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Of Interest to Managers

OF INTEREST TO
MANAGERS

Mike Chotkowski (USBR), MChotkowski@USBR

This issue's Quarterly Highlights includes updates on delta
water project operations, DAYFLOW, delta smelt broodfish
collections and other work by the Fish Conservation and Cul-
ture Lab, and delta juvenile fish monitoring.

Kate Le (DWR) summarizes water project operations dur-
ing the first three months of Water Year 2007, showing that
delta hydrodynamics during the period were driven first by a
very dry October and then by precipitation in both watersheds
occurring in November and especially December. During that
time, the Jones PP mostly operated at a steady rate of about 116
m’s-1 (4100 cfs) while Banks pumping varied between about
120 m’s-1 and 215 m>s-1 (4200 - 7600 cfs).

Brad Tom, Kate Le, and Chris Enright (DWR) report the
update of the DAYFLOW database to include WY 2006 data.

Theresa Rettinghouse (UCD) reports the collection of delta
smelt for use as broodfish at UCD's Fish Conservation and Cul-
ture Lab in Byron in December 2006. Use of variable smelt
density in transport carboys under otherwise controlled condi-
tions at 10° C allowed measurement of mortality rate during a
"mock transport period." Mortality was low in all treatments at
this temperature, suggesting that the density actually in use for
transport of delta smelt is a reasonable choice.

Jack Ingram (USFWS) reports Chipps Island trawl and
beach seine results from October through December 2006,
including the numbers and proportions of marked salmon
recovered in the Chipps Island trawl as part of an effort to esti-
mate through-delta survivorship. An additional 24 h sampling
exercise at Sherwood Harbor was used to develop an estimate
of Kodiak trawl efficiency.

The issue also includes three Contributed Papers.

Cassandra Enos (DWR), Jessica Sutherland DWR), and
Matt Nobriga (CALFED) report results of a two year fish
entrainment study of the Morrow Island Distribution System,
which is located on Goodyear Slough in southwestern Suisun
Marsh. Although over half the managed wetland surface area
of the Marsh is flooded through unscreened diversions, this is

one of only a few studies of entrainment dynamics in the Marsh.
The study was conducted to evaluate the potential benefit of
screening the diversion. Results indicate that a large majority
of the fish entrained at this structure are local resident species
known to associate with instream structures. Approximately
95% of the entrainment inferred for 2005 and 90% of entrain-
ment for 2006 was threespine stickleback (Gasterosteus aculea-
tus). The authors observed very little entrainment of special-
status fishes, probably because of the location of the diversion
and high salinity. They conclude that screening MIDS would
have negligible benefits to special-status fish populations.

Michael Donnellan and Marty Gingras (DFG) summarize
the 2006 results of DFG's long-term adult sturgeon population
study. This monitoring program is based on capture-recapture
design to track adult white and green sturgeon (Acipenser trans-
montanus and A. medirostris) numbers, growth rates, large-
scale movements, and survivorship. The sampling program
was augmented after the listing of green sturgeon as Threatened
in 2006. The increased effort, which included new sampling in
August, yielded substantially larger numbers of both captures
and recaptures than in 2005. In all, at least 13 white sturgeon
recaptures were recorded; no green sturgeon were recaptured.
The authors plan to publish a detailed analysis of these data
when it is complete.

Andrey Shvidchenko, Brad Hall, and Robert MacArthur
(Northwest Hydraulic Consultants) review potential sources
and availability of fill material that might be used to fill sub-
sided Delta islands. Subsidence of these islands is an ongoing
process that creates great concern, because it creates the water
pressure on surrounding levees, increasing the likelihood of cat-
astrophic flooding. One potential solution, filling subsided
islands with fill transported from remote locations, would
require very large amounts of fill. Restoring the interior eleva-
tions of the eight western Delta islands most critical to main-
taining water quality would require more than 400 million cubic
yards of material, not accounting for losses due to compaction.
Restoring interior elevations of all Delta islands might require 3
billion cubic yards of material. The authors consider several
possible sources of material, including "local" sources such as
dredge spoil, river sediment inflow, and the Montezuma Hills.
They also consider distant sources, including dredge spoils
from San Francisco Bay, sediment deposits in bypasses and res-
ervoirs, and organic wastes from agriculture, urban areas, and
other sources. They conclude that the most economically feasi-
ble and ecologically defensible solution is to use the Monte-
zuma Hills. Filling the eight critical western Delta islands is
estimated to cost about $5 billion.
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|EP QUARTERLY
HIGHLIGHTS

DELTA WATER PROJECT
OPERATIONS

Kate Le, (DWR),kle@water.ca.gov

During the October through December 2006 period,
San Joaquin River (SJR) flow ranged between 56 and 116
cubic meters per second (1,977 cfs and 4,096 cfs), Sacra-
mento River flow ranged between 277 and 772 cubic
meters per second (9,781 cfs to 27,260 cfs), and the Net
Delta Outflow Index (NDOI) ranged between 72 and 539
cubic meters per second (2,542 cfs and 19,032 cfs) as
shown in Figure 1. Hydrodynamic conditions in the Delta
were primarily driven by precipitation during October
through December of 2006. Precipitation occurred
mostly in November and December of 2006. October had
only one day of precipitation with daily total of 0.12
inches. As a result, October flows were overall low for
the month. The drop in Sacramento River and NDOI
around mid-October was probably due to lack of runoff
and perhaps minimal releases. Contrary to these flows,
SJR flow increased between mid-October and end-of-
October as a result of a SWP cut in pumping to meet stan-
dards. The flows fluctuated for Sacramento River and
NDOI as shown in Figure 1 in response to the on and off
precipitation that occurred between November and
December 2006. SJR flows were stable during the
November and December rainfall period, indicating that
most of the rainfall occurred in the northern part of the
Delta.

Export action during October through December
2006 at CVP was stable and normal with a rate of about
116 cms (4,100 cfs), except between late November
through early December, where pumping was reduced for
maintenance work. SWP experienced significant
amounts of pumping. Pumping levels at SWP ranged
between 120 cms to 215 cms (4,200 cfs to 7,600 cfs).

Highlights for SWP reduced pumping during the
October through December period are listed below (Fig-
ure 2).

*  Mid-October: brief drop in pumping due to
outages and tide issues

e Late October to mid-November: outflow and E/I
ratio controlling

* Early December: outflow controlling
After mid-December, pumping increased and leveled

off at about 215 cms (7,600 cfs) for the remainder of the
month.
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Figure 1 October through December 2006 Sacramento
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300

250

200 7

100

Exports (cubic meters per second)

50

0

10/1/2006  10/15/2006 10/29/2006 11/12/2006 11/26/2006 12/10/2006 12/24/2006

Figure 2 October through December 2006 State Water
Project and Central Valley Project Exports

IEP Newsletter



IEP QUARTERLY HIGHLIGHTS

DAYFLOW Update 2007

Brad Tom(DWR), btom@water.ca.gov, Kate Le(DWR),
Chris Enright (DWR)

The DAYFLOW database has been extended to
include water year 2006. Below are a few highlights of
this year's effort:

* The preliminary 2006 DAYFLOW data set now
available at the Dayflow Website: http://
www.iep.ca.gov/dayflow/index.html. Flow data
for Sacramento, San Joaquin, and Yolo Bypass are
provisional and will be updated once the official
data sets are released by the responsible agency.

* This year QXGEO flows are estimates and are not
measured flows because the measured flow data
for Delta Cross Channel and Georgiana flows have
not been released by the responsible agency. Upon
release, the measured data will be updated and
reflected in the 2006 DAYFLOW set.

* Dayflow data users can usually answer most
questions by referencing the extensive
documentation on the DAYFLOW Web site (http:/
/www.iep.ca.gov/dayflow)

Delta Smelt Broodfish Collection &
Fish Density and Transport Study at

the Fish Conservation and Culture
Lab (FCCL), Winter 2006

Theresa Rettinghouse (UCD),
trettinghouse(@earthlink.net

Wild sub-adult delta smelt were collected with a Lam-
para net during the fall of 2006 in the lower Sacramento
River. The majority of fish were caught across from Sher-
man Lake and were transported to the FCCL lab in Byron.
These wild fish will serve as broodfish for the 2007
spawning season. Funding is provided by DWR, IEP &
USBR.

The smelt were collected during three consecutive
days in December (12/5/06-12/7/06). Field collections
were performed during the morning and early afternoon
(0700-1400 hr) with an average water temperature of
10°C. Salinity varied from 0.8-2.2 ppt., but smelt were
more abundant at an intermediate range (Figure 1). Sev-
enty-two percent of the fish were collected at 1.5-1.8 ppt
with an average of 80 fish/set, compared to 21 fish /set at
the other salinities. The fish were transported in carboys
(80-L) at stocking densities ranging from 164 to 489
smelt/carboy. The carboy with 489 smelt had the highest
mortality but still maintained 90% survival after 72 hours.
Overall survival for the 2,418 delta smelt collected was
95.1% (Table 1). Incidental by-catch were released as
quickly as possible to prevent injury. This consisted pri-
marily of threadfin shad and American shad (Table 2).
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Figure 1 Number of delta smelt collected at each salinity

The wild smelt and the outgoing cultured progeny,
which support state and federal research programs, are
usually moved in 80-L carboys at around 200 smelt per
carboy. Prior to collecting in the fall of 2006, we set up an
experiment to test the upper stocking limit for transport-
ing delta smelt. Six carboys were stocked with 200, 300 or
400 delta smelt (n=2). The average fork length was 62mm
and the average weight was 1.96g (n=60). Carboys were
salted to 4.0-4.5 ppt and water temperature was main-
tained at 11 — 12°C. Fish were added to the carboys and
then oxygen was added to 80-90 % saturation. The dis-
solved oxygen (DO) was monitored hourly for 4 hours. At
the end of this “mock transport period”, fish from the car-
boys were transferred to a 400-L tanks for a 72 hour
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observation period. We noted a decline in DO at 2 hours boy might represent a good upper limit during a four hour

in the first replicate that was reflective of the stocking transport period while carefully monitoring the DO. At
density (62%, 46% and 30% for 200, 300 and 400 fish, higher transport temperatures we would advise a lower
respectively). The carboys were monitored more fre- stocking density and more frequent monitoring of the dis-

quently during the second replicate and DO levels ranged solved oxygen.

from 80-100%. Mortality was low in all three treatments
(0-2 fish /carboy) over the 72 hour period. This suggests
that adult delta smelt can be transported in cool tempera-
tures under these conditions. Four-hundred fish per car-

Table 1 Collection and survival of delta smelt sub-adults, Fall 2006

% Survival after capture and transport

Total fish Sample Average Average
Collection Number of Total after 72 size Length Weight
date sets collected 24 hours 48 hours 72 hours hours (n) (mm) (9)
12/5/06 21 369 97.8 97.6 97.3 359 10 52 1.09
12/6/06 22 1247 95.6 94.9 94.8 1182 49 54 1.34
12/7/06 10 802 95.9 94.6 94.6 759 43 52 1.38
Total take 2418
Total remaining after 72 hrs 2300
Average % survival after 72 hrs 95.1%
Table 2 Incidental catch in the lampara net while collecting delta smelt
Species Collection Dates Total Collected
12/5/06 12/6/06 12/7/06
Alosa sapidissima,American shad 12 24 65 101
Dorosoma petenense, Threadfin shad 209 127 64 400
Hypomesus nipponensis,Wakasagi smelt 0 1 0 1
Menidia beryllina,Inland Silverside 25 25 2 52
Morone saxatilis, Striped bass 1 2 0 3
Pogonichthys macrolepidotus, Splittail 0 1 1 2
Percina macrolepida, Bigscale Logperch 0 1 0 1
Lepomis macrochirus,Bluegill 0 1 0 1
Grass shrimp 0 0 2 2
IEP Newsletter 5



IEP QUARTERLY HIGHLIGHTS

Delta Juvenile Fish Monitoring
Program

Jack Ingram (USFWS) jack _ingram@jfws.gov

The Delta Juvenile Fish Monitoring Program
(DJFMP) of the US Fish and Wildlife Service (USFWS),
Stockton Office, has monitored the relative abundance
and distribution of juvenile Chinook salmon (Onchoryn-
chus tshawyscha) in the lower Sacramento and San
Joaquin rivers and in the Delta for the Interagency Eco-
logical Program since the 1970s (USFWS, 2006). The
program expanded in the early 1990s to monitor other
juvenile fish species.

