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Abstract:

Water exports have been implicated in the decline of fish populations in the upper San Francisco
Estuary, California. We evaluated the relation between delta smelt salvage at the John E. Skinner
Delta Fish Protective Facility (SFF) and underlying entrainment losses at the State Water Project
(SWP, south Delta). We used cultured delta smelt in mark—recapture experiments in February and
March 2009 (adults) and June 2009 (juveniles) to estimate: (1) the percent of fish recaptured at
the SFF of the total released at the entrance of the SFF (fish facility efficiency), (2) the percent
of fish recaptured at the SFF of the total released in Clifton Court Forebay (CCF), a reservoir
for SWP exports, and (3) the fish losses in CCF and before the SFF (pre-screen loss). Mean
fish facility efficiency was lower in successive releases: February (53.2%), March (44.0%) and
June (24.0%). The mean percent recapture of fish released at the CCF entrance was also lower
over time: February (3.01%); March (0.41%) and June (0.03%). Correspondingly higher mean
pre-screen losses occurred over time: February (94.3%); March (99.1%) and June (99.9%). We
concluded that: (1) entrainment losses of delta smelt could be higher at times, compared to other
species previously studied at the SWP; (2) pre-screen loss was the largest source of mortality
for delta smelt; (3) increased release distance from the SFF and residence time in CCF—and
decreased exports—resulted in a lower percentage of recaptured fish at the SFF; and (4) salvage
of delta smelt at the SWP does not seem to be a consistent index of entrainment.
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Efficiency for Delta

Smelt at the South Delta’s State Water Project, California

Gonzalo Castillo'™, Jerry MorinakaZ, Joan Lindberg3, Robert Fujimura?, Bradd Baskerville-Bridges3>, James Hobbs?, Galen Tigan3,

and Luke Ellison3

ABSTRACT

Water exports have been implicated in the decline of
fish populations in the upper San Francisco Estuary,
California. We evaluated the relation between delta
smelt salvage at the John E. Skinner Delta Fish
Protective Facility (SFF) and underlying entrainment
losses at the State Water Project (SWP, south Delta).
We used cultured delta smelt in mark-recapture
experiments in February and March 2009 (adults)
and June 2009 (juveniles) to estimate: (1) the percent
of fish recaptured at the SFF of the total released at
the entrance of the SFF (fish facility efficiency), (2)
the percent of fish recaptured at the SFF of the total
released in Clifton Court Forebay (CCF), a reservoir
for SWP exports, and (3) the fish losses in CCF and
before the SFF (pre-screen loss). Mean fish facility
efficiency was lower in successive releases: February
(53.2%), March (44.0%) and June (24.0%). The mean
percent recapture of fish released at the CCF entrance
was also lower over time: February (3.01%); March
(0.41%) and June (0.03%). Correspondingly higher
mean pre-screen losses occurred over time: February
(94.3%); March (99.1%) and June (99.9%). We con-
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cluded that: (1) entrainment losses of delta smelt
could be higher at times, compared to other species
previously studied at the SWP; (2) pre-screen loss
was the largest source of mortality for delta smelt; (3)
increased release distance from the SFF and residence
time in CCF—and decreased exports—resulted in a
lower percentage of recaptured fish at the SFF; and
(4) salvage of delta smelt at the SWP does not seem
to be a consistent index of entrainment.

KEY WORDS

Fish entrainment, Hypomesus transpacificus, mark-
recapture, salvage, calcein, photonic, water diversion,
reservoir, predation, temperature.

INTRODUCTION

Water regulation and withdrawals contribute to
habitat and population fragmentation and degrada-
tion (Dynesius and Nilsson 1994; Aparicio and others
2000) and affect multiple trophic levels (Arthur and
others 1996; Jassby and others 2002; Kennish 2002;
Moyle and Williams 1990; Gumpinger and Scheder
2008). Although water diversions for urban and
agricultural uses have long been a common feature
of aquatic ecosystems, the long-term implications

of reduced freshwater inflow and increased entrain-
ment losses on aquatic organisms present challenging
management trade-offs for ecosystem sustainability
and water use reliability (e.g., Lund and others 2010;
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Vorosmarty and others 2010). Because of record low
fish population abundance indices for several pelagic
species since the early 2000s (Feyrer and others 2007,
Sommer and others 2007; Messineo and others 2010),
water allocation has become increasingly critical for
the Delta of the upper San Francisco Estuary (here-
after the Delta), one of the most intensively water-
managed estuarine systems in the world. The water
diversions by the State Water Project (SWP) and
Central Valley Project (CVP), including water export
from the south Delta for agricultural, industrial, and
urban use, have long been considered factors that
contribute to the decline of fishes in the upper San
Francisco Estuary (Erkkila and others 1950; Stevens
and Miller 1983; Moyle and others 1992; Arthur and
others 1996; Bennett and Moyle 1996; Sommer and
others 2007; Grimaldo and others 2009).

