [Hook.] Nutt.), and mixed aspen–conifer cover
types. Soils are generally derived from sedimentary limestone
parent materials. Typical understory species include the
graminoids Bromus carinatus Hooker & Arn., Agropyron
trachycaulum (Link) Malte., Elymus glaucus Buckley, and
Carex rossii F. Boott. Common forbs include Delphinium
occidentale (S. Wats) S. Wats, Stellaria jamesiana Torr.,
Achillea millefolium L., Lathyrus spp., Vicia americana Muhl.,
and Taraxacum officinale Wiggers. Shrubs include Symphor-
icarpos oreophilus Gray, Rosa woodsii Lindl, Artemisia
tridentata Nutt., and Juniperus communis L.

Vegetation Sampling
Twenty-seven sites distributed over 13 aspen community types
(Mueggler 1988) were selected for sampling to gain a perspec-
tive of how the presence of conifers in the stand influences the
community’s ability to produce understory biomass. The 13
community types were chosen to represent both the high and
low ends of the understory production spectrum for southern
Utah aspen communities, based on Mueggler’s (1988) publica-
tion. Sites with a component of tall forbs (i.e., D. occidentale)
were placed into the ‘‘high’’ category. Those sites with low
forbs (i.e. S. jamesiana, A. millefolium, Lathyrus spp., V.
americana, and T. officinale received a ‘‘low’’ classification.
Characteristics such as elevation, aspect, and soil types were
considered when designating sites as having high or low
potential. According to Mueggler (1988), biomass production
could be expected to vary widely across these community types,
ranging from as little as 11 to as much as 4 260 kg ? ha21. An
additional key criterion in sample site selection was the
presence of stands still dominated by aspen close (i.e., on the
same soil type, slope, and elevation) to adjacent stands with
varying levels of conifer encroachment. Sites were selected that
presented the widest possible range of conifer presence, within
the criteria specified above. In the absence of fire or other
major perturbations, aspen replacement by conifers is the
common successional trajectory for these communities. Ac-
cording to Mueggler’s (1988) community type key, when the
conifer component of an aspen stand exceeds 10%, the
community type designation changes. Therefore, we sampled
stands with a major contemporary conifer component that once
probably would have been classified as the same community
type as those nearby currently having few or no conifers.

At each sample site, a center point for transects was
randomly chosen and permanently marked by a steel fencepost.
Four 30-m transect lines were then established radiating from
this center post in the four cardinal directions. Transect lines

were demarcated by the use of a tightly stretched fiberglass
surveyor’s tape.

A 1.0-m2 square, three-sided quadrat frame was placed at
7.62-m intervals along the right side of each transect, yielding
16 quadrat placements per site (four per transect). Herbaceous
biomass in each quadrat was estimated by the weight estimate
technique (Pechanec and Pickford 1937). Biomass of shrubs
was estimated by use of the reference unit method (Kirmse and
Norton 1985). Shrubs were sampled only if they were rooted
within the quadrat.

Species composition and canopy coverage of the tree
overstory was measured at each site. Canopy cover was
measured from the ground through a modification of the
line–point intercept technique (Cook and Stubbendieck 1986).
Cover readings were taken at 1-m intervals along each transect,
looking upward through a periscope device (termed ‘‘canopy-
ometer’’) that was a modification of the one described by
Morrison and Yarranton (1970). This device consisted of a 2-m
staff with a rifle scope attached near the top. A small mirror
was attached below the scope’s ocular lens. By placing the
canopyometer vertically at each transect interval, the observer
could view the canopy by looking in the mirror. The crosshairs
in the scope allowed the observer to pinpoint the canopy cover
reading. Thirty such points were observed on each transect,
yielding 120 points per site. Data were then summarized and
analyzed as absolute canopy cover, by species. For example, if
30 points on a particular transect were intercepted by aspen
canopy and 60 by a conifer species, out of 120 points total, that
would be reported as 25% aspen and 50% conifer cover.
Multiple strata of cover were not considered. Sites were sampled
once each year soon after graminoid species had attained peak
biomass judged visually by the presence of mature seed heads.
Sites that were sampled in both 2002 and 2003 were sampled
within 1 wk of the same date. Because sites are within high-
elevation, summer-use grazing allotments, peak biomass was
attained before exposure to livestock grazing during a particular
year. This allowed vegetation sampling before livestock utiliza-
tion of the forage. Significant biomass removal by native
herbivores was not apparent at any study site.

In addition to these measurements, the following information
was recorded at each site: aspect, elevation, and location of the
permanent marker post in Universal Transverse Mercator units,
using a surveyor’s compass and a global positioning system
receiver. These supplementary data are presented in Stam
(2004).

The field research took place during the summers of 2002
and 2003. Eleven sites were sampled in 2002. In 2003, these
sites were resampled (to assess year-to-year variation), plus 16
additional sites, yielding a sample size of 27 for data taken in
2003.

Statistical Analyses
The completely randomized analysis of covariance design (sites
within potential, percentage of conifer canopy coverage as
a covariate) was analyzed using SAS PROC GLM (SAS Institute
Inc 1999). Biomass data were log transformed to correct for
homoscedastic variance across levels of percentage of conifer.

In accordance with standard analysis of covariance proce-
dures (Milliken and Johnson 2002), several models for
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log(biomass) were considered. The first model fitted separate
slopes and intercepts for log(biomass) on percentage of conifer
for low- and high-potential sites. If slopes for low- and high-
potential sites were significantly different then the analysis
stopped with the conclusion that the relationship between
log(biomass) and percentage of conifer depended on the site
potential (high or low). If the slopes were not significantly
different, the data were pooled for further analysis. If the
pooled or common slope was not significantly different from
zero, the model was reduced to an analysis of variance for
testing the equality of high- and low-potential site (unadjusted)
means. If the common slope was significantly different from
zero, then the adjusted potential means (or, equivalently, the
intercepts) were tested for equality. If there was no difference
between the intercepts, the model was simplified to a simple
linear regression of log(biomass) on percentage of conifer.

RESULTS AND DISCUSSION

Influence of Tree Cover
Conifer cover affected understory biomass in a major way.
Using 2003 data as an example, values ranged from a high of
1 482 kg ? ha21 at 0% conifer cover to a low of 10 kg ? ha21

at 60% conifer cover (Table 1). Mueggler (1988) reported that
some especially productive aspen sites are capable of yielding
up to 4 260 kg ? ha21 of air-dried understory biomass annual-
ly. However, this production can reportedly be reduced by
50% when conifers make up as little as 15% of the total tree
basal area on the site (Mueggler 1985, 1988).

When we expressed understory biomass as a function of
conifer overstory, considering both high- and low-potential
sites, a negative exponential relationship of the form log(bio-
mass) 5 6.25 2 0.03787(% conifer) was revealed (Figs. 1 and
2). This equation has a P value for slope of , 0.0001, an
adjusted R2 of 0.56 and root mean square error of 0.5668. The
slope in this homogeneous model differs significantly
(P , 0.0001) from zero and the P value for testing normality
of residuals from this model is 0.2335. In the initial fitting of

separate models to data from high- and low-potential sites,
neither slopes (P 5 0.7659) nor intercepts (P 5 0.1626) differed
significantly from each other. Consequently, the final homoge-
neous model was simplified to the expression given above.

The influence of tree canopy on understory biomass pro-
duction is well documented for several other western forest
vegetation types (e.g., Betters 1983, Ffolliott 1983). For
example, studies involving ponderosa pine (Pinus ponderosa
Lawson), pinyon–juniper (Juniperus spp. and Pinus edulis
Engelm. and Pinus monophylla Torr. & Frem.), and spruce–
fir (Picea spp. and Abies spp.) have consistently shown that as
tree canopy increases, understory plant production decreases in
predictable ways. Although various, often complex, models
have been developed to describe this relationship (e.g., Jameson
1967), Ffolliott (1983) asserted that the simpler negative
exponential form Y 5 a + be2cx is suitable for nearly all
overstory–understory relationships. Our findings support this
assertion.

The wide variation in understory production of aspen stands
that contained # 5% conifer cover (Figs. 1 and 2; Table 1) was
probably a reflection of the high diversity of ecological site
properties (elevation, aspect, soil types, moisture relationships)
associated with these stands. Again using 2003 data as an
example, levels ranged from 173 to 1 482 kg ? ha21 on the six
stands, which contained 0% to 5% conifer (Table 1). Plotting
of these six data points (aspen cover vs. understory biomass)
indicated no relationship, so these data were not formally
analyzed. However, when conifers were present (the extent of
the conifer cover was not specified) understory forage pro-
duction was reduced to less than 111 kg ? ha21, compared to
1 568 kg ? ha21 in a comparable conifer-free aspen stand. The
overwhelming influence of conifer cover is probably also the
reason why we were unable to show statistical differences
between high- and low-potential sites. Where conifers are
present in sufficient abundance to provide cover values of 10%
to 15% or more, their influence appears to overshadow such
site quality factors as soil depth, texture, slope, etc. However,
when conifers are not present, site factors are apparently
a stronger influence on understory biomass than is aspen

Table 1. Understory biomass, conifer cover, and aspen cover in 2002 and 2003.

Study site

Understory biomass (kg ? ha21) Conifer cover (%) Aspen cover (%)

2002 2003 2002 2003 2002 2003

Miner’s Peak 954 1 482 0 0 62 58

Crystal no. 1 637 1 208 4 5 63 62

Crystal Powerline 227 298 19 23 33 37

Crystal no. 2 182 337 50 52 30 29

Crystal no. 3 45 85 76 75 5 8

Jim’s no. 1 227 198 1 4 53 unavailable

Dark Hollow1 186 268 0 0 93 95

Strips A1 186 222 0 0 28 30

Seth’s Site1 182 173 0 0 75 66

Strips B 77 84 35 36 2 3

Jim’s no. 2 9 10 59 60 9 19

Mean/standard error 264.73/84.82 396.82/145.6 22.18/8.52 23.18/8.5 41.18/9.1 40.7/9.2
1Sites have such similar characteristics that data points for these sites are indistinguishable from one another in Figure 1.
2Means are significantly different (P # 0.05).

61(1) January 2008 95
CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page413



canopy cover. Warner and Harper (1972) reported a correlation
between site quality factors (soil depth, precipitation, and
aspect) and understory production in aspen stands. Aspen is
a widely distributed tree species that can thrive on a diversity of
sites. Indeed, Mueggler (1988) classified 35 aspen community
types for the intermountain region alone, based on understory
characteristics and that contain little, if any, conifer compo-
nent. His work (as well as results of the present study) points to
the site’s potential for producing either high-biomass under-
stories composed mainly of tall forbs or low-biomass under-
stories dominated by low forbs and graminoids, as the
determining factor, not a relationship with tree canopy cover,
as is the case with conifers.

Conifers may influence understory production in several
ways. One possibility is competition for soil moisture. In-
terception of precipitation before it reaches the soil plays a role
in this regard. When snow falls on a stand with conifers, much
of it is intercepted by branches and needles. Much of this then
sublimates into the atmosphere and is effectively lost from the
system (Fisher and Binkley 2000). Water loss from the longer
periods of (year-round) evapotranspiration by conifers (in
contrast to only growing-season loss from deciduous aspen)
also contributes to making less soil moisture available for
understory plant growth (Bartos and Campbell 1998). Conifer
canopies are also highly effective at shading understory species,
affecting both the quality and quantity of light available for
photosynthesis. This is less the case in pure aspen stands where
sunlight is better able to penetrate the canopy. The tendency of
aspen leaves to move with any slight breeze or ‘‘quake’’ as
implied by the common name ‘‘quaking aspen’’ facilitates light
penetration (Lambers et al. 1998). Pyke and Zamora (1982)
concluded that solar radiation was probably the limiting factor
to understory production in mixed conifer stands in north-
central Idaho.

Year Effects
Mean conifer cover increased slightly but significantly
(P # 0.05) from 2002 to 2003 on the 11 sites that were
sampled both years (Table 1). Likewise, the mean understory
biomass production increased significantly (P # 0.05) from
2002 to 2003. There was no difference in aspen cover from
2002 to 2003 (Table 1). Much of these increases can be
attributed to higher amounts of precipitation in 2003 than in
2002. As mentioned above, both years were below average;
however, total annual precipitation in 2003 was 2.21 m higher
than in 2002. This increase in precipitation was assumed to be
key in the observed increase of forage production from 2002 to
2003.

IMPLICATIONS

Conifers clearly suppress understory biomass production and
can do so at relatively small (10%–20%) percentages of canopy
cover. In order to realize the characteristically high forage-
producing potential of historic aspen sites, the aspen trees
themselves must remain dominant in the stand (Bartos and
Campbell 1998). Ohms (2003) showed that decadent aspen
stands are capable of regenerating if subjected to such
disturbances as partial cuts or fire. Disturbance, either
human-induced or by natural processes, may be necessary to
revitalize conifer-impacted aspen stands and recover some of
the lost forage producing capabilities. This is not to suggest
a widespread removal of conifer stands, because conifers
provide protective cover, shade, habitat, and commercial
products for wildlife, livestock, and humans. Rather, a mosaic
of conifer and aspen cover should be considered, the relative
quantities of each type being dependent on the management
goals of a particular area.

A decline in available forage as a result of conifer
encroachment is a major management implication throughout
the region where this study was conducted. Most of this area
includes grazing allotments. Revisions of livestock stocking rate

Figure 1. Relationship between conifer canopy cover and herbaceous
understory production on high- and low-potential sites, 2002 data. Sites
with conifer cover values of zero were pure aspen stands whereas those
with conifer cover values of greater than zero are mixed aspen–conifer.
The graph is in standard (nonlog) format for ease of interpretation. Note:
Three of the sample sites are indistinguishable from one another
because of similar site characteristics. These sites are footnoted in
Table 1.

Figure 2. Relationship between conifer canopy cover and herbaceous
understory production on high- and low-potential sites, 2003 data. Sites
with conifer cover values of zero were pure aspen stands whereas those
with conifer cover values of greater than zero are mixed aspen–conifer.
The graph is in standard (nonlog) format for ease of interpretation.
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calculations have typically not taken into account the loss of
forage production potential due to this successional change.
Additionally, many of these areas have sustained large increases
in elk (Cervus canadensis L.) populations over the past 20 yr.
Combined, these factors suggest the possibility of overstocking
on some allotments. A more recent phenomenon occurring in
the area of this study is the widespread loss of coniferous
species to spruce bark beetles (Dendroctonus rufipennis Kirby).
Numerous areas (especially in the region of this study) have
experienced near total losses of mature spruce trees. Included
are sites thought to have been historic aspen types that were
subsequently succeeded by coniferous species. The long-term
results of this perturbation on aspen recolonization and
understory forage production remain to be seen.
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Rising water 
on ths 
By Sherman Swanson, Dave Franzen, 
and Mary Manning 

ecades ago, if a person wasn’t care- 
ful, he could “bog a horse” along D parts of Rodero Creek. The seven 

miles of perennial stream in the Sheldon Na- 
tional Wildlife Refuge in northwestern 
Nevada had long stretches of wet meadow 
where sage grouse flocked in late summer. 
In this cold desert landscape with long, dry 
summers, wet meadow habitat is critical, far 
more critical than in sage grouse habitat 
where summer rains provide upland forbs 
in late summer. Cattle, too, gathered here 
to graze the still-green meadow vegetation. 

For a time cattle and sage grouse thrived 
together. Sage grouse chicks sought the 
tender young leaves of forbs, such as 
dandelion and yarrow, which, once cattle 
nip their tops off, sprout new leaves more 
nutritious than the mature leaves they 
replaced (2). Sage grouse also found the par- 
tially grazed meadows safer. Coyotes and 
other predators use the cover of overgrown 
meadows to stalk their prey. According to 
Donald Klebenow, a wildlife professor at the 
University of Nevada, sage grouse seem to 
do best with moderate mid-summer cattle 
grazing that leaves unused vegetation in an 
irregular pattern with clumps of partially 
grazed plants just big enough to somewhat 
conceal adult birds. 

Unfortunately, moderate grazing in a 
short time period along a riparian wet 
meadow in an otherwise sagebrush- 
dominated landscape was not in the cards. 
Not at Sheldon, and not over most of the 
western range. Uncontrolled or season-long 
grazing often results in severe distribution 
problems, and riparian areas usually bear 
the brunt of livestock concentrations. Heavy 
riparian grazing along Rodero Creek pro- 
bably did little to harm sage grouse direct- 
ly. But it did adversely affect sage grouse and 
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other wildlife by taking a toll on the stream. 
Through the years, a gully worked its way 

up the channel with a headcut leading the 
way. Many years of intense, season-long 
grazing weakened the meadow plants and 
punched holes in the sod. The actively 
eroding gully drained water out of the 
meadow, and as the water table dropped, 
the meadow dried out. Sagebrush and rab- 
bitbrush encroached where there had been 
dense grasses, rushes, and sedges. As condi- 
tions got drier, vegetation became less able 
to maintain soil stability. Erosion increased. 
Periods of drought or excessive runoff com- 
pounded the problem. 

Many semiarid and arid watersheds were 
similarly gullied after being seriously 
disturbed beginning with the period of in- 
tense grazing that typified the late 1800s and 
early 1900s throughout the West (5). Today, 
reduced livestock numbers and superior 
livestock management systems have 
significantly improved overall range 
management and range condition (1). But 
these gullies persist and perpetuate problems 
of poorer quality and cover of vegetation, 
lower water tables, more runoff, higher 
peak flows, lower minimum flows, more 
sediment in stream channels, and even more 
sediment downstream because of bank 
erosion. 

Once a gully begins to concentrate runoff, 
the erosive forces are difficult to control. Yet, 
“in most cases, gully control is a prerequisite 
to successful vegetation recovery on dis- 
turbed watersheds in the West” (5). Where 
watershed and grazing conditions have 
created gullies, structures are cheaper and 
will conserve more soil and water when they 
are constructed early in the gully’s develop- 
ment. In many watersheds the time is 
already late, but it is earlier than tomorrow. 

In spite of the overall improvement in 
range livestock management, riparian areas 
on many public and private lands still 
receive excessive grazing pressure. This is 
particularly so when cattle graze these areas 
in the wrong season or for too long. Where 
current practices are creating gullies, man- 
agement changes and corrective measures 

are needed promptly. Preventing and heal- 
ing gullies should be a top priority of ripar- 
ian grazing management. 

A plan is drawn 

In 1976 the Game Range Bill gave sole 
jurisdiction for the Sheldon National Wild- 
life Refuge to the Fish and Wildlife Service. 
It praiously had been managed jointly with 
the Bureau of Land Management. The FWS 
selected a coordinated resource manage- 
ment and planning (CRMP) approach for 
making resource management decisions on 
the 576,000 acres. This approach brought 
together 11 livestock permitees, four federal 
land managers, wildlife biologists, univer- 
sity range specialists from two states, and 
representatives from the Nevada Wildlife 
Federation, Wild Horse Organized Assis- 
tance, and Sierra Club. After important 
field inventories and during three two-day 
meetings with field tours, the CRMP group 
developed by consensus and signed a coor- 
dinated resource management plan. Reha- 
bilitation of riparian areas was a prime ob- 
jective of that plan and the environmental 
impact statement that followed (6). 

During this time, the Bicentennial Land 
Heritage Program provided a financial “shot 
in the arm” to refuges throughout the na- 
tion. On Sheldon, this funding was used in- 
itially for cross fencing and water develop- 
ment in grazing systems designed to ma- 
nipulate vegetation for wildlife. 

In April 1983 an inventory of degraded 
meadows and gully systems on Sheldon led 
to the selection of Rodero Creek for a special 
project. Even the additional money from the 
land heritage program was insufficient for 
all the needed rehabilitation on the refuge, 
so one site was chosen for intensive rehabili- 
tation. This seemed preferable to doing 
piecemeal work over the entire refuge 

Criteria for the site selection included rate 
of upstream headcut migration, current and 
historical wildlife values, and potential for 
improvement. The objective was to prevent 
further upstream headcut migration and to 
elevate the water table back to its original 
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level so that wet meadow vegetation could 
reestablish . 

Rodero Creeks potential for improvement 
was highlighted the Occurrence of several 
perennial spring and its position in the 
headwaters of the watershed. Such a posi- 
tion is almost always preferable so that 
management can gain control of the active 
part of the erosional process. Also, structures 
downstream would be subject to much 
greater flows and, hence, greater cost. The 
consequences of failure would also be more 
dramatic. 

Both low sagebrush and big sagebrush 
sites dominate the 7,600-acre Rodero Creek 
watershed. The project area includes 6.8 
miles of drainage along the main channel 
and four tributaries. A remnant meadow, 30 
to 500 feet \tide, accounted for between 60 
and 80 acres. 

Gullies within the project ranged from 2 
feet to 14 feet deep and from 6 feet to 35 
feet wide. Water flowed in 3.9 miles of the 
stream channel until midsummer. The other 
2.9 miles had onl!. intermittent flow, dqr- 
ing usuall! b\. early June. Historically, this 
area was one of the hea\iest sage grouse use 
areas o n  Sheldon. 

The project’s elements 

Several alternative land treatments were 
evaluated. Fencing to exclude livestock for 

Rock dam (top) use to control gullies on 
the Sheldon National Wildlib Refuge. 
Such gullies (bottom) am typical through- 
out the semiarid West. 

an extended period was discarded because 
of the unacceptably long time needed for 
recovery. Moreover, livestock exclusion alone 
would not stop the upstream migration of 
headcuts. Bank shaping and seeding was 
discarded for similar reasons. Based on pre- 
vious experience, loose rock check dams de- 
signed to leak water and trap sediments in 
combination with headcut revetments and 
livestock exclusion for a few years, followed 
by livestock management, appeared to be 
the best treatment. 

Stream gradient was determined for the 
entire drainage. The 71 dams were located 
to pond water one-half the distance to the 
next dam upstream. This is usually sufficient 
to prevent a new head cut (starting in the 
channel above deposited sediment) from 
undermining an upstream dam. Rock sizes 
of 4 to 20 inches were considered ideal. 
Smaller rocks would wash downstream, and 
larger rocks would not pond water or trap 
sediments. 

At each dam, measurements of top width, 
bottom width, and depth of the gully were 
used in a computer program to generate 
rock volumes and weir-notch dimensions. 
Dams were designed to pass a 25-year-storm 
flow through their weir notch. However, 
estimates of the 25-year flow were difficult 
to determine because of the lack of good 
data. After four mathematically calculated 
estimates failed to agree, the team conduct- 
ing the project agreed by consensus to its 
own estimate of the magnitude of the 
25-year flow. A weir-notch too small would 
create the hazard of cutting a channel 
around the dam, and lower dams would not 
raise the water table to the optimum level. 

In projects of this nature it is important 
to be conservative about peak flow deter- 
mination and weir-notch sizing. Generally, 
there is insufficient information for reliably 
predicting future events. Designing for a 
100-year event is better than designing for 
a 10-year event. Also, it’s cheaper. Specifics 
on weir-notch sizing and other aspects of 
dam design can be obtained from local Soil 
Conservation Service engineering techni- 
cians. 

All the dams were keyed two feet into the 
bottom and sides with a back hoe, and each 
dam had a downstream splash apron to dis- 
sipate energy. Filter cloth was used in var- 
ious positions in some dams. The cloth has 
not proven particularly useful in this appli- 
cation, however, because of the difficulty in 
keeping the cloth in place as dump trucks 
unload. Hand or machine placement of rock 
over the filter cloth would have resulted in 
a better job and more effective use of the 
material. 

In any rehaabilitation project the up- 
stream migration of headcuts must be con- 

trolled. For revetments to function on a 
long-term basis, a gradation of fine to course 
materials must be used to allow seepage 
through the structure while inhibiting soil 
erosion from beneath the rock armor. An in- 
sufficient mix could lead to erosion of the 
structure or its eventual collapse In this pro- 
ject active headcuts were shaped to at least 
a 2:l slope. Smaller than average rock was 
placed on the entire exposed slope. The rock 
was then thoroughly compacted and worked 
into the soil with a caterpillar-type tractor. 
Additional breakage of the rock by the trac- 
tor improved the size gradation and main- 
tained porosity. 

Seed was scattered over crusted snow on 
all haul roads and disturbed areas in 
December, a month after completion of the 
dams. The mix of native seed included four 
sod-form ing wheat grasses (Sodar stream- 
bank, thickspike, slender, and western), 
together with basin wildrye, Canby blue- 
grass, and bluebunch wheatgrass in several 
combinations. Future plans call for using 
prescribed fire to further obliterate the haul 
roads. Since construction of the dams, 
prescribed fire has been used for brush con- 
trol on the meadows. 

The fenced area is more than just a 
streamside corridor. The area is large 
enough to serve as a riparian pasture. This 
will permit use of grazing in the future as 
a management tool for enhancing sage 
grouse habitat on the meadows. 

A monitoring effort 

Transects designed to monitor density and 
diversity of all breeding birds and cover and 
diversity of plant species were established 
before construction began. These transects 
will be reread every four to six years. Sage 
grouse brood surveys will continue annually. 

Eight dams were also selected for sedi- 
ment deposition measurements. Anticipated 
rises in the water table and changes in the 
meadow plant community are being moni- 
tored at these eight sites as well. 

Problems and prospects 

Some dams pond water and trap sedi- 
ments less efficiently than most. Insufficient 
control of rock size was a frustrating field 
problem during installation. This is likely 
the reason some dams are excessively porous. 
Large rocks (some over six feet across) also 
seem to have allowed and/or forced water 
to erode banks on the downstream side of 
about a third of the dams. Protecting these 
banks with well-placed riprap appears 
necessary at this time and should have been 
part of the design from the beginning. 

The first spring a heavy snow pack and 
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warm rain created an estimated 40-year 
event. Sixty-eight of the 71 dams and all 
headcut revetments held. Erosion from the 
high runoff indicated that the downstream 
side of each dam needed more protection. 
The following summer another 1,200 yards 
of rock were added to the dams, extending 
their downstream slope from 3:l to 5:l. 

The three dams that did not hold were 
repaired. One was improperly keyed into the 
bank. The second was located where a 
snowdrift caused the channel to work 
around the outside of the dam. The third 
failure appeared to be the result of an im- 
properly placed filter cloth. These latter two 
dams have continued to fail. 

After the three dams were repaired, one 
more dam with filter cloth across the mid- 
dle failed. Filter cloth reduces the conduc- 
tivity of that part of the dam. When filter 
cloth is placed across the middle, water is 
forced around the bottom or sides, which 
often leads to piping and eventual dam 
failure. Placing filter cloth around the key- 
way appears much more successful. How- 
ever, filter cloth does not appear necessary. 

Building the 70 dams and 30 headcut 
revetments took just over three weeks and 
required 7,000 cubic yards of rock. Total cost 
of the project was about $70,000, or $10 per 
cubic yard of rock. 

In spite of these minor difficulties, the 
most common bird call along the channel 
in the past two years has shifted from the 
horned lark to the brewers blackbird. Much 
of the previously intermittent part of the 
stream has remained perennial. Some dams 
have even ponded enough water to provide 
brooding habitat for ducks. There has even 
been some speculation about reintroducing 
trout to Rodero Creek. 

Aquatic and/or wetland plants have col- 
onized the sediment deposition area behind 
most dams, creating a series of small, wet 
meadows in what previously had been a dry 
or muddy gully bottom. Channel morphol- 
ogy was measured in 1985 along transects 
30 feet above and below the center of each 

of eight dams using the orriginal gully pro- 
file at the dam site as the basis for com- 
parison. These measurements indicate that 
an average of 0.9 foot of sediment has been 
deposited in the deepest part of the chan- 
nel behind these dams in two years. Sedi- 
ment had also been deposited to a depth of 
0.5 foot below the dams. Vegetation grow- 
ing in the perennially moist soil apparently 
filtered out sediment that passed over the 
weir notches or through the dams. 

In October 1986, after a very dry sum- 
mer and some fall rain that apparently pro- 
duced no runoff, a pacing survey along the 
bottom of the entire channel recorded 4.9 
miles of either pools or flowing water. 
Seventy-eight percent of the channel length 
had either sediment and/or pooled water, 
and just over half of the channel was vege- 
tated in its deepest part. The vast majority 
of the channel had vegetation on at least 
part of the gully bottom. 

In the summer of 1986 the CRMP group 
toured Rodero Creek on its annual review 
of the plan. The obvious beneficial changes 
amazed many group members and prompt- 
ed enthusiastic comments. 

What application? 

The apparent success of the Rodero Creek 
project should encourage others who are 
concerned with gully erosion problems. In 
areas of high resource value, like these wet 
meadows in a semiarid landscape, protec- 
ting or rehabilitating the water table is cru- 
cial. Water and riparian plants create the 
high resource value Without water, the eco- 
system unravels. With water persisting 
through the growing season, these systems 
respond to good management more quickly 
than any other part of the ecosystem. 