Trawling

For the reporting period (10/01/06 through 12/31/06),
Kodiak trawling was conducted at Mossdale (San Joaquin
River RM 54) and Sherwood Harbor (Sacramento River
RM 55). Mid-water trawling was conducted at Chipps
Island (Suisun Bay RM 18). Typically, trawls were con-
ducted three days per week, with expanded trawling at
Chipps Island (seven days per week) conducted between
12/04/06 and 12/31/06, and 24 hour trawling conducted at
Sherwood Harbor (12/05/06 -12/06/06). Expanded trawl-
ing at Chipps Island was due to increased effort to recover
tagged Chinook salmon smolts released in Sacramento
and used to calculate through delta survival. The 24 hour
sampling at Sherwood Harbor in Sacramento is used to
develop an estimate of efficiency of the Kodiak trawl at
Sacramento.

For the reporting period, the DIFMP conducted 334
trawls at Mossdale, 403 at Sherwood Harbor, and 517 at
Chipps Island during the reporting period. Daily and
weekly mean catch per unit effort (CPUE; in fish/10,000
m?) of all fish species and salmon races were calculated.

We captured 37,352 fish from 37 species while trawling:
35,999 fish at Chipps Island, 423 fish at Sherwood Har-
bor, and 930 fish at Mossdale. At Chipps Island, Ameri-
can shad (4dlosa sapidissima; n = 30,474 fish; weekly
mean CPUE = 374.42 + 99.22 [SE] fish/10,000 m?) and
threadfin shad (Dorosoma petenense; n = 4546 fish;
weekly mean CPUE =49.92 + 10.30 fish/10,000 m®)
dominated the catch (Table 1). The CPUE of American
shad declined precipitously in December, whereas the
other four common species were more consistent. At
Mossdale, threadfin shad (n = 553 fish; weekly mean
CPUE = 19.97 + 8.01 fish/10,000 m®) and inland silver-
sides (Menidia beryllina; n = 297 fish; weekly mean
CPUE =13.22 + 5.58 fish/10,000 m?) were the most abun-
dant species. At Sherwood Harbor, threadfin shad (n =
221 fish; weekly mean CPUE = 7.42 + 3.70 fish/10,000
m?), and inland silversides (n = 70 fish; weekly mean
CPUE = 1.93 + 1.00 fish/10,000 m®) dominated catches
(Table 2). The CPUE of both species increased during the
sampling period.

A relatively small number (n = 87 fish) of marked
(adipose fin-clipped) Chinook salmon were recovered
during the sampling period; 53 of these fish were recov-
ered at Chipps Island and 34 were recovered at Sherwood
Harbor.

A total of 72 unmarked salmon were captured while
trawling; 42 at Sherwood Harbor and 30 at Chipps Island.
Of the unmarked Chinook salmon caught at Sherwood
Harbor, 40 were winter-run sized, 1 was late fall-run
sized, and 1 was fall-run sized. The first winter-run sized
Chinook salmon captured in the Sherwood Harbor trawl
was on 11/20/06 and catch remained consistent for the
remainder of the reporting period. Of the unmarked Chi-
nook salmon caught at Chipps, 26 were late fall-run sized,
3 were adults, and 1 was fall-run sized. The catch of late
fall-run Chinook salmon at Chipps was consistent across
the reporting period. No marked or unmarked Chinook
salmon were recovered at Mossdale during the reporting
period.
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Table 1 Weekly catch per unit effort (CPUE, in fish/10,000 m3) of the five most abundant fish species between 10/01/06 and
12/31/06 at Chipps Island

Week starting American shad Threadfin shad Striped bass Longfin smelt Sacramento splittail
10/1/2006 1163.10 68.55 14.26 0.49 0.59
10/8/2006 327.01 99.61 30.14 0.44 4.14

10/15/2006 907.16 125.35 13.42 0 0.6
10/22/2006 261.44 59.01 1.87 0.15 0
10/29/2006 693.10 62.17 1.88 0 0
11/5/2006 438.15 31.00 14.61 0.48 0
11/12/2006 300.29 44.98 0.86 0.16 0.22
11/19/2006 152.59 10.57 0.18 0 0
11/26/2006 461.94 82.95 1.29 0 0.29
12/3/2006 50.86 15.64 0.36 0 0.23
12/10/2006 62.74 19.25 0.80 0.07 0.19
12/17/2006 13.99 4.41 0.13 0.40 0.20
12/24/2006 3517 2543 498 4.94 2.06

n 30,474 4546 582 76 73
% of catch 84.60 0.13 0.02 0.002 0.002
Ave CPUE

(SE) 37443 (99.22) 49.92 (10.30) 6.52 (2.52) 0.55 (0.37) 0.66 (0.33)

Table 2 Weekly catch per unit effort (CPUE, in fish/10,000 m3) of the five most abundant fish species between 10/01/06 and
12/31/06 in Sherwood Harbor trawls

Winter-run Chinook Sacramento
Week starting Threadfin shad Inland silverside American shad salmon blackfish
10/1/2006 1.92 04 3.15 0 0
10/8/2006 0.8 0.36 1.22 0 0
10/15/2006 0 0 0 0 0
10/22/2006 0.32 1.42 0.85 0 0.31
10/29/2006 0 0.75 0.37 0 0.33
11/5/2006 0.99 0 2.36 0 0
11/12/2006 0 0 0.86 0 0
11/19/2006 0.31 0 0 0.74 0
11/26/2006 7.3 12.21 117 0.34 0
12/3/2006 2549 7.09 0.35 0.42 0
12/10/2006 491 1.37 0.37 3.12 0.44
12/17/2006 9.27 0.4 0.29 6.61 0.38
12/24/2006 45.14 1.15 0 3.36 0
n 221 70 28 22 4
% of catch 52.25 16.55 6.62 5.20 0.95
Ave CPUE
(SE) 742 (3.70) 1.93 (1.00) 0.85 (0.27) 1.12 (0.56) 0.1 (0.05)
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Beach seine

For the reporting period (10/01/06 through 12/31/06),
the DJFMP collected a total of 688 beach seine samples at
55 sites (see USFWS, 2006 for site map). We conducted
149 seines on the lower Sacramento River (8 sites), 33
seines on the San Joaquin River (7 sites), 452 seines in the
Delta (31 sites), and 54 seines within San Pablo and San
Francisco Bays (9 sites). Seine sites were typically sam-
pled once per week. Sacramento seine sites were sampled
3 times per week and San Joaquin River seine sites were
sampled every other week.

A total of 43,325 fish from 49 species were captured
in beach seines during the sample period: 7320 fish from
the Sacramento River, 30,633 fish from the Delta, 2881
fish from the San Joaquin River, and 2491 fish from the
bays.

Inland silversides were the most abundant species
caught in the lower Sacramento River (n = 3002 fish;
weekly mean CPUE = 0.72 + 0.20 fish/10,000 m®); (Table
3), Delta (n = 21,173 fish; weekly mean CPUE = 1.55 +
0.20 fish/10,000 m®); (Table 4), and San Joaquin River
seines (n = 1880 fish; bi-weekly mean CPUE = 1.85 +
0.86 fish/10,000 rn3). Threadfin shad was the second
most abundant catch in lower Sacramento River (n =2452
fish; weekly mean CPUE = 0.49 + 0.16 fish/10,000 m®),
Delta (n =7833 fish; weekly mean CPUE = 0.27 + 0.08
fish/10,000 m?), and San Joaquin River seines (n = 746
fish; bi-weekly mean CPUE = 0.49 = 0.23 fish/10,000
m?). Top smelt (Antherinops affinis; n = 2352 fish; bi-
weekly mean CPUE = 0.58 =+ 0.13 fish/10,000 m?) and

Northern Anchovy (Engraulis mordax; n = 56 fish; bi-
weekly mean CPUE = 0.013 + 0.01 fish/10,000 m®) were
the most abundant fish caught in bay seines.

Six marked (adipose fin-clipped) Chinook salmon
were recovered in seines during the sampling period: 5
were recovered in Delta seines and 1 was recovered on
lower Sacramento River seines.

A total of 513 unmarked salmon were recovered
while seining: 316 salmon within the Delta (winter-run
sized = 181 fish, fall-run sized = 103 fish, spring-run sized
= 28 fish, and late fall-run sized = 4 fish) and 197 fish on
the Sacramento River (winter-run sized = 135 fish, fall-
run sized = 39 fish, spring-run sized = 12 fish, and late
fall-run sized = 11 fish). The first winter-run sized Chi-
nook salmon captured conducting beach seines on the
lower Sacramento River was at Knight’s Landing (Sacra-
mento River RM 90) on 11/02/2006. During the week
starting 11/27/2006, catch of winter-run sized salmon
increased and then remained consistent through the
remainder of the reporting period. The catch of spring-run
and fall-run sized Chinook salmon on the Sacramento
River increased during the last two weeks of the reporting
period. The first winter-run sized Chinook salmon cap-
tured conducting beach seines in the Delta was at Miller
Park (Sacramento River RM 57) on 10/02/06. The catch
of winter-run, spring-run, and fall-run sized Chinook
salmon in the Delta increased over the last two weeks of
the reporting period. As the reporting period ended, the
DJFMP had yet to see a large influx of fall-run sized
salmon in beach seines.

IEP Newsletter



Table 3 Weekly catch per unit effort (CPUE, in fish/10,000 m3) of the five most abundant fish species
between 10/01/06 and 12/31/06 in Sacramento region beach seines

Week starting Inland silverside Threadfin shad Western mosquitofish Winter-run Chinook salmon
10/1/2006 0.09 0.01 0.16 0
10/8/2006 0.12 0.36 0.65 0
10/15/2006 0.03 0.39 0.47 0
10/22/2006 0.14 1.47 0.21 0
10/29/2006 0.1 1.79 0.22 0.008
11/5/2006 0.47 0.7 0.03 0
11/12/2006 1.58 0.73 0.07 0.004
11/19/2006 1.29 0.5 0.07 0.02
11/26/2006 0.04 0.01 0 0.1
12/3/2006 113 0.03 0 0.05

12/10/2006 2.14 0.44 0.01 0.11

12/17/2006 1.51 0 0 0.11

12/24/2006 0.66 0.002 0 0.08

n 3002 2452 465 135

% of catch 41.01 33.50 6.35 1.84
Ave CPUE (SE) 0.72 (0.20) 0.49 (0.16) 0.15 (0.06) 0.04 (0.01)

Table 4 Weekly catch per unit effort (CPUE, in fish/10,000 m3) of the five most abundant fish species
between 10/01/06 and 12/31/06 in Delta region beach seines

Week starting Inland silverside Threadfin shad Red shiner Winter-run Chinook salmon
10/1/2006 2.49 0.61 0.12 0.001
10/8/2006 1.61 0.17 0.002 0

10/15/2006 1.94 0.92 0.05 4.63 x10-4
10/22/2006 1.48 0.07 0 0
10/29/2006 1.29 04 0.03 0
11/5/2006 1.02 0.12 0.002 0
11/12/2006 0.91 0.28 0 3.67 x10-4
11/19/2006 1.39 0.43 0.001 0
11/26/2006 2.95 0.03 0.01 0
12/3/2006 0.38 0.49 0.002 0
12/10/2006 1.94 0.04 0 0.001
12/17/2006 2.09 0.005 0.002 0.01
12/24/2006 0.61 0.006 0.02 0.02

n 21,173 7833 309 181
% of catch 69.12 25.57 1.01 0.59

Ave CPUE (SE) 1.55 (0.20) 0.27 (0.08) 0.02 (0.01) 0.003 (0.002)
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Contributed Papers

CONTRIBUTED
PAPERS

Results of a Two Year Fish Entrainment
Study at Morrow Island Distribution
System in Suisun Marsh

Cassandra Enos (DWR) cenos@water.ca.gov, Jessica
Sutherland (DWR), Matthew L. Nobriga (CALFED)

Introduction

Suisun Marsh is the largest contiguous brackish
marsh on the West Coast of the United States, represent-
ing approximately 12% of California’s remaining wetland
habitat. Although the marsh is a significant nursery area
for many fish species (Meng et al. 1994; Meng and
Matern 2001; Matern et al. 2002), long-term monitoring
has shown declines in many Suisun Marsh native fishes
(Matern et al. 2002; Matern and Moyle 1994; Meng and
Matern 2001; Schroeter and Moyle 2004). Some native
species have declined to the point that they are considered
threatened or endangered, including: Chinook salmon
Oncorhynchus tshawytscha (winter and spring-runs) and
delta smelt Hypomesus transpacificus. Other recreation-
ally important fish, like striped bass Morone saxatilis,
have also declined. Factors thought to contribute to these
declines include alteration of the estuarine hydrology,
introduction of alien species, pollution, and water diver-
sions (Meng and Matern 2001; Matern et al. 2002).