The operation of the SWP and CVP results in entrain-
ment of aquatic organism, that is, the incidental
removal of a variety of species in the water diverted
from the estuary. Limiting entrainment losses is a
major fisheries management goal in the Delta, par-
ticularly for listed species such as the delta smelt
(Hypomesus transpacificus), an endemic osmerid and
predominantly annual species. Delta smelt was listed
as threatened (federal and state) in 1993. The state of
California up-listed the delta smelt to endangered in
2009. Delta smelt was also deemed to warrant federal
endangered status in 2010, but was precluded from

a status change because of other listing priorities
(Federal Register 2010).

The SWP and CVP use fish facilities to collect a frac-
tion of the fish that are entrained, which is termed
salvage (the estimated number of fish that are recov-
ered at a fish facility for re-introduction in the estu-
ary). Salvage comprises one of the largest historical
databases on Delta fish species. Salvage has been
used to evaluate the effects of new facilities and
programs and proposed water project operations

and as index of fish entrainment by the SWP and
CVP in the south Delta (e.g., Moyle and others 1992;
Brown and others 1996; Bennett 2005; Hymanson
and Brown 2006; Grimaldo and others 2009). Salvage
data from the SWP’s John E. Skinner Delta Fish
Protective Facility (SFF) has been commonly used as

an index of direct entrainment of some fish, includ-
ing delta smelt, into Clifton Court Forebay (CCF), a
SWP reservoir located in the south Delta (37.8298°N,
121.5574°W, Figure 1).

A percentage of the fish entrained into CCF is lost
and unable to reach the screens of the SFF. Such
loss has been termed pre-screen mortality or pre-
screen loss (Tillman 1993; Brown and others 1996),
(Figure 2). Results of 11 studies conducted for juve-
nile fishes between 1976 and 2007 in CCF (Chinook
salmon, striped bass, and steelhead) revealed con-
sistently high pre-screen losses ranging from 63%

to 99% (Gingras 1997; Clark and others 2009). Pre-
screen loss excludes the loss from the partial collec-
tion of fish entering the fish facility, which is termed
fish facility efficiency. In the case of delta smelt, lack
of empirically derived pre-screen loss estimates and
fish facility efficiency at the SWP are an important
source of uncertainty in interpretations of salvage
data, in terms of effectiveness at screening fish
(Brown and others 1996) or losses to the populations
(Kimmerer 2008). Thus, there is a critical need for
empirical estimates on the magnitude of the entrain-
ment that results from pre-screen loss and fish facil-
ity efficiency. Complementary information derived
from hydrodynamic particle entrainment models,
fish surveys, and water quality data have also been
used to infer fish entrainment by the SWP and CVP
(Kimmerer 2008; USFWS 2008a). Process-oriented
methods are still needed to validate these indirect
methods.

We conducted the first mark-recapture experiments
to assess entrainment losses of delta smelt at the
SWP. We investigated two key sources of entrain-
ment losses of delta smelt at the SWP: fish facility
efficiency and pre-screen losses in CCF, as defined
earlier. Other factors can reduce the survival of delta
smelt following salvage, including injury and mortal-
ity from collection, handling, transport, and release
(e.g., Miranda and others 2010; Morinaka, in press).
In addition, potential effects from water diversions
occur as a result of environmental changes in the
estuary (e.g., Feyrer and others 2007; Nobriga and
others 2008; Moyle and others 2010). None of these
factors are included in the fish loss estimates consid-
ered here.
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Figure 1 (left) Location of Clifton Court Forebay (CCF) and the
John E. Skinner Delta Fish Protective Facility (SFF) in the south

Delta of the upper San Francisco Estuary. Locations denoted
ctorla by numbers are release sites: (1) entrance to the SFF; (2)
west-CCF; (3) mid-CCF and 4) east-CCF (CCF entrance). Light
color in the upper San Francisco Estuary denotes the general
distribution of delta smelt. Source: DFG-IEP.