Structures are not the answer everywhere, 
of course. This project apparently will suc- 
ceed because the watershed behind it is rela- 
tively small. In spite of the initial success, 
the real measure of the project will come in 
20 years or more Gully erosion will recur 

The loose rock dams were designed to 
trap sediment (left). Over time, vegetation 
colonized the sediment (right). 

if structures were poorly designed or im- 
properly placed (3). Even where structures 
are the best alternative, the design may need 
modification. In streams with erodible gully 
banks and periodic high flow, a greater 
number of low dams may promote recovery 
more effectively. It may take years for a gul- 
ly to widen sufficiently for it to accept high 
flows without significant bank scour. In that 
time, low structures may create a stable bed 
for wetland vegetation that can itself ag- 
grade the channel and raise the water table 

Whenever structures are required to heal 
a gully network, the project should proceed 
upstream from a point of geologic control 
as near the top of the watershed/gully 
system as possible It is ideal to work just be- 
low the deterioration so that watershed 
stabilization comes soon. Without geologic 
or other durable control, however, it is possi- 
ble for a downstream headcut to move up- 
stream and capture the bottom and even- 
tually other dams. 
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More than 885 000 km of roads have been built on US
federal lands to facilitate resource extraction, recre-

ation, and transportation (Havlick 2002) – enough to
drive to the moon and back. While these roads provide
important services, their construction and presence can
also influence the hydrology, geomorphology, and ecosys-
tem processes. They can substantially alter hillslope
hydrology by reducing soil infiltration, concentrating
water through road drainage structures, and converting
subsurface flow to surface flow (Luce 2002). Overland
flow can cause geomorphic changes, including chronic
erosion (Megahan and Kidd 1972), extended channel sys-
tems (Wemple et al. 1996), and increased risk of landslides
(Swanson and Dyrness 1975), thereby decreasing aquatic
habitat quality. Roads also influence the ecology of terres-
trial and aquatic ecosystems through direct habitat loss,
fragmentation, and associated human impacts as a result
of increased access (Wisdom et al. 2000).

Recognition of these wide-ranging effects has recently
thrust roads into the forefront of research, resulting in the

publication of books (eg Forman et al. 2003; Havlick
2002), reviews (eg Gucinski et al. 2001; Trombulak and
Frissell 2000), special journal issues (eg Conservation
Biology 14[1], Earth Surface Processes and Landforms
26[2 and 3], and Water Resources Impact 3[3]), and thou-
sands of peer-reviewed studies. Increasingly, roads are
being removed to mitigate these problems. However, to
date surprisingly little attention has been given to the
short- and long-term benefits and impacts of road
removal. Here we describe three methods of road removal,
summarize research that has been conducted, and identify
knowledge gaps and research needs in this emerging field.

� Road removal

Public and private land managers in the US and Canada
are removing roads to restore habitat connectivity and
ecosystem processes. For the purposes of this article, we
define road removal as “the physical treatment of a
roadbed to restore the form and integrity of associated
hillslopes, channels, and flood plains and their related
hydrologic, geomorphic, and ecological processes and
properties”. Road removal projects have been undertaken
for several reasons: to restrict access, increase hillslope
stability, minimize erosion, restore natural drainage pat-
terns, protect endangered plants and wildlife, and restore
aquatic and wildlife habitat.

Roads are typically built by using heavy equipment to
cut into a hillslope, with extra fill cast aside below the
road (Figure 1). Road removal essentially reverses this
process. The most common forms of road removal include
“ripping” the roadbed, restoring stream crossings, and fully
recontouring hillslopes, although a variety of techniques
have been applied on the ground (Table 1). Road ripping
involves decompacting the road surface to a depth of
30–90 cm, typically done with a bulldozer dragging a spe-
cially fitted plow over the roadbed (Figure 2). This is often
followed by the addition of soil amendments and by
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Benefits and impacts of road removal
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cols for road removal and priorities for restoration, research has not kept pace with the rate of removal. Some
research has been conducted on hydrologic and geomorphic restoration following road removal, but no stud-
ies have directly addressed restoring wildlife habitat. Road removal creates a short-term disturbance which
may temporarily increase sediment loss. However, long-term monitoring and initial research have shown
that road removal reduces chronic erosion and the risk of landslides. We review the hydrologic, geomorphic,
and ecological benefits and impacts of three methods of road removal, identify knowledge gaps, and propose
questions for future research, which is urgently needed to quantify how effectively road removal restores ter-
restrial, riparian, and aquatic habitat and other ecosystem processes. 
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In a nutshell:
• Road removal is being used to mitigate the impacts of roads

and restore ecosystem processes
• Preliminary research has found that road removal may tem-

porarily increase sediment loss, but reduce chronic erosion and
the risk of landslides over the long term

• More research is needed to determine if aquatic and terrestrial
habitats recover following removal
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revegetation. Treatment of stream crossings involves
removing culverts, excavating the fill down to the original
land surface, recontouring streambanks, installing chan-
nel stabilization structures, and revegetating (Figure 3). A
full recontour involves treating stream crossings, reshap-
ing the roadbed to its original slope, and revegetating the
area (Figures 4 and 5).

Revegetation of the treated road surface is an essential
component of habitat restoration, and can include nat-
ural regeneration or seeding with native or non-native
grasses, nursery-grown trees or shrubs, and transplants
from adjacent hillsides. Soil amendments, including side-
cast topsoil (soil cast aside during road construction),
mulches, biosolids (residual materials from wastewater
treatment), and fertilizers are often added to increase
nutrient cycling. Sediment control structures such as silt
fences, check dams, erosion mats, weirs, rock buttresses,
and timber cribs are often employed to reduce surface and
channel erosion and the risk of landslides immediately
following treatment.

� Research review

Road removal is an interdisciplinary endeavor requiring
broad expertise, particularly in soils, geology, geomor-

phology, engineering, hydrology, and ecol-
ogy. For example, the composition of a soil
can greatly influence the degree of water
retention and subsurface drainage of a road,
and thus the risk of erosion and landslides
and the degree of revegetation. In addition,
natural environmental factors such as land-
form features, bedrock type and composition,
vegetation, hydrological characteristics, and
climate can all have considerable effects on
erosion and runoff rates. Although many
land management agencies have created pro-
tocols outlining methods for road removal, a
thorough evaluation of the ability of this pro-
cedure to restore hydrologic, geomorphic,

and ecological processes has not yet been made.
We have gleaned much of our knowledge on road

removal from observational studies and monitoring con-
ducted by land managers in the western US. However, few
experimental studies have addressed this topic and few
published papers exist. Most studies have occurred in areas
characterized by high precipitation, highly erodable soils,
and/or steep topography. Additionally, many of the studies
have been short in duration and often do not account for
long-term variability. 

� Ripping the roadbed

Roads are compacted initially during construction and
later by vehicle traffic. This compaction limits water
movement and soil aeration, restricts root growth and
elongation, and disrupts nutrient dynamics. In severely
compacted soils, infiltration is essentially zero, and
establishing vegetation can be difficult (Luce and
Cundy 1994). Ripping has been used extensively to
increase infiltration and promote revegetation on
degraded rangelands (Wight and Siddoway 1972),
mined lands (Ashby 1997), and forest skid trails and
landings (Davis 1990). On flat and gently sloping land-
scapes, ripping is the primary method of road removal.
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Figure 1. Components of a road.
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Table 1. Different types of road closure and removal and their relative costs and impacts (modified from Bagley 1998)

Road impact and Gating Permanent traffic barriers Ripping Stream crossing Full recontour
cost consideration (boulders, berms) restoration

Fill stability problems Yes (no if not comple-
fixed? No No No mented with recontour) Yes

Long-term surface
erosion controlled? No No Yes Yes Yes

Wildlife security No (yes if gate is No (yes if barriers
improved? able to deter access) deter access) Yes Yes Yes

Cost $1000–2800 $800–1000 $400– $500–150 000 $3000– 
1200/km per crossing* 200 000/km*

* The complexity and variability of stream crossing restoration and full recontour make it easier to compare costs on a per-m3 basis.The cost of excavat-
ing in Redwood National Park ranges from $1–3.50 per m3.

Road prism

Fillslope
Fill

Road bed

Inboard ditch

Cutslope

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page420



TA Switalski et al. Benefits and impacts of road removal

Studies on road ripping have been carried out in diverse
landscapes across North America, in a variety of eco-
types; this procedure has been found to reduce erosion,
improve infiltration, increase the rate of revegetation,
and discourage weed establishment (defined as non-
native invasive species).

Infiltration and erosion 

Road ripping increases infiltration and reduces erosion in
the short term, but has produced mixed results in the long
term. In the boreal forests of west-central Alberta,
Canada, ripping substantially reduced bulk density (the
mass of dry soil relative to volume) immediately following
treatment (McNabb 1994). In western Montana, Bradley
(1997) found that ripping successfully improved infiltra-
tion rates 3 months after treatment. Following a 12-year
return interval storm, Bloom (1998) concluded that rip-
ping greatly reduced landslide erosion on low-risk terrain
in northern California. 

Other studies, however, report that
ripping alone has marginal long-term
success. Luce (1997) reported that
hydraulic conductivity (a measure for
comparing infiltration capacity)
increased immediately following the
ripping of Idaho logging roads, but a
number of the roads returned to their
original bulk densities after three sim-
ulated rainfall events. Soil texture
determined the success of the treat-
ment: soils high in fine silts and clays
underwent surface sealing, while soil
settlement occurred in sandier, gran-
itic soils. Although straw mulch could
be used to treat surface sealing, it had
no effect on soil settlement (Luce
1997). In western Montana, however,
Bradley (1997) found mulch prepared
from slash (forest harvest residues)
mitigated surface sealing successfully.

Revegetation and weed invasion

Quickly establishing vegetation is a priority for any road
removal project. Vegetation is one of the first visual signs
of ecosystem recovery, and creates habitat for a variety of
animals. Ripping the road surface loosens soil and
increases infiltration capacity, improving the germination
and growth of seeded plants (Wright and Blaser 1981).
The resulting vegetative cover further protects against
erosion and maintains infiltration capacity. Revegetation
studies tested the effectiveness of different seeding tech-
niques and measured revegetation trends over time.
While results varied, incorporating soil amendments gen-
erally increased rates of revegetation.

Road sites are typically nutrient poor, and the addition
of organic matter to a ripped roadbed can greatly acceler-
ate the establishment of vegetation. Applying straw
mulch decreased erosion and increased the rate of revege-
tation in northern California (Hektner and Reed 1991)
and north-central Idaho (Stonesifer and McGowan
1999). Incorporating biosolids, an amendment rich in
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Figure 2. Ripping the roadbed, Pueblo Mountain Wilderness
Study Area, OR.
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Figure 3. Stream crossing restoration, Clearwater National
Forest, ID. 
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Figure 4. Results of full recontour, Lolo National Forest, MT.
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nutrients and organic matter, significantly increased
total vegetative cover and native plant biomass on
treated roadbeds in western Washington after 3 years of
monitoring (Bergeron 2003). Incorporating topsoil to a
ripped roadbed increased natural revegetation in north-
western Wyoming (Cotts et al. 1991) and northern
California (Hektner and Reed 1991). However, in
northern Arizona neither topsoil nor mulch increased
total plant density or cover after 14 months (Elseroad et
al. 2003). Bradley (1997) found that lopped slash com-
bined with fertilizer yielded healthy grass communities
in northwestern Montana after 12 weeks, but the effects
of fertilizer may be short-lived. For example, on restored
roadbeds in Connecticut, fertilizer only improved vege-
tation growth in the first year after application (Maynard
and Hill 1992). 

While road ripping has been shown to increase the
rate of revegetation, it may create conditions con-
ducive to weed invasion. Furthermore, soil amend-
ments may supply higher than normal levels of nitro-
gen, accelerating revegetation but favoring weeds
(Zabinski et al. 2002). Monitoring and preliminary
research, however, suggest that ripping may actually
reduce the risk of invasions, because native vegetation
is able to out-compete weeds and because ripping elim-
inates a primary vector (human access) for further inva-
sions. Moreover, locations with higher precipitation
recover faster and are less susceptible to weed invasion.
In northern California, some weeds emerged following
treatment and natural revegetation on hot dry terrain,
but very few weeds appeared in moister areas (Madej et
al. 2001). Monitoring in the lush forests of north-cen-
tral Idaho revealed few weeds following treatments
(USFS 2003). Bradley (1997) also found that weed
invasion was generally reduced following ripping in wet
sites in western Montana. 

� Restoring stream crossings

Where roads intersect streams, there is
the potential for large amounts of sedi-
ment to be released into the stream sys-
tem. If a culvert is plugged with debris,
the result is often a washout where the
streamflow overtops the road and erodes
to the original stream grade. These
washouts can then cause other down-
stream culverts to fail in a domino
effect. When a blocked culvert does not
result in a local washout, streamflow
may be diverted down the roadbed itself
or along the slope-side ditch, causing
large amounts of gully erosion along the
roadbed and hill slopes below the road.
For example, in northern California,
Best et al. (1995) recorded that only 15
stream diversions produced 64 000 mt of
sediment (about 4000 dump trucks’
worth) over a 25-year period. 

Stream crossing restoration has been used in many areas
in an effort to reduce the risk of catastrophic washouts and
associated impacts on aquatic ecosystems. Most stream
erosion occurs during times of high streamflow, and the
effectiveness of stream crossing restoration was typically
measured after a major flood event. There is potential for
local erosion immediately after the excavation of a stream
crossing, but this can be partially mitigated by using sedi-
ment traps – often straw bales placed in streams to catch
sediment (Brown 2002). The impacts of short-term sedi-
ment loss on aquatic biota have not been evaluated yet.
Channel incision and bank erosion were the most com-
mon forms of stream erosion reported, and were correlated
with stream power (velocity of water flow), the amount of
large wood in channels, the percentage of coarse material
in stream bank soils, the amount of road fill excavated,
and local geology. 

Klein (1987) monitored channel adjustments on 24
stream crossings in Redwood National Park, CA follow-
ing a 5-year return interval flood. Erosion was correlated
with stream power and inversely correlated with the per-
centage of large wood in the channel and coarse material
in streambanks. Following a 12-year return interval
storm in 1997, two researchers revisited the impacts of
stream crossing restoration in Redwood National Park.
Madej (2001) examined 207 stream crossings treated
between 1980 and 1997, and found that most treated
crossings produced very little sediment and none
resulted in diversions or debris torrents (rapid movement
of large quantities of materials downstream) (Table 2).
The amount of sediment eroded was positively corre-
lated with stream power, but was also correlated with the
size of the stream crossing (Madej 2001). After surveying
86 treated stream crossings, Bloom (1998) found that
only four crossings contributed substantial erosion (>37
m3). Five to 20 years after culvert removals, pool habitat
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Figure 5. Full recontour, Clearwater National Forest, ID.
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in excavated streams had only partially recovered
(Madej 2001b), but a riparian zone of young red alder
(Alnus rubra) was providing a closed canopy and shade
over the streams (Madej et al. 2001).

� Full road recontour 

Landslides

If a roadbed on a steep slope becomes saturated, there is
an increased risk of road-triggered landslides. Full road
recontour, the most intensive form of road removal,
includes treatment of the road segments between stream
crossings, and is often employed to reduce the risk of
landslides. Most landslides occur during periods of high
rainfall and, like stream crossing restoration, the success
of the treatments are gauged following a flood event. Full
road recontour has been used effectively to reduce land-
slides in northern California (Bloom 1998; Madej 2001),
western Washington (Harr and Nichols 1993), coastal
Oregon (Cloyd and Musser 1997), and north-central
Idaho (McClelland et al. 1997; USFS 2003). Important
factors determining the risk of failure following treatment
include hillslope position and history of landslides.

In Redwood National Park, where full recontour was
first introduced, a 12-year return interval storm in 1997
provided the opportunity to measure the effectiveness of
two decades of road removal. Most treated roads produced
very little sediment. Eighty percent of the road reaches
had no detectable (> 2 m3) landslide erosion following
treatment (Madej 2001). Untreated roads produced four
times as much erosion as treated roads, mostly in the form
of landslides (Bloom 1998; Madej 2001; Figure 6). Both

Bloom (1998) and Madej (2001) reported that hillslope
position (as a surrogate for hillslope steepness and the
amount of surface and subsurface water present) was an
important factor in determining treatment success.
Although treatments dramatically reduced sediment loss
from upper- and middle-slope roads (< 40% gradient),
steep lower-slope roads continued to have high failure
rates, no matter what treatments were used. 

The Clearwater National Forest in north-central Idaho
experienced a 50-year return interval flood in the winter
of 1995/1996. A rain-on-snow event triggered more than
900 landslides on highly erodible granitic soils, half of
which were attributed to roads (McClelland et al. 1997).
Ten kilometers of roads were recontoured prior to the
storm. Although ten landslides would have been predicted
in McClelland’s model prior to recontouring, no land-
slides occurred on the treated roads (McClelland et al.
1997). To date, over 700 km of roads have been removed
from this forest with only seven landslides observed, four
of which were in areas of historic or pre-existing landslides
(USFS 2003). However, the Clearwater has not experi-
enced a serious flood event since then, and a further test of
the effectiveness of the road treatments has not occurred. 

Chronic erosion

Although most full road recontour studies have only
examined landslide events following floods, the reduc-
tion of chronic erosion is also a goal of many road
removal projects. Chronic erosion from roads can greatly
reduce an aquatic system’s integrity, and in some cases
can be the sole source of sediment input. A short-term
problem with road removal is that following a road
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Table 2. Sediment loss on treated and untreated stream crossings in northern California

Treated or Hillslope Mean (median) Mean percentage (median) Storm recurrence Source
untreated position erosion rate (m3)* of excavated fill interval (yrs)

Treated All 27 (11) – 5 Klein (1987)

Treated Lower 97 (69) 11 (5) 12 Bloom (1998)

Treated Middle/upper 79 (11) 10 (1) 12 Bloom (1998)

Treated All 50 (17) 8 (3) 12 Madej (2001)

Treated All 15 2 2–5 Pacific Watershed
Associates
(unpublished)

Treated All 42 (4) 3 (1) 2–5 Six Rivers National
Forest (unpublished)

Untreated Lower 115 – 12 Bloom (1998)

Untreated Middle/upper 180 _ 12 Bloom (1998)

Untreated All 235 _ 50 Best et al. (1995)

*Many studies only report mean values for erosion, but because crossing erosion volumes are not normally distributed (commonly there are a few
extreme values), median values of erosion may be a more useful indicator of expected erosion in a crossing.
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recontour, the bare slopes are very susceptible to erosion.
As the slope becomes revegetated over time, however,
erosion levels eventually mimic natural slope conditions. 

Hickenbottom (2000) showed that recently recon-
toured road segments produced significantly (P < 0.05)
more sediment than road segments recontoured 12
months prior to analysis. Average sediment yield was
746 g/m2 for recently recontoured roads (versus 402, 62,
and 26 g/m2 for the untreated roads, 12-month-old recon-
tour, and control plots, respectively). These values are
derived across five replicate plots for each treatment type
applied across two geologic strata and three slope classes;
however, the analyses were all performed within one
watershed. Although these numbers demonstrate a great
reduction of sediment yield just one year after recontour-
ing, recontoured roads are susceptible to erosion immedi-
ately following treatment. Similarly, in north-central
Idaho after 5 years of monitoring, the Clearwater National
Forest reported that road treatment has eliminated surface
erosion outside of treated stream crossings (USFS 2003).
Additionally, in fully recontoured roads in eastern
Kentucky, there was considerably less sediment produced
than in untreated control plots after one growing season
(Kolka and Smidt 2001). 

� Influence on wildlife

One of the many goals of road removal is the restoration
of the ecological integrity of terrestrial, riparian, and
aquatic habitats. In addition to preservation of habitat,
restoration may be essential to maintaining and increas-
ing biodiversity (Sinclair et al. 1995). Virtually no
research has addressed the impact of road removal on
wildlife. Since terrestrial wildlife is greatly influenced by
road density (Wisdom et al. 2000), it is likely that road
removal may also affect wildlife. 

Roads influence wildlife in a variety of ways, including
reduced numbers of snags and downed logs; altered move-
ment patterns; increased negative edge effects; and

increased poaching, hunting, trap-
ping, and additional negative inter-
actions with humans facilitated by
easier access, including direct mor-
tality from car collisions (Wisdom
et al. 2000). Removed and revege-
tated roads would presumably
reverse many of these impacts and
create habitat for a variety of ani-
mals. Bradley (1997) found
Western toads (Bufo boreas) on
ripped roads in western Montana,
where slash created structural diver-
sity and microhabitats. Some
wildlife biologists argue that road
removal will reduce grizzly bear
(Ursus arctos) mortality risk
(USFWS 1993) and increase elk

(Cervus elaphus) habitat security.
Roads can greatly impact aquatic systems in complex

ways, including blocking fish passages, introducing fine
sediment and non-native species, changing amounts of
shading and cover, direct channel infringement, and
increasing access and predation by anglers (Luce et al.
2001). A reduction in sediment delivered to streams
should increase the quality of aquatic habitat. For exam-
ple, suspended sediments can negatively impact salmonid
fisheries through direct mortality, hindering the develop-
ment of eggs and larvae, disrupting natural movements
and migration, reducing food organisms (Newcombe and
MacDonald 1991), and hindering fish feeding behavior
through reduced visibility. (In contrast, inboard ditches
can serve as habitat for amphibians and benthic macroin-
vertebrates, and road removal decreases the amount of
this habitat). There is an urgent need for research that
specifically addresses the ecological impact of road
removal on aquatic, riparian, and terrestrial habitats. 

� Prioritization

With limited budgets and hundreds of thousands of kilo-
meters of roads, it is essential that land managers priori-
tize road removal efforts. The process of prioritizing road
removal is complex and must take into account ecologi-
cal, economic, and social costs (Luce et al. 2001). Most
projects prioritize “problem” roads that contribute large
amounts of sediment to streams, reducing the quality of
fish habitat. Many road removal projects in the Rocky
Mountains have prioritized roads that allow for habitat
security for grizzly bears and elk.

An ecologically relevant prioritization approach might
attempt to increase the amount of highest quality habitat
within watersheds. Selecting roads that affect large
reaches of streams or watersheds with already low road
densities may be most appropriate. Although handbooks,
peer-reviewed articles, and workshops have addressed the
issue of prioritization, no comprehensive protocol exists,
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Figure 6. Sediment loss on treated and untreated roads in northern California. Values from
Bloom do not include sediment loss from stream crossings on these roads (reported in Table
2), whereas the other studies include stream crossing erosion as part of the sediment loss.
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and field units still commonly apply an ad hoc process for
selecting roads to be removed. Better prioritization prac-
tices are at least as important as improvements to rehabil-
itation techniques.

� Future research questions

While some research has been conducted on the effec-
tiveness of road removal, there are still large gaps in our
knowledge. It is imperative that we support any restora-
tion efforts with sound science. Baseline data are impor-
tant, as is meta-analysis (an overview analysis of many
studies) of similar projects to predict expected out-
comes. Monitoring after intervention is essential to
understanding the long-term dynamics, as is replication
in different soil types and climates. The effectiveness of
a particular approach depends on the context (eg soils,
climate, and topography) of the treatment. Addressing
the impacts of road removal at different spatial scales
would also be very helpful.

If the restoration of ecosystem processes is the goal of
road removal, then it is also essential that we document
ecosystem recovery and modify our mitigation as appro-
priate. The reduction of erosion and increased infiltration
following road removal has been documented (eg Luce
1997; Madej 2001) and continued research on hydrologic
and geomorphic restoration will soon allow meta-analy-
sis. However, the effectiveness of restoring natural stream
and flood plain function still needs to be addressed.
Finally, one of the most important research tasks ahead is
quantifying the benefits of road removal on aquatic,
riparian, and terrestrial ecosystems. No studies have yet
examined the influence of road removal on the recovery
of these ecosystems. Although road removal is now ocur-
ring across the US and parts of Canada, a rigorous evalu-
ation of 20 years of restoration in northern California by
an interdisciplinary team of experts could be an emi-
nently fundable and important project.

� Conclusions

Even after thousands of kilometers of roads have been
removed, there is an alarming lack of published analy-
sis of the effectiveness of these efforts. Road removal
creates short-term disturbances that can temporarily
increase sediment loss, but in the long-term, road
removal may reduce chronic erosion and the risk of
landslides. Continued research is greatly needed, espe-
cially quantifying how effective various road removal
techniques are in restoring terrestrial, riparian, and
aquatic habitat. As is often the case, however, the best
solution is prevention. In northern California, on
steep lower slope roads, no form of road removal was
able to prevent chronic erosion completely. Increased
research on this emerging field will help us more effec-
tively remove roads, set restoration priorities, and ulti-
mately help restore the integrity of entire ecosystems.
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Effect of geomorphic channel restoration on streamflow and

groundwater in a snowmelt-dominated watershed
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[1] Reengineering of stream channels is a common approach used to restore hydrologic
function in degraded landscapes, but there has been little published research analyzing its
effectiveness. A key challenge for impact assessment is disentangling the effects of
restoration from climate variability. Trout Creek, near Lake Tahoe, California, was
reengineered to reestablish hydrologic connectivity between the stream and its former
floodplain. Gauges located above and below the site, along with groundwater well
measurements, were used to analyze prerestoration and postrestoration hydrology. Results
show that restoration has a seasonal impact with statistically significant increases in
streamflow during the summer recession period and decreased groundwater table depths
across a wide range of streamflow conditions. Paired gauges and statistical models that are
robust to serial autocorrelation demonstrate a feasible approach for assessing hydrologic
restoration in regions where climate patterns lead to substantial within-year and
between-years variation in streamflow.

Citation: Tague, C., S. Valentine, and M. Kotchen (2008), Effect of geomorphic channel restoration on streamflow and groundwater

in a snowmelt-dominated watershed, Water Resour. Res., 44, W10415, doi:10.1029/2007WR006418.