Water diversions are generally assumed to kill great
numbers of fish, including migratory fish such as salmon
and steelhead (Moyle and Israel 2005). Herren and
Kawasaki (2001) counted 366 water control structures
distributed throughout Suisun Marsh, including water
diversions and drains (S. Chappell, pers. comm.). These
water control structures typically consist of one culvert
ranging in size from 0.9 (36 in) to 1.2 m (48 in). Although
over half of the managed wetland acreage in the marsh is
flooded through unscreened diversions (DFG 2007), few

data are available regarding fish entrainment dynamics in
Suisun Marsh. Picard et al. (1982) studied abundance and
size of fish entrained at the Roaring River Distribution
System intake. However, this structure, which consists of
eight 1.5 m (60 in) culverts, is much larger than the typical
Suisun Marsh diversions. The California Department of
Fish and Game (DFG) sampled eight diversions in Suisun
Marsh periodically from April 1996 until May 1998.
Although no analysis of the DFG data was conducted, the
raw catch totals indicate that most diversions in the Marsh
are likely not diverting large numbers of fish and are
likely having a negligible impact on fish populations
(Moyle and Israel 2005). Moyle and Israel (2005) noted
studies in the Central Valley and Sacramento-San Joaquin
Delta have found that the principal species entrained in
small diversions (<1.1 m*/s (39 ft*/s)) are alien or abun-
dant natives, and questioned whether screening small
diversions would improve fish populations, particularly
populations of listed species. They addressed the need to
consider alternatives to fish screens, such as adjusting the
timing and volume of water diversions, to reduce entrain-
ment. Detailed understanding of the factors influencing
short-term entrainment may be used to develop diversion
strategies that reduce entrainment at unscreened diver-
sions in Suisun Marsh.

From September 2004 to June 2006, we studied fish
entrainment at the Morrow Island Distribution System
(MIDS) in Suisun Marsh (Figure 1). The purpose of the
study was to evaluate entrainment losses of fishes (with a
focus on delta smelt and salmonids) at the intakes over
several months under various operational configurations
to provide data on the site-specific impact of the MIDS
diversion. Our goals were to inform decisions about fish
screening needs, improve future entrainment/particle
tracking modeling studies, and find operational configura-
tions that minimize fish entrainment. We also sampled
fishes in Goodyear Slough (GYS) near the diversion to
compare the composition of entrained fishes to samples of
fish potentially vulnerable to entrainment.

Study Area

The MIDS is located off of GY'S in western Suisun
Marsh, approximately 9 km (5.6 mi) northeast of the Sol-
ano-Contra Costa County lines at the Benicia-Martinez
Bridge (Figure 1). GYS is a 20-30 m (66-98 ft) wide, 2-3
m (6.5-10 ft) deep channel fringed with bulrushes Scirpus
spp., cattails Typha spp., and common reed Phragmites
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australis (Culberson et al. 2004). The MIDS intake con-
sists of three 1.2 m culverts located on the eastern bank of
GYS, approximately 1.6 km (1 mi) south from the mouth
of the Slough. MIDS is a gravity-flow system; the system
fills and drains due to differential water levels caused by
tidal action in GYS, Grizzly Bay, and within the system
itself, in combination with variable gate configurations.
No pumps or other mechanical devices are used to move
water through the system. The system fills from GYS
only during periods when the water level in GY'S is higher
than in the system. As the water level in the system
reaches equilibrium with the level in GY'S, flow through
the culverts decreases.

® MIDS Intake
= MIDS M-line and C-line

Figure 1 Morrow Island distribution site map

MIDS operates primarily to drain water from adjacent
managed wetlands to Grizzly Bay in order to increase cir-
culation and reduce salinity in Goodyear Slough. The sys-
tem is also used to provide water to managed wetlands, as
needed, for initial filling, circulation, and drainage cycles.
In general, when the MIDS intake is open and operating,
approximately 1/3 of the volume of water passing the
intake facility on a flood tide within Goodyear Slough is
diverted into the MIDS for use by individual land owner-
ships. During periods when landowners are not actively
diverting water to their ponds (“turnouts to ponds closed”)
approximately 1/6 of the Goodyear Slough flow is

diverted into and through MIDS. In this configuration
MIDS can be operated as a tidally-influenced flow-
through channel system between Goodyear Slough and
Suisun Slough/Grizzly Bay.

The contractual requirement for the Bureau of Recla-
mation and Department of Water Resources (DWR) is to
provide water to the ownerships so that lands may be man-
aged according to approved local management plans. To
meet these needs, the typical MIDS annual operation
includes the following actions: preseason fill, circulation
drain/fill, end-of-season drain, end-of-season leaching,
brood pond circulation, and maintenance drain (Table 1).
Challenges to meeting these operation requirements
include: regulatory restrictions and closures, sediment
accretion, local tides/meteorological conditions, and indi-
vidual landowner requests.

Methods

Samples were collected periodically from 23 Septem-
ber 2004 through 26 May 2005 and 29 September 2005
through 2 June 2006 (Table 2). These sampling periods
covered two operating seasons for MIDS and the period
when delta smelt and salmonids would most likely be
present in western Suisun Marsh. Samples were collected
during both day and night based on the schedule of the
high tides. The sampling frequency was revised after the
first year to better reflect seasonal fish occurrence. Intake
samples were collected from two culverts (approximately
2 m (6.6 feet) apart); samples were also collected in GYS.
The sampling methods are detailed below.

During the 2005-06 sampling season, we conducted
five 24-hour sample sessions. During each 24-hour ses-
sion, sampling was conducted during both high tides
within the 24-hour period. Samples were collected only
during high tides, when MIDS was filling, which was
approximately 10-12 hours of the 24-hour period. These
samples allowed for evaluation of diel differences in fish
entrainment, which is often substantial (Nobriga et al.
2004). The 24-hour sessions began 6 April 2006 follow-
ing an increase in fish numbers observed in the intake
samples.
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Table 1 Summary of MIDS management actions and intake gate settings

Management Action Timing

Purpose Intake exterior gate setting

Fills MIDS and provides GYS water for land-

Pre-season fill Sept 15 - Oct 1

Circulation drain/fill Mid-late Oct - mid-late Jan

End-of-season drain February

Allows landowners to deeply drain ponds

46-91 cm (18-36 in)
owners to fill ponds

0-1.2m (0-48 in)

Provides GYS water for circulation in ponds

closed

Provides GYS water for quick flood then drain

End-of-season leaching February - May

to remove salts in ponds 46-91 cm followed by closed

Provides GYS water for circulation for brood

Brood pond circulation March 1 - July 15 pond management 46cm-1.2m
) ) Allows landowners to drain ponds for summer
Maintenance drain Late spring - Sept 15 maintenance closed

Table 2 Sampling schedule for 2004-05 and 2005-06 sampling seasons and typical MIDS operation schedule

Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
2004-2005 Sampling Season Schedule
GYS
sampling 1d/m 1d/2wk 1d/wk 2d/wk 1d/wk
Intake 3d/
sampling 3d/m 2wk1 3d/wk
UC Davis
sampling 1d/m
2005-2006 Sampling Season Schedule
GYS
sampling 1d/m 1d/2wk 1d/wk 2d/wk 1d/wk
Intake
sampling 6d/m1 1d/m 1d/2wk 1d/wk 3d/wk
UC Davis
sampling 1d/m
MIDS Operation
Initial
flood-up circulation leach/drain maintenance drain

1.Sampling was conducted 2 days per week during initial flood-up for a maximum of three weeks.

d/m - days per month
d/wk - days per week

MIDS Intake Sampling

Fish were collected using two 1.6 mm (0.06 in) -mesh
hooped plankton nets. This mesh size is equivalent to that
used by DFG in their 20-mm survey (Dege and Brown
2004); it effectively retains fish larger than about 15 mm
(0.6 in). We sampled only the two outer culverts because
the intake structure was not wide enough to accommodate
three nets. Samples from the two culverts provided suffi-
cient data to allow for estimation of total entrainment
through the intake structure. The nets were attached to the

culverts via coupling rings following a design employed
by Matica and Nobriga (2005). When the rings were
engaged, they sampled 100% of the flow diverted through
the two culverts. Net contents were collected approxi-
mately every two hours. At the end of each two-hour sam-
pling interval, the nets were retrieved and samples were
placed into separate, labeled containers. Up to 20 haphaz-
ardly selected individuals of each species from each sam-
ple were measured to TL or FL if the caudal fin was
forked. When more than 20 individuals of a species were
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present in a sample, the remaining individuals were tal-
lied, but not measured. When possible, fish were identi-
fied to species on site. Fish that could not be identified on
site were preserved in 10% formalin and identified in the
laboratory. All samples not preserved for laboratory anal-
ysis were returned to the water. Fish smaller than 20 mm
(0.8 in) were collected weekly (21 April 2005 through 23
May 2005 and 6 April 2006 through 2 June 2006) and sent
to the laboratory for identification. These samples are still
being processed. This report presents results primarily for
fish > 20 mm. This has no effect on results for salmonids
which do not use Suisun Marsh when they are <20 mm.
It may have a small effect on delta smelt results, but any
bias is likely extremely minor (see Discussion).

Goodyear Slough Sampling

We used a 30.5 m (100 ft) by 3.05 m (10 ft) purse
seine with a stretched mesh size of 4.8 mm (0.2 in) to sam-
ple fishes in GY'S. Samples were collected coincidentally
with the intake samples, but the purse seine was mainly
effective at catching fishes >35 mm (1.4 in). This mesh
size is sufficient to retain emigrating salmonids, which are
usually >35 mm when they reach the estuary. All samples
were collected within 100 m (328 ft) north or south of the
intake structure. Approximately 8-12 seine hauls were
conducted during each sampling period. All fish collected
in GYS were identified, measured, and counted following
the same procedures as the intake samples.

All fish collected in GY'S were identified, measured,
and counted following the same procedures as the intake
samples.

Water Quality Sampling

Water quality data, including water temperature (°C)
and electrical conductivity (mS/cm) were taken from the
DWR water quality monitoring station S-35, which is
approximately 140 m (460 ft) upstream from the intake
structure. Water transparency (Secchi disk; cm) was col-

lected for each sample period. During the 2005-06 sam-
pling season dissolved oxygen (mg/L) and temperature
were also measured in MIDS during each sampling
period.

Water level (stage) data were collected outside the
intake in GYS and behind the intake in Morrow ditch
every 15 minutes. The water level data, in conjunction
with gate operation data, were used to estimate flow
through the intake structure. DWR staff developed a com-
puter program to estimate flow through the north and
south culverts during each sampling period. We used the
program to estimate velocities (m/s), flow rates (m?/s),
and total sampling period volumes (m?).

Results

The combined two-year total sample times for the
north and south culverts were 589 and 594 hours, respec-
tively (Table 3). The volume of water diverted per sam-
pling period ranged from about 700 m* (24,720 ft*) to
29,400 m* (1,038,000 ft3) per culvert based on gate open-
ing and differences in water levels of this gravity flow sys-
tem. We estimated the percentage of water diverted from
GYS during each sampling period using modeled data for
GYS and the MIDS intake. The percentage of entrained
GYS volume sampled averaged 11% (0.65% to 43%) in
2005 and 16% (1.5% to 39%) in 2006 (Figures 2 and 3).
We sampled GYS on 56 days, conducting a total of 508
purse seine hauls during the sampling period (Table 3).