Clifton
Court
Forebay

Figure 2 (below) Conceptual schematics (not to scale) of
the hypothesized fate of 100 fish entrained into Clifton Court
Entrance to . . .
Clifton Court Forebay assuming a pre-screen loss of 90% and a fish facil-
Foreh ity efficiency of 30%. Also shown are release and recapture

Grant Line

e i Tracy Fish J\ _ Canal areas at the Skinner Fish Facility used in the present study:
& Culture Lab Facility Fabian & Ben| (1) trashboom; (2) trash rack (fish release area) in front of the

Canal primary louvers; (3) bypass pipes toward the secondary chan-

nel with louvers/screens; (4) holding tanks where fish are col-
lected (recapture area). Only shown are the holding tanks for
the old building. Source: CDWR.
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The objectives of this study were to obtain mark-
recapture estimates for the: (1) fish facility efficiency
for juvenile and adult delta smelt at the SFF, (2)
percent of marked juvenile and adult delta smelt
released in CCF and recaptured at the SFF, and (3)
pre-screen loss for juvenile and adult delta smelt.

Study Area

Clifton Court Forebay is a 38.24 million m? reservoir

(31,000 acre-feet) primarily used for off-peak pump-

ing storage (i.e., it stores diverted water so that most

export pumping can occur at night when electricity is
less costly) (Figure 1).

The original SWP operations in the south Delta began
in late 1968 and did not utilize CCF. Fish were ini-
tially entrained directly into the SFF (Heubach ca.
1973; Kano 1990). The CCF became operational in
November of 1969 by connecting the end of the
original intake channel to the reservoir. Inflow into
CCF is regulated by five radial gates (hereafter, CCF
entrance) positioned side by side at the southeast
corner of the reservoir, with a combined operational
limit of 339.8 m3 s™! (12,000 cfs).

Water circulation patterns in CCF are largely driven
by the interaction of wind and the operation of the
CCF entrance, and by the operation of the pump-
ing plant that exports water from CCF (Kano 1990;
M. MacWilliams and E. Gross, River Modeling,
unpublished data). The minimum distance from the
CCF entrance to the SFF is 4.0 km (Figures 1, 2).

The Tracy Fish Facility (TFF) and the SFF share

some design elements and were originally designed
to salvage juvenile Chinook salmon (Oncorhynchus
tshawytscha) and striped bass (Morone saxatilis),
(Brown and others 1996). Delta smelt were not the
focus of the design criteria. The smaller juvenile delta
smelt (<30 mm FL) are particularly under-sampled in
the salvage process at these fish facilities (Kimmerer
2008; Morinaka, in press).

METHODS
I. Culture and Marking

All delta smelt used for this study were produced

at the U.C. Davis Fish Conservation and Culture

Lab (FCCL). The FCCL is located adjacent to the SFF
and is a short distance from release locations used
throughout this study (Figure 1). Delta smelt were
spawned during 2008 to provide ca. 4,000 juveniles
for the June 2008 experiments (size range: 20 to

44 mm FL), and 11,200 adults for the February to
March 2009 experiments (size range: 47 to 90 mm
FL). Additional delta smelt were spawned in 2009

to provide ca. 16,200 juveniles for the June 2009
experiments (size range: 20 to 41 mm FL). Production
of delta smelt was based on rearing methods devel-
oped at the FCCL (Baskerville-Bridges and others
2004). Fish marking was conducted at the FCCL and
involved two types of marks: (1) calcein (Sutphin

and Morinaka 2010; G. Castillo, USFWS, unpublished
data)-SE-MARK™ Calcein was the primary mark used
for all juvenile and adult delta smelt—and (2) photon-
ic marks, used in all adult delta smelt to differentiate
days and/or location of fish releases (Sutphin 2008;
G. Castillo, USFWS, unpublished data).!

A calcein detector (SE-MARK™, Western Chemical)
was used to distinguish calcein-marked fish from
unmarked fish. Calcein marking protocols consisted
of: (1) a 3-minute bath (full immersion) in a 1% salt
solution and 40 mg L-! ms-222 (pre-treatment) and
(2) a 5-minute bath in calcein (treatment): 5.0 g L~}
(adults) and 2.5 g L™! (juveniles), (USFWS 2008b).
Previous marking trials revealed 100% mark retention
for at least 3 months (G. Castillo, USFWS, unpub-
lished data).