1. Introduction

[2] The alteration of riparian and stream ecosystems
through urban and agricultural land use practices has
prompted widespread and costly restoration projects
[Palmer et al., 2005; Bernhardt et al., 2005; Booth,
2005]. Most of these projects involve engineered alteration
of streamflow and groundwater to support the restoration of
aquatic and riparian ecosystem structure and function. It is
therefore critical that assessment of the effectiveness of
restoration efforts include consideration of changes to both
streamflow regimes and groundwater dynamics [Booth,
2005; Ward et al., 2002].
[3] Undesirable human-induced changes to the hydrology

of riparian areas and streams can arise through a variety of
mechanisms and can occur across a range of scales. Asso-
ciated restoration strategies reflect the type and scale of
impacts associated with different land use practices. Com-
mon examples of relatively local impacts include over-
grazing and construction in riparian zones, channelization
of streams as part of agricultural and urban conveyance
systems, and down cutting of stream channels leading to
dewatering of riparian areas [Mant and Janes, 2005;
National Research Council (NRC), 1992]. In these cases,
stream restoration activities often seek to directly modify
stream channel and riparian zone surface and subsurface
drainage properties.
[4] There is a variety of stream modification techniques

designed to enhance hydrologic function. These techniques

range from approaches that focus largely on altering the
channel itself to more geomorphically based approaches that
include consideration of surrounding floodplain or riparian
area (NRC [1992]; De Laney [1995]; Poff et al. [1997];
Hillman [1998]; Swanson Hydrology and Geomorphology
(SHG) [2004]; D. S. Lindquist and J. Wilcox, New con-
cepts for meadow restoration in the northern Sierra
Nevada, Feather River coordinated resource management,
2000, accessed 27 February 2006 at http://www.feather-
river-crm.org/publications/abstracts/ieca.htm (hereinafter
referred to as Lindquist and Wilcox, 2000); U.S. Forest
Service, Lake Tahoe Basin Management Unit, Draft envi-
ronmental assessment Big Meadow Creek: Cookhouse
Meadow stream restoration project, 2004). Recently, bio-
technical restoration techniques are replacing older resto-
ration methods involving ‘‘hard’’ engineering solutions such
as riprap, concrete, sheet piling, dams, and levies [Goodwin
et al., 1997; NRC, 1992]. Biotechnical approaches, which
incorporate natural materials such as rock, root wads, and
native vegetation, can often times perform the same functions
as hard engineering techniques with arguably improved
hydrologic, ecologic, and aesthetic results [SHG, 2004].
Preliminary studies in stream and meadow restoration
projects have indicated that reengineered channels utilizing
biotechnical techniques can successfully raise groundwater
levels and reconnect channels with their floodplains [SHG,
2004]; see also Lindquist and Wilcox (2000). Neverthe-
less, inadequate monitoring and evaluation continues to be
one of the major criticisms of river restoration projects,
and further research is needed to asses the response of
streamflow and groundwater regimes to channel modifica-
tions [Ralph and Poole, 2002; Reeve et al., 2006; Palmer
et al., 2005]. Studies are needed across a broad range of
geographic settings, and explicit consideration of interac-
tions between hydroclimatic processes and restoration
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effects are needed to support generalization of monitoring
results. This study provides an assessment of the restoration
impacts on both streamflow and groundwater dynamics for
Trout Creek in the Sierra Nevada. Restoration of Trout
Creek used a biotechnical approach and was designed to
improve connectivity between channel and floodplain
through infilling of an incised channel coupled with a
significant reworking of the surrounding floodplain. Hydro-
ecologic goals of the Trout Creek project included reducing
flood flow and nutrient loading by increasing overbank
flow, decreasing channel erosion and restoring riparian
vegetation by improving summer groundwater availability
[Wigart, 2004].
[5] Estimating changes to hydrologic regimes following

restoration is often confounded by multiple and interacting
variables that shape observable hydrologic behavior, such as
streamflow and groundwater table elevations. Disentangling
the impacts of restoration from natural variation due to
climate can be particularly challenging. Trout Creek is
situated in a region where spring snowmelt and warm dry
summers are the primary hydroclimatologic controls on
hydrologic processes. Flow regimes (especially those in
snowmelt-dominated watersheds) exhibit large interannual
and intra-annual variations due to these seasonal changes
[Wohl et al., 2005; Poff et al., 1997; Smakhtin, 2001]; see
also Lindquist and Wilcox (2000). Groundwater measure-
ments are rarely available for more than a few years. Stream
gauge measurements may be available for longer periods,
on the order of decades at some sites. However, even with
longer-term data sets, climate shifts may make subtle
changes due to restoration difficult to detect or lead to a
misidentification of the effects. In the western United States,
for example, recent studies have shown trends toward
lower summer base flows for many streams in the Oregon
Cascades and Sierras, due to climate-driven reductions in
snow accumulation and melt [Knowles and Cayan, 2002;
Bales et al., 2006]. Given the potential interaction between
climate-driven changes and the impacts of restoration
efforts, assessment strategies are needed that can disentan-
gle these effects.
[6] Paired catchment studies have been widely used to

separate the effects of climate variability and land use
change, particularly in studies that analyze the affects of
logging on streamflow (reviewed by Bosch and Hewlett
[1982] and Best et al. [2003]). The application of a paired
catchment approach requires that the two watersheds be
both proximal and similar and that the control catchment not
change over the course of the analysis. Similarity is gener-
ally defined in terms of climate, geology, vegetation,
topography, and land use. Critiques of the paired catchment
approach often center on whether the degree of similarity is
sufficient to distinguish changes of interest from changes
due to climate [Best et al., 2003].
[7] In the case of channel modification and near stream

restoration, a refinement of the paired catchment approach
is to use two gauges on the same stream—one upstream and
one downstream of the restoration site. Given that a sub-
stantial proportion of the contributing area will be shared by
both gauges, this approach should maximize similarity. In
this study, we take advantage of this modified version of the
paired catchment approach or paired gauge approach, using
longitudinal stream gauges to assess the impact of channel

reconstruction for Trout Creek. We compare the gain in
discharge, measured between gauges upstream and down-
stream of the restoration site, for prerestoration and post-
restoration periods. We use streamflow gain defined at a
daily time step in order to examine seasonal variation in the
impact of stream restoration. We also compare relationships
between groundwater well observations and streamflow for
prerestoration and postrestoration periods.
[8] The Trout Creek Stream Restoration and Wildlife

Enhancement Project in South Lake Tahoe was completed
in 2001. Over 3000 m of channel was excavated and most
of the original channel infilled followed by significant
reworking of floodplain to construct a new channel. The
new stream alignment exhibited enhanced sinuosity, a raised
channel elevation, reduced slope, and an overall increase in
channel length. Parts of the old channel were infilled to
reduce the likelihood of stream recapture, while other seg-
ments (expected to fill in time by natural processes) were
left to enhance diversity and function as small oxbow lakes.
Bioengineering techniques were used during construction to
maximize the biologic recovery of the stream corridor,
improve stream habitat, and to allow for increased hydro-
logic connectivity between the stream channel and the
floodplain.
[9] Changes to the channel and floodplain were designed

to raise local groundwater tables, lower channel gradients,
increase riparian zone storage, and increase transit time in
the channel. Given the seasonality of flow regimes, the
impact of these changes on streamflow and groundwater
would be expected to differ during winter, snowmelt reces-
sion, and summer and early fall base flow periods. Specif-
ically, we made the following hypotheses.
[10] 1. Following occasional large autumn rainfall events

and in the early to peak snowmelt recharge period, restora-
tion will lead to a decrease in the gain in streamflow
measured between gauges above and below the restoration
site. During these recharge periods, channel modifications
should reduce channel flood flows, particularly if opportu-
nities for overbank flow are increased. Restoration should
also increase the storage in the riparian area and further
support reduced streamflow downstream of the restored site
(relative to flow at the upstream gauge).
[11] 2. During the recession period following peak

snowmelt recharge, streamflow downstream of the restored
site will increase, relative to upstream site, supported by
the slower draining riparian groundwater system. Ground-
water levels will also be elevated relative to prerestoration
conditions.
[12] 3. Later in the summer and early fall, we hypothesize

that higher riparian groundwater levels will persist but their
influence on streamflow will diminish. High groundwater in
late summer may also increase riparian evapotranspiration
and potentially decrease summer base flow. In fact, in-
creased evapotranspiration was one of the implicit goals of
the project, designed to reduce the dewatering of riparian
vegetation due to channel incision.
[13] We used available streamflow and groundwater

measurements to test whether the hypothesized effects took
place. More generally, our analysis tests whether changes to
the hydrograph described above take place and thus support
our conceptual model of potential restoration effects on
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streamflow and groundwater dynamics in this snowmelt-
dominated system.

2. Methods

2.1. Site Description

[14] Trout Creek watershed is located in the southern
portion of the Lake Tahoe Basin in El Dorado County,
California. Trout Creek has a drainage area of 106 km2, and
the main channel length is approximately 19.5 km long. The
watershed ranges from a high of 3317 m above mean sea
level at Freel Peak to a low of approximately 1897 m, where
it enters Lake Tahoe. In the Lake Tahoe area, most precip-
itation occurs in the winter as snowfall, and summer
drought is typical. Mean annual precipitation ranges from
50 cm to 100 cm, and approximately 94% of the annual
precipitation occurs between late November and mid-May.
[15] The Trout Creek study site lies just north of Pioneer

Trail and south of Martin Avenue in the City of South Lake
Tahoe. The two gauges used in this study are located at

the upper and downstream ends of a riparian meadow
(Figure 1). Snowmelt at the meadow generally occurs from
mid-May to mid-June, and a vast majority of the snow in
the upper watershed has usually melted by late July.
Although summer thunderstorms do occur, they are infre-
quent and seldom contribute to significant streamflow
pulses. The meadow substrate comprises well-sorted allu-
vial and glacial deposits, and the study site comprises
vegetation typical of high-altitude montane environments
in the Sierra Nevada. Plant community structure varies
throughout the meadow system and includes a variety of
riparian vegetation bounded by dryer upland vegetation
communities. Meadow vegetation comprises sedges, rushes,
grasses, annual and perennial forbs, and a variety of willow
species. Dominant meadow species include Carex nebras-
censis, Juncus balticus, Muhlenbergia richardsonis, Poa
pratensis, Arnica chamissonis, Aster occidentalis, Achillea
millefolium, Lupinus polyphyllus, and Salix lutea. Upland
species adjacent to the meadow are primarily coniferous

Figure 1. Location map of Trout Creek.
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trees, including Abies concolor, Pinus contorta, Pinus jeffrey,
and Pinus ponderosa.
[16] The U.S. Geological Survey (USGS) has operated a

streamflow gauging station on Trout Creek continuously
since 1 October 1960 (station number 10336780). The
gauge is located just downstream of the project site at the
Martin Avenue crossing. A second USGS gauge (station
number 10336775) is located upstream of the project site,
and approximately 1 km upstream of first gauge, at the
Pioneer Trail crossing. This gauge has been providing
continuous streamflow data since 1 October 1990. There
is a small tributary, Cold Creek, which intersects Trout

Creek between the two gauges. No significant land cover
changes occurred in the Cold Creek watershed throughout
the study period and flow contributions from Cold Creek
are relatively small. Groundwater data was collected by the
City of South Lake Tahoe from 24 wells situated within the
meadow. The monitoring wells were installed in October of
1999 and were arranged in 6 transects oriented perpendic-
ular to the stream channel. Transect and well locations can
be seen in Figure 2. Piezometers were constructed out of
perforated PVC pipe 1.8 m in length, and monitored by
lowering a hydrolight until the water table was detected.

Figure 2. Map showing groundwater well locations and preretoration and postrestoration stream
alignments.
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Groundwater readings were taken on a bimonthly basis
from November 1999 to June 2003.

2.2. Data Analysis

[17] In order to assess the effect of restoration on stream-
flow, we use a paired guage comparison. We examine the
relative difference in daily streamflow between the upper
and lower gauges at a daily time step for the preperiod
(1990–2000) and postperiod (2001–2004). As discussed
above, both the effect of restoration and the relative differ-
ence between the upper and lower gauges are expected to
vary seasonally.
[18] Using the daily streamflow data for both gauges over

the entire period from 1990 to 2004, we define proportional
streamflow gain as

Dqrel ¼ qupper � qlower
� �

=qupper; ð1Þ

where qupper and qlower are measured discharge at the upper
and lower gauges averaged for each day. It follows that
Dqrel represents the daily increase in discharge between the
two gauges as a proportion of streamflow at the upper
gauge. Differencing the data in this way takes out any
effects that are common to both gauges, such as interannual
variation in the timing and magnitude of snowmelt. Our aim
is to determine whether restoration has any effect on
proportional streamflow gain and whether the effect differs
by time of year.
[19] In order to identify the potential restoration effect by

month, we estimate a regression model with the following
specification:

Dqrel ¼ aþ b0mt þ d0Rtmt þ qwydevt þ et; ð2Þ

where mt is a vector of 12 binary dummy variables, one for
each month January through December, Rt is a binary
dummy variable indicating whether the observation is
during the postrestoration period, wydevt is the annual
deviation from the annual mean streamflow at the upper
gauge, and et is a random error term. Annual streamflow is
computed by water year, which is defined as October
through September. Deviation is computed as the difference
between annual streamflow in each water year and the long-
term mean annual streamflow over the period of record.
Deviation from mean annual streamflow is included to
control for year-to-year variation in atmospheric conditions
(temperature and precipitation) that may drive differences
between streamflow at the upper and lower gauges. Since
water inputs are dominated by spring snowmelt, annual
(water year) streamflow should provide a good surrogate for
the magnitude of primary water input throughout the melt
season and into the summer.
[20] The vector of coefficients b will provide estimates of

the monthly differences between gauges before restoration.
As required whenever including a set of mutually exclusive
categorical variables in a regression model (i.e., 12 months
in a year), one category must be omitted to avoid perfect
multicolinearity. We omit the month of May, meaning that
the estimated coefficients in b are interpreted as the average
difference in proportional streamflow gain between the
corresponding month and May for the period 1990 through
2000. The coefficients d, which are of primary concern, are

interpreted as the differences in the monthly averages for the
years 2001 through 2005. In other words, the estimates of d
are interpreted as the monthly effects of restoration on the
proportional streamflow gain.
[21] A potential concern with the model specified by

equation (2) is that Dqrel is highly serially correlated, which
implies that the error term et is serially correlated. Not
accounting for serial correlation poses a problem for making
statistical inference. Serial correlation is a ubiquitous prob-
lem in streamflow analysis [Worrall et al., 2003]. Temporal
aggregation (e.g., using monthly or annual streamflow
rather than daily values) is a commonly used approach to
avoid problems associated with serial correlation. Aggrega-
tion, however, is problematic when data are limited and
sample variation is high, as is the case here. Aggregation
also smoothes the data, thereby reducing the information
content at finer time scales that may be important when the
effect (of restoration) varies at relatively fine time scales.
Parametric autoregressive models are another widely used
approach, such as specifying an AR1 process for the error
term [e.g., Worrall et al., 2003], but these require the
researcher to assume a specific functional form of the serial
correlation.
[22] Here we use a nonparametric approach that allows

for robust statistical inference. Specifically, we report
Newey and West [1987] standard errors that enable statis-
tical inference that is robust to both heteroskasticity and
any form serial correlation up to a specified lag. Reporting
these standard errors is a commonly used approach in
the economics literature to account for serial correlation
[Wooldridge, 2002]. The relative advantage of the Newey-
West approach is that it does not require any assumptions
about the structure of the serial correlation, but rather,
assumes the number of time periods over which serial
correlation will be accounted for. For comparison purposes,
we use lags of 15 and 30 days, which should cover the
window over which serial correlation is a concern for our
streamflow data. To demonstrate the effect of this approach,
we compare the Newey-West standard errors and consequent
statistical significance with those corresponding to standard
ordinary least squares (OLS) estimation. Note that OLS is
used to estimate the only set of coefficients that we report, as
the Newey-West standard errors are derived using postesti-
mation methods and do not affect the coefficient estimates.
[23] In addition to streamflow data, we compare ground-

water table elevations in the prerestoration and postrestora-
tion periods. Figure 2 illustrates the piezometer locations.
As with streamflow, groundwater elevation is expected to
vary with atmospheric conditions; however, changes in the
relationship between groundwater elevation and streamflow
are likely to reflect changes directly due to restoration. In
order to examine this relationship at our study site, we
estimate the following regression model:

gwlevelit ¼ lqupper þ 8Rt þ gRtqupper þ rdistanceit þ ni þ uit;

ð3Þ

where gwlevelit is the depth to groundwater table (meters of
depth below the surface) for well i at time t, the variables
qupper and Rt are defined the same as above, distanceit is the
distance (in meters) from well i to the channel at time t, the
term ni is a unique intercept for each well, and uit is an error
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term. The control variables specified in (3) have several
advantages. The unique intercept term for each well, or
fixed effect, enables us to control for any time-invariant,
unobserved heterogeneity that explains the groundwater
elevation at each well. The inclusion of distanceit controls
for changes in groundwater elevation that may be due to
changes in the distance of the channel from each well after
restoration. This is important because the position of
individual wells relative to the stream channel changed
following restoration, with the average distance to the
channel decreasing by 30 m. We note that lateral distance is
an approximation of groundwater flow path distance
[Woessner, 2000]; however, it was the only readily available
measure for the study site. Finally, the inclusion of qupper
accounts for the effect of streamflow on groundwater depth
that is not due to either restoration or distance.
[24] The coefficients ’ and g are of primary interest, as

they will provide estimates of the restoration effect on the
overall groundwater depth at all wells and on the relation-
ship between streamflow and groundwater depth. Once
again, we account for serial correlation by reporting stan-

dard errors that are clustered on each well. As with the
Newey-West approach described above, the clustering is
robust to any form of potential serial correlation. But in this
case, we assume a lag that covers the entire study period.
We also experimented with specifications that included
further interaction terms with distance (i.e., to determine
whether the relationship with streamflow and the restoration
effect varied with distance), but we do not report these
models because none of the interactions yielded coefficients
that were statistically significant.

3. Results and Discussion

3.1. Effects of Restoration on Streamflow

[25] Figure 3a shows mean streamflow by day of year for
the upper gauge and depicts the seasonality of flow. Snow-
melt-dominated flow begins in early March with the peak
snowmelt period falling between mid-May and mid-June.
Snowmelt recharge supports recession flow through July
and into August, followed by a base flow period extending
into late October. Periodic rainfall (or snowmelt) events do

Figure 3. (a) Daily streamflow for the upper gauge (qupper) averaged by day of year over water years
1990–2004 and (b) proportional difference (Dqrel) in daily streamflow, averaged by day of year, for
prerestoration and postrestoration periods.
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occur throughout the November to March period. While
these effects are smoothed through multiyear averaging in
this seasonal hydrograph, increased flow associated with
several large December and January rain and rain-on-snow
events can be seen.
[26] Figure 3b depicts the proportional gain in streamflow

between upper and lower gauges for pre and post restoration
periods, averaged by day of year. As expected, the effects of
restoration differ seasonally and there are distinct responses
during the peak snowmelt recharge period (mid-May
through mid-June), the initial snowmelt recession period
(June–July), and the late summer and early fall period
(August–October). Changes in streamflow gain during the
winter and peak snowmelt recharge periods show the
expected tendency toward lower values (supporting hypoth-
esis 1) in February–April and November–December.
The largest relative changes in streamflow occur during
the snowmelt recession period. Increased streamflow in the
lower gauge relative to the upper gauge during this period
is consistent with our hypothesis 2 that increased riparian
storage and reduced riparian channel gradients support
higher flow during snowmelt recession. These increases
diminish throughout the summer and early fall base flow
periods (hypothesis 3). Note that late summer and early
fall base flow patterns are likely to combine two effects:
First, toward the tail of the streamflow recession period,
the impact of increased storage and slower drainage
remains although it diminishes relative to June–July
increases. Second, during this late summer and early fall
period, higher groundwater levels may support increased

evapotranspiration losses leading to reduced flow. The
combination of remaining effects of increased storage
support for base flow and increases in evapotranspiration
may effectively cancel each other leading to no observed
change in late season base flow.
[27] We use the regressionmodel represented by equation (2)

to test whether the seasonal effects evident in Figure 3b
are statistically significant. Table 1 reports the estimated
coefficients. As noted above, coefficients d denote changes
in monthly differences between gauges following restora-
tion and are the primary focus of the analysis. The coeffi-
cients b provide estimates of the monthly differences
between gauges that are constant from 1990 to 2004. Coef-
ficients b differ across months and are statistically significant
for all months. Monthly differences show that there are
seasonal differences in the relationship between the upper
and lower gauges. It is also worth noting that year-to-year
differences in the timing and magnitude of snowmelt inputs,
as reflected in the deviation of total water year streamflow
from the norm (wydevt), do not have a significant effect on
relative streamflow differences.
[28] The estimated coefficients d support the hypothesis

(hypothesis 2) that during the recession period the relative
gain in flow between the upper and lower gauges will
increase. There is a statistically significant increase in percent
gain for both June and July following restoration, and the July
increase is the largest monthly effect. The magnitudes of
these increases are substantial: the increase in flow at the
lower gauge, relative to the upper gauge, is 11% in June and
24% in July. Note in Figure 3b that June and July are high-

Table 1. Linear Regression Results for Monthly Changes in Streamflowa

Variable Coefficient OLS SEc

Newey-West SEb

15-Day Lag 30-Day Lag

b_Jan 0.211 0.015*** 0.028*** 0.032***
b_Feb 0.183 0.015*** 0.027*** 0.031***
b_Mar 0.165 0.015*** 0.038*** 0.044***
b_Apr 0.095 0.015*** 0.030*** 0.034***
b_Jun 0.116 0.015*** 0.034*** 0.037***
b_Jul 0.277 0.014*** 0.048*** 0.056***
b_Aug 0.363 0.014*** 0.060*** 0.074***
b_Sep 0.322 0.014*** 0.044*** 0.052***
b_Oct 0.334 0.015*** 0.028*** 0.031***
b_Nov 0.295 0.015*** 0.023*** 0.026***
b_Dec 0.262 0.015*** 0.021*** 0.023***
d_Jan �0.028 0.017 0.028 0.031
d_Feb �0.067 0.018*** 0.029** 0.034*
d_Mar �0.110 0.017*** 0.042*** 0.047*
d_Apr �0.037 0.018** 0.041 0.048
d_May 0.035 0.018** 0.027 0.028
d_Jun 0.112 0.019*** 0.059* 0.062*
d_Jul 0.240 0.018*** 0.102** 0.124*
d_Aug �0.009 0.018 0.069 0.082
d_Sep �0.002 0.019 0.058 0.070
d_Oct 0.028 0.017 0.054 0.064
d_Nov 0.034 0.018* 0.037 0.041
d_Dec �0.094 0.017*** 0.021*** 0.018*
q_wydev 0.010 0.004** 0.014 0.018
Constant 0.408 0.010*** 0.018*** 0.020***
Observations 6179
R2 0.281

aThe dependent variable is Dqrel. May is the omitted category for the month dummies. Single asterisk indicates significant at 90% level; double asterisk
indicates significant at 95% level; triple asterisk indicates significant at 99% level.

bNewey and West [1987] standard error.
cOrdinary least squares standard error.
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flow periods; thus these relative increases correspond to
substantial changes in absolute flow volumes.
[29] Accounting for serial autocorrelation using with the

Newey-West standard errors decreases the level of statistical
significance of the changes in June and July, from 99% to
95% or 90%, depending on the size of the lag. We assume
that a significance level greater than 90% reflects a mean-
ingful change in streamflow behavior, and thus the estimated
changes in streamflow for June and July are robust to the
effects of serial autocorrelation.
[30] During the winter and early snowmelt periods, rela-

tive streamflow generally decreases, as predicted by hy-
pothesis 1, although the coefficients are not always
statistically significant. The decrease in streamflow is sta-
tistically significant in February and March, even with the

30-day lag to account for serial correlation. In August
through October, there is no statistically significant effect
of restoration on streamflow.

3.2. Effects of Restoration on Groundwater

[31] Figure 4 shows the relationship between depth to
groundwater and discharge for two wells, T1W2 and T5W3,
for which the distance to the channel increased (22 to 40 m)
and decreased (48 to 28 m) respectively following restora-
tion. As expected, overall depth to groundwater decreases,
and depth to groundwater values for a given streamflow
value are lower following restoration. The slope of the
discharge-groundwater relationship, however, does not ap-
pear to change. A high groundwater table (lower depth)

Figure 4. Depth to groundwater versus discharge at the upper gauge for prerestoration and
postrestoration periods for (a) groundwater well T1W2 and (b) groundwater well T5W3.
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following restoration is consistent with our conceptual
model that restoration increases storage in the riparian zone.
[32] Table 2 reports the results of regression model (3)

applied using all available groundwater wells (as shown in
Figure 2). As expected, depth to groundwater is significantly
related to streamflow, with lower streamflow corresponding
to greater groundwater depths. Depth to groundwater also
increases with increasing distance from the channel, although
this effect is not statistically significant. The depth to ground-
water decreases significantly with restoration (Rt), but there is
no significant change in the relationship between streamflow
and groundwater table elevation (Rt qupper). The decrease in
depth to groundwater is substantial. For example, mean
August base flow is 0.01 cm. At this August base flow value,
for a well 0.5 m from the channel, the model estimates a
decrease from 1.1 to 0.8 m in groundwater depth following
restoration. Mean depth to groundwater for all sample dates
and wells prior to restoration was 1.4 m, and 1.0 m following
restoration.
[33] Riparian and aquatic ecosystems are dependent on the

timing and magnitude of groundwater levels and streamflow.
Thus changes to hydrologic regimes have been shown to
impact specific organisms as well as overall ecosystem health
[Poff et al., 1997; Kauffman et al., 1997]. Our analysis of
paired gauge streamflow and groundwater well measure-
ments provides evidence of a strongly seasonal pattern of
hydrologic impacts of restoration for the snowmelt-dominated
Trout Creek. Changes in streamflow, particularly the statis-
tically significant increases in recession flow during June
and July, indicate that restoration has lead to greater storage
and slower drainage of near-channel areas. This interpreta-
tion is further supported by significant decreases in depth to
groundwater in riparian zone wells. The seasonal pattern of
results suggests that the primary impact of restoration on
streamflow regimes occurs during the snowmelt recession
period. Increases during the recession period (both absolute
and relative) diminish as flow magnitude decreases through-
out the summer.
[34] Changes to groundwater dynamics, however, are

maintained throughout the summer period. One of the
primary goals of channel restoration projects, including
Trout Creek, is to reduce the dewatering of riparian areas
and the associated impacts on the structure and function of
riparian ecosystems. Decreases in depth to groundwater
across a range of discharge conditions in Trout Creek
suggest that restoration has successfully improved riparian

water availability for vegetation. In a report by Western
Botanical Services, Inc. [2003], a general trend toward a
wetter, more hydric plant community was observed
throughout the Trout Creek meadow, and most of the mesic
species present before restoration exhibited declines in
cover values. By the time the vegetative survey had been
completed in 2002 vegetative cover of native perennial
forbs had almost doubled. An increase in plant diversity
and vigor had occurred despite droughtlike conditions in the
preceding years. At the time of the survey, willow densities
had not changed, but were still expected to increase as the
new cuttings grew and matured. Initial postproject evalua-
tion also found evidence of increases in invertebrate and
fish populations [SHG, 2004; Wigart, 2004]. We note that
the restoration of Trout Creek was an intensive undertaking
that included reworking of both the channel and riparian
zone was guided by geomorphic principles. Other less
intensive restoration projects which focus solely on the
stream channel may not yield comparable changes in
hydrologic regimes.
[35] Underlying variability in hydrologic and climatic

processes coupled with inadequate monitoring, infrequent
reporting, and the relatively low number of adequate resto-
ration sites continues to limit the availability of data to
support restoration research [Moerke and Lamberti, 2004].
In an analysis of a restoration project in Idaho, for example,
Klein et al. [2007] found no statistically significant changes
to several hydrologic variables following restoration. They
attribute the lack of statistical significance to small sample
size and high interannual variability. These are common
problems in postrestoration assessment, where monitoring
data is limited and climate drivers of hydrologic variables
tend to show significant interannual and seasonal variation.
Aggregation of streamflow data into monthly or annual time
scales further limits data availability. Aggregation, however,
is often necessary in order to avoid the problem of serial
autocorrelation in discharge measurements. In this study, the
use of the Newey-West approach supported the use of daily
data by accounting for autocorrelation. This study demon-
strates the utility of the Newey-West nonparametric ap-
proach for robust statistical inference and offers an
alternative to autoregressive methods commonly used in
hydrologic science to account for serial autocorrelation.
Unlike autoregressive methods, Newey-West does not re-
quire assumptions to be made about the form of the serial
autocorrelation and thus is likely to be robust across a wider
variety of situations. Assessment in this study was also
supported by the availability of paired gauges above and
below the restoration site. Paired gauges are not routinely
included in restoration assessment planning, and this study
demonstrates the potential utility of the approach.

4. Conclusions

[36] One of the primary objectives of reengineering the
channel in Trout Creek was to improve ecologic function by
increasing summer water availability in riparian areas.
Analysis of streamflow and groundwater data in this study
suggests that restoration did alter the relevant hydrologic
processes and that these effects were significant, even given
substantial climatic variation. Restoration projects such as
the Trout Creek are likely to continue to be one of the main
thrusts of restoration activities. Snowmelt-dominated envi-

Table 2. Linear Regression Results for Changes in Groundwater

Levelsa

Variable Coefficient OLS SEb Clustered SE

l_qupper �0.027 0.003*** 0.005***
8_R �0.324 0.029*** 0.052***
g_Rqupper 0.003 0.003 0.004
r_distance 0.0001 0.0003 0.0002
Constant 1.144 0.029*** 0.065***
Well fixed effects (18) yes
Observations 842
R2 (within) 0.47

aThe dependent variable is gwlevelit. Single asterisk indicates significant
at 90% level; double asterisk indicates significant at 95% level; triple
asterisk indicates significant at 99% level.

bOLS SE, ordinary least squares standard error.
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ronments, where human impacts were once limited, have
experienced significant development pressures in the past
decades. Restoration projects will likely continue to receive
significant public and private funding in these areas and the
need for monitoring and assessment will continue
[Cobourn, 2006; Bernhardt et al., 2005]. Statistical techni-
ques that increase extractable information from available
data are important assessment tools. This study demon-
strates the utility of paired gauge instrumentation and the
Newey-West approach to account for serial autocorrelation,
in addition to documenting postrestoration hydrologic
change across a wide range of flow conditions. Further
studies are still needed to provide a foundation of research
on hydrologic effects of channel restoration in a wide range
of geographic settings.

References
Bales, R. C., N. P. Molotch, T. H. Painter, M. D. Dettinger, R. Rice, and
J. Dozier (2006), Mountain hydrology of the western United States,
Water Resour. Res., 42, W08432, doi:10.1029/2005WR004387.

Bernhardt, E. S., et al. (2005), Ecology: Synthesizing U.S. river restoration
efforts, Science, 308(5722), 636–637, doi:10.1126/science.1109769.

Best, A., L. Zhang, T. McMahon, A. Western, and R. Vertessy (2003), A
critical review of paired catchment studies with reference to seasonal
flows and climatic variability, in CSIRO Land Water Tech. Rep. 25/3,
Murray-Darling Basin Comm. and Commonw. Sci. Ind. Res. Organ.,
Melbourne, Victoria, Australia.

Booth, D. B. (2005), Challenges and prospects for restoring urban streams:
A perspective from the Pacific Northwest of North America, J. North
Am. Benthol. Soc., 24(3), 724–737.

Bosch, J. M., and J. D. Hewlett (1982), A review of catchment experiments
to determine the effects of vegetation changes on water yield and evapo-
transpiration, J. Hydrol., 55, 3–23, doi:10.1016/0022-1694(82)90117-2.

Cobourn, J. (2006), How riparian ecosystems are protected at Lake Tahoe,
J. Am. Water Resour. Assoc., 42(1), 35 – 43, doi:10.1111/j.1752-
1688.2006.tb03821.x.

De Laney, T. A. (1995), Benefits to downstream flood attenuation and
water quality as a result of constructed wetlands in agricultural landscapes,
J. Soil Water Conserv., 50(6), 620–626.

Goodwin, C. N., C. P. Hawkins, and J. L. Kershner (1997), Riparian
restoration in the western United States: Overview and perspective,Restor.
Ecol., 5(4S), 4–14, doi:10.1111/j.1526-100X.1997.00004.x.

Hillman, G. R. (1998), Flood wave attenuation by a wetland following a
beaver dam failure on a second-order boreal stream, Wetlands, 18(1),
21–34.

Kauffman, J. B., R. L. Beschta, N. Otting, and D. Lytjen (1997), An
ecological perspective of riparian and stream restoration in the western
United States, Fisheries , 22(5), 12 – 24, doi:10.1577/1548-
8446(1997)022<0012:AEPORA>2.0.CO;2.

Klein, L., S. R. Clayton, J. R. Alldredge, and P. Goodwin (2007), Long-
term monitoring and evaluation of the lower Red River Meadow restora-
tion project, Idaho, U.S.A., Restor. Ecol., 15(2), 223–239, doi:10.1111/
j.1526-100X.2007.00206.x.

Knowles, N., and D. Cayan (2002), Potential effects of global warming on
the Sacramento/San Joaquin watershed and the San Francisco estuary,
Geophys. Res. Lett., 29(18), 1891, doi:10.1029/2001GL014339.