Water temperatures ranged from 7.0 °C (44.6 °F) to
22.1°C (71.8 °F) in 2004-05 and 8.4 °C (47.1 °F) to 24.4
°C (75.9 °F) in 2005-06. Mean daily electrical conductiv-
ity ranged from 1.48 mS/cm to 18.65 mS/cm in 2004-05
and 1.16 mS/cm to 17.10 mS/cm in 2005-06 (Figure 4).
Transparency ranged from 10-26 cm (4-10 in) in 2004-05
and 9-37 cm (3-15 in) in 2005-06. In 2005-06 dissolved
oxygen ranged from 2.18 -11.03 mg/L.
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Figure 2 2004-05 sampling season results for (a) total fish
entrained in MIDS culverts, and (b) modeled volume in GYS
per flood tide and volume sampled in MIDS

We collected 20 fish species in 2005 and 22 species in
2006 from water diverted through the culverts (Table 4).
Threespine stickleback Gasterosteus aculeatus, was the
most abundant species entrained (95% in 2005; 90% in
2006). Prickly sculpin Cottus asper, accounted for most
of the remainder (4% in 2005; 8% 2006). Both of these
fishes are known to aggregate on or near instream struc-
tures. We collected only two fall-run sized Chinook
salmon (south culvert, 2006) and no delta smelt from
diverted water. Other species of management importance,
such as native splittail Pogonichthys macrolepidotus,
salmonids, osmerids, and nonnative striped bass were also
among the least entrained species (<1% of total catch).
We only observed six striped bass > 20 mm in culvert
samples. Likewise, age-1 and older splittail were cap-
tured in extremely low numbers (9 individuals), though
somewhat high numbers of young-of-year splittail were
captured in the spring (666 individuals).
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Figure 3 2005-06 sampling season results for (a) total fish
entrained in MIDS culverts, and (b) modeled volume in GYS
per flood tide and volume sampled in MIDS

In GYS purse seine hauls, we collected 17 species in
2005 and 21 species in 2006 (Table 4). As with the culvert
samples, threespine stickleback was the most abundant
species (74% in 2005; 39% in 2006), while prickly sculpin
(11%1in 2005; 16% in 2006) and inland silverside Menidia
beryllina, (4% in 2005; 24% in 2006) comprised most of
the remainder. We collected 4 delta smelt from GYS in
2005 and 1 in 2006. We collected no Chinook salmon in
2005 and 3 fall-run size Chinook salmon in 2006. We col-
lected 382 splittail and 86 striped bass in GYS. Most of
the splittail (355) and all the striped bass were age-1 or
older.

Peak entrainment occurred at night, accounting for
70% and 79% of total entrainment at the north and south
intakes, respectively during the 24-hr sampling events
(Figure 5)
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Table 3 Summary of sampling effort for 2004-05 and 2005-06 sampling seasons

6/12/2006

2004-05 Sampling Season 2005-06 Sampling Season
North Intake South Intake GYS North Intake South Intake GYS
No. of samples 142 145 221 154 155 514
Volume sampled (m3) 506,622 488,582 42,710+8542 655,323 660,303 96,992+11,865
Mean volume (m3+SD) 8,171+5351 7,880+4,965 N/A 11,497+4,867 11,584+4861 N/A
Volume range (m3/s) 696 - 29,391 696 - 29,391 N/A 1,173-29,391 1,504-29,391 N/A
Total sampling time (h) 299 296 N/A 290 298 N/A
Mean sample duration
(min +SD) 121+36 121+36 N/A 113+26 115+27 N/A
N/A Not Available
16
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Figure 4 GYS electrical conductivity and temperature data
for (a) 2004-05 sampling season, and (b) 2005-06 sampling

season
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Discussion

We sampled over 2.3 million m* (81.2 million ft*) of
diverted water during our monitoring of the intake struc-
ture. Despite this, entrainment of special-status fishes
was exceptionally low (2 Chinook salmon and no delta
smelt). Rather, two species that associate with instream
structures, threespine stickleback and prickly sculpin,
comprised most of the entrained fish.

As expected, the majority of entrainment for the 24-
hour samples occurred at night with 70% and 79% of total
entrainment at the north and south culverts, respectively.
This is consistent with other studies on diel patterns of fish
entrainment. In a study of entrainment at a delta agricul-
tural diversion, Nobriga et al. (2004) found significantly
higher entrainment during night and crepuscular periods
for four species of open-water fishes (delta smelt, striped
bass, threadfin shad Dorosma petenense, and inland sil-
verside). Gaines and Martin (2001) observed relative
abundance of Chinook salmon passing the Red Bluff
Diversion dam to be greater for nocturnal periods (71-
74%) than diurnal periods (26-29%).

A substantial portion of observed entrainment
occurred during periods when the system was in ‘drain
only’ mode (Figures 2 and 3). In drain-only mode, water
is not diverted for waterfowl management. However, for
this study the gates were opened and water was diverted
for sampling purposes. In 2005, the highest fish catches
were during a ‘drain only’ period. In 2006, the diversions
were set on ‘drain only’ mode twice during the sampling
season to prevent levee overtopping due to extremely high
flows. Substantial fish catches occurred during these peri-
ods. Under normal operations, MIDS is often closed or
diverting very little during spring when young fish num-
bers increase in the slough. Therefore, it appears that the
existing MIDS operations actually provide some protec-
tion against entrainment of spring-spawning and spring-
migrating fish, particularly open-water fish like delta
smelt that do not aggregate around in-stream structures
such as diversions.

The purse seine sampling suggested that most com-
monly entrained fishes also were common in GYS:
threespine stickleback (74% in 2005; 39% in 2006) and
prickly sculpin (11% in 2005; 16% in 2006). This is con-
sistent with more than 20 years of otter trawling con-
ducted in the Slough (Matern et al 2002). Delta smelt and
Chinook salmon were rarely collected in GYS; steelhead
were not collected, suggesting these species do not use

this region of Suisun Marsh extensively. This is also con-
sistent with long-term monitoring in Suisun Marsh; only
13 delta smelt were reported from GYS during 1984-
2002, and only two Chinook salmon have been collected
since 1979 (Matern et al 2002; Schroeter and Moyle
2004).

The generally low delta smelt numbers in GY'S found
historically (Matern et al. 2002), and during our study, are
likely due primarily to high salinity. The population cen-
ter for juvenile delta smelt in the San Francisco Estuary
occurs at a surface specific conductance of about 2,000
uS/cm (2 mS/cm) (Figure 6). Average specific conduc-
tance for larval delta smelt is even lower, 0.5 mS/cm
(Nobriga 2002). Figure 7 shows the monthly Progressive
Daily Mean' (PDM) specific conductance for water qual-
ity monitoring station S-35 for water years 1985-2004 and
two delta smelt surface conductivity reference points.
The specific conductance values recorded in GY'S over
the past 20 years have always been higher than the aver-
age inhabited by larval delta smelt. In addition, more than
90% of the time the PDM was too high for the juvenile
delta smelt population center to be near MIDS.

Delta smelt also mainly inhabit embayments and
large channels rather than smaller marsh channels like
GYS. Two possible exceptions to this generality are
spawning adults and hatch-up larvae which may utilize
marsh channels to greater extent than other life stages
(Moyle 2002). However, delta smelt spawner
distributions only encompass western Suisun Marsh in
wet years (Hobbs et al. 2005). Delta smelt larvae
likewise mainly occur in tidal fresh water (Nobriga 2002;
Dege and Brown 2004), but the consensus among Inter-
agency Ecological Program delta smelt biologists is that
the larvae quickly become pelagic and occur mainly in
large open-water habitats, where they spend most of the
rest of their lives. To date, the only location delta
smelt have ever been reported to be entrained in high
numbers in Suisun Marsh is the Roaring River diversion
(Pickard et al. 1982). However, as noted above, this is the
largest diversion in Suisun Marsh. Further, it diverts
water from Montezuma Slough, which is the largest chan-
nel in Suisun Marsh and connected on both sides to the

1. Progressive daily mean is the average of the specific conductance
measurements made at the peak of all high tides from the begin-
ning of the month to the day of interest. PDM is reset at the begin-
ning of each month. At the end of the month, PDM, monthly
average of all the mean daily high tide values, and monthly average
high tide specific conductance are all equal.
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large open-water shoals of Suisun Bay and the lower Sac-
ramento River that are frequented by delta smelt (Moyle
et al. 1992; Bennett et al. 2002).

The Suisun Marsh serves as a migratory corridor for
immigrating adult Chinook salmon and emigrating juve-
nile salmon (Moyle 2002). The low numbers of Chinook
salmon found in GY'S are likely a result of its geographic
location in the Marsh. All runs of Chinook salmon spawn
in the Sacramento and/or San Joaquin Rivers. Culberson
et al. (2004) used a coupled hydrodynamic-particle track-
ing model to assess the entrainment risk at MIDS for par-
ticles released at various locations in the estuary. Model
runs found the entrainment risk for neutrally buoyant par-
ticles released in the Sacramento River near Rio Vista was
less than 0.1%. This suggests that a juvenile salmon emi-
grating from the Sacramento River has a very low proba-
bility of being entrained at MIDS unless it swam into
GYS; however, the low number of salmon caught during
our study and during the long-term monitoring conducted
by UCD suggests juvenile Chinook do not often make
their way into GYS.

GYS is a marginal, rarely used habitat for special-sta-
tus fishes. Fish screens are expensive to install and main-
tain, and evidence suggests that diversions in backwater
areas such as Suisun Marsh have low or no impact on fish
populations (Moyle and Israel 2005). Thus, based on the
data collected at the intake and in GY'S, screening MIDS
would likely have negligible benefits to sensitive fish
populations.
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2006 Field Season Summary for
Adult Sturgeon Population Study

Michael Donnellan (DFG), mdonnellan@dfg.ca.gov,
Marty Gingras (DFG)

The California Department of Fish and Game’s adult
sturgeon population study has been ongoing since 1967,
and here we present a summary of the 2006 field season.
This mark-recapture project is designed to understand and
monitor the population dynamics of white sturgeon (Aci-
penser transmontanus) and (to a lesser degree) green stur-
geon (Acipenser medirostris), with the ultimate goal being
to inform science-based resource management decisions.
The primary metrics of population dynamics investigated
by this study include relative and absolute abundance,
harvest rate, overall mortality rate, growth rates, and
large-scale movement/migration. As such, our objective
during the field study was to capture, tag, measure, and
release in good condition as many sturgeon as possible,
and to document previously-tagged individuals. Second-
ary objectives included: 1) collaboration with other
researchers investigating various aspects of sturgeon biol-
ogy, 2) collection of baseline biological data for leopard
sharks, 3) evaluation of a method to non-invasively deter-
mine the gender of sturgeon by observing external mor-
phology, and 4) collection of morphometric data for
sturgeon to determine formulae that can be used by
anglers to estimate length of their catch without removing
the fish from the water.

METHODS

Sturgeon were captured in trammel nets deployed
from research vessels operating in San Pablo Bay and
Suisun Bay from August 2 to October 30, 2006. In con-
trast to tagging operations in previous years, two research
vessels (New Alosa and Striper II) were employed for the
2006 tagging season and sampling commenced one month
earlier than usual. This was a strategic attempt to increase
the number of sturgeon tagged (relative to the 2005 sea-
son), with the ultimate objective being to improve cer-
tainty in our estimates of population parameters.

The New Alosa is a 42-foot West Coast-style combi-
nation-type fishing vessel with a 610 HP Volvo engine
capable of cruising at 17 knots, and the Striper I is a 32-

foot Southeast Alaska-style gillnetting vessel with a 6-V
53 Detroit Diesel engine capable of 7.5 knots. The vessels
were berthed at the Vallejo Marina for tagging in San
Pablo Bay, and at the Benicia Marina for tagging in
Suisun Bay. Standard crew size was three to four, depend-
ing on the vessel, crew availability, and the experience of
the crew members. Crews generally included one boat
operator, one-to-two scientific aides, and a deck hand or
lead person. Both the New Alosa and Striper 1l were
equipped with one trammel net, one net reel, and one tag-
ging station. In general, the boat operator ran the boat,
operated net hydraulics, and extracted fish from the net
upon retrieval; the deckhand tended the net during
deployment, and assisted the boat operator with removing
fish and debris from the net upon retrieval; the scientific
aide(s) and/or lead biologist measured and tagged stur-
geon and bycatch, collected data, and assisted with other
duties as needed.

Trammel nets were comprised of eight contiguous 25-
fathom (45.7 m) long x 2 fathom (3.7 m) wide sections of
net, for a total length of 200 fathoms (365.8 m). Each of
the net sections were made up of a gillnet “panel” inserted
between two panels of trammel net. The gillnet was an
Alaska salmon-style webbing made up of multi-strand
monofilament twist, and the trammel net was made up of
three multi-strand twisted nylon braid. The diagonal
mesh size of the gillnets varied by net section, and the 25-
fathom sections were assembled in the following order:
87,87,7°,7,6”,67,8”, 8.