Mant, J., and M. Janes (2005), Restoration of rivers and floodplains, in
Restoration Ecology: The New Frontier, edited by J. van Andel and J.
Aronson, pp. 141–157, Blackwell, Malden, Mass.

Moerke, A. H., and G. A. Lamberti (2004), Restoring stream ecosystems:
Lessons from a midwestern state, Restor. Ecol., 12(3), 327 – 334,
doi:10.1111/j.1061-2971.2004.0340.x.

National Research Council (NRC) (1992), Restoration of Aquatic Ecosys-
tems: Science, Technology, and Public Policy, Natl. Acad. Press, Wa-
shington, D.C.

Newey, W. K., and K. D. West (1987), A simple, positive semi-definite
heteroskedasticity and autocorrelation consistent covariance matrix,
Econometrica, 55, 703–708, doi:10.2307/1913610.

Palmer, M. A., et al. (2005), Standards for ecologically successful river
restoration, J. Appl. Ecol., 42, 208 – 217, doi:10.1111/j.1365-2664.
2005.01004.x.

Poff, N. L., J. D. Allan, M. B. Bain, J. R. Karr, K. L. Prestegaard,
B. D. Richter, R. E. Sparks, and J. C. Stromberg (1997), The natural flow
regime, BioScience, 47(11), 769–784, doi:10.2307/1313099.

Ralph, S. C., and G. C. Poole (2002), Putting monitoring first: Designing
accountable ecosystem restoration and management plans, in Restoration
of Puget Sound Rivers, edited by D. R. Montgomery, S. Bolton,
D. B. Booth, and L. Wall, pp. 226–245, Univ. of Wash. Press, Seattle.

Reeve, T., J. Lichatwoich, W. Towey, and A. Duncan (2006), Building
science and accountability into community-based restoration: Can a
new funding approach facilitate effective and accountable restoration?,
Fisheries, 31(1), 17–24, doi:10.1577/1548-8446(2006)31[17:BSAAIC]
2.0.CO;2.

Smakhtin, V. U. (2001), Low flow hydrology: A review, J. Hydrol., 240,
147–186, doi:10.1016/S0022-1694(00)00340-1.

Swanson Hydrology and Geomorphology (SHG) (2004), Trout Creek mea-
dow restoration: Geomorphic monitoring final report 2001–2003, Santa
Cruz, Calif.

Ward, J. V., K. Tockner, D. B. Arscott, and C. Claret (2002), Riverine
landscape diversity, Freshwater Biol, 47, 517–539, doi:10.1046/j.1365-
2427.2002.00893.x.

Western Botanical Services, Inc. (2003), Post construction vegetation mon-
itoring report: Trout Creek stream restoration and wildlife enhancement
project, prepared for the city of South Lake Tahoe, Reno, Nev.

Wigart, R. (2004), Trout Creek final report summary. City of South Lake
Tahoe.

Woessner, W. W. (2000), Stream and fluvial plain ground water interac-
tions: Re-scaling hydrogeologic thought, Ground Water, 38(3), 423–
429, doi:10.1111/j.1745-6584.2000.tb00228.x.

Wohl, E., P. L. Angermeier, B. Bledsoe, G. M. Kondolf, L. MacDonnell,
D. M. Merritt, M. A. Palmer, N. L. Poff, and D. Tarboton (2005),
River restoration, Water Resour. Res., 41, W10301, doi:10.1029/
2005WR003985.

Wooldridge, J. M. (2002), Econometric Analysis of Cross Section and
Panel Data, MIT Press, Cambridge, Mass.

Worrall, F., W. T. Swank, and T. P. Burt (2003), Changes in stream nitrate
concentrations due to land management practices, ecological succession,
and climate: Developing a systems approach to integrated catchment
response, Water Resour. Res., 39(7), 1177, doi:10.1029/2000WR000130.

����������������������������
M. Kotchen and C. Tague, Bren School of Environmental Science and

Management, University of California, Santa Barbara, Santa Barbara, CA
93106, USA. (kotchen@bren.ucsb.edu; ctague@bren.ucsb.edu)

S. Valentine, Department of Geography, Lake Tahoe Community
College, Lake Tahoe, CA 96150, USA. (valentine@ltcc.edu)

10 of 10

W10415 TAGUE ET AL.: CHANNEL RESTORATION EFFECTS W10415

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page436



Tate, Progress Report 2007 1

 
 

PROGRESS REPORT 
May 2003 through June 2008 

 
 
 
 
 

For the project 
 

LONG-TERM ENVIRONMENTAL EFFECTS OF CONIFER REMOVAL TO 
ACHIEVE ASPEN RELEASE IN NEAR-STREAM AREAS WITHIN THE 

NORTHERN SIERRAS 
 
 
 
 
 

Submitted to 
 
 

Lassen National Forest 
 
 
 
 
 

Submitted by 
 

Principal Investigator 
Kenneth W. Tate, Ph.D. 

Rangeland Watershed Specialist 
One Shields Ave 
Mail Stop One 

Department of Plant Sciences 
University of California 
Davis, CA 95616-8780 
Voice: 530-754-8988 
Fax: 530-752-4361 

Email: kwtate@ucdavis.edu 
 
 

Project Team 
Bobette Jones, Melanie McFarland, Tom Rickman, Al Vasquez: USFS LNF 

Natalie Stoddard: UC Davis  
 

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page437



Tate, Progress Report 2007 2

1. EXECUTIVE SUMMARY 
Following the adaptive management framework, several USFS Districts and Forests in California have 
begun to implement prescriptive conifer removal in conifer encroached aspen stands to conserve the 
stands, stimulate aspen regeneration, and recruit future cohorts of aspen to achieve full stand restoration. 
The purpose of the project detailed in this progress report is to provide the monitoring framework to 
assess the effects of conifer removal from encroached riparian aspen stands on aspen recruitment, stream 
water quality, streamflow, stream canopy, stream temperature, aquatic macroinvertebrate community and 
aquatic habitat, and riparian soil quality. This project is a collaborative effort between USFS, UC Davis, 
and the interagency Aspen Delineation Program. Support has been provided as funding and in kind 
contributions from the USFS Region 5 Fish Habitat Relationships Program, the Lassen National Forest, 
and the Department of Plant Sciences at UC Davis. Over the past 6 years this collaborative venture has 
fostered the development of several complementary projects, greatly expanding the current scope of 
applied research focused on aspen conservation, restoration and management in the region.  
 
Specific to the Lassen National Forest, four conifer removal projects have been implemented during this 
project: 1) January 2004 Bogard Units Project along Pine and Bogard Creeks; 2) August 2005 Summer 
Phase of the McKenzie Project along Pine and Bogard Creeks; 3) September 2006 Brokeoff Meadow 
Project along S.F. Bailey Creek; and 4) January 2008 Winter Phase of the McKenzie Project along Pine 
and Bogard Creeks. The purpose of the adaptive management study detailed in this report is to collect and 
report data to evaluate a suite of possible in-stream and near-stream impacts resulting from 
implementation of these projects. In this progress report we provide specific information about each of the 
projects, the monitoring design and analysis strategy, monitoring accomplished to date, as well as results 
available to date (June 2008).  
 
We are at a point in the project where we have collected and analyzed 1-2 years of pre treatment for all 
four projects and 1 to 4 years of post treatment data for projects 1 through 3 as listed above. During the 
summer of 2008, we are collecting the first year post treatment data for project 4. Data types collected 
include streamflow, stream canopy cover and solar radiation, stream water temperature, stream water 
quality, stream macroinvertabrate composition, soil bulk density and soil quality, and soil moisture status. 
For projects 1 through 3, we were able to find no statistically or ecologically significant change in 
streamflow, water quality, water temperature, macroinvertebrate composition, or soil bulk density and 
quality attributable to project implementation. We have also detected no change in soil bulk density due to 
project 4. All water quality variables (e.g., suspended solids, turbidity, nitrate, phosphate) were below any 
level of water quality concern. N and P were below analytical detection limits for the vast majority of the 
1000+ samples collected. The January 2004 Bogard Units Project (#1) and the September 2006 Brokeoff 
Project (#3) did significantly reduce stream canopy cover and increase solar input to treatment reaches. 
There was no change in stream canopy or solar input associated with the 2005 McKenzie project (#2). 
Although there was an increase in solar radiation reach for treatment stream reaches due to Projects 1 and 
3, there have been no significant increases in stream temperature in these reaches. This is likely due to: 1) 
stream cover following treatment was still relatively high with 40 to 60% cover common; and 2) the 
relatively short length of treatment reaches with short hydrologic residence times. Stream temperature 
changes were variable through lower reaches of Pine and Bogard Creeks during the overall monitoring 
period. These dynamics appear to be driven primarily by annual variation in stream flow, particularly 
annual variation in the proportion of streamflow contributed by subsurface return flow versus surface 
runoff. Finally, it appears that treatment stands have moister soil conditions lasting longer into the 
summer compared to control stands. This indicates that transpiration by conifers is reducing soil moisture 
within encroached stands. Overall, there results suggest that conifer removal projects implemented and 
monitored to date have had no detectable negative impacts on any of the riparian resource metrics 
measured. 
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2. BACKGROUND 
Trembling aspen (Populus tremuloides michx.) occurs in the montane zone of California’s Sierra 
Nevada/Cascade range. In the West, aspen is considered a keystone species providing important habitat to 
support plant and animal biodiversity in the region. Declines in the health and distribution of aspen stands 
across the region have been observed over the past century. That decline continues today. Much of this 
decline is attributable to conifer encroachment stimulated by the absence of natural fire regimes, as well 
as historic and current heavy browsing by domestic and native herbivores. The results of an aspen 
inventory conducted from 2000-2005 to assess the current status and risk of loss of 681 aspen stands 
(~95% of known stands) totaling 3,654 acres on the Eagle Lake Ranger District, Lassen National Forest 
documented that 77% of stands were at high risk of being lost. At least 37 known stands have expired 
with no living aspen present and no means of recruitment. If broad scale conservation and restoration 
action is not implemented immediately, a large majority of stands on that district may be lost. Conifer 
encroachment is the major risk factor associated with 96% of inventoried stands. These data reflect the 
condition of most aspen stands in the region, and provide a credible argument for the immediate release of 
conifer encroached aspen stands followed by subsequent restoration actions such as controlling excessive 
grazing.   
 
The advanced state and landscape scale of conifer encroachment induced aspen decline in the northern 
Sierra Nevada and southern Cascade indicates that: 1) restoration actions must occur sooner rather than 
later if the ecological services of aspen are to be preserved in the region (Jones et. al 2005); and 2) 
significant planning and implementation costs will be associated with restoration of degraded aspen 
stands. Logically and practically, prescriptive conifer removal has the potential to conserve a large 
number of conifer encroached aspen stands in the region which would otherwise transition to coniferous 
forest. Prescriptive conifer removal also has the potential to generate revenue to defray costs and fund 
additional restoration efforts such as protection from grazing. The Eagle Lake Ranger District of the 
Lassen National Forest used prescriptive conifer removal in four extremely degraded aspen stands, 
releasing the stands to actively recruit and establish several new cohorts of aspen, thus conserving the 
stands (Jones at al. 2005). Additional research is required to quantify ecological service potentials (e.g., 
herbaceous plant diversity, avian habitat structural complexity) and determining site constraints (e.g., 
precipitation, elevation) so that achievable restoration targets can be set.  
 
Broad scale implementation of prescriptive conifer removal in the region is an issue because a significant 
number of degraded stands are associated with riparian areas such as streams (Photos 1 and 2). Protection 
of riparian areas from silvicultural activities has justifiably strong legal and social support. However, 
conifer encroached riparian aspen stands that are not released will expire and overall riparian and 
landscape habitat complexity and biodiversity will continue to decline. Two causes as worthy as the 
protection of riparian areas and the conservation of aspen are surely not mutually exclusive, rather one 
could reasonably hypothesize that the restoration of riparian aspen stands would actually enhance overall 
riparian health. So, what are the negative impacts to riparian resources associated with aspen restoration 
initiated by prescriptive conifer removal? Which components of riparian resources are susceptible to 
negative impact: soils, water quality, aquatic habitat? If there are negative impacts, are they short or long-
term? Will the ecological services that a restored aspen stand provides to the riparian area and the 
landscape out-weigh short or even long-term negative impacts to riparian resources? Answering these 
core questions is crucial to initiating an informed, broad-scale conservation and restoration of riparian 
aspen stands in the region. 
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Adaptive management is an iterative process to identify and refine management to achieve defined natural 
resources objectives. It is founded upon active, not passive management. Conservation and restoration of 
aspen stands will require active, adaptive management. Adaptive management provides the manager, as 
well as other stakeholders, with the quantitative evidence that either: 1) progress is being made towards 
natural resources objectives and appropriate management practices are in place; or 2) progress towards 
natural resource objectives is not being made and management needs to be adapted. Central to this 
process is establishment of clear and measurable objectives, flexibility in management paradigms and 
implementation, and a data-based monitoring and evaluation framework to inform management of 
progress towards objectives. The management challenge we are facing is to design and implement 
prescriptive conifer removal strategies sufficient for conservation and restoration of encroached riparian 
aspen stands with minimal short-term and no long-term negative impacts on riparian resources. The 
overall goal of this project is to provide the monitoring and evaluation framework to assess impacts on 
key riparian resources (e.g., water and soil quality) and progress towards aspen stand conservation and 
restoration. 
 
This project examines the soil, riparian and water resources impacts of 5 conifer removal projects 
implemented, or planned for implementation, within riparian aspen stands on the Eagle Lake Ranger 
District and the Hat Creek Ranger District. The projects are: 

1) January 2004: Bogard Units Project along Pine and Bogard Creeks (ELRD) 
2) August 2005: Summer Phase of McKenzie Project along Pine and Bogard Creeks (ELRD) 
3) September 2006: Brokeoff Meadow Project along the South Fork of S.F. Bailey Creek (HCRD)  
4) January 2008: Winter Phase of McKenzie Project along Pine and Bogard Creeks (ELRD) 
5) Pending Implementation: Butte Creek Project (HCRD) 

 
Our specific monitoring objectives, and completion status, for this project are to: 

1) Evaluate the effectiveness of conifer removal as a means of successful aspen recruitment and stand 
establishment. Completed  

2) Conduct pre- and post- conifer removal monitoring of key stream attributes to evaluate effects on 
water resources.  

a. January 2004 Bogard Units Project Completed   
b. August 2005 Summer Phase of McKenzie Project Completed   
c. September 2006 Brokeoff Meadow Project Post Treatment Monitoring On-Going 
d. January 2008 Winter Phase of McKenzie Project Post Treatment Monitoring On-

Going 
3) Conduct pre- and post- conifer removal monitoring of soil attributes to evaluate effects on soil 

quality in riparian areas.  
a. January 2004 Bogard project Completed   
b. August 2005 Summer Phase of McKenzie Project Completed  
c. September 2006 Brokeoff Meadow Project Completed   
d. January 2008 Winter Phase of McKenzie Project Completed  

4) Extend and report the findings of this project to improve our ability to achieve Riparian 
Conservation Objectives as part of the Aquatic Management Strategy. On-Going 
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Photo 1 and 2. Unhealthy Pine Creek riparian aspen stands encroached by conifers and without recruitment. 

    
 
3. Treatment and Study Unit Definitions 
A few definitions are provided here for clarity and consistency. The treatment is the removal of conifers 
from within degraded aspen stands located within stream riparian areas. The conifer removal strategy is 
designed to fully release aspen from conifer dominance (Photo 3). The method and season in which 
conifers are removed varied because each stand had different opportunities and constraints. As a control, 
allowing evaluation of the impacts of treatment, we selected degraded riparian aspen communities in the 
vicinity of each aspen stand scheduled for treatment implementation (e.g., Photo 1). 
 
There are two study units in this monitoring project, as illustrated in Figure 1. For the purposes of 
examining aspen recruitment and soil quality parameters (Objective 1 and 3), the study unit is the area 
within each degraded aspen stand (treatment and control study stand). For the purposes of examining 
stream parameters (Objective 2), the study units are stream reaches (treatment and control study reach) 
adjacent to treatment and control aspen stands as defined by stream monitoring stations located above and 
below adjacent study stands. Discrete sampling stations, plots, and transects (experimental units) have 
been established within aspen stand and above and below stream reach study units to allow collection of 
appropriate pre- and post treatment data to achieve the study objectives. For instance, stream monitoring 
stations are situated to monitor changes in stream flow and water quality through study reaches. Soil 
sampling stations are situated to provide a representative sample of the whole study stand, excluding skid 
trails and landings. 
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Photo 3. Encroached aspen stand liberated from conifer encroachment by an over-snow winter conifer removal project 
(Jan 2004) on Pine Creek, Eagle Lake Ranger District, Lassen National Forest. Photo taken May 2005. 

 
 
4. Monitoring Design and Analysis Overview 
The study design is based upon consistent, simultaneous monitoring before and after treatment application 
of treated and control study stands and adjacent stream study reaches (Figure 1). Statistical analysis is 
applied to this data to determine the magnitude and significance (statistical, not ecological) of response(s) 
of treated stands/reaches relative to control stands/reaches before v. after treatment implementation. For 
instance, stream temperature is collected above and below both control and treatment reaches both before 
and after conifer removal from the adjacent treatment stand. With this data set we can statistically test if 
say the treatment resulted in increased stream temperature gain through the treatment reach following 
treatment. The pretreatment data from the control and treatment reaches serves as a benchmark, 
quantifying the increase in temperature through the treatment reach relative to the control reach prior to 
the treatment application. To determine if there is an increase in stream temperature through the treatment 
reach following treatment, we analyze all the data (before and after, above and below) to determine if 
there is a significant interaction between the factors location (above v. below conifer removal study site) 
and time (before v. after treatment). We are employing a linear mixed effects analysis to conduct this 
analysis to account for repeated measures introduced in the data set due to repeated sampling of the 
sample stations. A detailed, basic explanation of this analysis approach applied as a case study to stream 
temperature can be found at the following website, (Tate et al., 2005    
http://californiaagriculture.ucop.edu/0503JAS/toc.html).   
 
The basic form of this linear model is: 
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y = b0 + b1*(time) + b2*(location) + b3*(time X location) 
 y = water temperature, soil organic matter level, etc. 
 time = before or after treatment 
 location = treatment or control, above or below 
 
The terms b0, b1, b2, and b3 are coefficients estimated by a commercial statistical package (S-Plus 6.0) 
using a best fit approach known as restricted maximum likelihood. The significance of each coefficient (b 
≠ 0) is determined via a conditional t-test. For our purposes of determining treatment effect, we are 
mainly interested to determine if b3 is significant. We use this model to test the hypothesis that the relative 
difference in y between treatment and control, or above and below, changed from before to after treatment 
by testing the significance of b3 (b3 = 0, b3 ≠ 0). If b3 is significant (b3 ≠ 0), then the change in stream 
temperature above v. below the treatment stand changed significantly from before to after treatment 
implementation. 
 
This approach does not assume above and below, or treatment and control, are originally identical (i.e., 
replicates), but it does assume that the only major change during study period was in the treatment unit 
(conifer removal) and that the control was in a stable state throughout the time of comparison (before and 
after treatment). The same fundamental design and analysis approach described above for stream 
temperature is being applied for all variables of interest (e.g., stream canopy, water quality, soil bulk 
density).  
 
5. Study Stations 
At the outset of this project in early 2003, aspen stands and associated stream reaches selected for 
inclusion into the monitoring project: 1) were either scheduled or expected to be scheduled for 
implementation of a conifer removal treatment in the next 1 to 3 years; 2) had sufficiently similar stands 
and stream reaches in the vicinity to serve as controls; and 3) represented the range of precipitation 
regime found on LNF. Study stands and stream reaches at locations on Pine-Bogard Creeks, Butte Creek, 
and South Fork of Bailey Creek were enrolled in the study (Figures 2a&b, 3, and 4). We selected stations 
near the confluence of Pine and Bogard Creeks on the Eagle Lake Ranger District due to treatment 
application scheduled for the January 2004 (Figure 2b “Bogard Units”) and August 2005 and January 
2008 (Figure 2b “Aspen_Enhance_Summer” and “Aspen_Enhance_Winter”). We selected stands and 
stream reaches on S.F. Bailey Creek (HCRD) due to treatment application scheduled for September 2006. 
We selected stands and stream reaches on Butte Creek (at the boundary of ELRD and HCRD) because 
treatment application is expected to be scheduled for implementation in the years following study 
initiation. Butte Creek is a dry site, Pine-Bogard Creeks represents wet eastside conditions, and S.F. 
Bailey Creek (Brokeoff Meadow) is located on the west-slope representing the highest precipitation 
regimes of LNF. To date (June 2008) the January 2004 Bogard Units Project, the August 2005 Summer 
Phase of the McKenzie Project, the September 2006 Brokeoff Meadow (S.F. Bailey Creek) Project, and 
the January 2008 Winter Phase of the McKenzie Projects have been implemented.  
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Figure 1. Illustration of study layout for a paired control and treatment aspen stand and associate stream study reach. 
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Figure 2a. Pine and Bogard Creek stream sampling locations and names. 
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Figure 2b. Bogard Units Project, McKenzie Summer Phase and Winter Phase Projects location with monitoring 
stations and treatment areas marked along Pine and Bogard Creeks. 
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Figure 3. Butte Creek Project location with stream monitoring stations marked along Butte Creek 

 
 
Figure 4. Brokeoff Meadow Project location with stream monitoring locations marked along S.F. Bailey Creek. 
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6.0 Progress 
6.1 Objective 1 Completed and Published 
Objective 1 of this project has been accomplished. Within 3 to 4 years, the conifer removal activities 
conducted on LNF are conserving aspen stands and initiating restoration by stimulating significant 
recruitment of aspen into multiple size classes. The data, analysis, and results supporting this conclusion 
are contained in a paper published in the journal Restoration Ecology. 
 
Jones, B.E., T.H. Rickman, A. Vasquez, Y. Sado, and K.W. Tate. 2005. Removal of Competing Conifers 

to Regenerate Degraded Aspen Stands in the Sierra Nevada. Restoration Ecology. 13:373-379. 
 
6.2 Annual Data Collection and Laboratory Analysis for Objectives 2 and 3 
Annual collection of data over the 5 years (2003 through 2007) of this study has varied by study site, 
depending upon expected date of treatment application and date of achievement of 2 years of pre 
treatment data (our pre treatment data objective). Each year, data collection begins in May (Pine, Bogard, 
and Butte Creek) or July (S.F. Bailey Creek) and continues through September. Tables 1 through 3 report 
parameters monitored for each study location, and the years of data existing for each location. All sample 
locations have been referenced with a global positioning system and permanently marked in the field to 
allow accurate repeated measurement and protection during treatment implementation. All laboratory 
analysis of water, soil, and macroinvertebrate samples collected 2003 through 2007 (through June 2008 
for soil bulk density samples) have been completed, entered and verified correct. In addition to field data 
collected by Eagle Lake Ranger District staff, Almanor Ranger District staff, and hydrology staff from the 
Lassen National Forest Supervisors Office collected in-stream habitat and channel data following USFS 
Stream Condition Inventory protocol. We have completed collection of pre-treatment data for all 5 project 
listed in section 2 for all parameters listed in Tables 1 through 3. We have complete pre (1 yr) and post (4 
yr) treatment data from the January 2004 Bogard Units Project and the August 2005 Summer Phase of the 
McKenzie Project (3 yr pre, 2 yr post) along Pine and Bogard Creeks. We have complete pre treatment 
data from S.F. Bailey Creek (3 years) and Butte Creek (2 years).  We have one year post treatment data 
from S.F. Bailey Creek (2007). During the summer of 2008, we are collecting data from all stations on 
Pine, Bogard, and S.F. Bailey Creeks, thus adding another year post treatment data for the January 20004 
and August 2005 Projects. No additional data will be collected from Butte Creek until treatment 
application is scheduled. 
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Table 1. Pine – Bogard Creek sample stations and data collection. 
Factor Parameters Measured Sample Stations Data Frequency / Year Years Collected 
Water Streamflow, water and air temperature, pH, 

dissolved oxygen, electrical conductivity, 
turbidity, total suspended solids, total N, total 
P, nitrate, ammonium, phosphate, potassium, 
sulfate. 

17 monitoring stations which 
define 10 stream reaches  

Temperature continuously 
collected, other parameters 
sampled every 2 weeks. 

2003-2007 

Aquatic 
Macroinvertabrates 

Samples identified to genus/species and 
various metrics of richness, diversity, and 
composition determined. 

Samples collected at 6 water 
monitoring stations. 

Samples collected once. 2003-2007 

Stream Canopy 
Cover 

Canopy density and percent of available solar 
radiation reaching the stream each month. 

5 to 20 readings for each 
reach defined by 17 water 
monitoring stations 

Samples collected once. 2003-2005, 2008 

Soil Moisture 
McKenzie Project 

Soil moisture at 6 and 18 inches depth. 16 monitoring stations (8 
controls and 8 treatment). 

Sampled every 2 weeks. 2003-2007 

Soil Bulk Density 
Bogard Units 

Soil samples have been collected at 0-3 and 3-
6 inches depth for bulk density analysis 

80 monitoring stations (40 
controls and 40 treatment). 

Sampled once.  2003-2005 

Soil Quality 
Bogard Units 

Soil samples have been collected at 0-3 and 3-
6 inches depth for the following analysis: 
total N, nitrate, ammonium, phosphate, total 
C, organic C, and organic matter. 

80 monitoring stations (40 
controls and 40 treatment). 

Sampled once.  2003, 2004 

Soil Bulk Density 
McKenzie Units 

Soil samples have been collected at 0-6 and 6-
12 inches depth for bulk density analysis 

3 monitoring stations with 25 
samples per station (2 
treatment stations, 1 control 
station). 

Sampled once.  2004-2008 

Aspen Aspen density by 4 size classes and total. 10 transects (5 controls and 5 
treatment fall/winter 2005) 

Sampled once. 2003-2006 

Stream Condition 
Inventory 

LWD, substrate size distribution, channel 
gradient, entrenchment, W:D, residual pool 
depth, pools formed by wood, % pool tail 
surface fines, % shade, stream shore depth, 
bank angle, % undercut banks.  

Jan 2004 treatment reach on 
Pine Creek 

Sampled once. 2003-2005 
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Table 2. Butte Creek sample station establishment and data collection. 
Factor Parameters Measured Sample Stations Data Frequency / Year Years Collected 
Water Streamflow, water and air temperature, pH, 

dissolved oxygen, electrical conductivity, 
turbidity, total suspended solids, total N, total 
P, nitrate, ammonium, phosphate, potassium, 
and sulfate. 

6 monitoring stations which 
define 5 stream reaches (3 
control, 2 treatment). 

Temperature continuously 
collected, other parameters 
sampled every 2 weeks. 

2003-2004 

Aquatic 
Macroinvertabrates 

Samples identified to genus/species and 
various metrics of richness, diversity, and 
composition determined. 

Samples were collected at 3 
water monitoring stations. 

Samples collected once. 2003-2004 

Stream Canopy 
Cover 

Canopy density and percent of available solar 
radiation reaching the stream each month. 

5 readings for each reach 
defined by 17 water 
monitoring stations 

Samples collected once. 2003 

Soil Moisture  Soil moisture at 6 and 18 inches depth. 14 monitoring stations (5 
controls, 5 treatment, and 4 
already treated). 

Sampled every 2 weeks. 2003-2006 

Aspen Aspen density by 4 size classes and total. 10 transects (5 controls and 5 
treatment) 

Sampled once. 2003-2004 
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Table 3. Brokeoff Meadow (S.F. Bailey Creek) sample station establishment and data collection. 
Factor Parameters Measured Sample Stations Data Collection / Year Years Collected 
Water Streamflow, water and air temperature, 

dissolved oxygen, electrical conductivity, 
turbidity, total suspended solids, total N, total 
P, nitrate, ammonium, phosphate, potassium, 
and sulfate. 

6 monitoring stations which 
define 5 stream reaches (1 
control, 4 treatment). 

Temperature continuously 
collected, other parameters 
sampled every 2 weeks. 

2003-2004, 2006-
2007 

Aquatic 
Macroinvertabrates 

Samples identified to genus/species and 
various metrics of richness, diversity, and 
composition determined. 

Samples were collected at 3 
water monitoring stations. 

Samples collected once. 2003-2004, 2006-
2007 

Stream Canopy 
Cover 

Canopy density and percent of available solar 
radiation reaching the stream each month. 

5 to 20 readings for each 
reach defined by 17 water 
monitoring stations 

Samples collected once. 2003, 2006-2007 

Soil Moisture Soil moisture at 6 and 18 inches depth. 16 monitoring stations (8 
controls and 8 treated). 

Sampled every 2 weeks. 2004-2007 

Soil Quality Soil samples have been collected at 0-3 and 3-
6 inches depth for the following analysis: 
total N, nitrate, ammonium, phosphate, total 
C, organic C, and organic matter. 

80 monitoring stations (40 
controls and 40 treatment). 

Sampled once.  2003 

Soil Bulk Density Soil samples have been collected at 0-6 and 6-
12 inches depth for bulk density analysis. 

3 monitoring stations with 25 
samples per station (2 
treatment stations, 1 control 
station). 

Sampled once.  2006-2007 

Aspen Aspen density by 4 size classes and total. 10 transects (5 controls and 5 
treatment) 

Sampled once. 2003-2004, 2006 

Stream Condition 
Inventory 

 LWD, substrate size distribution, channel 
gradient, entrenchment, W:D, residual pool 
depth, pools formed by wood, % pool tail 
surface fines, % shade, stream shore depth, 
bank angle, % undercut banks. 

Treatment reach. Sampled once. 2003 
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6.3 January 2004 Bogard Units Project along Pine and Bogard Creeks 
Over snow conifer removal occurred during January 2004 between stations PC10 and PC11, and BO4 and 
BO6 on Pine and Bogard Creeks, respectively (Figure 2 b “Bogard Units”, Photo 3 and 4). Total 
treatment area for this project was ~60 Acres, with harvest over snow to protect soil surface, whole tree 
removal to reduce slash, a track-laying harvester and rubber tire skidders were used >75 ft from stream, 
and hand felling with end-line removal of fallen trees was used within 75 ft of stream to protect riparian 
areas. Recent experience on the Lassen National Forest (LNF) indicates that the treatment should 
emphasize whole tree removal of conifers, of both pre-commercial and commercial size. Typically, all 
conifers less than 30” will be removed, except for conifers directly contributing to streambank stability or 
other site-specific benefits. Hand-felling of small diameter conifers may occur post-harvest. 
 
Combined with data collected in 2003 (before), data collected in 2004 (1 year after), 2005 (2 years after), 
and 2006 (3 years after) at stations PC10, PC11, BO4 and BO6 allow for complete analysis of before and 
after, above and below treatment differences for all stream related variables listed in Table 1. Data from 
other stream sample stations on Pine and Bogard provide insight into temporal (annual) and spatial (reach 
to reach) variation along these streams. Stream Condition Inventory data as well as stream canopy cover 
data were collected 2003 and 2004 along each treatment and control reach. Soil quality samples (Table 1) 
were collected before (June 2003) and 1 year after (June 2004). Also, soil bulk density samples were 
collected before (June 2003), 1 year after (June 2004) and 2 years after (June 2005) treatment along 
permanent transects within the 2 treatment stands and within 2 control stands. Data from all years has 
been entered, checked for accuracy, and statistical analysis conducted. Results of this analysis are 
reported below for key variables of concern.  
 
Photo 4. Aspen stand north of sample stations BO4 and BO6 on Bogard Creek which received prescriptive conifer 
removal during Winter 2003/04. Left side illustrates post treatment, right side illustrates initial conifer encroachment 
level. Bogard Creek lies ~ 30m to the right of treatment boundary. Photo taken May 2005. 
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Stream Canopy Response 
Stream canopy cover (%) was measured with a spherical densiometer and represents the amount of sky 
above a point on the stream channel which is blocked from view by vegetation (Photo 5a). It is a proxy 
for the amount of vegetative shade over a stream reach. In the arid, hot regions of northern California, 
vegetative canopy has been demonstrated to block solar radiation reaching the stream water surface and 
thus moderate water temperature (Tate et al. 2005, http://californiaagriculture.ucop.edu/0503JAS/toc.html). 
Stream temperature is a major habitat factor for cold water fish species in the region. Vegetative canopy 
also serves as an input of nutrients and organic matter to stream systems, influences in stream primary 
production, and macroinvertebrate assemblages (e.g., shredders v. grazers). Percent of available solar 
radiation reaching the stream water surface was measured with a solar pathfinder (Photo 5b). This reading 
reflects the integrated effects of vegetative canopy, topographic shading, and stream channel aspect to 
block some portion (0 to 100%) of available solar radiation reaching a site at a given latitude for each 
month of the year. We concern ourselves with the months June through September which represent the 
warmest period in the region, when elevated stream water temperatures might be of concern.  
 
There was a significant (P<0.05) reduction in vegetative canopy cover over the treatment reaches of both 
Pine and Bogard Creeks following conifer removal in adjacent aspen stands (Bogard Units Project). Pine 
Creek canopy was reduced 10% and Bogard stream canopy was reduced 33%. Mean canopy cover before 
v. after treatment on Pine Creek was 70 and 60%, respectively. Mean canopy cover before v. after 
treatment on Bogard Creek was 82 and 49%, respectively. Figure 5 reports available solar radiation 
during the months June, July, August, and September received at the water surface for each stream before 
and after treatment. A significant increase in solar radiation reaching Bogard Creek was realized June 
through August as a result of the 33% reduction in canopy cover. The increase was not significant for 
September (P>0.05). The 10% reduction in canopy cover on Pine Creek resulted in somewhat greater 
solar radiation reaching the water surface in June. No significant difference existed for July through 
September before or after treatment along Pine Creek. The magnitude of error bars are a function of 
inherent variation in replicating solar radiation readings from year to year. To overcome this in 
monitoring future treatments we are significantly increasing the number of readings taken from each 
stream reach.  
 
Variation in the magnitude of canopy cover reduction and increased solar radiation between streams is 
potentially due to several factors. First, Bogard Creek and it’s riparian area is narrow (<3 m) compared to 
Pine Creek (>10 m) (Photo 6 and 7). Given the narrow nature of Bogard Creek’s riparian area, it is 
reasonable to expect that a large percentage of stream canopy cover was provided by near stream upland 
trees (BO4 to BO5 in particular) removed by the treatment. Whereas, it is our observation that the 
majority of stream canopy cover on Pine Creek (PC10 to PC11) is provided by trees rooted in the riparian 
area where no conifers were removed. Second, the aspect of conifer removal was north on Bogard Creek 
and south on Pine Creek. While this should not effect canopy reduction measurements, solar radiation 
measurements do integrate aspect. The potential influence of aspect of conifer removal to stream 
orientation (E-W, N-S) should receive some consideration in development of prescriptive conifer removal 
plans.  
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Photo 5. Equipment used to measure stream canopy (a), solar radiation (b), and water temperature (c). 
a) Spherical densiometer. b) Solar pathfinder.            c) Optic StowAway. 

    
 
Stream Temperature Response 
Stream temperature was collected at each sampling station using Onset Optic StowAway temperature 
dataloggers (Photo 5c), set to record temperature every 0.5 hours. Temperature loggers were deployed 
~May 15 and retrieved ~Sept 30 each year at each station. We examined several metrics of stream water 
temperature above and below treatment reaches before (2003) and after (2004, 2005, and 2006) conifer 
removal in adjacent aspen stands. Daily maximum and mean water temperatures, as well as 7-day running 
average daily maximum and mean water temperatures were calculated. For all metrics examined, and the 
difference in temperature between above and below stations was not different before v. after conifer 
removal in adjacent aspen stands. This result is based upon the lack of significance (P>0.57 in all cases) 
of an interaction between location (above v. below) and year (2003 v. 2004, 2005, and 2006). While 
temperatures below the treatment reach did increase from temperatures above the reach, the magnitude of 
increase was not significantly different between years. Figures 6 and 7 report 7-day running average daily 
maximum water temperatures above and below treatment reaches for 2003-2006 on Pine and Bogard 
Creeks, respectively. It is important to note that maximum temperatures above and below treatment 
reaches on both streams remain well within optimal levels for all cold water fish species in the region 
(<67 oF). 
 
Although there was a reduction in stream canopy (10% on Pine, 32% on Bogard) which resulted in 
variable increases in solar radiation during the summer period, there was not a significant increase in 
stream temperature as a result. There are several possible reasons for this lack of response. First, there was 
minimal increase in solar radiation contributed to Pine Creek, particularly in July and August which are 
the warmest months in the region (Figure 5). Thus, it is not that surprising to see no stream temperature 
response on Pine Creek. However, Bogard Creek did sustain a relatively significant reduction in canopy 
cover (33%) and increase in solar radiation (Figure 5). Despite the reduction in canopy cover along the 
treatment reach of Bogard, there is still significant canopy cover (49%) following the treatment which 
may be providing sufficient shading to continue to moderate stream water temperature. It is also important 
to note that the Bogard Creek treatment reach is relatively short (<500 m). It is likely there is a relatively 
short residence time for water to pass through this reach. A short residence time would lessen the potential 
for water passing through the reach to be influenced by solar radiation arriving to the reach. 
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Photo 6 (left) and 7 (right). Photo 6 is Bogard Creek looking down stream from sampling station BO5 after conifer 
removal in aspen stand to the left side of picture. Photo 7 is Pine Creek looking up stream from sampling station PC10 
after conifer removal (Bogard Units) in aspen stand to the left side of picture. Photos taken 2004. 
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Figure 5. Available solar radiation received at water surface of treated reaches of Pine and Bogard Creek before (2003) 
and after (2004) conifer removal in adjacent aspen stands (Bogard Units Project). 
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Figure 6. Seven day running daily maximum water temperature (F) on Pine Creek above (PC11) and below (PC10) the 
stream reach (PC10 to PC11) before (2003) and after (2004, 2005, 2006, 2007) conifer removal from adjacent aspen 
stand (Bogard Units Project and McKenzie Summer Phase Project as defined by stream reach). 
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Figure 7. Seven day running daily maximum water temperature (F) on Bogard Creek above (BO6) and below (BO4) the 
stream reach (BO4 to BO6) before (2003) and after (2004, 2005, 2006, 2007) conifer removal from adjacent aspen stand 
(Bogard Units Project and McKenzie Summer Phase Project as defined by stream reach). 
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Stream Chemistry, Suspended Solids, and Turbidity Response 
Stream water samples were grab sampled every 2 weeks from ~May 15 to ~September 30 above and 
below as well as before (2003) and after (2004, 2005, 2006) treatment on each stream (Photo 8a). Stream 
discharge as cubic feet per second (cfs) was measured at the same time as the grab sample was collected 
using the area velocity method (Photo 8b). Dissolved oxygen (mg/L) and electrical conductivity (dS/m) 
were determined at the time of grab sample collection and discharge measurement using standard field 
meters (Photo 8c). Grab samples were refrigerated (4 oC) and transported to UC Davis where they were 
analyzed for total suspended solids, electrical conductivity, pH, turbidity, and major anions and cations. 
Electrical conductivity (conductivity cell), pH (potentiometrically) and turbidity (turbidity meter) were 
measured on a non-filtered subsample. A separate aliquot of each sample was passed through a 0.45 µm 
membrane filter. Total suspended solids (g/L) were determined as change in mass of filter pre and post 
filtration on an analytical balance accurate to 0.001 g. The filtrate was analyzed for major cations (Na, 
Mg, K, Ca, & NH4) and anions (Cl, SO4, NO3 & ortho-PO4) by ion chromatography. 
 
Tables 4 and 5 report discharge and water quality data collected from Pine and Bogard Creeks for 2003 
and 2004 (year before and after treatment). Examination of the mean concentrations for all parameters 
below treatment reaches for both streams in all 4 years (2003-2005) indicates exceptionally high water 
quality. This is also the case for all study stations enrolled in the project, regardless of status relative to 
treatment (Table 6). Figures 9 through 12 report mean sediment concentrations and turbidity for all 
sample stations along Pine and Bogard Creeks for 2003-2006. Overall, concentrations of nutrients and 
sediments are low, while average dissolved oxygen readings are well within the optimal range for cold 
water fish species in the region. As Table 6 reports nitrate, ammonium, and phosphate (primary nutrients 
of concern) are below our detection limit (0.01 ppm or mg/L) for the majority of samples collected from 
Pine and Bogard Creeks (data shown are downstream of treatment reach) for 2003 and 2004. Similar 
results have been found for these nutrient concentrations in samples collected at these stations during 
2005 and 2006. These concentrations are several orders of magnitude below levels of concern for drinking 
water safety, as well as for eutrophication of downstream waterbodies. 
 
To determine if there was a significant change in concentration due to treatment we tested the data to 
determine if an interaction existed between location (above v. below) and year (2003 v. 2004, 2005, 2006) 
for each constituent. The lack of significant change in discharge above v. below indicates that changes in 
concentration would not be due to dilution effects. Tables 4 and 5 report the results of this analysis for 
2003 (year before) compared to 2004 (year 1 after). With the exception of total suspended solids and 
turbidity on Bogard and Pine Creek there was no significant change in constituent concentration through 
treatment reaches during any of the 3 years following removal of conifers. On Bogard Creek, there was a 
decrease of sediment and turbidity in 2004 below compared to above the treatment reach (Table 4), 
potentially due to filtering by a meadow reach below site BO6 (Photo 9). On Pine Creek there was an 
increase of sediment and turbidity in 2004 below compared to above the treatment reach (Table 5). 
Figures 9 and 10 report mean sediment concentrations and turbidity for all stations along Bogard Creek. 
Figures 8, 9 and 10 shows that sediment concentration and turbidity at BO4 (below) did significantly 
decrease compared to BO6 (above) in 2004 relative to 2003 (before treatment) (P<0.05). While apparent, 
BO4 sediment concentration was not significantly lower than BO6 in 2005 and 2005 (Figure 9, P>0.36). 
Turbidity was not different between the stations in 2005 or 2006. (Figure 10, P>0.53). Figures 11 and 12 
report mean sediment concentration and turbidity for all stations along Pine Creek. Figure 11 shows that 
sediment concentration at PC10 (below) did significantly increase compared to PC11 (above) in 2004 and 
2005 relative to 2003 (before treatment) (P<0.05). There was no significant difference between stations in 
2006 (P=0.74). Turbidity did remain slightly elevated at PC10 compared to PC11 during all 3 years post 
treatment (P<0.05).   
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Although statistically significant, the changes which occurred in sediment concentration and turbidity 
between the above stations (BO6 and P11) and the below stations (BO4 and P10) before and after 
treatment along these reaches must be interpreted with caution. First, one could infer positive treatment 
effect from the Bogard results, or negative effect from the Pine Creek results. It is important to consider 
the overall patterns and annual variation along both creeks during this time period, as well as the overall 
magnitude of sediment concentrations and turbidity across years. For example, Figure 11 illustrates that 
several control stream reaches (e.g., PC16 to PC15, and PC14 to PC13) above the treatment reach (PC11 
to PC10) experienced similar fluctuations from 2003 to 2006 as those realized through the treatment 
reach. The purpose of including these upstream (control) reaches in the study was to provide perspective 
for evaluation of annual changes and variation realized in treatment reaches. The occurrence of similar 
annual variation and patterns in these control reaches indicates that variation in treatment reaches between 
2003 and 2004 (i.e., increase for Pine Creek, decrease for Bogard Creek) was within the inherent variation 
of these streams in the absence of treatment. Streams naturally gain and lose sediment along their length, 
and this gain-loss will vary from year to year and from reach to reach. A functioning stream will achieve a 
balance between sediment gain and loss. 
 
Figures 9 and 11 illustrate that 2004 had the highest sediment concentrations of the study period for all 
stations regardless of location relative to treatment (above or below). During 2005 and 2006, sediment 
and turbidity levels for almost all stations, including those below treatments, were below levels realized in 
2003 (pre treatment). There is no quantitative water quality standard for sediment concentration. The 
turbidity standard for water generated by a municipal drinking water treatment plant is 2 ntu. It is 
important to note that turbidity levels for all stations along both creeks were below this standard during 
2003, 2005, and 2006. During 2004 (year 1 post treatment) this standard was only exceeded by stations 
above the treatment reach on Pine Creek, and by 1 site above and 1 below on Bogard Creek. Taken 
collectively, the variation in response along treated reaches on Bogard v. Pine Creek, the inherent 
variation exhibited through upstream control reaches on Pine Creek, the attainment of drinking water 
turbidity standards at almost all stations for all years, and the lack of significant change in percent fine 
sediments in pool tails and pool depth (Table 7) these results indicate that no real changes in sediment 
dynamics occurred within either stream as a result of this treatment.   
  
Table 4. Mean stream discharge and water quality for Bogard Creek below the treatment reach (BO4), as well as the 
difference between above (BO6) and below (BO4) the treatment reach before (2003) and after (2004) conifer removal in 
an adjacent aspen stand (Bogard Units Project). 
Parameter 2003 Below 2004 Below 2003 Change 2004 Change 
Discharge (cfs) 0.86 0.87 -0.02 -0.16n.s 
Total Suspended Solids (mg/L) 7.81 16.29 0.87 -8.71* 
Turbidity (ntu) 1.09 3.54 0.33 -2.28* 
Nitrate-N (mg/L) <0.01 <0.01 -- -- 
Ammonium-N (mg/L) <0.01 <0.01 -- -- 
Ortho-Phosphate (mg/L) 0.10 0.04 -0.01 -0.03 n.s 
Potassium (mg/L) 2.25 2.00 0.09 -0.09 n.s 
Sulfate (mg/L) 0.08 0.53 0.01 0.01 n.s 
pH 7.52 7.66 0.04 0.05 n.s 
Electrical Conductivity (ds/m) 90.61 97.18 -0.85 1.27 n.s 
Dissolved Oxygen (mg/L) 6.95 6.98 -0.41 0.61 n.s 

* Significant difference between above v. below water quality pre-treatment (2003) compared to post-treatment (2004), 
determined by linear mixed effects analysis for an interaction between year and location (above, below), P<0.05. 
n.s. No significant difference between above v. below water quality pre-treatment (2003) compared to post-treatment (2004), 
determined by linear mixed effects analysis for an interaction between year and location (above, below), P>0.05. 
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Table 5. Mean stream discharge and water quality for Pine Creek below the treatment reach (PC10), as well as the 
difference between above (PC11) and below (PC10) the treatment reach before (2003) and after (2004) conifer removal 
in an adjacent aspen stand (Bogard Units Project). 
Parameter 2003 Below 2004 Below 2003 Change 2004 Change 
Discharge (cfs) 13.94 4.53 -0.73 -0.01 n.s 
Total Suspended Solids (mg/L) 5.05 8.47 0.81 5.06* 
Turbidity (ntu) 0.37 0.93 -0.05 0.36* 
Nitrate-N (mg/L) <0.01 <0.01 -- -- 
Ammonium-N (mg/L) <0.01 <0.01 -- -- 
Ortho-Phosphate (mg/L) 0.02 0.03 0.01 0.01 n.s 
Potassium (mg/L) 1.38 1.31 -0.01 0.04 n.s 
Sulfate (mg/L) 0.04 0.27 0.01 0.01 n.s 
pH 7.49 7.59 0.08 -0.03 n.s 
Electrical Conductivity (ds/m) 58.23 65.89 0.51 -0.29 n.s 
Dissolved Oxygen (mg/L) 6.92 6.39 -0.39 0.62 n.s 

* Significant difference between above v. below water quality pre-treatment (2003) compared to post-treatment (2004), 
determined by linear mixed effects analysis for an interaction between year and location (above, below), P<0.05. 
n.s. No significant difference between above v. below water quality pre-treatment (2003) compared to post-treatment (2004), 
determined by linear mixed effects analysis for an interaction between year and location (above, below), P>0.05. 
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Table 6. Mean discharge, water quality, and aquatic habitat values for all four streams enrolled in study. Data 
represent the lowest sample station on each stream and were collected May – September 2004. 
 Pine Bogard Butte S.F. Bailey 
Parameter Mean1 %<dl2 Mean %<dl Mean %<dl Mean %<dl
Discharge (cfs) 6.6 0 0.8 0 11.2 0 14.2 0
Daily Max. Temp. (F) 56.7 0 58.7 0 65 0 52.6 0
Daily Mean Temp. (F) 51.9 0 50.0 0 58.1 0 47.4 0
D.O. (mg/L) 8.1 0 9.9 0 7.4 0 7.9 0
TSS (mg/L) 5.2 0 8.9 0 5.1 0 5.3 0
Turb. (ntu) 0.9 0 1.7 0 0.7 0 0.9 0
pH 7.5 0 7.6 0 7.5 0 7.1 0
E.C. (dS/m) 65 0 95 0 52 0 41 0
NO3-N (mg/L) 0.01 76 0.01 75 0.01 57 0.01 51
PO4-P (mg/L) 0.03 79 0.08 18 <0.01 89 <0.01 82
SO4-S (mg/L) 0.16 13 0.39 0 0.42 0 11.53 0
NH4-N (mg/L) 0.3 98 <0.01 100 0.21 88 0.11 78
K (mg/L) 1.43 0 2.04 0 1.13 0 0.73 0

1 Mean of all water samples above detection limit (0.01 mg/L for NO3-N, PO4-S, SO4-S, and NH4-N). 
2 Percent water samples collected which were below the detection limit. 
 
 
Photo 8. Water quality and stream discharge data collection. 
a) Grab sample collection. b) Streamflow measurement. c) Dissolved oxygen measurement. 
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Photo 9. Bogard Creek showing road and culvert above sample station BO6 (a) and small meadow reach between BO5 
and BO6 (b). 
a) Road and culvert 10 m above BO6.   b) Looking upstream from BO5. 

   
 
Figure 8. Stream discharge and total suspended solid concentrations above the treated reach (BO6) of Bogard Creek 
before (2003) and after (2004) removal of conifers in an adjacent, down-stream aspen stand (Bogard Units Project). 
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Figure 9. Suspended sediment concentrations for Bogard Creek sample stations 2003-2007. 
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Figure 10. Turbidity levels for Bogard Creek sample stations 2003-2007. 
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Figure 11. Suspended sediment concentrations for Pine Creek sample stations 2003-2007. 
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Figure 12. Turbidity levels for Pine Creek sample stations 2003-2007. 
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Table 7. Stream condition inventory data collected 2003 (before) and 2004 (after) on treatment reach of Pine Creek. 
Pine 

Creek 
Aspen 

Site 
(below  

rd 
32N22) 

aggs 
no in 
aggs 

< 
2mm D50 

E
nt

re
nc

hm
en

t 

W:D Ratio 
(Monuments) 

W:D 
Ratio 

Residual 
Pool 

Depth 

Wood 
formed 
Pools 

% 
Pool 
Tail 
Surf 
Fines 

% 
Stable 
Banks 

% 
Shade 

Stream 
Shore 
Depth 
(m) 

Bank 
Angle 

(degrees) 

%
 U

nd
er

cu
t B

an
ks

 

Lower 
Pine 2004 

        
  

                  

Mean       29.90 1.56 21.70 17.40 0.41   7.00   60.70 no 
data 

144.00 16 

Range         
1.2-1.7 20.8-22.8 

9.7-24 .28-1.17   0-54   34-
100 

  45-176   

n     300   6 3 6 22   60 100 50   100 100 

Count or 
% 

10.00 125.00 1.70   
    

    5   65         

Lower 
Pine 2003         

    
  

                

Mean     2.1 19.7 no data 0.43   8.3 39 70 0.14 146 17 

Range 
    

1.7-2.8 19.2-24.2 
  

.22-
.1.16 

  0-60   24-95 0-0.45 55-175   

n   329.00  3 3   23   63 100 50   100 100 

Count or 
% 11.00 74.00 15.50 15.90 

    
  

  5   39 0 17     

 
Stream Condition Inventory 
Stream Condition Inventory was conducted 2003 and 2004 on the treated reach of Pine Creek. The channel is moderate gradient (about 2 
percent), and therefore probably moderately sensitive to change. Comparison of data collected in 2003 and 2004 is summarized in Table 7 
indicate no increase in any measure of sediment in the channel (particle count, pool tail fines, residual pool depth) or change in channel 
morphology (W:D ratio, wood formed pools. In fact, surface fines and particle count percentage less than 2% size class decreased slightly, but 
within error of the measurements. 
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Stream Macroinvertabrate Response 
Stream macroinvertabrate collections were made at three locations along Pine and Bogard Creeks 2003, 
2004 and 2007, and taxonomically analyzed to genus and species where possible. Samples were collected 
with D-ring kick net (500 micron mesh) from a sample area of 1 ft2 for a sample time of 3 minutes per 
sample, following standard CA Dept. Fish and Game protocols. At each sample station (e.g., BO1, PC13), 
3 transects were sampled along a 100 m reach encompassing the sample location. Three collections were 
made along each transect (left bank, stream center, right bank) and composited as 1 sample for analysis. 
Transects were established across riffles. Taxonomic analysis was conducted at the BLM BugLab on the 
campus of Utah State University. 
 
Tables 8 and 9 report key stream macroinvertabrate metrics calculated from collections made at sample 
locations on Bogard and Pine Creeks in 2003, 2004, and 2007, respectively. Collectively, these data 
indicate high water quality and in-stream habitat conditions. For all locations, the percent of the 
macroinvertebrate community tolerant of pollution (% Tolerant) is zero (Tables 8 and 9). As with 
sediment concentration, there are no clear patterns relative to location and timing of treatment. Variation 
that exists from site to site and year to year is likely reflecting inherent site habitat quality and annual 
variation due to timing of insect hatch and community development.  Data presented here indicate no 
significant change in macroinvertabrate community attributable to treatment on Pine and Bogard Creeks. 
 
Table 8. Macroinvertabrate metrics for Bogard Creek sample stations collected June-July 2003, 2004, 2007. 
 BO1 BO4 BO6 
Metric 2003 2004 2007 2003 2004 2007 2003 2004 2007 
No. Families 15.0 13.0 15.0 17.0 16.5 15.0 11.5 20.0 21.0 
Diversity 2.47 2.26 1.48 2.83 2.09 2.76 2.00 2.22 2.22 
% Tolerant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
% Intolerant 28.0 44.7 29.2 24.3 12.8 20.6 28.9 11.0 16.7 
 
Table 9. Macroinvertabrate metrics for Pine Creek sample stations collected June-July 2003, 2004, 2007. 
 PC10 PC11 PC13 
Metric 2003 2004 2007 2003 2004 2007 2003 2004 2007 
No. Families 16.5 17.0 19.0 15.5 11.0 21.0 15.0 21.5 4.0 
Diversity 2.34 2.62 1.13 2.37 1.68 1.02 1.95 2.81 0.85 
% Tolerant 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
% Intolerant 15.8 24.7 6.6 15.5 14.2 4.4 10.1 31.8 64.0 
 
Soil Quality Response 
The term soil quality, much like the term water quality, represents a suite of chemical and physical 
properties of soil. Within the treatment aspen stands at Pine and Bogard Creek and in adjacent control 
stands both before and after treatment implementation we sampled surface duff layer thickness, measured 
dry bulk density (g/cm3), and collected a sample for nitrogen, phosphorus, and carbon analysis. Dry bulk 
density was determined via collection of intact cores (2 in diameter by 3 in depth) which were then dried 
in a forced air oven at 105 oC until a constant weight was achieved. Sample dry weight was then 
determined on an analytical balance accurate to 0.001 gm. Total nitrogen (N), nitrate-nitrogen (NO3-N), 
ammonium-nitrogen (NH4-N), phosphate (PO4-P), organic carbon (OC), organic matter (OM), and total 
carbon (C) were conducted by the University of California Division of Agriculture and Natural Resources 
Analytical Laboratory (DANR Lab) on the UC Davis campus following standard methods as described on 
their website (http://groups.ucanr.org/danranlab). Soil dry bulk density and samples for N-P-C analysis 
were collected at depths of 0-3 and 3-6 inches. Forty sample stations were established along permanent 
transects within each treatment and control stand (80 samples per stand, 40 stations at 2 depths). Soil 
quality and bulk density samples were collected in late June/early July of 2003 (before treatment), 2004 (1 
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year after treatment), and bulk density samples were collected 2005 (2 years after treatment – no soil 
quality samples).  
 
Forest soils are notorious for their spatial variability, even at relatively small scales (<10 m2). The soils at 
both treatment and control stands in the Pine-Bogard complex did not disappoint us. Formidable variation 
exists around mean calculations for almost all soil quality parameters presented in this section. Excessive 
variation is typically overcome with large sample size; however, with a sample size of 80 sample stations 
(160 samples total per year) we have pushed sample size to the practical limits of an adaptive 
management/monitoring project. Not to mention the fact that the field crew threatened to quit if we added 
more sample stations. Table 10 reports soil quality variables determined at the DANR Lab for control and 
treatment stands before (2003) and after (2004) conifer removal treatment. Figure 9 illustrates dry bulk 
density at control and treatment stands before (2003) and after (2004) conifer removal treatment. Figure 
10 reports surface duff layer at control and treatment stands before (2003) and after (2004) conifer 
removal treatment. 
 
We would not expect an immediate (1 year) response in soil N-P-C at either the 0-3 or 3-6 inch depth to 
conifer removal. Soil N, OM, OC, and C pools are quite large and thus are well buffered against short 
term change. Exceptions might be nitrate and phosphate, both plant and soil microbe available as well as 
soluble and subject to leaching. Table 10 indicates an apparent (but not significant, P>0.05) increase in 
these constituents post treatment. This apparent trend could be possible due to reduced conifer demand for 
these constituents. It could also be an artifact of spatial variation introducing excessive variation between 
years and stands. This baseline and immediate post treatment dataset provides a benchmark from which 
we can track changes in soil N-P-C pools as these aspen stands recover and potentially modify soil 
quality. We will continue to monitor these parameters on these stations in the future, but at a 3 to 5 year 
time step. Over time this dataset will have provide insight about nutrient cycling in aspen stands, carbon 
sequestration potential, and potential soil restoration targets for aspen restoration efforts.  
 