In order of priority, the decision of where to set the
net was based upon the following criteria: 1) avoidance of
known snags, 2) presence of jumping sturgeon, and 3) the
knowledge and experience of the vessel captain. The net
was deployed across the prevailing current or wind
(whichever was stronger), and took approximately five
minutes to set. Once deployed, it was carefully monitored
during the drift to reduce snags, tangles, minimize undue
stress to sturgeon and other bycatch species, as well as
avoid conflicts with other vessels, channel markers and
other hazards. Nets were set as many times as possible
(typically 3-4, but up to 5) in a given workday, and soaked
for approximately 30 minutes after the initial set before
beginning the retrieval. The amount of net that was set, as
well as the number of sets, depended on the weather
(especially wind and wind-generated chop), tides, and the
abundance of sturgeon, bycatch, and debris in the net. Our
goal was to keep the total time for a given net set under
100 minutes to minimize mortality and stress to the fish.
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Each sturgeon was immediately removed from the net
after being brought over the stern-mounted net roller, then
carefully placed on the tagging cradle, checked for old
tags or evidence of a shed or clipped tag, measured (total
length, in cm), tagged (if the fish was not a recapture),
subjectively assessed for overall condition (“good” or
“fair/poor”), and then released as quickly as possible. For
a one-week period in 2006, we evaluated a published
method (Vecsei et al., 2003) to non-invasively determine
the gender of live sturgeon by observing the morphology
of the urogenital vent before releasing the fish. Fish too
large to place in the cradle were processed on the deck.
Deck-processing was only used when necessary because
length measurements were less accurate without the ben-
efit of the cradle.

We applied disc-dangler tags to all green sturgeon and
white sturgeon that were in reasonable physical condition.
Each tag offered a reward of $20, $50 or $100 to anyone
who returns it to CDFG. When previously-tagged fish
were recaptured, their tag numbers were recorded and
later checked against a list to determine their release
years. If old tags were too tight or coming loose, they
were replaced with new tags. Captured sturgeon that had
obviously been tagged at one time but in which the tag
was no longer present (i.e. wires sticking out of the fish
below the dorsal fin) were recorded as having a “shed
tag”, then re-tagged and released after removing extrane-
ous wires. Sturgeon that did not have a tag or wires
present but that exhibited open sores or scars at the precise
location of tagging (below the dorsal fin) were counted as
having “possibly shed tags”.

Bycatch species were documented, measured (Cali-
fornia halibut, leopard shark, or Chinook salmon), sexed
(leopard shark only), and released as quickly as possible.
We began collection of pilot biological data for leopard
sharks because a popular fishery exists for this species in
San Francisco Bay, yet essentially no baseline data exists
for fishery managers.

RESULTS

We tended 212 trammel net sets over the course of 65
boat-days, for a total of 252 net-hours. Net sets averaged
1.2 hours long, and we averaged 3.3 sets per day. We
tagged a total of 730 white sturgeon and 28 green sturgeon
that had not been tagged in previous years. The catch was
distributed unevenly over time, with 10 of the 65 boat-

days (15%) accounting for 40% of the white sturgeon
catch, and 3 boat-days (5%) accounting for 19% of the
catch. Most of the catch was from a 5 x 7 kilometer area
in San Pablo Bay, but larger catches were also had near the
Petaluma River channel in the western part of the bay
(Figure 1). Productive net sets were also had in Suisun
Bay near Garnet Point during October.

We recaptured 18 white sturgeon, including 6 that
were tagged in previous years and had retained their tags.
Seven of the 18 recaptured fish were missing their tag but
had unequivocal evidence of having been previously
tagged (i.e. wires sticking out of the precise anatomical
location where tags are inserted). Two fish had equivocal
evidence of having been previously tagged, such as
lesions, scars, or open sores where tagging would have
occurred, and these fish were considered potential but not
definite recaptures. The remaining 3 fish had been tagged
earlier in the 2006 season. Of the recaptured fish that
retained their original tags, 3 were tagged in 1998, 2 in
2001, and 1 in 2002. Three fish that were tagged in San
Pablo Bay in 2006 were recaptured in Suisun Bay 1-5
weeks later.

San Pablo Bay

-1 Green
°2 Sturgeon

> 11)74 White

&

Figure 1 Locations of net set-specific catch of white stur-
geon and green sturgeon, with inset of San Francisco Bay
region. Note that the size of the symbol is proportional to
catch, and black dots identify sets in which no sturgeon
were caught.

Approximately 87% of the white sturgeon captured
were released in “good” condition, and 13% were released
in “fair to poor” condition. On average, the condition of
released green sturgeon was slightly poorer, with 81%
released in good condition and 19% released in fair/poor
condition. Several highly-exhausted fish were manually
revived in the water off of the Striper II. The deck of the
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New Alosa was too high above waterline to effectively
provide in-water resuscitation, and exhausted fish were
simply released.

Because the number of sturgeon caught is dependent
upon the amount of fishing effort to catch them (e.g., num-
ber of boats fishing in a day, length of fishing day), the
Catch Per Unit Effort (CPUE) was calculated in order to
standardize comparisons. Catch was calculated as the
sum of all newly-tagged fish, recaptured fish, and
untagged fish brought to the boat. Effort was calculated
as the total amount of time that the trammel net fished in
a day on a given boat (from the completion of the initial
net layout to when the net was back on the boat). Overall,
CPUE for white sturgeon was 2.9 fish per net-hour, but
this varied by boat and date. The CPUE was greater than
6 fish per net-hour during only 5 of 65 boat-days, with 4
of these days involving the New Alosa. These relatively
exceptional days appeared to occur randomly in time, as
they did not seem to be correlated with the CPUE of the
other boat fishing on the same day or with the CPUE on
adjacent days. The CPUE time series (not shown) was
relatively “noisy”, and there did not appear to be strong
temporal autocorrelation, although a weak monthly peri-
odicity may have been present. The CPUE on the Striper
11 increased markedly in mid/late October, coincident
with the relocation of operations from San Pablo Bay to
Suisun Bay. Overall, however, CPUE for both white stur-
geon and green sturgeon was significantly greater in
August than in September and October (Figure 2). Anal-
yses of the relationship between CPUE and tidal state,
depth, and other habitat variables is ongoing.
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Figure 2 Mean monthly CPUE by species +/- 1 Standard
Error. CPUE was summarized for all unique boat-days; for
example, if 2 boats when out on a given day and fished all
day, it would equal 2 boat-days.

A total of 752 white sturgeon were measured and the
resulting frequency distribution was bimodal, with most
of the fish at or around the minimum legal size of 117 cm
(46”; Figure 3). In sum, 41% of the white sturgeon mea-
sured were less than 117 cm (46 inches) total length, 56%
were within the pre-2007 “slot limit” of 117-183 cm (46-
72 inches) total length, and 3% were over 183 cm (727)
total length. A small number (~ 5-10) of very large fish
(>180 cm) were observed but not measured, either
because they were too large to bring into the boat or they
broke free of the net before being brought close enough to
measure. Two primary cohorts are evident in Figure 3: an
older cohort from the early 1980s with a mode at 161-170
cm, and a younger, more abundant cohort produced in the
mid-1990s at 111-120 cm. Although sample size was
small (n=28), green sturgeon exhibited a similar size
structure to white sturgeon (Figure 3), with the main dif-
ference being that the mode of the distribution was
slightly less (100-110 cm).
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Figure 3 Length-frequency histogram of white sturgeon
and green sturgeon (includes newly tagged fish, recap-
tures, and untagged fish)

Gear selectivity for different size classes of white
sturgeon was apparent when histograms were constructed
for each net’s mesh size (Figure 4). The 7-inch net mesh
clearly outperformed the 6- and 8-inch net mesh in the
101-120 cm size class, and the 6-inch net mesh clearly
underperformed in the 101-140 cm size class range. The
8-inch net mesh substantially underperformed in the 91-
100 cm size class, and few sturgeon less than 90 cm were
captured with any net. Analyses of gear selectivity are
ongoing.
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Figure 4 Length-frequency histogram of white sturgeon
(includes newly tagged fish, recaptures, and untagged fish)
by net mesh size. Because twice as much 8-inch net was
fished compared to each of the other mesh sizes, the num-
ber of fish caught by the 8-inch mesh was divided by two to
facilitate comparisons.

We evaluated a method to non-invasively determine
the gender of live sturgeon by observing the morphology
of the urogenital vent (Vecsei et al. 2003), but we were
unsuccessful in repeating the results. The vent was usu-

ally closed tightly, preventing observation of the shape of
the opening. Analysis of morphometric data is ongoing
and will be reported at a later date.

The unintended bycatch during tagging was domi-
nated numerically by California bat rays (510, or 48%),
followed by Chinook salmon (228, or 22%) and leopard
shark (185, or 18%; Figure 5). In order of decreasing
abundance, starry flounder, striped bass, brown smooth-
hound, and California halibut, made up 10% of the
bycatch collectively, and 5 other fish species (diamond
turbot, white croaker, unidentified skates, steelhead, and
thornback) made up 2% of the bycatch. With the notable
exception of Chinook salmon, most of the fish bycatch
was released unharmed. Salmon died quickly in the net
due to asphyxiation, and and an unknown number of net-
ted salmon were killed by California sea lions and harbor
seals. We measured 134 leopard sharks and the resulting
length-frequency histogram had a gaussian length/age
structure (figure not shown). Of the 96 leopard sharks
examined for gender, 47% were female and 53% were
male.

Bat Ray, 510

California Halibut,
17

Brown
Smoothhound, 19

Striped Bass, 34

Starry Flounder,
36

Leopard Shark,

Chinook Salmon, 185

228

Figure 5 Total bycatch from tagging operations during 2006
field season, with the number of individuals caught after
the species name

DISCUSSION

The population metrics derived from the data col-
lected this season will be calculated and presented in
detail in a future publication. Therefore, in the following
discussion we briefly summarize and put into context the
important findings from this season.

Sampling effort was increased substantially in 2006,
and the increase in total catch was roughly proportional to
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the increase in effort. The total catch of white sturgeon
was 2.6 times greater than in 2005 with 2.2 times the fish-
ing effort (measured in total net soak time). This was a
modest increase in CPUE from 2.4 fish per net-hour in
2005 to 2.9 in 2006, but the gain was largely offset by a
decrease in average daily net soak time of 42 minutes. As
a result, the mean number of white sturgeon caught per
boat-day remained the same as in 2005 at 11.6 fish. In
large part, the decrease in average net soak time was due
to the re-incorporation of the Striper II into the tagging
operation. The Striper I1 is relatively slow, and daily fish-
ing time was reduced due to the increase in commute time
to the fishing grounds. Nevertheless, the CPUE remained
at a low level relative to the late 1990s and earlier, espe-
cially considering that CPUE was reported for only legal-
sized fish prior to 2005 (CDFG, unpublished data).

One important difference in our 2006 results was an
increase in the number of recaptured fish. One fish was
recaptured during 2005, but 13-15 were recaptured in
2006. The reason for the uncertainty in the number of
recaptured fish in 2006 was that two fish apparently shed
their tags, but the evidence was circumstantial and not
conclusive. Adjusting for the increase in sampling effort,
2-3 recaptures would have been expected in 2006, but the
rate instead increased by 4-7 fold. Another difference
between the results in 2006 and all previous years also
involved recaptured fish, specifically the ratio of ‘fish
with clearly shed tags’ to ‘fish with old tags that remained
firmly in place’. The ratio of shed tags to old tags on
recaptured fish was >1 during 2006, which was atypical
(Dave Kohlhorst, personal communication). The reason
for the increase in this ratio is unknown, but potential
mechanisms include tag removal by catch-and-release
anglers, faulty tag wire, or inadequate tagging technique
by one or more individuals.

The number of white sturgeon measured in 2006 was
more than adequate to construct a robust length-frequency
distribution, and this distribution shifted to the right from
2005 (figure not shown), consistent with the growth of
individuals. The cohorts from the mid-1990s are now
beginning to enter the current legal-sized slot limit (46”-
66”") and will become increasingly prominent in the recre-
ational fishery in the near future. Complicating the inter-
pretation of the length-frequency data, however, is the
issue of gear selectivity for different size classes. This
issue will be analyzed in depth using data from previous
years and reported in a future publication. Nevertheless,
one of the most striking aspects of the length-frequency

histogram was that a very small percentage of the fish
caught (< 5%) survived the pre-2007 slot limit of 46-72”. —

Although these data for white sturgeon will be ana-
lyzed in greater detail soon, several indices warrant con-
cern, including the low CPUE in 2005 and 2006, the large
number of recaptured fish in 2006 (relative to the number
of untagged fish captured), and the paucity of large fish
(>183 cm).