Table 10. Mean soil quality parameters for treatment and control aspen stands in the Pine-Bogard complex before 
(2003) and after (2004) conifer removal in treatment stands (Bogard Units Project). 
  2003 2004 
Depth Parameter Treatment Control Treatment Control 
0 to 3 inch N 0.30 0.26 0.15 0.16 
 NH4-N 10.3 10.9 9.6 8.0 
 NO3-N 0.34 0.24 0.92 0.68 
 PO4-P 24.7 29.7 20.7 13.7 
 OM 9.9 8.3 6.5 6.8 
 OC 5.7 4.8 3.8 4.0 
 C 9.7 6.9 4.3 5.0 
      
3 to 6 inch N 0.13 0.13 0.10 0.11 
 NH4-N 7.4 7.5 7.4 6.7 
 NO3-N 0.23 0.13 0.61 0.51 
 PO4-P 8.8 4.4 11.1 9.1 
 OM 3.9 4.2 3.9 4.4 
 OC 2.2 2.5 2.3 2.6 
 C 3.2 3.0 2.5 3.0 

 
Soil bulk density is the soil quality parameter most likely to respond immediately to conifer removal 
treatments. Soil bulk density is a surrogate for direct measurement of soil compaction, a common impact 
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of silvicultural practices such as skidding fallen logs to load landings. As a soil is compacted bulk density 
will increase. Figure 13 illustrates that bulk density in the 0 to 3 inch zone of the soil profile was 
significantly higher in 2004 compared to 2003. This same increase existed in 2005 (year 2 post treatment). 
There was no change in bulk density in the 3 to 6 inch depth zone (2003 v. 2004, or 2003 v. 2005). 
 
The question then is if this increase in bulk density translates to a tangible effect of infiltration, overland 
flow and erosion potential. Given the extremely low bulk densities (<1.10 g/cm3), it is unlikely that this 
level of soil compaction would reduce soil surface infiltration capacity to the point where significant 
runoff would occur. Figure 14 illustrates that despite the moderate compaction of the mineral soil surface 
layer, there was no significant reduction in the 2 to 3 inches of duff layer covering the soil surface (Photo 
10). This duff layer has a major capacity to absorb and retain rainfall, as well as to provide cover to 
protect soil surface integrity. We are concerned that these results are reflecting inherent spatial variation 
in soil surface characteristics across the study stand, rather than real changes generated by the treatment. 
In order to address this concern, we modified the soil bulk density sample design for the McKenzie 
project to a “cluster” based sample collection design rather than the transect design reported here. The 
cluster design allows for sampling and re-sampling of a small area more precisely, reducing the potential 
impact of spatial variation to mask or generate differences before compared to after. Results of this 
approach are reported in the next section of the report (6.4).  
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Figure 13. Mean soil dry bulk density for treatment and control aspen stands in the Pine-Bogard complex before (2003) 
and after (2004) conifer removal in treatment stands (Bogard Units Project). 
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Figure 14. Mean soil surface duff layer thickness for treatment and control aspen stands in the Pine-Bogard complex 
before (2003) and after (2004) conifer removal in treatment stands (Bogard Units Project). 
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Photo 14. Soil surface duff layers average 2 to 3 inches in treatment stands (Bogard Units Project) following winter 
harvest over snow. 
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6.4 August 2005 Phase of McKenzie Project along Pine and Bogard Creeks 
A summer conifer removal project occurred August 2005 between stations PC08 and PC11, and BO6 and 
BO2 on Pine and Bogard Creeks, respectively (Figure 2b “Aspen_Enhance_Summer”, Photo 15). Total 
treatment area for this project was ~ 200 acres, with summer harvest to reduce slash, whole tree removal 
to reduce slash, a track-laying harvester and rubber tire skidders were used from 15 to 125 ft from stream 
depending upon slope and ground cover.  
 
When combined with data collected in 2003, 2004, and 2005 prior to August 1 (before), the data collected 
in 2006 (1 year after) and 2007 (2 years after) at stations PC08, PC11, BO2 and BO6 allow for analysis of 
before and after, above and below treatment differences for all stream related variables listed in Table 1. 
Data from other sample stations on Pine and Bogard provide insight into temporal (annual) and spatial 
(reach to reach) variation along these streams. Soil bulk density samples were collected before (June 
2005) and 1 year after (June 2006) treatment at permanent monitoring stations (sample clusters) within 
the treatment stand (n=2 clusters) and within 1 control stand (n=1 cluster). Data from all years has been 
entered, checked for accuracy, and statistical analysis conducted. Results of this analysis are reported 
below for key variables of concern.  
 
Photo 15. August 2005 McKenzie conifer removal project. Photo taken September 2005. 

 
 
Stream Canopy Response 
Stream canopy and solar radiation arriving at the stream surface were measured between stations PC11 
and PC08 on Pine Creek and stations BO6 to BO2 on Bogard Creek using a spherical densitometer and 
solar pathfinder as described in section 6.3 of this report. Tree canopy cover (%) over and percent of 
available solar radiation reaching the stream surface (May through August) were measured along these 
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reaches immediately before (June 2005) and after (September 2005) the August 2005 McKenzie project 
was implemented. A total of 37 readings were taken between PC11 and PC08 on Pine Creek, and a total 
of 34 readings were taken between BO6 and BO2 on Bogard Creek before and after conifer removal. 
Figures 15 and 16 report mean stream canopy and solar pathfinder results before and after the August 
2005 McKenzie conifer removal project adjacent to these reaches of Pine and Bogard Creeks. There were 
no statistically significant changes in stream canopy along treatment reaches before or after the August 
2005 McKenzie project for Pine or Bogard Creeks (P>0.33). As a result, there were no significant 
changes in solar radiation arriving at the water surface along treatment reaches before or after the project 
for either creek (P>0.28). There was an apparent increase in solar input for July and August on Pine 
Creek, and for all months on Bogard Creek (Figure 16). The lack of significant change is not to 
surprising, given that the previous project on this study site (January 2004 Bogard Units Project) and the 
pending project (winter phase of the McKenzie project) were the projects specifically designed to reduce 
conifer levels within the true riparian zone of this study site. Complete impacts of the McKenzie Project 
on stream canopy and solar input will be capable only after implementation of the winter phase of the 
project. 
 
Figure 15. Mean tree canopy cover over Pine and Bogard stream reaches before and after August 2005 McKenzie 
conifer removal project.  
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Figure 16. Mean percent of available solar radiation reaching water surface on Pine and Bogard stream reaches before 
and after August 2005 McKenzie conifer removal project. 
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Stream Temperature Response 
Stream temperature data was collected at each sampling station using Onset Optic StowAway temperature 
dataloggers as described in section 6.3 of this report. We examined several metrics of stream water 
temperature above and below treatment reaches before (2003, 2004, 2005 prior to August 1) and after 
(2006, 2007) the August 2005 McKenzie project. Figures 17 and 18 report the 7-day running average 
daily maximum water temperatures observed on Pine and Bogard Creeks above and below the August 
2005 McKenzie project for 2003-2007, respectively. Both reaches (Bogard BO6 to BO2, Pine PC11 to 
PC08 – Figure 2a and b) passing through the McKenzie project also have sub-reaches (BO6 to BO4, 
PC11 to PC10) which pass through the January 2004 Bogard Units project (discussed in section 6.3 of 
this report). Evident differences in temperature change between Figures 17 and 18 (longer McKenzie 
project reaches) compared to Figures 6 and 7 (shorter Bogard project reaches) are due to the effect of 
reaches PC10 to 08 and BO4 to BO2 on Pine and Bogard Creeks, respectively. 
 
For the McKenzie project, years 2003 and 2004 are both before conifer removal (Figures 17 and 18). 
Also, the 2005 data up to ~August 1 (Julian Day = 213) is also pre treatment given that the project was 
not implemented until August 2005. Examining data in Figure 17 for Pine Creek from sample location 
PC11 (top of McKenzie project) to PC08 (bottom of McKenzie project) from May 2003 through July 
2005 (before project) indicates a general pattern of increased water temperature downstream from PC11 
to PC08. The rate of increase across the season (May through September) varies each year from 2003 to 
August 1, 2005 (Figure 17). The rate of increase was smallest during 2003, greatest during 2004, and 
intermediate in 2005. In all years, maximum water temperatures were within optimal conditions for cold 
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water fisheries (<67 F). Data reported in Figure 17 for 2006 and 2007 represent the first and second year 
post August 2005 McKenzie project. The year 2006 represents the coldest water temperatures of the 5 
year period. The year 2007 represents the warmest water temperatures and lowest flow conditions with 
lower Pine Creek drying up mid summer (Figure 22). The general pattern of increased water temperature 
from PC11 downstream to PC08 is evident, but the rate of increase is not significantly different from that 
realized in 2004 or 2005 (P>0.38), both pre treatment years. The rates of increase observed in 2004, 2005, 
and 2006 were all significantly greater that 2003 (P>0.05). These results indicate that there was no 
significant impact of the August 2005 McKenzie project on maximum stream temperatures for the 
associated reach of Pine Creek. Given that the project did not impact stream canopy or solar input to this 
reach, it is not surprising that there was no impact on water temperature. 
 
Figure 18 reports maximum stream temperatures for the section of Bogard Creek (BO6 to BO2) 
associated with the August 2005 McKenzie project. As discussed in the previous paragraph, 2003-August 
1, 2005 represent pre treatment conditions, and 2006, 2007 represents post treatment conditions. Two 
patterns of change are evident in this data. During 2003 and 2005, there is an increase in temperature 
downstream from BO6 to BO2 from about May 15 through August 1. However, for the remainder of each 
year (August 1 through September 30), water temperature actually cools as it passes downstream from 
BO6 to BO2. The temperature patterns for 2003 and 2005 are not significantly different from each other 
(P=0.54). The second pattern evident in this dataset occurs during 2004, 2006, and 2007. During these 
years the water temperature increases from BO6 to BO2 for the entire season, and the rate of increase 
between these years are not significantly different from each other (P<0.1), although there is an 
apparently greater rate of increase in 2004 (pre treatment) and 2007 (post treatment) compared to 2006 
(post treatment). Patterns for 2003 and 2005 are significantly different from 2004, 2006, and 2007 
(P<0.05). For all years and all stations, maximum water temperatures are within optimal conditions for 
cold water fisheries (<67 F). As with Pine Creek, 2006 is the coldest year in the dataset. These results 
indicate that there was no significant impact of the August 2005 McKenzie project on maximum stream 
temperatures for the associated reach of Bogard Creek. As with Pine Creek, given that the project did not 
impact stream canopy or solar input to this reach, it is not surprising that there was no impact on water 
temperature. 
 
The two distinct patterns of temperature change (late season cooling v. heating) from BO6 downstream to 
BO2 are very likely due to annual streamflow conditions. In particular how the stream’s surface flow is 
interacting with cooler sub-surface riparian flows. Over the course of summer baseflow, stream reaches 
can gain water from sub-surface riparian sources, lose water to sub-surface riparian sinks, and/or have no 
net gain or loss to riparian sub-surface sources/sinks. Alluvial-meadow stream reaches tend to have more 
interactions (gain/loss) with subsurface water sources/sinks than bedrock-forest reaches. The lower reach 
of Bogard (BO3 to BO2) is an alluvial-meadow reach. Figure 19 reports change in streamflow (cubic feet 
per second) from BO6 to BO2 for all sample dates during 2003 through 2006. Figure 21 reports 
streamflow observed across the 5 year study period. During 2003 and 2005 (cooling years), the gain in 
streamflow increased over the season (particularly during August), while gain in streamflow decreased 
throughout the season for 2004 and 2006 (heating years). Although not a direct test, these data indicate 
that late season flows arriving at BO2 in 2003 and 2005 were composed of a greater percentage of sub-
surface return flow than were late season flows in 2004 and 2006. Sub-surface return flow tends to be 
cooler than surface flows in hot, arid regions during late summer season, and could account for the two 
different patterns of temperature change through this reach of Bogard Creek for different years. We have 
documented similar patterns of temperature gain and loss in the Warner Mountains in northeastern CA 
(Tate et al. 2005, http://californiaagriculture.ucop.edu/0503JAS/toc.html). It is also possible that annual 
variation in air temperature could impact stream temperature changes, but examination of air temperatures 
during the study period do not reveal patterns that would indicate this to be the case (Figure 20). 
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Figure 17.  Maximum stream temperature observed above (PC11) and below (PC08) August 2005 McKenzie conifer 
removal project on Pine Creek.  
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Figure 18. Maximum stream temperature observed above (BO6) and below (BO2) August 2005 McKenzie conifer 
removal project on Bogard Creek.  
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Figure 19. Change in streamflow (cubic feet per second) downstream from sample station BO6 to BO2 on Bogard 
Creek May through September 2003 through 2006. 
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Figure 20. Daily air temperature observed at Pine and Bogard Creeks May through September 2003 through 2006.  
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Figure 21.  Streamflow (cubic feet per second) at Bogard Creek from 2003 through 2007. All Bogard Creek monitoring 
locations are shown in each year panel. 
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Figure 22.  Streamflow (cubic feet per second) at Pine Creek from 2003 through 2007. All Pine Creek monitoring 
locations are shown in each year panel. 
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Stream Chemistry, Suspended Solids, and Turbidity Response 
Stream water samples were grab sampled every 2 weeks from ~May 15 to ~September 30 from 2003 
through 2007 as described in section 6.3 of this report. Stream chemistry analysis for all stations 
associated with the August 2005 McKenzie project (PC11, PC10, PC09, PC08, BO6, BO5, BO4, BO3, 
and BO2) for all years revealed extremely clean water conditions. Nitrate and ammonium concentrations 
(2003 through 2007) on all Pine and Bogard Creek stations were below our detection limit (0.01 mg/L or 
ppm) for over 75% of samples collected, making statistical analysis unfeasible and unnecessary.  
 
On Bogard Creek:  

1) 189 of 291 samples analyzed for nitrate-nitrogen (NO3-N) from 2003 through 2007 were below 
our detection limit of 0.01 mg/L, the mean of detectable samples was 0.14 mg/L. 

2) 291 of 291 samples analyzed for ammonium-nitrogen (NH4-N) from 2003 through 2007 were 
below our detection limit of 0.01 mg/L.  

3) 77 of 291 samples analyzed for ortho-phosphate (PO4-P) from 2003 through 2007 were below our 
detection limit of 0.001 mg/L, the mean of detectable samples was 0.38 mg/L. 

 
On Pine Creek: 

1) 386 of 512 samples analyzed for nitrate-nitrogen (NO3-N) from 2003 through 2007 were below 
our detection limit of 0.01 mg/L, the mean of detectable samples was 0.51 mg/L.  

2) 506 of 512 samples analyzed for ammonium-nitrogen (NH4-N) from 2003 through 2007 were 
below our detection limit of 0.32 mg/L.  

3) 395 of 512 samples analyzed for ortho-phosphate (PO4-P) from 2003 through 2007 were below 
our detection limit of 0.001 mg/L, the mean of detectable samples was 0.15 mg/L. 
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Phosphate levels are inherently higher on Bogard Creek compared to Pine Creek due to the large 
influence of Bogard Springs sub-surface flow (phosphorus is derived from geologic weathering and 
related sources) on Bogard Creek’s background chemistry. There is no evidence that the chemistry of 
either Pine or Bogard Creeks have been impacted by the McKenzie project. Table 6 provides a 
representative look at the concentrations and levels of the various constituents examined. 
 
Figures 9 through 12 report suspended sediment concentrations and turbidity levels for all sample stations 
on Pine and Bogard Creeks from 2003 through 2007, and allow comparison of before (2003-August 1, 
2005) v. after (2006), above (PC11, BO6) and below (PC08, BO2) the August 2005 McKenzie project. As 
discussed in section 6.3, these figures also allow examination of spatial and temporal patterns along the 
entire length of Pine and Bogard Creeks both before and after the project. 
 
Figures 9 and 10 show that 2006 (after August 2005 McKenzie project) had the lowest sediment and 
turbidity levels of all 5 years (2003 through 2007) on Bogard Creek. Levels for both sediment and 
turbidity were significantly lower in 2005 and 2006 compared to 2003, 2004, and 2007 at all stations 
(P<0.05). The highest average levels were recorded in 2004 (P<0.05). As examination of data for Figures 
9 and 10 indicates, 2004 was the only year with a significant change (decrease) in sediment and turbidity 
from site BO6 to BO2. The change between stations in all other years was not significant (P>0.56). These 
results indicate that there was no increase in sediment or turbidity in Bogard Creek as a result of the 
August 2005 McKenzie project. 
 
Figures 11 and 12 show that 2006 (after August 2005 McKenzie project) had the lowest sediment and 
turbidity levels of all 5 years (2003 through 2007) on Pine Creek. Levels for both sediment and turbidity 
were significantly lower in 2005 and 2006 compared to 2003, 2004, and 2007 at most stations (P<0.05). 
The highest average levels were recorded in 2004 (P<0.05). Comparison of sample location PC11 to 
PC08 for 2003 through August 1, 2005 to 2006 indicate no clear pattern of increased sediment or turbidity 
levels following the August 2005 McKenzie project. Both sediment and turbidity levels increased 
consistently from PC11 to PC08 during 2004 through 2006. In 2003, both sediment and turbidity levels 
decreased from PC11 to PC08 in a manner statistically different from 2004 through 2007 (P<0.05). 
However, the timing of this pattern does not match the timing of the August 2005 McKenzie project, and 
cannot be attributed to the January 2004 Bogard Unit project which occurred completely upstream of 
PC10 (i.e. does not explain the increases observed at stations PC09 and PC08). It is also important to 
reiterate the exceptionally low levels of sediment and turbidity observed in both Pine and Bogard Creeks 
over the study period, as discussed in section 6.3 of this report. 
 
Stream Macroinvertebrate Response 
Stream macroinvertabrate collections were made at three locations along Pine and Bogard Creeks 2003, 
2004 and 2007, and taxonomically analyzed to genus and species where possible. Samples were collected 
with D-ring kick net (500 micron mesh) from a sample area of 1 ft2 for a sample time of 3 minutes per 
sample, following standard CA Dept. Fish and Game protocols. At each sample station (e.g., BO1, PC13), 
3 transects were sampled along a 100 m reach encompassing the sample location. Three collections were 
made along each transect (left bank, stream center, right bank) and combined as 1 sample for analysis. 
Transects were established across riffles. Taxonomic analysis was conducted at the BLM BugLab on the 
campus of Utah State University. 
 
Tables 8 and 9 report key stream macroinvertabrate metrics calculated from collections made at sample 
locations on Bogard and Pine Creeks in 2003, 2004, and 2007, respectively. Collectively, these data 
indicate high water quality and in-stream habitat conditions. For all locations, the percent of the 
macroinvertebrate community tolerant of pollution (% Tolerant) is zero (Tables 8 and 9). As with 
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sediment concentration, there are no clear patterns relative to location and timing of treatment. Variation 
that exists from site to site and year to year is likely reflecting inherent site habitat quality and annual 
variation due to timing of insect hatch and community development.  Data presented here indicate no 
significant change in macroinvertabrate community attributable to either the January 2004 or August 2005 
treatment application along Pine and Bogard Creeks. 
 
Soil Bulk Density Response 
Soil bulk density samples were collected June 2005 (before August 2005 McKenzie project) and June 
2006 (after) at 3 monitoring stations (sample clusters). Two of the monitoring stations were within the 
project area (treatment) and one was outside the project area (control). Samples were collected via core 
method at depths of 0 to 6 and 6 to 12 inches. Twenty-five samples were collected at each monitoring 
station on each sample date. Samples were dried and dry bulk density determined as gm/cm3. As with all 
statistical analysis reported to date, linear mixed effects analysis was used to specifically test if there was 
a significant change in bulk density in treatment stations after treatment relative to control stations. 
 
Figure 23 reports mean bulk density for treatment (harvested) and control (no harvest) monitoring stations 
before (2005) and after (2006) the August 2005 McKenzie project at both soil depths (0-6 and 6-12 
inches). There was no significant change in soil bulk density of treatment stations relative to control 
stations at depth 0-6 in (P=0.88) or 6-12 in (P=0.22) after implementation of the project. These results 
indicate that there was no soil compaction at these stations, which represent harvest unit areas outside of 
defined skid trails and log landings. We found the monitoring station (cluster sample scheme) approach 
reported here to be a great improvement over the sample transect approach previously used for the 
January 2004 Bogard Units project (section 6.3). The monitoring station approach allows for much greater 
spatial repeatability of sample collection compared to the transect method, allowing for control of spatial 
variation inherent across these forest soils.  
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Figure 23. Soil bulk density at treatment and control monitoring stations before and after the August 2005 McKenzie 
project. 
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Soil Moisture Response 
Soil moisture (measured as soil tension in centibars – increasing value indicates drier soil conditions) was 
measured approximately every 2 weeks from ~May 20 through September 30 of 2003 through 2007. Two 
transects of 4 monitoring stations were established from near stream to uplands in the treatment aspen 
stand, and a nearby control aspen stand (encroached – not treated) following Figures 1 and 2b. At each 
monitoring site (n=16, 8 in treatment stand, 8 in control stand), soil tension samplers (gypsum blocks) 
were permanently established at 6 and 18 inches in depth.  
 
Figures 24 and 25 report soil moisture conditions at the 6 and 18 inch depth for 2003 through 2007, 
respectively. These figures illustrate comparable soil moisture conditions between treatment and control 
stands during 2003-2005, at both soil depths. During 2006 and 2007 (first two years post treatment), there 
was significantly moister soil conditions at the 6 inch depth in the treatment stand compared to the control 
stands. Indicating that removal of conifers was reducing the transpiration demand on the site, thus 
increasing soil moisture levels into the dry season (Figure 24).  This same effect is evident at 18 inch soil 
depth only in 2007 (Figure 25). 
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Figure 24. Soil moisture 6 inch depth at treatment and control monitoring stations before (2003, 2004, 2005) and after 
the August 2005 McKenzie project along Pine and Bogard Creeks. 
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Figure 25. Soil moisture 18 inch depth at treatment and control monitoring stations before (2003, 2004, 2005) and after 
the August 2005 McKenzie project along Pine and Bogard Creeks. 
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6.4 January 2007 Phase of McKenzie Project along Pine and Bogard Creeks 
A winter conifer removal project occurred January 2007 between stations PC08 and PC11, and BO6 and 
BO2 on Pine and Bogard Creeks, respectively (Figure 2b “Aspen_Enhance Winter”). Please add 
appropriate description of project – treatment methods. 
  
At the time of this report, the only post treatment data available for this project was soil bulk density.  
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Soil Bulk Density Response 
Soil bulk density samples were collected June 2005 and 2006 (before January 2007 McKenzie project) 
and June 2008 (after) at 2 monitoring stations (sample clusters), one in the project area (treatment) and 
one outside the project area (control). Samples were collected via core method at depths of 0 to 6 and 6 to 
12 inches. Twenty-five samples were collected at each monitoring station on each sample date. Samples 
were dried and dry bulk density determined as gm/cm3. As with all statistical analysis reported to date, 
linear mixed effects analysis was used to specifically test if there was a significant change in bulk density 
in treatment stations after treatment relative to control stations. 
 
Figure 26 reports mean bulk density for treatment (harvested) and control (no harvest) monitoring stations 
before (2005, 2006) and after (2008) the January 2007 McKenzie project at both soil depths (0-6 and 6-12 
inches). There was no significant change in soil bulk density of treatment stations relative to control 
stations at depth 0-6 in (P=0.25) or 6-12 in (P=0.39) after implementation of the project. These results 
indicate that there was no soil compaction at these stations, which represent harvest unit areas outside of 
defined skid trails and log landings. We found the monitoring station (cluster sample scheme) approach 
reported here to be a great improvement over the sample transect approach previously used for the 
January 2004 Bogard Units project (section 6.3). The monitoring station approach allows for much greater 
spatial repeatability of sample collection compared to the transect method, allowing for control of spatial 
variation inherent across these forest soils.  
 
Figure 26. Soil bulk density at treatment and control monitoring stations before (2005, 2006) and after (2008) the 
January 2007 McKenzie project. 
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6.6 September 2006 Brokeoff Project along S.F. Bailey Creek 
A summer conifer removal project occurred September 2006 between stations BR1 and BR6 along S.F. 
Bailey Creek (Figure 2?). Please enter description of the project (e.g., area, method of cutting, removal, 
etc.). 
  
When combined with data collected in 2003, 2004, and 2006 (before), the data collected in 2007 (1 year 
after) at stations BR1 and BR6 allow for analysis of before and after, above and below treatment 
differences for all stream related variables listed in Table 1. Data from other sample stations on S.F. 
Bailey Creek (BR2 through BR5) provide insight into temporal (annual) and spatial (reach to reach) 
variation throughout the stream reach. Soil bulk density samples were collected before (July 2006) and 1 
year after (July 2007) treatment at permanent monitoring stations (sample clusters) within the treatment 
stand (n=1 clusters) and within 1 control stand (n=1 cluster). Data from all years has been entered, 
checked for accuracy, and statistical analysis conducted. Results of this analysis are reported below for 
key variables of concern.  
  
Stream Canopy Response 
Stream canopy and solar radiation arriving at the stream surface were measured between stations BR1 and 
BR6 on S.F. Bailey Creek using a spherical densitometer and solar pathfinder as described in section 6.3 
of this report. Tree canopy cover (%) over the stream and percent of available solar radiation reaching the 
stream surface (April through September) were measured along these reaches before (2003) and after 
(2007) the September 2006 project was implemented. A total of 26 readings were taken between BR1 and 
BR6 in 2003, and 57 readings in 2007. Figures 27 and 28 report mean stream canopy and solar pathfinder 
results before and after the conifer removal project adjacent to this stream reach. There was a statistically 
significant reduction in stream canopy from 52% down to 45% as a result of the project (P<0.005) (Figure 
27). As a result, there was a significant increase in solar radiation arriving at the water surface along the 
after the project (P<0.01). Particularly for the months May through August. 
 
Figure 27. Mean tree canopy cover over S.F. Bailey Creek between stations BR1 and BR6 before and after September 
2006 conifer removal project.  
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Figure 28. Mean solar radiation arriving at S.F. Bailey Creek between stations BR1 and BR6 before and after 
September 2006 conifer removal project.  
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Stream Temperature Response 
Stream temperature data was collected at each sampling station using Onset Optic StowAway temperature 
dataloggers as described in section 6.3 of this report. We examined several metrics of stream water 
temperature above and below treatment reaches before (2003, 2004, 2006) and after (2007) the September 
2006 project. Figure 29 reports the 7-day running average daily maximum water temperatures observed 
on S.F. Bailey Creek above (BR1) and below (BR6) the project. There was no significant difference in the 
rate of temperature gain between stations BR1 and BR6 between any years, or before and after the 
September 2006 project. S.F. Bailey Creek is buffered with relatively high, cool flows all season-long. 
While canopy cover was reduced by the project, there was still relatively high (45%) stream cover 
remaining after the project. This result indicates no change in stream temperature as a result of the 
September 2006 project. 
 
Stream Chemistry, Suspended Solids, and Turbidity Response 
Stream water samples were grab sampled every 2 weeks from ~July 7 to ~September 30 in 2003, 2004, 
2006 and 2007 as described in section 6.3 of this report. Stream chemistry analysis for all stations 
associated with the September 2006 S.F. Bailey Creek project (BR1 through BR6) for all years revealed 
extremely clean water conditions. There is no pattern of change in electrical conductivity across stations 
over years, indicating no change in overall chemistry due to the treatment (Figure 31). Data for pH is 
similar in pattern to EC. Elevated conductivity at all stations in 2007 is due to low flow conditions (Figure 
30), allowing sub-surface flows carrying geologic signature (higher EC than surface runoff/snowmelt) to 
dominate flows and thus base chemistry in that year. Nitrogen and phosphorus levels are uniformly low, 
with insufficient observation above the detection limit to allow or require statistical analysis. This system 
is N and P limited. 132 of 170 samples analyzed for nitrate-nitrogen (NO3-N) from 2003 through 2007 
were below our detection limit of 0.01 mg/L, the mean of detectable samples was 0.02 mg/L. 145 of 170 
samples analyzed for ammonium-nitrogen (NH4-N) from 2003 through 2007 were below our detection 
limit of 0.01 mg/L, the mean of detectable samples was 0.11 mg/L. 169 of 170 samples analyzed for 
ortho-phosphate (PO4-P) from 2003 through 2007 were below our detection limit of 0.001 mg/L, the 
single detectable sample was 0.006 mg/L. 
 
Figures 32 and 33 report suspended sediment concentrations and turbidity levels for all sample stations on 
S.F. Bailey Creek from 2003 through 2007 (2005 not sampled), and allow comparison of before (2003, 
2004, and 2006) v. after (2007), above (BR1) and below (BR6) the September 2006 project. As discussed 
in section 6.3, these figures also allow examination of spatial and temporal patterns along the entire length 
of S.F. Bailey Creeks both before and after the project. Suspended sediment and turbidity levels are 
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extremely low across all stations and all years. The highest levels over the study period were actually 
observed in 2003 and/or 2004, before project implementation. There was no detectable increase in 
suspended sediment or turbidity levels from BR1 (above) to BR6 (below) following project 
implementation in 2006, compared to pre treatment years. These results collectively indicate no negative 
water quality impacts associated with the project along S.F. Bailey Creek. 
 
Figure 29.  Maximum stream temperature observed above (BR1) and below (BR6), before (2003, 2004, 2006) and after 
(2007) the September 2006 conifer removal project on S.F. Bailey Creek. 
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Figure 30.  Streamflow (cubic feet per second) at S.F. Bailey Creek during the study period (2003, 2004, 2006, and 
2007). All six monitoring locations (BR1 through BR6) are shown in each year panel. 
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Figure 31. Electrical conductivity at all monitoring stations along S.F. Bailey Creek for 2003, 2004, 2006, and 2007. 
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Figure 32. Suspended solids concentrations at all monitoring stations along S.F. Bailey Creek for 2003, 2004, 2006, and 
2007. 
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Figure 33. Turbidity at all monitoring stations along S.F. Bailey Creek for 2003, 2004, 2006, and 2007. 
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Stream Macroinvertabrate Response 
Stream macroinvertabrate collections were made at three locations along S.F. Bailey Creeks 2003, 2004, 
and 2007. Samples were taxonomically analyzed to genus and species where possible. Samples were 
collected with D-ring kick net (500 micron mesh) from a sample area of 1 ft2 for a sample time of 3 
minutes per sample, following standard CA Dept. Fish and Game protocols. At each sample station (BR1, 
BR3, BR6), three collections were made along each transect (left bank, stream center, right bank) and 
combined as 1 sample for analysis. Transects were established across riffles. Taxonomic analysis was 
conducted at the BLM BugLab on the campus of Utah State University. 
 
Table 11 reports mean key stream macroinvertabrate metrics calculated from collections made at all 3 
sample locations (BR1, BR3, BR6). Collectively, these data indicate high water quality and in-stream 
habitat conditions. For all years, the percent of the macroinvertebrate community tolerant of pollution (% 
Tolerant) is zero. There are no clear patterns relative to the timing of treatment implementation (2003 and 
2004 compared to 2007). Variation that exists from year to year is likely reflecting inherent annual 
variation due to timing of insect hatch and community development. Data presented here indicate no 
significant change in macroinvertabrate community attributable to treatment on Pine and Bogard Creeks. 
 
Table 11. Macroinvertabrate metrics for S.F. Bailey Creek sample stations collected July 2003, 2004, and 2007 at 3 
stations within the study reach. 
Metric 2003 2004 2007 
No. Families 11.5 11 12 
Diversity 2.1 2.1 2.0 
% Tolerant 0 0 0 
% Intolerant 37 45 36 
 
Soil Bulk Density Response 
Soil bulk density samples were collected July 2006 (before September 2006 project) and July 2007 (after) 
at 2 monitoring stations (sample clusters). One of the monitoring stations was within the project area 
(treatment) and one was outside the project area (control). Samples were collected via core method at 
depths of 0 to 6 and 6 to 12 inches. Twenty-five samples were collected at each monitoring station on 
each sample date. Samples were dried and dry bulk density determined as gm/cm3. As with all statistical 
analysis reported to date, linear mixed effects analysis was used to specifically test if there was a 
significant change in bulk density in treatment stations after treatment relative to control stations. 
 
Figure 34 reports mean bulk density for treatment and control monitoring stations before (2006) and after 
(2007) the project at both soil depths (0-6 and 6-12 inches). There was no significant change in soil bulk 
density of treatment stations relative to control stations at depth 0-6 in (P>0.05) or 6-12 in (P>0.05) after 
implementation of the project. These results indicate that there was no soil compaction at these stations, 
which represent harvest unit areas outside of defined skid trails and log landings.  
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Figure 34. Soil bulk density at treatment and control monitoring stations before and after the September 2006 project 
along S.F. Bailey Creek. 
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Soil Moisture Response 
Soil moisture (measured as soil tension in centibars – increasing value indicates drier soil conditions) was 
measured approximately every 2 weeks from ~July 7 through September 30 of 2004, 2006, and 2007. 
Two transects of 4 monitoring stations were established from near stream to uplands in the treatment 
aspen stand, and a nearby control aspen stand (encroached – not treated) following Figure 1. At each 
monitoring site (n=16, 8 in treatment stand, 8 in control stand), soil tension samplers (gypsum blocks) 
were permanently established at 6 and 18 inches in depth.  
 
Figures 35 and 36 report soil moisture conditions at the 6 and 18 inch depth for 2004, 2006, and 2007, 
respectively. These figures illustrate comparable soil moisture conditions between treatment and control 
stands during 2004 and 2006, at both soil depths. During 2007 (first year post treatment), there was 
significantly moister soil conditions at the 6 and 18 inch depth in the treatment stand compared to the 
control stands. Indicating that removal of conifers was reducing the transpiration demand on the site, thus 
increasing soil moisture levels into the dry season (Figures 35 and 36). 
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Figure 35. Soil moisture 6 inch depth at treatment and control monitoring stations before and after the September 2006 
project along S.F. Bailey Creek. 
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Figure 36. Soil moisture 18 inch depth at treatment and control monitoring stations before and after the September 
2006 project along S.F. Bailey Creek. 
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An Introduction to Erosion Control

Second Edition      March 2006

A Joint Publication from Earth Works Institute
The Quivira Coalition and

Zeedyk Ecological Consulting

by Bill Zeedyk and Jan-Willem Jansens
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	 This	document	describes	erosion	control	techniques,	such	as	those	
used	for	several	demonstration	sites	in	the	Galisteo	watershed	as	part	of	
the	Galisteo	Watershed	Restoration	Project	–phase	2	(2002-2005).	This	
project	was	sponsored	by	the	New	Mexico	Environment	Department	with	
financial	support	under	Clean	Water	Act	Section	319(h)	administered	by	
the	US	Environmental	Protection	Agency.	The	project	protected	surface	
water	quality	in	New	Mexico	waters	by	reducing	nonpoint	source	pollution	
of	the	waters	of	the	Galisteo	Creek.		
	 	Introduction	to	Erosion	Control	is	an	illustrated	field	guide	for	
the	general	promotion	of	erosion	control	techniques.		It	is	designed	to	be	
used	by	a	broad	audience	that	includes	project	managers,	government	of-
ficials,	participants	of	educational	workshops	and	field	tours,	along	with	
contractors	and	volunteers	(during	installation	of	structures).		This	field	
guide	is	not	to	be	used	or	interpreted	as	a	design	manual.			
	 Three-thousand	five-hundred	copies	were	printed	in	the	first	edi-
tion,	three-thousand	in	the	second.

Contents
I. An Introduction to Erosion Control

Why	This	Field	Guide?
Restoring	the	“Sponge”

II. Landscape Degradation Processes
Slopes:		Sheet,	Rill	and	Wind	Erosion
Gullies	and	Badlands

III.  General Soil Healing Techniques
Water	Harvesting

Retention	and	Diversion	Structures
Water	Slowing	Structures
Mulch	for	Soil	Cover

Soil	Conservation
IV.  Healing Techniques for Gullies and Headcuts

Gully	Treatments
Grade	Control
Induced	Meandering
Water	Harvesting	Structures
Streambank	Protection

Headcut	Treatments	
Worm	Ditch	(Bypass	Channel)	
Log	&	Fabric	Structure
Straw	Bale	Step	Falls
Rock	Bowl	

V.  Not Recommended!
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Cover Photos:
Front:	[left]	One-rock	dam,	Red	Windmill	Draw,	Malpai	Ranch;	
[middle]	The	same	dam,	a	little	while	later;	[right]	Large	one-rock	
dam,	Torreon	Chapter,	2002.			(Photos	courtesy	of	Van	Clothier	
and	Earth	Works	Institute.)
Back Photo:	Log	and	fabric	step	falls	installed	on	San	Pablo	Creek	
near	Cuba.	(Photo	courtesy	of	Mike	Chavez.)
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Why this Field Guide?
	 The	soil,	the	upper	part	of	the	earth’s	“skin,”	is	a	 living	
environment.	The	top	soil	layer,	typically	4	inches	or	less	in	our	
desert	climate,	includes	billions	of	microorganisms	per	cubic	foot.	
The	top	soil	also	includes	plant	roots,	fungi,	worms,	and	insects.	
One	part	of	this	living	tissue	grows	into	living	organisms	such	as	
plants,	mushrooms,	and	small	animals,	while	the	other	part	helps	
break	down	dead	organic	material	into	components	that	serve	as	
nutrients	(minerals	and	“vitamins”)	for	the	regeneration	of	new	
life.		To	function	well	as	a	spawning	bed	for	life,	all	soil	needs	is	
sun,	air,	water,	and	plant	residue.
	 This	field	guide	is	intended	to	inform	those	of	us	who	
depend	on	the	soil	and	its	 life-giving	properties.	 	In	this	guide,	
we	will	discuss	ways	to	regenerate	soil	so	that	it	holds	more	water,	
supports	more	vegetation,	and	reduces	soil	erosion.	In	the	end,	
soil	conservation	will	reduce	“non-point	source	pollution”	in	our	
surface	watercourses.		We	will	focus	on	affordable	and	replicable	
techniques	 based	 on	 natural	 processes	 and	 advocate	 the	 use	 of	
low-cost	and	locally	available,	natural	materials.

Restoring the “Sponge”   
	 The	soil	plays	a	crucial	role	in	the	regeneration	of	life	on	

earth.	Therefore,	it	is	of	utmost	importance	that	the	soil	structure,	
composed	of	mineral	particles,	decomposing	organic	matter	(hu-
mus),	and	microorganisms,	is	of	optimal	quality	to	help	regenerate	
life.			
	 One	of	the	most	important	factors	in	the	soil’s	structure	is	
its	capacity,	like	a	sponge,	to	absorb	water	and	hold	it	in	its	pores.		
Degraded	soils	have	lost	their	sponge	capacity.		Soil	conservation	
and	restoration	in	our	desert	climate	must	focus	on	restoring	the	
sponge	effect.	
		 In	many	landscapes	in	the	West,	soils	have	been	seriously	
degraded	by	the	impact	of	uncontrolled	land	uses,	such	as	unman-
aged	grazing,	mining,	construction,	pollution,	and	excavation.	In	
many	cases,	these	activities	have	led	to	a	hardening	or	removal	of	
the	top	layer	of	the	soil.	As	a	result,	it	is	difficult	for	rain	or	snow	
melt	to	infiltrate	the	soil.		Instead,	precipitation	runs	over	the	land	
surface	in	large	quantities.	Poor	infiltration	depletes	the	soil’s	abil-
ity	to	absorb	water	and	sustain	plant	growth.
	 If	we	want	to	bring	back	life	to	degraded	land,	it	is	impor-
tant	to	help	the	soil	retain	more	water.		One	way	we	can	do	that	
is	to	direct	water	to	sites	where	infiltration	occurs	or	is	enhanced.		
Once	water	is	slowed	down	or	retained,	it	is	given	more	time	to	
soak	into	the	soil.	In	that	process,	the	soil’s	crusty	structure	softens	

I.  Introduction to Erosion Control
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and	allows	more	water	to	soak	 in	and	cling	to	soil	particles.	 In	
addition,	it	enlivens	microorganisms,	such	as	mycelium	(fungi),	
that	help	transport	water	from	the	pores	in	the	soil	to	plant	roots.	
The	roots	“wake	up”	and	become	more	able	to	absorb	the	water	to	
strengthen	the	above-ground	plant	parts.	In	sum,	water	harvesting	
reinvigorates	existing	plant	life.
	 In	addition,	if	the	moisture	is	retained	long	enough	and	
if	it	is	replenished	effectively,	dormant	seeds	in	the	soil	may	ger-
minate.		The	renewed	and	reinvigorated	plant	life	intercepts	and	
slows	down	precipitation	as	it	runs	off	along	plant	leaves	and	stems	
to	soak	into	the	soil.	Plants	also	slow	air	movement	and	cast	some	

shade	on	the	ground,	reducing	evaporation,	so	that	more	water	in	
the	soil	is	available	to	plants.	Plant	stems	and	roots	hold	together	
the	soil,	dead	plant	matter	adds	to	the	organic	components	of	the	
soil	and	stimulates	the	proliferation	of	microorganisms,	and	plant	
roots	again	support	other	microorganisms.		In	this	way,	plant	life	
helps	develop	soil	structure	and	biological	activity	(Figure	�).	
	 This	biological	process	also	helps	retain	and	catch	soil	
particles,	thus	reducing	soil	loss	due	to	erosive	forces	and	reduc-
ing	pollution	of	waterways	with	dirt	(a	major	form	of	non-point	
source	pollution	in	the	Southwest).	The	result	of	“sponge”	resto-
ration	is	the	resurgence	of	native	plant	growth	and	the	reduction	
of	unchecked	runoff	and	erosion.	With	this,	the	native	ecosystem	

Figure 1.  Restoring the soil’s “sponge” capacity restores the watershed.
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receives	an	indispensable	boost	to	its	capacity	to	begin	a	new	cycle	
of	plant	succession.	Typically,	plant	diversity	will	increase,	meaning	
the	number	of	perennial	plants,	the	percentage	of	ground	cover,	
and	with	all	this	the	resilience	of	the	plant	community	to	sudden,	
catastrophic	impacts	(fire,	pests,	flooding,	drought).	In	addition,	
plant	communities	help	create	habitat	for	an	increasing	number	
of	insects,	arachnids,	reptiles,	birds,	and	mammals.	Eventually,	the	
landscape	may	become	productive	again	for	managed	human	use,	
such	as	a	garden,	farm,	or	pasture.	

II.  Landscape Degradation Processes
	 	 How	do	landscapes	lose	their	water-storing	capacity?

Slopes: Sheet, Rill, and Wind Erosion
	 When	the	topsoil	is	disturbed,	its	plant	cover	destroyed,	
and	its	structure	broken,	microorganism	life	decreases,	water	 is	
readily	drained,	and	a	crust	forms	on	the	soil	hampering	infiltration	
of	water.		As	a	result,	seeds	and	microorganisms	wash	or	blow	away.	
Technically,	soil	erosion	occurs	when	there	is	insufficient	cover	to	
protect	the	soil’s	surface	from	raindrop	impact	or	the	shear	stress	
of	flowing	water.	 	Erosion	worsens	with	 increasing	slope	angle,	
slope	length,	and	fragility	of	the	soil.
	 These	weakened	soil	conditions	then	increase	the	impact	
of	raindrop	splash,	wind,	and	storm	water	runoff.		Soil	loss	(ero-

sion)	 in	 the	 form	 of	 sheet	
flow,	 rills	 (small	 erosional	
rivulets),	 and	 gullies	 will	
follow.
	 Eventual ly, 	 the	
water	table	drops	as	a	result	
of	the	draining	of	the	soil.	
When	 water	 rapidly	 runs	
through	clay	soils,	mineral	
compounds,	 such	 as	 salts,	
are	 leached	 out	 (defloc-
culation).	The	clay	loses	its	
structure	 and	 is	 blown	 or	
washed	away.	Too	much	air	
in	 the	 clay	 hampers	 plant	
growth	 and	 increases	 un-
derground	 water	 drainage,	
causing	 tunnel	 erosion	 (piping).	 Eventually	 the	 soil	 collapses,	
which	is	the	beginning	of	gully	erosion.

Gullies and Badlands
	 Gullies	occur	when	rills	converge	in	a	concentrated	flow	
of	surface	runoff.		As	the	soil	surface	steepens,	the	velocity	of	the	
surface	flow	increases	and	the	energy	of	erosive	forces	increases	
exponentially.	

Gully on San Pablo Creek.
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	 Runoff	causes	an	abrasive	force	on	the	soil.	Where	the	
grade	steepens	or	where	the	soil	hardness	changes	abruptly,	runoff	
will	scour	more	and	create	a	headcut.	Headcuts	travel	upstream	
disturbing	more	soils,	
and	 g utting	 entire	
hillsides	and	pastures.	
Headcuts	increase	rap-
id	 runoff	 as	 a	 result	
of	 increased	 drainage	
patterns.	 The	 end	 is	
what	 is	 called	 “bad-
lands”:	 a	 landscape	
with	 a	 multitude	 of	
gullies	 and	 headcuts,	
flat	areas	consisting	of	
rock	and	gravel,	and	devoid	of	vegetation.	The	regeneration	capac-
ity	of	soils	in	badlands	is	minimal	due	to	poor	soil	structure,	very	
low	water	holding	capacity,	lack	of	seeds,	and	absence	of	microbial	
life.

III.  General Soil Healing Techniques
Soils	can	be	healed	through	water	harvesting	and	soil	

improvement	techniques.

A. Water Harvesting
	 In	our	dry,	Southwestern	landscapes,	effective	rainfall	for	
plant	growth	is	scarce	and	often	further	limited	due	to	unintended	
water	losses.	Therefore,	it	is	important	to	harvest	as	much	precipita-
tion	as	possible	and	make	it	infiltrate	the	soil.	Water	that	is	stored	
in	the	soil	evaporates	slowly	and	flows	gradually	downhill	to	the	
main	watercourses	and	wetlands	of	the	area,	providing	valuable	
flow	to	springs	and	seeps,	which	maintain	riparian	habitat.	Water	
harvesting	on	slopes	can	be	achieved	best	by	placing	barriers	on	
contours,	technically	forming	a	small	terrace.	Regionally	appropri-
ate,	low-cost	harvesting	techniques	include:

Structures	that	retain	or	divert	stormwater	runoff,	such	as	
rolling	dips,	diversion	drains,	swales	and	berms,	and	micro-catch-
ments.	These	structures	are	designed	to	hold	the	water	back	and	
water	should	not	flow	over	them.	They	are,	therefore,	high	enough	
to	retain	or	divert	the	water	flow.

	Structures	that	slow	the	flow	of	water	to	give	it	more	time	
to	infiltrate,	such	as	one-rock	dams,	rock	lines	on	contour,	straw	
wattles,	and	strawbale	dams.	These	structures	are	designed	to	be	
overtopped	by	water	flows	and	are	therefore	rather	low.

Mulching:		the	spreading	of	a	protective	layer	on	top	of	the	
soil	to	protect	and	enrich	the	soil.		Organic	mulch	protects	the	
soil	against	wind	erosion	and	evaporation,	and	adds	organic	matter	
while	decomposing.		Mulch	also	provides	a	more	cohesive	structure	







Gully near Santa Rosa.
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to	the	 soil,	which	helps	keep	 soil	particles	 together.	 	Mulching	
can	 be	 combined	 with	 other	 techniques,	 such	 as	 enriching	 the	
soil	with	compost.

1.  Retention and Diversion Structures  
Rolling dips are	shallow	depressions	with	gently	rolling	

humps	on	the	down	grade	side,	diagonally	placed	across	roads	and	
trails,	to	divert	runoff	from	the	road	surface	to	a	side	drain	or	slope.			
The	dip	and	hump	are	wide	rather	than	deep	in	order	to	cause	the	
least	hinderance	to	traffic.	 	Dips	and	humps	should	stretch	the	
length	of	the	average	car	using	the	road.		Humps	are	best	made	in	
a	triangular	shape	with	the	apex	of	the	triangle	pointing	toward	
the	outslope	of	the	roadway.

Diversion drains are	trenches	(swales)	with	an	earthen	
wall	on	the	downhill	side	(berms)	that	are	laid	at	a	grade	of	0.�	
to	�%	on	the	slope	to	divert	flows	to	a	stable	drainage	path	(rock	
surface,	 riprap	 spill	 path,	 stabilized	 gully,	 or	 grassed	 waterway)	
(Figure	 �).	 The	 mouths	 of	 diversion	 drains	 are	 armored	 with	
rock	 to	 prevent	 headcut	 erosion.	 Diversion	 drains	 should	 not	
be	filled	with	plantings	or	lined	with	mulch	as	this	will	 lead	to	
the	deposition	of	sediment	that	obstructs	water	flow	and	causes	
water	to	breach	the	wall	and	create	unwanted	erosion.

Swales and Berms are	shallow	trenches	following	the	
contour	of	a	hillside.	The	excavated	dirt	is	piled	in	a	linear	mound	
on	the	downslope	side	of	the	trench,	creating	the	berm.	Swales	

capture	 runoff	 and	 make	 it	 soak	 in	 the	 soil.	 Swales	 and	 berms	
work	best	on	well-drained,	sandy	and	loamy	soils	in	conjunction	
with	 other	 soil	 conservation	 and	 water	 harvesting	 techniques.	
On	clayey	soils	 infiltration	is	too	slow,	which	may	cause	swales	
to	overflow	and	breach,	which	exacerbates	the	erosion	we	intend	
to	stem.	Swales	and	berms	are	labor	intensive	to	install	and	need	

Figure 2. Diversion drains.

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page504



�

annual	 inspection	 and	 maintenance,	 which	 make	 them	 less	
desirable	in	extensively	used,	large	areas,	such	as	rangelands.	

Micro-catchments	 (also	 called	 boomerangs)	 are	 half-
moon	 or	 V-shaped	 mounds	 with	 shallow	 depressions	 behind	
them.	 These	 depressions	 can	 make	 excellent	 planting	 areas	 for	
trees,	shrubs,	or	grasses.

2.  Water Slowing Structures
One-rock dams	 are	 so	 named	 because	 they	 are	 only	

one	 rock	 tall.	 	 The	 dam	
should	 be	 built	 with	
several	 rows	 of	 rock	 across	
from	 the	 upstream	 to	 the	
downstream	edge.		The	dam	
should	 not	 be	 taller	 than	
�/�	 bankfull	 depth	 of	 the	
planned	 channel	 (Figure	 �	
and	Figure	�,	page	��).		
	 Stones	 should	 be	 se-
lected,	 sized,	 and	 placed	 so	
that	the	completed	structure	
ends	up	relatively	level	from	
bank	to	bank	and	flat	from	
the	 upstream	 edge	 to	 the	
downstream	edge.		This	can	

be	accomplished	by	placing	larger	rocks	in	the	deepest	part	of	the	
channel,	smaller	ones	to	either	side	(Figure	�,	page	��).		Do	not	stack	
rocks	on	top	of	one	another	to	get	the	needed	height.		The	stacked	
rocks	will	be	swept	away	by	flood	flows.	 	Placing	greatly	oversized	
rocks	in	the	structure	will	generate	turbulence	that	could	undermine	
it.		Rocks	should	be	sized	proportionately	to	the	�/�	bankfull	depth	
of	the	channel,	�0-40	pound	rocks	for	a	channel	one	foot	deep,	�0-80	
pounds	for	streams	one	and	a	half	feet	deep.		Flood	flows	will	pack	
smaller-sized	bedload	particles	between	the	rocks,	gradually	strength-
ening	the	structure	over	time	as	a	new	riffle	begins	to	develop	at	the	
site	(see	photo	on	page	��).	

Figure 3.

Rock line 
at Torreon 
Chapter, 
2002.
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Rock lines and/or log lines	 on	 contours	 are	 simple	
structures	that	slow	sheet	flow	on	a	slope.	By	placing	rock,	logs,	
or	 branches	 on	 the	 contours	 of	 the	 hillside,	 stormwater	 runoff	
is	 slowed	 down	 and	 sediment	 trapped	 behind	 the	 structures.	
Over	time,	the	barriers	and	sediment	will	help	water	to	infiltrate	
more	easily,	while	leaving	dirt	in	place.	The	materials	blend	in	the	
landscape.		The	structures	are	easy	to	install	and	easy	to	maintain.	
They	work	best	on	gentle	slopes	of	�0%	or	less.

Straw wattles are	sausage-like	devices	made	from	straw	
held	together	in	a	biodegradable	mesh	with	a	diameter	of	�-��	
inches.	Placed	on	the	contour	and	pegged	down	with	steel	pins	
or	wooden	pegs,	they	slow	runoff	and	help	water	infiltrate.	Over	
time	they	disintegrate	and	add	a	mulch	cover	to	the	slope.	Straw	

wattles	became	popular	in	the	�990s	in	restoration	projects	on	
burnt	forest	areas.		They	work	best	on	short,	gentle	slopes	of	�0%	
or	less.

Straw bales	can	be	very	effective	as	temporary	sediment	
and	 runoff	 catchment	 devices.	 They	 are	 effective	 in	 clayey	 and	
loamy	 soils	 with	 sheet	 flow	 that	 moves	 a	 significant	 amount	
of	 sediment	 and	 in	 shallow	 gullies	 with	 low	 flows.	 They	 are	
particularly	useful	in	locations	where	there	is	an	absence	of	rock	
and	brush	and	where	you	need	more	mulch	and	organic	matter	in	
the	soil.		Straw	bale	dams	should	not	be	used	in	sandy	areas	where	
saturated	sand	may	wash	away	beneath	or	next	to	the	strawbales.	
They	 should	 also	 not	 be	 used	 in	 deep	 gullies	 with	 high	 flows	
where	the	shear	stress	of	the	water	will	easily	break	through	the	
straw	bale	(see	pages	��-�4).
	 	
3.  Mulch for Soil Cover	
	 	 Covering	 the	 soil	 with	 live	 or	 dead	 material	 reduces	
evaporation,	 runoff,	and	erosion.	A	soil	 cover	of	 inert	material	
such	as	wood	chips,	straw,	or	pebbles	is	called	“mulch.”
	 Mulch	can	also	be	applied	in	the	form	of	pre-fabricated	
blankets	or	mats	of	fibrous	materials,	called	“erosion	cloth.”		For	our	
dry	Southwestern	landscapes,	it	is	advisable	to	select	relatively	light	
and	thin	erosion	cloth	in	order	to	allow	plants	to	grow	through	it.		
Mulching	may	benefit	the	soil	by:

Straw 
wattles 
at the 
Lippard 
property, 
Galisteo 
watershed, 
2001.

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page506



8

slowing	erosion	
helping	jump-start	the	regeneration	of	plants
moderating	soil	temperatures
controlling	weeds
eliminating	soil	crusting,	allowing	water,	air,	and	nutrients	

	 to	penetrate	better
reducing	evaporation

	 Organic	mulches	have	additional	benefits,	because:		(�)	
they	provide	nutrients	to	the	soil	when	they	break	down,	and	can	
decrease	soil	nitrogen	levels	during	decomposition;	(�)	they	keep	
soil	temperatures	lower;	and	(�)	they	can	increase	the	population	
of	certain	soil	organisms	and	insects.

B. Soil Conservation
	 Besides	 the	 techniques	 described	 above	 to	 capture	
and	 conserve	 storm	 water	 and	 runoff	 from	 snow	 and	 other	
forms	 of	 precipitation,	 we	 need	 to	 conserve	 and	 improve	 the	
soil.	 Soil	 conservation	 and	 improvement	 techniques	 include	
those	 that	 improve	 soil	 structure	 and	 texture,	 and	 soil	 fertility.	
We	can	 improve	 soil	 structure	and	texture	by	applying	organic	
matter	(manure,	compost,	or	mulch)	or	clay,	sand,	or	lime,	and	
by	 breaking	 the	 crust	 and	 loosening	 the	 top	 layer	 of	 the	 soil.	
The	latter	can	be	accomplished	by	raking,	tilling,	or	imprinting	
the	soil	or	by	the	hoof	impact	of	animals.	 	Over	time,	planting	









vegetation	 will	 also	 improve	 soil	 structure	 and	 texture.	 	 We	
can	 improve	 soil	 fertility	 by	 applying	 minerals	 and	 nutrients	
in	 the	 form	 of	 artificial	 fertilizer	 or	 manure,	 or	 by	 the	 manure	
produced	by	direct	grazing.	In	some	cases,	we	have	to	kick-start	
biological	activity	of	the	soil	by	 inoculating	the	soil	with	fungi	
spores	 (mycelium)	 and	 trace	 minerals,	 such	 as	 magnesium	 and	
manganese,	and	by	spreading	seed	or	planting	seedlings	of	shrubs	
and	trees.	In	some	cases,	it	may	be	beneficial	to	introduce	animal	
life	 through	 managed	 grazing	 or	 the	 introduction	 of	 rodents,	
insects,	or	birds.	The	fauna	will	increase	the	breakdown	of	organic	
matter,	availability	of	minerals	and	microbes	in	the	soil,	dispersal	
of	 seed,	 and	 the	 pollination	 of	 plants	 (see	 also	 the	 companion	
publication,	 Rangeland Health and Planned Grazing Field 
Guide,	July,	�004).	Last	but	not	least,	we	will	conserve	soils	by	
altering	our	land	use	patterns	in	such	a	way	that	the	impact	we	
have	on	the	soil	is	reduced.	Fencing	out	trespassers,	especially	off-
road	vehicles	and	horses,	redesigning	roads	and	trails	to	spread	
runoff,	and	managing	the	impact	of	wildlife	and	domestic	animals	
are	crucial	to	the	protection	of	the	fragile	soils	in	the	Southwest.

IV.  Healing Techniques for Gullies and  
Headcuts
	 In	 a	 gully,	 surface	 runoff	 is	 concentrated	 and	 acceler-
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ated	and	surface	protection	is	reduced.	 	Any	
disturbance	can	generate	a	migrating	headcut		
(Figure	4	and	Figure		�,	page	�0).	Disturbance	
exposes	the	less	cohesive	subsurface	soils	to	the	
erosive	force	of	running	water,	thus	increasing	
the	headcutting.

Healing Principles:
Disperse	surface	flow,	prevent	concentra-

tion,	increase		infiltration	and	percolation.	
Reduce	 channel	 slope	 to	 reduce	 runoff	

velocities	to	reduce	available	energy.
Widen	channel	bottom	to	lessen	erosion	

force.
Increase	channel	roughness.
Retain	soil	moisture	to	improve	environ-

ment	for	colonization	and	growth	of	plants.

A.  Gully Treatments 
	 Gully	treatments	can	include	grade	control	
structures,	induced	meandering,	water	harvest-
ing	and	revegetation.
	 This	manual	will	feature	hand-made	treat-
ments	and,	for	the	most	part,	locally	available,	










Figure 4.
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natural	materials	such	as	rocks,	logs,	
trees,	brush,	and	straw	bales.	 	Arti-
ficial	 materials	 are	 limited	 to	 sand	
bags,	erosion	fabrics,	and	wire.		Use	
of	 wire	 baskets,	 concrete,	 and	 steel	
structures	will	not	be	addressed.