Green sturgeon were officially listed by the federal
government as a Threatened Species in 2006, and in large
part our decision to initiate sampling in August was driven
by our desire to collect baseline biological data for this
species. Green sturgeon are known to be more common
in the San Francisco Bay-Delta at this time of year, rela-
tive to later in the fall during our typical sampling months.
Most of the green sturgeon that we caught in 2006 were
captured during August, but our efforts met with limited
success, as only 28 fish were measured and tagged during
the 2006 season. A total of 14 green sturgeon were cap-
tured in 2005, therefore the number of fish caught in 2006
was consistent with the value expected due to the increase
in fishing effort (assuming constant CPUE). Based on the
relatively few tagged green sturgeon at large, we did not
expect to recapture any individuals, and indeed we did
not. We did, however, compile enough length measure-
ments to construct a rudimentary length-frequency histo-
gram. Visual inspection of the histogram indicated that
the statistical population of green sturgeon in San Pablo
Bay during August, and to a lesser extent in September
and October, was largely comprised of juveniles.

The large component of leopard shark in the bycatch
provided a good opportunity to collect biological data for
the local population in San Pablo Bay. The length-fre-
quency distribution appears to show a population with a
natural age structure because there is no truncation of
larger size classes at the minimum size limit of 36 (91
cm), as one would expect if the population was heavily
exploited. However, gear selectivity is certainly an issue,
and this conclusion may not be accurate. Further, Eschm-
eyer et al. (1983) reported that the maximum length for
male leopard sharks is approximately 150 cm and 210 cm
for females, yet no fish larger than 138 cm were captured
during our survey. The other line of evidence that sup-
ports the conclusion of a healthy population is the 50:50
sex ratio. A skewed sex ratio for populations of this spe-
cies would be cause for concern. The cost of opportunis-
tically collecting this data is negligible, but the
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information we have gathered and can continue to gather
is useful to fishery managers, therefore we plan to con-
tinue this endeavor.

We made several (mostly minor) changes to the tag-
ging protocol in 2006. The over-arching goal was (and is)
to continually improve the quality and quantity of the use-
ful information produced by this project, and to meet and
exceed our project goals and objectives while maintaining
the integrity of the long-term dataset. As such, several
protocol changes have been proposed by project staff for
implementation during tagging in 2007:

* Implement a double-tagging experiment to
determine rate of disk-dangler tag loss to shedding
(using PIT tags).

* Increase average condition factor of released
sturgeon via procedural and equipment
modifications

* Consider implementing a random sampling
component to the mark-recapture study to
minimize the risk of violating the assumption of
random mixing into the general population prior to
re-sampling.

» Inspect netted sturgeon as they near the boat to
determine whether they are tagged (i.e. increase
the number of fish captured for population
estimate calculation), in case they break free of the
net while being hauled aboard.

* Create an additional option for the fish condition
assessment (separate “fair/poor” into two
categories)

* Experiment with dying portions of the trammel net
with a bright color to give potential bycatch
species a visual avoidance cue.
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Fill Material Opportunities for
Subsidence Reversal in Sacramento-
San Joaquin Delta

Andrey B. Shvidchenko, ashvidchenko@nhc-sac.com,
Brad R. Hall, and Robert C. MacArthur

Introduction

The Sacramento-San Joaquin Delta covers an area of
approximately 738,000 acres and encompasses about 60
large islands or tracts separated by over 700 miles of
waterways. The Delta was once a great tidal wetland, with
the surface of the islands at about mean sea level. Recla-
mation of the Delta during 1850-1920 by building levees
and draining marshlands has led to subsidence of the
ground surface on the developed islands at a rate of up to
3-4.6 inches per year (DWR 1986). Surface of many
islands in the Delta are presently 10 to 25 ft below sea
level (Ingebritsen et al. 2000). Figure 1 shows a typical
cross-section of Twitchell Island constructed using the
1978 United States Geological Survey topomap, DWR
(1995) organic material data, and recent levee and channel
survey data.

San Joaquin River Sevenmile Slough

Levees

Mean sea level

Twitchell Island

Subsidence

Mineral sediment

0 1 2 3

Distance (miles)

Figure 1 Typical cross-section of Twitchell Island
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Subsidence is a major concern in the Delta because it
increases the water pressure on levees and, therefore, the
probability of levee failure and flooding. Widespread
levee failure would inundate Delta islands, dramatically
change river-delta circulation dynamics, induce salt intru-
sion into the Delta, degrade water quality at the State and
federal water project pumps to unacceptable levels,
impact water supply deliveries for southern California,
and irreversibly change the Delta ecosystem.

One primary alternative for controlling and reversing
the subsidence includes filling subsided islands with min-
eral sediment, organic matter, or other materials to raise
ground elevation. The subsided volume below sea level
on eight major western islands most critical to preserving
water quality in the Delta (Sherman, Jersey, Bradford,
Twitchell, Hotchkiss, Webb, Bethel, and Holland) ranges
from 10,000,000 to 142,000,000 yd*. The total for these
islands are over 400,000,000 yd> (DWR et al. 2002). Sub-
sided volume for Mandelville Island is estimated at
164,000,000 yd* (Burke 1980). Present-day estimates of
subsided volume for all the islands in the Delta are
unavailable; however, given the above numbers, it can be
well in excess of 3,000,000,000 yd®. Raising ground ele-
vations in the Delta up to sea level using sediment as fill
material will likely result in up to 20-40% loss of fill due
to compaction of the Delta organic soils under fill material
weight (COE 1982, DWR et al. 2002), which will require
on the order of 5,000,000,000 yd3 of fill material for the
restoration of the entire Delta, and on the order of
700,000,000 yd? for the restoration of the eight strategic
western Delta islands.

Given the large estimated subsided volumes and con-
tinuing rapid subsidence in the Delta, some people
express the opinion that the Delta should be abandoned to
the water because either it will be physically impossible to
maintain the islands in their present configuration or the
cost to do so will be prohibitive. The Legislature, how-
ever, has voted to maintain the Delta in essentially its
present form (DWR 1984).

The purpose of this paper is to review potential
sources and availability of fill material for accretion of
land surface on subsided islands in the Delta. Types, vol-
umes, suitability, and cost- and time-effectiveness of
obtaining various fill materials are discussed. Feasibility
of accelerated accretion of subsided areas and effective
restoration of historic land surface elevation in the Delta
is investigated.

Local Sources of Fill Material

Local sources of fill material are defined here as those
located within approximately 15-mile radius of the Delta.

Delta dredge spoil

Delta dredge spoil is material mainly from mainte-
nance dredging of the Sacramento and Stockton Deep
Water Ship Channels, as well as from Suisun Bay Channel
dredging that is stored in the Delta and can be used as fill
for subsided islands. The amount of material in individual
dredge spoils ranges from 50,000 to 20,000,000 yd®, the
total being about 60,000,000 yd* (DWR et al. 2002, Hey-
enbruch, personal communication, see “Notes”). Of the
total amount, about 1,860,000 yd3 was dredged during
1999-2001. Although material in the dredge spoils is
readily available for use, its volume is just comparable
with the subsided volume of a single island and is only
about 1% of the total volume of material needed to fill the
entire Delta and less than 9% of the material needed to fill
the eight major western islands. The relatively small total
volume of material in dredge spoils limits its application
for broad scale subsidence reversal. Delta dredge spoils
can be used as fill material during initial stages of the land
surface accretion to raise small critical areas and in com-
bination with other fill materials.

River sediment inflow

According to recent estimates by NHC (2003a), the
rivers comprising the Delta supply on average about
3,920,000 tons of sediment annually (3,230,000 yd® at 90
1b/ft?), of which about 1,820,000 tons (or 1,500,000 yd?)
is deposited in the Delta channels. About 94% of the sed-
iment entering the Delta is transported in suspension
while 6% is moving as bed load. Of the sediment depos-
ited in the Delta, an average amount of 720,000 tons
(590,000 yd?) is dredged annually from the Sacramento
and Stockton Deep Water Ship Channels. Most of the sed-
iment from the channel maintenance dredging is disposed
of at the permanent disposal sites concentrated along the
Sacramento and San Joaquin Rivers and can be subse-
quently reused in subsidence reversal activities. However,
this additional annual amount of the dredged fluvial sedi-
ment is negligible (less than 0.01%) relative to the amount
of material needed to fill the subsided volume of the
Delta. Even if all the incoming suspended sediment and
bed load are captured (which is currently impossible) and
are used as fill material for subsidence reversal, it would
take nearly two hundred years to fill the subsided volume
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of the eight strategic western Delta islands and over one
thousand years to restore the entire Delta using the inflow-
ing fluvial sediment alone. Given that presently it is not
possible to capture significant amounts of sediment trans-
ported in the Delta streams, use of river sediment inflow
as source of fill material appears to be unrealistic.

Excess channel material

Additional sediment potentially available for use as
fill material is stored in channels of the Delta streams.
According to the research of the California Department of
Water Resources (DWR 1984), 10,000,000 yd3 of sand
and silt is available from shoals and sandbars in the Sac-
ramento River between River Miles (RM) 9-14 and
65,000,000 yd? in the San Joaquin River between RM 9-
25. Additional material can also be available from shoals
in other parts of the Delta including channels of the Old
River, Middle River, Mokelumne River, various sloughs,
canals, cuts, and flooded tracts. The total amount of
excess sediment stored in all the Delta channels is
unknown. However, given the DWR (1984) data, it can be
on the order of 200,000,000 yd®. This total amount is only
4% of the volume of material needed to fill the subsided
volume of the entire Delta and about 30% of the material
needed to fill the western Delta islands.

Thus, although channel sediment is an easily accessi-
ble source of fill material for subsidence reversal in the
Delta area, the amount of excess channel material is
apparently insufficient compared to the potential restora-
tion demand. Nevertheless, this material can be used for
local restoration activities, levee maintenance, and in
combination with other fill materials. If Delta islands
could be filled using other sources of fill, these excess
channel deposits might provide a good source of island
maintenance material to keep up with future subsidence
and sea level rise.

Future dredging projects

Additional amounts of fluvial sediment can poten-
tially be available from future water development projects
in the Delta area. For example, DWR proposed a South
Delta Improvement Program aimed at improving water
circulation in the South Delta and increasing its diversion
capabilities (DWR 1997). The program includes dredging
approximately 1,000,000 yd* of material from a 5-mile
reach of the Old River over a three-year period to increase
the channel capacity. The dredged material is planned to

be placed on the backside of levees to provide additional
stability, but can also be used as fill material for the Delta
islands. Future dredging activities are also projected for
the Mokelumne River. The quantity of material planned
for extraction is 6,500,000 yd®> (DWR et al. 2002). It is
also planned to deepen the Sacramento Deep Water Ship
Channel. The project includes dredging of 2,500,000 yd?
of sediment during the next few years (Heyenbruch, per-
sonal communication, see “Notes”™). In total, the above
projects amount to about 10,000,000 yd® of additional
material available in the next decade, which is insignifi-
cant compared to the subsidence reversal demand.

Excavation of selected Delta islands

It was suggested that the DWR could buy a Delta
island, use it as a borrow pit to obtain fill material, and
then use it as a water reservoir (DWR 1984). The quantity
of material that could be available would depend on the
island selected. The major factors are the size of the
island, its location, and the type of material available.
Many western and central Delta islands are composed of
10 to 40 ft thick organic soils underlined by mineral sedi-
ment, while islands in the northern, eastern, and southern
Delta are typically composed of up to 10-20 ft of organic
material (DWR 1995). Individual volumes of organic
material on the western and central islands range from
25,000,000 to 325,000,000 yd3 and on the northern, east-
ern, and southern island from 7,000,000 to 474,000,000
yd? (NHC 2003b). Although organic soils are not suitable
for levee construction, they could be used for developing
finished grades and restoring native wetland habitat on
islands accreted using other, inorganic fill materials.

The islands located along northern, eastern, and
southern margins of the Delta are most likely to be least
critical to preserving water quality at the water intake
facilities in the Delta and, therefore, could be used as a
source of organic fill material and then operated as water
reservoir. Such islands, when converted to water reser-
voirs, could increase the yield of the State and Federal
water projects and could also be used for fishery or recre-
ational purposes. The material to repair and maintain the
levees around the island could be obtained from the island
itself.

Due to uncertainty regarding availability of islands
that are realistic possibilities for use as a borrow pits and
water reservoirs, DWR (1984) concluded that this alterna-
tive probably cannot yield a firm supply of fill material.
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Montezuma Hills

The Montezuma Hills are located immediately to the
northwest from the Delta and could provide an abundant
source of fill material for subsidence reversal. The hills
consist of alluvial material which appears to be ideal for
use in the Delta (DWR 1984). According to COE (1982),
120,000,000 yd? of sand, silt, and gravel are available
from two potential borrow sites in the hills close to the
Delta and transportation routes. The material was
intended for use as embankment material for levee recon-
struction. DWR (1984) discusses possible sources of fill
material for rehabilitation and maintenance of Delta
levees. It is estimated that the Montezuma Hills could pro-
vide all the material (approximately 50,000,000 yd*)
needed for the levee reconstruction. COE (1995) investi-
gates the potential for flood control and environmental
restoration for the islands of Webb, Jersey, and Twitchell.
It is stated that the amount of Montezuma Hills material is
well in excess of 20,000,000 yd3 . DWR et al. (2002) esti-
mates that 11,500,000 yd® of sediment is deposited
between the Sacramento River and the hills. Examination
of United States Geological Survey 7.5-minute quad maps
reveals that the total amount of material contained in the
entire Montezuma Hills is over 10,000,000,000 yd3 (NHC
2003Db).

Thus, theoretically, the Montezuma Hills can provide
all the fill material needed for subsidence reversal in the
entire Delta area, or at least for restoration of the western
Delta islands. However, the Montezuma Hills are being
actively developed for production of electric energy with
the use of windmills, which may limits the availability of
the hills for subsidence reversal projects. Further investi-
gation is required to determine practically available
amounts of material in the hills, qualitative suitability of
material for use as fill on subsided islands, and possible
environmental impact from extraction of significant
amounts of material from the hills. An obvious attractive-
ness of this source of fill is relative abundance of material
and its proximity to the restoration area of the Delta.

Distant Sources of Fill Material

In addition to local sources of fill material, several
potential sources are located beyond a 15-mile radius of
the Delta.

San Francisco Bay dredge spoil

Many projects of varying sizes are maintained in the
San Francisco Bay system. During the period between the
1950’s to the 1970’s, there was an annual requirement for
approximately 10,000,000 yd* of maintenance dredging
(COE 1989). Data from Smith (1966) indicate that the
average annual maintenance dredging in San Francisco
Bay was about 9,320,000 yd®, with 4,260,000 yd® dredged
in North Bays, 2,040,000 yd® dredged in Central Bays,
and 3,020,000 dredged in South Bay. More recently,
annual volumes of maintenance dredging reduced to less
than 8,000,000 yd?, possibly because of upstream reser-
voirs and diversions (COE 1989). According to AHI and
PWA (1990), the U.S. Army Corps of Engineers and the
U.S. Navy dredged an average of 4,400,000 yd®* annually
from the Bay during 1975-1985. According to the San
Francisco Bay Conservation and Development Commis-
sion, approximately 5,020,000 yd® of materials were
dredged from the San Francisco Bay in 1998, of which
almost half was dredged from projects at the Port of Rich-
mond and the Port of Oakland (BCDC 1999). It was pro-
jected that 7,070,000 yd® of material would be dredged in
1999. According to DWR et al. (2002), the Port of Oak-
land estimates that its own dredging will create another
15,000,000 yd* of material in the next 4 years.

Material dredged from San Francisco Bay is disposed
at various disposal sites within and outside the Bay area.
Of the total amount of material dredged in 1998, 43% was
disposed of at a deep ocean disposal site located about 50
miles outside the Golden Gate, 41% was disposed in the
Bay, and 16% was delivered to various upland disposal
sites, including some to Winter Island in the Sacramento-
San Joaquin Delta (BCDC 1999). One of the concerns
with regard to the dredge spoil disposal is limited capacity
of in-Bay disposal sites. To resolve the problem of dredge
spoil disposal, BCDC (1999) conducted studies of alter-
native upland disposal sites and beneficial reuse of
dredged material. It was suggested that dredged material
could be used in upland restoration sites such as the
Hamilton Wetland site and the Montezuma Wetlands. It
was also suggested that spoil from existing dredge opera-
tions in the San Francisco Bay area could be used as fill
material for levee reconstruction (DWR 1984) and for
subsidence reversal activities in the Delta (DWR et al.
2002). The possibility of using the Sherman Island for dis-
posal of material from maintenance dredging of Suisun
channel and New York Slough was evaluated in BCDC
(1999). However, concerns were expressed regarding the
salinity impacts of Bay dredge spoils. Another constrain is
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the rather high cost of material transport. Also, quantity of
Bay dredge spoil is obviously insufficient to meet all the
Delta restoration needs. Annual volume of the Bay mate-
rial of 5,020,000 yd® dredged in 1998 would provide only
about 0.1% and 0.7% of material needed for the restora-
tion of the entire Delta and the western Delta islands,
respectively. Assuming that all the material dredged in the
Bay is used for subsidence reversal in the Delta, it would
take nearly one thousand years to fill all the subsided vol-
ume of the Delta and over one hundred years to restore the
western Delta islands using Bay material alone.

Deposits in bypasses

A certain amount of sediment (mostly silt and sand) is
retained after winter storms on the portions of the Sacra-
mento River floodplain that have been converted to wide
leveed bypasses for the passage of flood waters in excess
of the main stream channel capacities. These sediment
deposits are often undesirable as they reduce bypass flow
capacity and eventually increase risk of flooding. These
sediments could be collected and transported to the Delta
islands for subsidence reversal. Deepening the entire Yolo
Bypass by just 1 ft would produce 84,000,000 yd? of sed-
iment (NHC 2003b). This quantity is small compared to
the total Delta need, but is sufficient to restore significant
portions of some of the strategic western Delta islands.
Deepening of the bypass would provide fill material for
the Delta and increase bypass capacity thus addressing
simultaneously the Delta subsidence problem and flood
risk reduction problem and potentially reduce overall
costs by eliminating the needs for raising project levees
along the bypasses. DWR (1984) estimated quantities of
excess sediment deposits in other bypass areas along the
Sacramento River (900,000 yd® for Colusa Bypass,
500,000 yd? for Tisdale Bypass, 300,000 yd® for Knight’s
Landing Ridge Cut, and 1,500,000 yd® for Sacramento
Bypass). However, the estimated quantities are rather
small and long distances to the Delta would make trans-
portation costs high.

Significant amounts of sediment are accumulated in
Cache Creek Settling Basin. The 3,600-acre settling basin
(original capacity 30,000,000 yd*) was completed in 1937
to trap silt and sand carried in Cache Creek. The settling
basin is already filled with sediment (DWR 1984). How-
ever, uncertainties concerning the ownership of the set-
tling basin land and future use of deposited material make
it difficult to consider use of sediment from this source for
the Delta subsidence reversal.

Deposits in water reservoirs

Most rivers in California have water supply, hydro-
power, or flood control reservoirs which trap most of sed-
iment transported by the rivers. Presently, there are about
1395 dams in the California, with a total storage capacity
of nearly 43,000,000 acre-ft (DWR 1993). The amount of
sediment deposited in the reservoirs over period of time
can be significant. NHC (2003b) estimated that a total of
539,000,000 yd® of sediment is accumulated in 29 major
California reservoirs. Of this amount, 339,000,000 yd® is
contained in the reservoirs located within 150-mile radius
from the Delta, 192,000,000 yd3 within 100-mile radius,
and 25,900,000 yd® within 50-mile radius. The average
deposition rate is estimated at 11,000,000 yd® per year for
all the major reservoirs analyzed, 6,730,000 yd® per year
for the reservoirs within 150-mile radius, 3,870,000 yd?
per year within 100-mile radius, and 527,000 per year
within 50-mile radius.

The volume of sediment in the reservoirs is compara-
ble with the subsided volume of the western Delta islands.
However, use of the reservoir sediment as a source of fill
material for the Delta islands may not be practical because
of possible water quality issues related to sediment dredg-
ing and significant distances from the Delta, which may
result in a high delivery cost.

Organic waste

Large amounts of various organic wastes (consisting
of agricultural, forest, and urban wastes) are generated in
California each year and could be used as fill material for
subsided islands in the Delta. CEC (1992) estimated that
a total of 46,600,000 tons (186,000,000 yd?* at bulk den-
sity of 4 yd® per ton) of different types of organic wastes
was generated annually in California in the late 1990’s.
CIWMB (1995) estimated that approximately 3,800,000
tons (15,200,000 yd® at bulk density of 4 yd> per ton) of
non-yard urban wood waste alone are generated through-
out California every year, of which about 88% is disposed
in landfills and 12% is diverted. Of the total amount of
non-yard wood waste, 1,370,000 tons (5,490,000 yd3) are
generated in San Francisco Bay Area, Sacramento, and
San Joaquin Valley economic regions.

The total annual amount of organic waste produced
statewide is comparable to the subsided volumes of a few
large Delta islands; however, local production of organic
waste delivered to the Delta can be somewhat smaller.
Using organic waste as fill material for subsided islands
would relieve the problem of organic waste disposal and
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replace lost soil in the Delta. Organic waste could also be
used in combination with inorganic sediment. In addition
to building ground elevation, these will also create an

organic soil layer suitable for subsequent agricultural use.

The possibility of using organic material to fill the
islands was considered in the Bay-Delta Plan proposed in
1970 by the San Francisco Planning and Urban Renewal
Association (Burke 1980). The plan was developed to
resolve several problems in the Bay-Delta area — substan-
dard levees, dwindling supply of land fill sites for bay area
garbage, and subsidence in the Delta islands. This solu-
tion was to be achieved by composting refuse with sewage
sludge and using the compost as fill material to reinforce
the levees and eventually to fill island interiors. The Bay-
Delta Plan, however, has never been implemented. In
1977, the State Solid Waste Management Board turned
down the plan because of high transportation cost and
possible water quality problems and because converting
the garbage to energy seemed a more attractive alterna-
tive.

DWR et al. (2002) considered the possibility of using
rice straw as a fill material for subsided islands. CARB
and CDFA (1997) estimated that approximately
1,500,000 tons of rice straw alone (about 10,000,000 yd3
at density of baled straw of 6.7 yd> per ton) was generated
during the 1996-1997 season. Rice straw appears to be a
potential disposal problem because of the tight restrictions
on open burning, which has been the historical approach.
The advantages of rice straw relative to other fill material
are its relatively low density, low cost, and abundance.
Unlike dredge spoils and other mineral soils, relatively
large volumes of rice straw could be deposited on the
Delta’s organic soils without causing excessive soil com-
paction. However, it was noted that anaerobic decomposi-
tion of rice straw under inundated conditions could create
negative water quality problems.

Thus, although potentially significant quantities of
organic wastes are generated in California every year,
possible environmental effects and unknown local
amounts of organic waste do not presently allow consid-
ering organic waste as a practical, readily available source
of fill material for subsided islands in the Delta. Labora-
tory and field experimentation is required to determine
suitability of various wood wastes as fill in the Delta.

Municipal solid waste

Amounts of various solid wastes generated in Califor-
nia are significant. According to the California Integrated
Waste Management Board, in 2001 Californians gener-
ated approximately 65,700,000 tons of solid waste, or
about 2 tons per second, of which 27,600,000 tons (42%)
were diverted (through source reduction, recycling, or
composting), resulting in disposal of 38,100,000 tons
(58%).

Municipal solid waste is disposed of in permitted
landfills. Presently, there are 17 active solid waste land-
fills located within 50-mile radius of the Sacramento-San
Joaquin Delta. A total of 6,370,000 tons (approximately
10,200,000 yd? at density of 1.6 yd® per ton) of solid waste
was disposed in these landfills in 2001, with the amounts
in excess of 500,000 tons disposed of at 4 landfills at Liv-
ermore, Pittsburg, Manteca, and Suisun City (CIWMB
2002a). The landfills, however, have limited remaining
disposal capacities. CIWMB (1992) estimated, for exam-
ple, that as of 1990 remaining capacity of all landfills in
Alameda County was 15 years, Contra Costa County 3
years, Napa County 4 years, Sacramento County 11 years,
San Joaquin County 25 years, Solano County 30 years,
Sonoma County, Stanislaus County 9 years, and Yolo
County 40 years. It was concluded that the state would
face a serious shortage of landfill disposal capacity within
the next 15 years (CIWMB 1992).