1. Grade Control 
	 The	 primary	 purpose	 of	 a	
grade	control	structure	is	to	keep	a	
gully	 from	 eroding	 deeper.	 	 Prop-
erly	 used,	 grade	 control	 structures	
are	 the	 first	 step	 in	 reversing	 the	
erosion	process	and	 initiating	sedi-
ment	 deposition,	 water	 harvesting,	
nutrient	retention,	revegetation,	and	
bank	 stabilization.	 	 Grade	 control
structures	 are	 especially	 important	
in	 harvesting	 a	 bit	 of	 water	 from	
each	storm	flow	in	order	to	irrigate	
and	nurture	newly	established	plant	
growth.	 	 Vigorous	 plant	 growth	 is	
critical	to	increasing	channel	rough-
ness,	trapping	sediments,	detaining	Figure 5.
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and	retaining	organic	debris,	and	capturing	soil	nutrients.		Ulti-
mately,	it’s	the	new	vegetation	that	stops	erosion,	not	the	structure	
itself.
	 Grade	control	structures	include	one-rock	dams,	log	mats,	
felled	trees,	brush	dams,	wicker	weirs,	and	straw	bale	dams.		In	all	
cases,	emphasis	is	placed	on	keeping	these	structures	low	in	profile	
and	compact	in	form.		In	contrast,		check	dams	tend	to	be	tall	in	
profile	and	designed	to	trap	large	volumes	of	sediment	and	water.		
Check	dams	tend	to	be	vulnerable	to	undercutting	and	endcut-
ting	when	too	much	water	is	stored	behind	the	dam	or	once	the	
structure	has	filled	with	stored	sediments.

One-Rock Dams. 	A	one-rock	dam	consists	of	more	than	
one	rock!		The	key	to	its	success	is	that	rocks	are	placed	only	one	tier	
deep!		They	are	not	stacked.		Rocks	are	placed	in	several,	parallel	
rows	across	the	gully	floor	and	packed	tightly	together.		A	row	of	

rocks	should	be	of	
equal	 height	 and	
appear	 relatively	
flat	or	 level	 from	
b an k 	 to 	 b an k	
(Figure	 �).	 	 The	
elevation	 of	 the	
upstream	row	can	
be	slightly	higher	

than	the	downstream	row	so	that	the	dam	slopes	gently	from	the	
top	edge	to	the	bottom	edge.
	 Dams	 consisting	 of	 �	 to	 �	 parallel	 rows	 of	 rocks	 have	
considerable	mass	but	minimal	surface	exposure	to	the	force	of	
moving	water	(Figure	�,	page	�).		Therefore,	advancing	flood	waters	
slide	across	the	surface	of	the	dam	rather	than	pushing	against	it.		
Because	the	dam	is	low	in	height,	the	water	drops	only	a	few	inches	
and	has	little	power	to	erode	a	scour	pool	that	might	undercut	the	
structure.		Successive	floods	pack	sand,	gravel,	and	organic	material	
between	the	rocks	forming	an	excellent	seed	bed	for	new	plants	to	
colonize	the	site.		Moisture	accumulates	under	the	rocks	to	nurture	
th e 	 y o un g	
plants.		Soon	
the	 roots	 of	
the	maturing	
plants	 bind	
t h e 	 r o c k s	
of	 the	 dam	
together	 for	
greater	 resis-
tance	to	suc-
cessive	 flood	
forces.

Figure 6.

One-rock dam at Torreon Chapter, 2002,  
doing what one-rock dams are supposed to do,  

hold water and grow grass.
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Log Mats.		Log	mats	are	fashioned	from	one	tier	of	small	
logs	wired	together	and	staked	in	place.		Logs	are	oriented	parallel	
with	the	current	to	minimize	bed	scour	rather	than	perpendicular	
to	the	flow.		Log	mats	conserve	moisture,	detain	sediments	and	
shelter	young	plants.

Wicker-Weirs.	 Wicker	 weirs	 are	 small	 dams	 across	 a	
creek	or	gully	built	by	driving	sharpened	stakes	or	pickets	 into	
the	channel	bed	and	then	weaving	saplings,	tree	limbs,	or	willow	
cuttings	between	the	stakes	perpendicular	to	the	flow	(Figure	�).		
They	are	designed	to	control	streambed	elevation,	channel	slope,	
and	pool	depth	while	enabling	free	passage	of	water.

Brush Dams.		Brush	dams	are	built	of	loosely	piled	brush	
or	tree	branches	piled	in	gully	bottom.		These	can	be	wired	together	
for	strength	and	increased	stability.		Keep	them	loose	and	low	in	
height	in	order	to	stimulate	plant	growth.		Tall,	thick	brush	dams	
smother	new	plant	growth.

Felled Trees.		Felled	trees	(can	be	full	length)	should	be	
placed	one	layer	deep	with	the	top	pointing	down	stream.		Their	
branches	become	impaled	in	the	gully	bottom,	holding	the	trees	
in	place.		Green	trees	will	tend	to	bend	and	mold	to	irregularities	
in	the	stream	bottom	and	are	preferred	to	dead	material.

Straw Bale Dams.	 	Straw	bales	can	be	effective	 if	em-
bedded	 at	 least	 80%	 of	 their	 height	 in	 a	 trench	 and	 staked	 in	
place.	 	Straw	bale	dams	are	especially	vulnerable	to	end	cutting	

and	undercutting	if	flood	waters	are	impounded	too	deeply.	 	A	
key	advantage	of	straw	bales	is	the	ability	to	trap	seeds	and	plant	
propagules	from	the	water	flow	and	to	store	water,	sponge	like,	
for	extended	periods	of	time	to	nurture	new	plant	growth.

Figure 7.
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	 Straw	bale	dams	are	constructed	by	placing	straw	bales	
across	the	contour	of	a	slope	or	across	a	gully	channel.	To	prevent	
the	bales	from	floating	away,	it	is	important	to	dig	a	trench	as	wide	
as	the	width	of	a	straw	bale	and	at	least	80%	of	its	height	or	deeper	
(Figure	8).	The	trenches	should	be	deeper	at	the	center	of	the	gully.		
Seen	from	above,	they	should	form	a	slight	V	shape	or	half	moon	
shape	with	the	point	or	bottom	of	the	curve	pointing	upstream.	
This	proper	installation	will	allow	the	bales	to	form	a	lower	point	
at	the	center	of	the	dam	where	the	water	can	overtop	the	bales	if	
necessary	and	remain	concentrated	in	the	center	of	the	channel.	

	 Straw	bale	dams	need	to	be	shaped	with	a	spillway	that	
can	accommodate	at	least	a	�-year	flood.		Make	sure	that	the	
trenches	extend	into	the	banks	for	several	feet	(in	wide	channels,	
for	the	length	of	one	entire	straw	bale),	and	make	sure	that	the	
tops	of	straw	bales	placed	in	the	banks	are	as	tall	as	the	highest	
flow	you	expect	once	a	year	in	the	gully	(Figure	9).		Place	the	
bales	in	the	trench,	leaving	the	bailing	strings	attached	facing	
up.			This	allows	the	bales	to	be	gently	curved	in	the	trench	and	
to	 absorb	 moisture	 faster,	 while	 maintaining	 their	 integrity.		
Construct	a	mat	of	brush,	rock,	or	preferably	another	straw	bale	
(partly	buried	in	the	ground)	at	the	toe	of	the	spillway	to	serve	
as	a	spill	pad.	The	spill	pad	must	be	as	wide	as	a	straw	bale	and	

Figure 8.

Figure 9.

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page512



�4

span	the	width	of	the	streambed	of	the	
gully.		The	dirt	remaining	from	digging	
the	 trenches	 should	be	used	to	backfill	
holes	 and	 openings	 around	 the	 straw	
bales.

2.  Induced Meandering
Induced	meandering	is	an	ero-

sion	control	method	which	uses	instream	
structures	and	vegetation	manipulation	
to	 increase	 channel	 sinuosity,	 bed	 sta-
bility,	 alluvial	 bank	 storage,	 floodplain	
development,	 and	 channel	 roughness.		

important	 in	 sandy	 or	 gravelly	 gully	
systems.
		 Sand Bag Dams:	 	 Sand	 bag	
dams	are	useful	in	slowing	and	retain-
ing	moisture	in	small,	first-stage	gullies	
incised	 in	 former	 wet	 meadow	 and	
cienega	sites.		Sand	bags	are	relatively	
light	in	weight	and	easily	displaced	by	
high	 velocity	 flows	 and	 should	 only	
be	used	where	low	to	moderate	veloc-
ity	 flows	 or	 sheet	 flows	 are	 expected.		
Placing	sandbags	at	the	upstream	edge	
of	a	rock	dam	or	log	mat	will	provide	
physical	support	against	strong	flows.

Sand Bag Burritos:		Sand	bags	are	vulnerable	to	rapid	
decay.	 	 Burlap	 bags	 rot,	 while	 woven	 plastic	 sandbags	 decay	 in	
ultraviolet	light.		Wrapping	sand	bags	in	a	layer	of	erosion	cloth	
or	 silt-fencing	 fabric	 protects	 bags	 from	 sunlight	 and	 extends	
longevity.		The	disadvantage	is	that	the	fabric	will	suppress	plant	
growth.

4.  Streambank Protection
	 Streambanks	and	gully	banks	erode	at	variable	rates	de-
pending	on	the	relative	stability	afforded	by	vegetative	or	mechani-

Strawbale headcut control on contour, 
 Galisteo watershed, 2001.

For	 more	 information,	 see	 the	 companion	 publication	 An In-
troduction to Induced Meandering: a Method for Restoring 
Stability to Incised Stream Channels,	June	�00�.

3.  Water Harvesting Structures
			 Water	harvesting	structures	are	used	to	pond	water	tem-
porarily,	soak	gully	banks,	increase	bank	shape,	irrigate	streambank	
vegetation,	and	extend	the	active	growth	period	for	colonizing	
vegetation.		Such	structures	are	especially	useful	in	clayey	gullies	
where	infiltration	and	percolation	rates	are	slow	and	banks	bake	
hard	like	adobe	in	the	hot	summer	sun.		Such	structures	are	less	
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cal	cover.		Bank	erosion	can	be	caused	by	stream	flow,	overland	
flow,	mass	wasting	or	slumping,	frost	heave,	and	sloughing	with	
repeated	cycles	of	wetting	and	drying.		Ice	flows	and	debris	flows	
can	exacerbate	the	erosive	effects	of	flooding.

Basically,	 two	 types	 of	 streambank	 stabilization	 meth-
ods	are	available:		revegetation	and	mechanical	protection.		This	
booklet	addresses	only	revegetation	techniques.	Mechanical	pro-
tection	includes	rock	mattresses,	rock	baskets,	rip-rap,	concrete,	
boulder	 placement,	 vanes,	 deflectors,	 revetments,	 and	 groins.		
Please	consult	professional	journals	and	books	for	details	on	these	
techniques.

Revegetation Management. 	Streambank	stability	can	
be	accomplished	by	establishing	a	vigorous	stand	of	vegetation.		
Native	species	are	preferred.		Successful	revegetation	depends	upon	
effective	control	of	herbivory	(grazing	or	browsing	by	wildlife	and	
domestic	livestock).		Control	can	include	total	exclusion,	seasonal	
grazing,	or	species-specific	measures	such	as	elk-proof	fencing	or	
beaver	exclusion.		Human	uses	such	as	hiking	trails	may	need	to	be	
restricted	as	well	as	ATV	traffic	to	prevent	repeated	trampling.
	 Revegetation	success	can	be	enhanced	by	supplemental	
irrigation	especially	through	the	first	growing	season	after	planting.		
Sprinklers,	flood	irrigation,	drip	systems,	or	even	hand	watering	
by	 bucket	 can	 be	 effective	 until	 plants	 become	 self-sufficient.		
Sprinklers	are	especially	effective	in	stimulating	germination	and	

growth	of	native	seeds	stored	in	the	natural	seed	bank	or	dispersed	
by	the	wind.

Herbaceous Species.	 	 If	 soil	 moisture	 is	 favorable,	
a	variety	of	wetland	herbaceous	grasslike	species	can	be	planted	
as	sod	wads,	or	mats,	simply	by	excavating	healthy	reproductive	
materials	from	established	populations	and	reintroducing	them	
to	 the	 new	 site.	 	 Most	 wet-soil	 species	 spread	 naturally	 from	
propagules	such	as	bulbs,	tubers,	or	rhizomes	and	are	adapted	to	

Cottonwood pole planting on first terrace, Richardson property,  
Galisteo watershed, 2002. 
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uprooting,	dispersing	by	floods.		Examples	include	
sedges	(Carex),	bullrushes	(Scirpus),	rushes	( Jun-
cus),	and	cattails	(Typha).		Care	should	be	taken	
not	to	spread	exotic	plants	and	weeds	such	as	salt	
cedar,	 musk	 thistle,	 or	 curly	 dock	 incidental	 to	
transplantation	of	desirable	species.
	 	 Woody Trees, Shrubs, and Vines.		
Willows	can	be	planted	as	cuttings,	or	as	rooted	
stock,	or	as	transplanted	wildlings.	 	Willow	cut-
tings	are	best	planted	during	late	winter	or	spring	
but	can	be	successfully	transplanted	in	any	season	
if	the	water	table,	or	its	capillary	fringe,	is	within	
reach	of	the	plant	roots,	or	if	transplants	are	irri-
gated.		Many	techniques	have	been	used,	ranging	
from	 individual	 stems	 to	 standing	 bundles	 and	
wattles.		In	some	studies,	success	has	been	achieved	
when	four	to	six	cuttings	are	bundled	and	planted	
together	in	a	single	hole,	dug	to	water	table	depth.		

After	back	filling	the	hole	with	soil,	the	bundle	should	be	thor-
oughly	wetted	and	firmly	tamped	to	remove	air	pockets	that	would	
stifle	root	development.		Cuttings	should	be	pruned	to	an	average	
above	ground	height	of	�-�	feet	in	order	to	reduce	water	demand	
in	excess	of	that	which	newly	developing	roots	can	provide.
	 Some	 riparian	 species	 cannot	 easily	 be	 reestablished	

as	cuttings	but	should	be	transplanted	from	rooted	stock	or	as	
tublings.		These	include	alders,	wild	cherry,	currants,	hackberry,	
walnut,	sycamore	and	boxelder,	for	example.		Wild	roses,	however,	
are	easily	established	as	cuttings	or	as	dormant	stock.
	 Cottonwood	poles	should	be	planted	during	late	winter	
or	early	 spring	 in	order	 to	give	cuttings	 time	to	develop	a	 root	
system	prior	to	leafing	out.		Poles	should	be	planted	at	the	level	of	
the	first	terrace,	not	within	the	floodplain,	because	cottonwood	
poles	are	easily	damaged	during	floods.

B.  Headcut Treatments
Headcuts	are	characterized	by:

a	waterfall	or	abrupt	change	in	slope	of	a	streambed
a	fragile,	cracked,	or	crumbling	lip	of	the	falls
a	bowl-shaped	pool	at	the	base	of	the	falls	(plunge	pool)
undercutting
rapid	headward	erosion	during	flood	flows
drying,	cracking,	and	sloughing	during	the	dry	season

		
		 The	higher	the	falls,	the	more	power	available	for	erod-
ing	soil	substrates	at	the	base	of	the	cut	and	the	more	difficulty	in	
repairing	the	headcut.	Turbulence	at	the	base	of	the	falls	undercuts	
the	headwall,	which	leads	to	cracking	and	sloughing.		Exposure	to	
sun	and	air	during	no-flow	periods	further	dehydrates	the	soil.








Sedge (Carex).
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Healing	Principles:
Lower	the	height	of	the	falls	in	order	to	reduce	the	force	
of			falling	water.
Widen	the	lip	of	the	falls	to	disperse	concentrated	flow.
Harden	 the	 base	 of	 the	 falls	 to	 protect	 substrates	 from	
erosion.
Conserve	soil	moisture	to	enhance	plant	growth	and	root	
densities.		








	 Successful	 headcut	 control	 depends	 on	 the	 successful	
application	of	the	above	principles.	 	These	are	some	techniques	
that	have	been	shown	to	be	effective:

Worm	Ditches
Log	and	Fabric	Step	Falls
Straw	Bale	Falls
Rock	Bowls

Worm Ditch (Bypass Channel).	 	 One	 way	 to	 stop	 a	
headcut	 is	 to	starve	 it	 for	water.	 	Accomplish	this	by	digging	a	
bypass	ditch	around	the	headcut	(Figure	�0,	page	�8).		
	 A	successful	bypass	will	require:	(�)	a	broad	valley	with	
sufficient	space	between	the	gully	and	the	hill	slope	for	the	worm	
ditch;	(�)	a	well-armored	re-entry	point	downstream	of	the	falls,	
and	 	(�)	wetland	soils	capable	of	supporting	a	dense	growth	of	
wetland	plants	such	as	sedges.
	 Select	a	starting	point	above	the	headcut	that	will	collect	
most	of	the	concentrated	runoff.		A	point	�0	to	�00	feet	upstream	
should	suffice.		Select	the	re-entry	point	downstream.		Measure	
the	straight	line	distance	(the	“valley	length”)	between	those	two	
points.		The	constructed	worm	ditch	should	have	a	channel	length	
about	two	times	the	valley	length	and	a	constant	slope	of	about	�%.		
Tip:	Use	a	length	of	rope	twice	the	valley	length.		On	a	trial	and	
error	basis,	lay	out	the	rope	in	a	series	of	evenly	spaced	meander	






Headcut on the Dry Cimarron, near Folsom, NM.
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loops	connecting	starting	and	ending	points.		
This	will	be	the	course	of	the	new	channel.
	 Using	 a	 sharp	 spade	 or	 shovel,	 dig	 a	
meandering	channel	next	to	the	rope.		Make	it	
��	to	�8	inches	wide	and	�	to	��	inches	deep.		
Scatter	the	soil.	 	Do	not	build	a	 levee	along	
the	downstream	edge	of	the	ditch	except	to	
plug	any	 low	spots.	 	Flood	flows	will	 follow	
the	channel	but	some	water	will	spill	over	to	
irrigate	the	wetland	plants	and	heal	the	cut.
	 	
	 	

Figure 10 [above]. [Right] Worm ditch near Comanche Creek, Valle Vidal.
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Log and Fabric Step Falls (Headcut Control Structure 
For Moist Soils).		This	structure	is	used	to	control	headcuts	ad-
vancing	through	wet	soil	areas	such	as	wet	meadows,	spring	seeps	
and	cienegas.		The	erosive	action	can	be	stopped	if	a	healthy	mat	
of	wet	soil	plants	can	become	established	to	hold	the	headwall	in	
place.

�.		Prepare	the	site	by	“squaring	up”	the	headwall,	side-
walls,	and	bottom	of	the	channel.		Eliminate	the	scour	pool	and	any	
irregularities	(rocks,	roots,	or	indentations)	in	the	channel	bottom,	
sidewalls,	or	headwall.		Use	a	shovel,	spade,	pick,	or	crowbar	to	
shape	the	site.		Save	and	stockpile	sod	clumps	of	wet	soil	grasses	
and	sedges	for	use	in	the	final	step.
	 �.		When	preparation	is	finished,	cut	
and	drape	geotextile	fabric	across	the	headwall,	
sidewalls,	and	channel	bottom.		Three	pieces	
work	better	 than	one.	 	The	first	 should	start	
about	�	feet	above	the	lip	of	the	headwall,	ex-
tend	down	the	headwall,	and	cover	the	channel	
bottom	for	�-8	feet	(the	length	of	the	bottom	
tier	of	logs).		The	second	should	be	draped	over	
one	side	wall	and	part	way	across	the	channel	
bottom.		The	third	should	be	draped	over	the	
opposite	sidewall	in	a	like	manner.		Temporarily	
anchor	the	fabric	in	place	by	weighting	the	ends	

with	rock	or	sod	clumps.		Once	logs	are	placed,	the	extra	flap	of	
material	will	be	folded	back	over	the	logs.
	 �.		Install	logs	in	the	prepared	site	using	as	many	tiers	as	
necessary	to	stack	them	even	with	the	lip	of	the	headwall.		(See	
Figures	��	and	��).		Logs	within	each	tier	should	be	of	the	same	
diameter;	between	tiers,	they	can	be	of	different	diameters.		Logs	
in	the	bottom	tier	should	be	the	longest;	the	top	tier,	the	shortest.		
For	example,	if	three	tiers	are	needed,	make	the	bottom	tier	8	feet	
long,	the	middle	tier	�	feet,	and	the	top	tier	4	feet	long.		It	is	im-
portant	to	wedge	logs	tightly	against	the	face	of	the	headwall	and	
sidewalls.		When	all	tiers	are	in	place,	fold	the	extra	flap	of	fabric	

Figure 11.

CABY Headwaters Resilience and Adaptability Program - March 2013 
Attachment 7 - Meadows Project References

Page518



�0

back	over	the	top	logs.		Using	smooth	wire	and	fencing	staples,	
wire	each	tier	of	logs	together	as	you	go.		(Wire	tier	one	logs	before	
installing	tier	two,	etc.)		Tamp	soil	into	any	open	spaces	between	
fabric,	headwall,	and	sidewalls.
	 4.		Working	upstream	from	the	lip	of	headwall,	excavate	
a	smooth	platform	level	with	the	top	tier	of	installed	logs	and	one	
log-diameter	wider	on	either	side	of	the	channel.		The	platform	
should	extend	at	least	4	feet	upstream	from	the	lip	of	the	headwall.		
Line	the	platform	with	the	fabric	extending	out	over	the	installed	
logs	by	�-4	feet	and	upstream	for	�-�.�	feet.		
	 �.		Using	logs	of	equal	diameter,	
install	 the	 final	 tier	 by	 wedging	 and	
tamping	each	log	firmly	in	place	(Figure	
��).	The	logs	should	be	long	enough	to	
extend	 about	 �	 feet	 downstream	 from	
the	 lip	of	 the	headwall.	 	Wire	 this	 tier	
together	and	to	the	rest	of	the	structure.		
Tuck	the	upstream	flap	of	fabric	in	place	
along	the	leading	edge	(upstream	face)	of	
the	logs	in	the	final	tier	(see	Figure	�4	for	
cross-section	of	finished	structure).
	 �.	 	 Transplant	 live	 green	 sod	
clumps	 of	 aquatic	 grasses,	 sedges,	 or	
rushes	to	the	leading	edge	and	sides	of	

the	final	tier	of	logs.		Completely	fill	any	cracks	or	holes	between	
the	fabric	and	channel	walls	with	live	sod.		This is a key step.		The	
success	of	the	log	structure	depends	on	your	successfully	establish-
ing	a	living	mat	of	wet	soil	grasses	and	grasslike	plants	along	the	
upstream	edge	and	sides	of	the	structure.
	 �.		After	installation	is	complete,	return	to	the	site	peri-
odically	(every	�-�	weeks	initially,	then	less	frequently)	to	fill	any	
developing	cracks	or	holes	with	fresh	sod	clumps	until	a	healthy	
mat	of	vegetation	is	successfully	established	and	no	new	cracks	or	
holes	develop.

Figure 12.
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Materials Needed
�.	Geotextile	Fabric	(silt	fencing	fabric	in	�	foot	widths	works	

well	and	is	convenient	to	use).
	�.	Logs:		Logs	�	to	�0	inches	in	diameter	and	varying	lengths	

from	4	to	8	feet	long.		(For	example,	bottom	tier,	8	feet	long,	second	
tier,	�	feet,	third	tier,	4	feet.)		Logs	should	be	straight,	trimmed	and	

green,	or	seasoned,	but	not	rotten.		Any	protruding	knots,	limbs,	
or	knobs	make	stacking	very	difficult	and	should	be	trimmed..	

	�.	Wire:	one	roll	of	smooth	fencing	wire	or	barbed	wire.
	 4.	Fencing	staples:		�	inches	long,	about	�	lbs.
	 �.	Sod	clumps:		�”	X	�”	X	�”.		Dig	locally.

Figure 13.
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Tools Needed
�.	Shovel	(for	digging)
�.	Pick		(for	squaring	sidewalls)
�.	Crowbar	(for	wedging	logs	together)

	 4.	Axe	(for	cutting	roots,	trimming)
�.	Utility	knife	(for	cutting	fabric)

	 �.	Claw	hammer	(for	driving	staples)
	 �.	Fencing	pliers	(for	cutting	wire)
	 8.	Wheel	barrow	(transport	logs,	tools,	materials)
	 9.	Log	carrier	(optional	–	for	lifting,	carrying	logs)

Straw Bale Step Falls.		Straw	bales	can	be	used	to	stabi-
lize	the	face	of	a	headcut	and	conserve	moisture	until	new	plant	
growth	becomes	established.		Tightly	packed	bales	tied	with	wire	
are	preferable	to	loosely	tied	string	bales.		Do	not	use	straw	bale	
structures	at	sites	subject	to	livestock	use	or	grazing	(Figure	��).			
	 Before	placing	bales,	shape	the	face,	sides,	and	base	of	the	
gully	with	shovel,	spade	or	mattock.		Excavate	a	notch	at	the	base	
of	the	falls	to	seat	the	bales	snugly	against	the	face	and	sides.		Be	
sure	to	allow	plenty	of	space	for	the	largest	expected	storm	runoff	
event.	 	Storm	flow	must	be	able	 to	pour	over	 the	bales,	not	be	
forced	to	go	around	the	bales	for	lack	of	channel	capacity.		Drive	
stakes	or	rebar	pins	through	the	bales	to	hold	them	in	place.
	 Straw	bales	can	be	stacked	up	to	�	bales	high	and	arranged	
as	steps	to	reduce	the	force	of	falling	water.		It	is	not	necessary	to	
use	silt	fabric	to	conserve	moisture	since	the	bales	themselves	store	
moisture.		Large	rocks	can	be	placed	along	the	downstream	edge	
of	the	structure	to	help	anchor	the	bales.

Rock Bowl. 	A	rock	bowl	can	be	used	to	heal	low	headcuts	
up	to	�	feet	high.		Rock	bowls	harden	the	base	of	the	cut,	stop	scour,	

Figure 14.
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protect	the	face	of	the	headcut	from	drying,	sloughing	and	frost	
heave;	and	conserve	moisture	for	enhanced	plant	growth.		The	
rocks	capture	 sediments,	debris,	 seeds,	and	plant	propagules,	
and	act	as	rock	mulch	that	protects	young	plants.
	 Rock	bowls	usually	require	�	to	4	wheel-barrow	loads	
of	soccer	to	basketball-sized	rocks.		Line	the	pool,	face,	and	sides	
of	the	headcut	with	rocks	up	to	the	original	ground	level,	but	
not	higher.		Next,	move	down	channel	from	the	lip	of	the	cut	
about	�-4	feet	and	build	a	dam	about	one-half	the	height	of	the	
Figure 15.

cut.		Make	it	broad	and	wide	and	blend	it	with	the	lining	
to	form	a	bowl	shaped	depression	that	will	catch	water	
pouring	over	the	lip	of	the	headcut.		The	face	of	the	bowl	
should	layer	gradually	down	slope	to	blend	smoothly	with	
the	bottom	of	the	gully.
	 	 Lining	the	bowl	with	silt	fabric	will	help	catch	
sediment	and	detain	moisture.		If	a	lining	is	used,	be	sure	
to	cover	it	with	rock	to	secure	it	in	place	and	hide	it	from	
view.		Fabric	is	ugly!
	 	 Finally,	go	down	channel	and	build	a	one-rock	
dam	 about	 8-�0	 feet	 downstream	 from	 the	 rock	 bowl.		
This	will	help	to	trap	sediment	and	retain	soil	moisture	
for	new	plant	growth	(Figure	��).

Figure 16.
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	 A	 futile	 treatment	 is	 to	 pile	
rock	or	other	materials	on	the	top	
of	the	headcut	in	the	belief	that	
doing	so	will	protect	the	lip	from	
erosion.	Since	headcuts	advance	
with	the	progressive	undercutting	
and	collapse	of	the	headwall,	this	
treatment	 will	 not	 succeed.	 	 In	
fact,	 raising	 the	 lip	 only	 serves	
to	increase	the	erosive	energy	of	
the	 water	 falling	 from	 a	 greater	
height.

	 Another	futile	treatment	is	to	
pile	loose	rock	at	the	base	of	the	
headwall	on	the	assumption	that	
the	rocks	will	blunt	the	force	of	
the	 falling	 water,	 stopping	 the	
headcut.	 	 While	 this	 treatment	
works	initially,	a	space	will	gradu-
ally	open	along	the	face	of	the	cut	
due	to	drying	and	crumbling	of	

the	soil	during	dry	weather	and	
frost	 heaving	 in	winter.	 	 As	 the	
space	 widens,	 more	 and	 more	
rocks	 will	 be	 flushed	 away	 and	
the	 headcut	 will	 continue	 to	
move	upslope.

	 Piling	brush	at	the	face	
of	the	cut	is	sometimes	effective,	
sometimes	not,	depending	on	the	
height	of	the	cut	and	the	nature	
of	the	substrate.		Brush	may	trap	
other	 debris,	 thus	 mulching	
the	 site,	 keeping	 it	 moist	 and	
encouraging	 revegetation,	 but	
more	often	than	not	the	cut	will	
continue	to	move	headward.

	 Dumping	 trash	 in	 a	
headcut	is	seldom	effective	and	
is	never	environmentally	accept-
able	for	obvious	reasons.

V.  Not Recommended!
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