Conversion of portions of selected subsided islands in
the Delta into sanitary landfills for disposal of local
municipal solid waste is a possible alternative to address
the problem of the solid waste storage and utilization and,
at the same time, to gradually fill the subsided islands. At
sanitary landfills, wastes are buried in a manner that min-
imizes the detrimental impact on the environment - wastes
are dumped onto a specially prepared site, spread and
compacted in layers 10 to 15 ft deep, and covered at the
end of each day with 6 to 12 inches of sand, dirt, or wood
chips (Tchobanoglous et al. 1977). With the local waste
supply of 10,200,000 yd® (2001 data), the subsided vol-
ume of the western Delta islands would be filled in about
70 years. However, because of environmental issues and
restrictions on solid waste disposal in wetland areas (EPA
1993), construction of sanitary landfills on the subsided
islands may not be currently feasible. A more realistic and
ecologically and economically attractive option would be
construction of sanitary landfills in Montezuma Hills, if
these hills were selected as a source of fill material for
subsided islands. Solid waste would replace the extracted
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fill material, and landfill tipping fees would produce a
profit compensating for expenses for subsidence reversal
activities.

Biomass accretion

Another means of halting and reversing subsidence
on a broad scale over time is biomass accretion. This
method relies on successive layers of emergent vegetation
matter to raise ground elevation. Biomass accretion is
suitable for use throughout the Delta, but is limited by
slow elevation building rates. Tule marshes can accrete as
much as 4 inches per year (DWR et al. 2002). However,
net vertical accretion over several years is likely to be
within 0.5-0.8 inches per year (PWA 2002). If an average
value of 0.6 inches per year is taken to be indicative of
longer-term accretion rates, it would take approximately
one hundred years to raise wetland surface by 3 ft relative
to sea level. In the most deeply subsided areas, for exam-
ple 18 ft below sea level, it would take hundreds of years
to completely restore land surface elevation. The esti-
mated rates of biomass accretion are preliminary and are
subject to considerable uncertainty (DWR et al. 2002).

Biomass accretion can be enhanced by addition of
thin layers of inorganic sediment to raise ground eleva-
tions. This method replicates the geomorphic processes
that historically built the Delta islands. Addition of a thin
layer of inorganic sediment may increase elevation-build-
ing rates relative to biomass accretion alone, depending
on the thickness of sediment layer and geotechnical prop-
erties of the underlying soil (PWA 2002). The addition of
sediment increases biomass production and adds directly
to accretion. However, if the underlying soils are suffi-
ciently vulnerable to compaction, sediment addition can
result in a net elevation loss. To avoid compaction, satu-
rated conditions should be maintained during elevation
building. The advantage of sediment enhanced biomass
accretion is that it does not rely exclusively on the avail-
ability of sediment, which is relatively scarce in the Delta
in comparison with the volume required for large-scale
restoration. The primary drawbacks of this method are
slow rates of elevation building and the costs associated
with periodic thin-layer placements and long-term water
management (PWA 2002). The method of sediment
enhanced biomass accretion remains relatively new and
needs to be thoroughly tested.

Due to very low rates of accretion, biomass accretion
and sediment-enhanced biomass accretion methods could
be used on shallow subsided islands and on islands with

significantly restored elevations using various fill mate-
rial.

Cost Evaluation

NHC (2003b) prepared a conceptual level cost esti-
mate of the available fill materials. The estimated costs
included hydraulic dredging (where appropriate), excava-
tion and loading on trucks, hauling by highways, and
spreading unloaded material with dozers. They do not
include other costs such as cost of purchasing material
from its owners, construction of landfills, or other prepa-
ratory works. There are probably other, cheaper methods
of delivering fill material to the Delta (e.g. by railroad,
pipelines, or other special means). However, these other
methods were not considered and, therefore, cost esti-
mates obtained in NHC (2003b) should be regarded as
conservative. Cost estimates for San Francisco Bay
dredge spoil and biomass accretion were based on
research conducted by the Natural Heritage Institute
(DWR et al. 2002).

The estimated availability of fill material from vari-
ous sources and estimated unit costs are presented in
Table 1. This table shows total availability of various
materials readily available for use and annually supplied
amounts of the materials available for future use on
annual basis. Cost estimate is given per yd® for each of
these materials.

Of the sources of fill material listed in Table 1, the
largest volume of material sufficient to meet most of the
potential restoration needs is contained in Montezuma
Hills. Other significant sources of readily available mate-
rial include excess channel material in the Delta, sediment
deposited in water reservoirs, material in Yolo Bypass,
and existing dredge spoils. Of these sources, the most
cost-effective are dredge spoils in the Delta and material
from Montezuma Hills and Yolo Bypass. Future dredging
projects in the Delta, if implemented, will provide insig-
nificant (relative to the potential restoration demand)
amounts of sediment.

Of the annually supplied sediments, appreciable
quantities of material are available from San Francisco
Bay dredging. However, possible salinity impact on water
quality and high transportation cost limit the practical use-
fulness of Bay dredge spoils for Delta subsidence reversal
activities. Fluvial sediment delivered to the Delta with
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river flow is insignificant and is mostly unavailable for
use, as it cannot be captured in appreciable quantities.

The quantity of organic waste generated in the entire
state is rather significant, however no information on local
generation of organic waste is available. Organic waste
disposed of in local landfills is included in municipal solid
waste. Profit from accepting solid waste as fill material is
shown in Table 1 as a negative number.

Of the potential sources listed in this table, the most
economically and ecologically feasible is Montezuma
Hills. The hills have been considered as a likely source of
fill material for both levee maintenance and subsidence
reversal in the past (COE 1982, 1995, DWR 1984, DWR
et al. 2002). Montezuma Hills are located immediately to
the northwest from the Delta, i.e. transportation cost of
material is minimal. The hills offer a nearly unlimited sup-
ply of rock and soil. As is seen from Table 1, unit cost of
material from this source is within $6-8 per yd>. There-
fore, total cost of 700,000,000 yd3 needed for restoration
of the strategic western Delta islands would be about

Table 1 Fill material sources and availability

$5,000,000,000, which is a conservative estimate based
on assumption that all the material is to be hauled by
trucks. A possible way to reduce the cost is construction
of sanitary landfills at borrow sites after completion of
extraction of fill material. The landfills would accept
municipal solid waste, which local supply is estimated at
about 10,200,000 yd® per year. With the current average
tipping fee of about $14.5 per yd* (CTIWMB 2002b),
accepting of this volume of waste would yield an annual
profit of $160,000,000. Accepting of 700,000,000 yd* of
waste over time would produce a profit of over
$10,000,000,000, which is twice as high as the cost of the
equivalent volume of fill material extracted from the hills.
Thus, construction of landfills at borrow sites in Monte-
zuma Hills would significantly compensate for the cost of
the extracted material, physically replace the extracted
material and thus preserve the overall topographic relief,
and relieve the problem of municipal waste disposal.

Material source Estimated availability Estimated cost ($ per yd3)
Total {yd3 ) Annual () yd3 per year)
Local sources (within 15-mile radius)
Delta dredge spoil 60,000,000 590,000% 5-9
River sediment inflow 3,230, 000°
Excess channel material 200,000,000 13-18
Future dredging projects 10,000,000 59
Montezuma Hills 10,000,000,000° 6-8
Distant sources (beyond 15-mile radius)
Bay dredge spoil 5,020, 0000l 10-41
Yolo Bypass 84,000,000° 7-10
Water reservoirs 192,000,000" 3,870,000 10-32
Organic waste 186,000,000°
Municipal solid waste 10,200,000 -14.5'
Biomass accretion ~0.6 inches per year 6-7

Note: a Annually dredged material from Sacramento and Stockton Deep Water Ship Channels; b 94% suspended load and 6% bed load; ¢ Total volume of Monte-
zuma Hills; d Dredged in 1998; e Depth of excavation 1 ft; f Major reservoirs within 100-mile radius; g Generated statewide in 1990's; h Disposed of in landfills in
the vicinity of the Delta; i Average landfill tipping fee for compacted material (negative indicates profit).

Summary

Total subsided volume for all the Delta islands is over
3,000,000,000 yd*. Raising ground elevations in the Delta

up to sea level using sediment as fill material will likely
result in up to 20-40% loss of fill due to organic soil com-
paction, which will require on the order of 5,000,000,000
yd? of fill material. Total subsided volume of the eight
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major western Delta islands (Twitchell, Sherman, Jersey,
Webb, Holland, Bradford, Hotchkiss, and Bethel) is over
400,000,000 yd®. The required volume of fill material for
the western islands is on the order of 700,000,000 yd>.

Accreting subsided islands with sediment and other
fill materials is the most rapid way of raising ground ele-
vations. Potential sources, availability, and estimated cost
of fill material for restoring subsided areas in the Delta are
summarized in Table 1.

Of the potential sources considered in this paper, the
largest volume of material is contained in Montezuma
Hills (total volume of the hills over 10,000,000,000 yd?).
This volume is sufficient to meet most of the restoration
needs. However, practically available volumes are not
known and need to be determined. Other significant
sources of fill material include sediment deposited in local
water reservoirs (192,000,000 yd? already available and
3,870,000 yd* deposited annually in the major reservoirs
within a 100-mile radius of the Delta), excess bed material
in the Delta channels (on the order of 200,000,000 yd3),
floodplain deposits (84,000,000 yd* in Yolo Bypass), and
existing Delta dredge spoils (about 60,000,000 yd?).
Appreciable quantities of material are also dredged annu-
ally from San Francisco Bay (over 5,000,000 yd® per
year). However, possible salinity impact on water quality
and long distances to the Delta do not allow considering
Bay dredge material as a reliable source of fill material for
subsided islands.

A limited amount of sediment (about 3,230,000 yd?
per year) is supplied annually to the Delta by the Sacra-
mento River, San Joaquin River, and other stream tributar-
ies to the Delta. Of this amount, most is transported to the
San Francisco Bay system and only an estimated
1,500,000 yd3 is deposited annually in the Delta channels.
Of the sediment deposited, on average 590,000 yd® is
dredged annually from the Sacramento and Stockton
Deep Water Ship Channels.

Potentially significant amounts of solid wastes
(organic and inorganic) are generated in California every
year, of which about 10,200,000 yd? are disposed of in
landfills around the Delta. These solid wastes can be used
as supplements to the sediment material on subsided
islands or as substitutes to the material extracted from
Montezuma Hills.

Biomass accretion (possibly enhanced by placing thin
layers of sediment) is another potential way to gradually

accrete land surface elevation. However, accretion rate
with this method is very slow, about 0.6 inches per year.
Therefore, biomass accretion methods are possibly appli-
cable to shallow subsided islands and to islands with sig-
nificantly restored elevations using various fill material.
Biomass accretion methods could also be used to effec-
tively stop subsidence of organic soils.

Of the likely sources of fill material discussed, the
most cost-effective ($5-10 per yd®) are dredge spoils in
the Delta, material from the Montezuma Hills and Yolo
Bypass, and biomass accretion. The cost of material from
other sources appears to be high (between $10-41 per
yd?), progressively increasing with distance to the Delta,
making remote sources economically unfeasible. The
average landfill tipping fee for accepting of compacted
solid waste is about $14.5 per yd>.

In summary, the most economically and ecologically
feasible source of fill material for accreting subsided
islands in the Delta is the Montezuma Hills (assuming that
all the material is available for use). This source is located
immediately next to the Delta and offers a practically
unlimited supply of fill material. Excavation, hauling by
trucks, and spread of 700,000,000 yd3 of fill material
needed to restore ground elevations on the eight western
islands would cost about $5,000,000,000. This cost can be
significantly reduced by construction and operation of
sanitary landfills at borrow sites in the hills. Accepting of
700,000,000 yd? of solid waste over time (about 70 years
at the waste supply rate of 10,200,000 yd* per year) would
produce a profit of over $10,000,000,000, which is twice
as high as the cost of the equivalent volume of fill material
extracted from the hills. Municipal waste disposed of at
the landfills would substitute volume of extracted material
and thus preserve the overall topographic relief. Other
more feasible sources include Delta dredge spoils and
deposits in Yolo Bypass. Total amount of materials from
these two sources is on order of magnitude less compared
to Montezuma Hills. However, stockpiled dredge material
is readily available to get started at most critical islands.

Thus, according to the available data, there are appar-
ently sufficient volumes of fill material to restore at least
the eight strategic western Delta islands. Further research
is needed to refine the volumes of practically available
amounts of material in Montezuma Hills, qualitative suit-
ability of material for use as fill on subsided islands, pos-
sible environmental impact from extraction of significant
amounts of material from the hills, feasibility and permit-

IEP Newsletter

33



Contributed Papers

ting requirements for construction and operation of sani-
tary landfills in Montezuma Hills, bearing capacity of
organic soils in the subsided islands selected for restora-
tion, and more economic methods of delivery of material
from the hills to the Delta area.

It is a human tendency to desire quick results. How-
ever, the restoration of subsided areas in the Delta is likely
to be a slow (at least several decades) and expensive (bil-
lions of dollars) process.
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