Fish were photonically marked using pressurized
CO, guns (model BMX2000 POW’R-Ject, New West
Technologies) and BMX2000 BioPhotonic Marking
Solutions (cobalt green, cobalt blue, and titanium
white). Only adult delta smelt were marked photoni-

1 Trans-generational marking (Hobbs and others 2012) was further
required for all adult delta smelt to resolve concerns of the California
Department of Water Resources (CDWR) that the offspring of released
adult delta smelt into CCF would count against their Endangered
Species Act-mandated take limits.



cally because preliminary tests showed increased
mortality for juveniles. Most photonic marks were
readily visible by direct observation of fish in a petri
dish. We also used the SE-MARK™ detector or a
stereomicroscope when photonic marking required
further verification. We observed 100% retention

of photonic marks in all recaptured calcein-marked
adults released in February and March 2009.

All recaptured delta smelt were independently exam-
ined for calcein and photonic marks by at least two
people. All unmarked delta smelt were considered
wild fish.2

In response to seasonal temperature increases, juve-
nile fish were acclimated to ambient temperatures

1 week before their release at the SFF and CCF in
June 2008 and 2009.

Il. Fish Releases

We released juvenile and adult fish during actual
export conditions to assess fish facility efficiency and
pre-screen loss (Table 1, Figure 1). Releases to esti-
mate fish facility efficiency at the SFF were conduct-
ed at the trash rack, a debris screen located in front
of the primary louvers (hereafter, the SFF entrance,
location 2 in Figure 2).

Five-gallon black buckets secured with a rope in the
handle and another rope attached to the bottom of
the bucket were used to lower the bucket from the
elevated walkway and to empty the bucket just above
the water surface.

We assessed partial pre-screen loss by releasing juve-
nile delta smelt in west CCF (near the intake area)
and mid-CCF locations, which are closer to the SFF
relative to the east CCF location (near the entrance
area) (Figure 1). Marked juveniles were transported
by boat, in two, 20-gallon carboys (west CCF) and in
five, 20-gallon carboys (mid-CCF) and released mid-
day in June 2008 (Table 1).

2 No trans-generationally marked juvenile delta smelt were detected in
salvage operations at the SFF during the 2009 juvenile salvage season
(J. Hobbs, University of California, Davis, unpublished data).
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In 2009, adult and juvenile fish were released from
the boat ramp adjacent to the CCF entrance to assess
the percent recapture at the SFF, and to estimate pre-
screen loss (Figure 1, Table 1). Fish were released in
CCF in the early afternoon hours in February, March,
and June, concurrent with normal water export
operations.

lll. Release Controls

Control groups of marked fish were held in tanks

at ambient water temperature to compare to post-
release survival of marked fish. Water was pumped to
the control tanks from the export channel immedi-
ately downstream of the primary louvers of the SFF.
Control fish were fed daily and held in 235-gallon
circular tanks (122-cm diameter by 76-cm height) at
the FCCL. Tanks were covered with shade cloth to
protect fish from avian predators. Controls were ter-
minated after no fish were recaptured at the SFF for
at least a week.

IV. Data Analyses
Fish Recapture

All recaptured delta smelt were collected at the SFF,
irrespective of release site (Figures 1, 2). We used
two estimates to quantify the number of delta smelt
recaptured (Nye.). The first recapture estimate is:

N =c|Elss
D

rec

(1)

where C is the number of marked delta smelt in
regular CDWR counts, P is the collection period, D

is the duration of the counts—usually 25% of the
collection period during our experiments—and S is
the number of marked delta smelt in weekly CDWR
predator removal operations in the secondary channel
(Figure 2). No attempt was made to count the delta
smelt in the stomach contents of predators in the sec-
ondary channel (Figure 2).
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Table 1 Purpose of delta smelt mark-recapture experiments conducted at the SWP in 2008-2009. Releases at the entrance of the SFF
(Area 1) are denoted as SFF0 to SFF3. Releases in CCF included: Area 2 (west CCF, near intake channel), Area 3 (mid-CCF), and Area 4

(east CCF, CCF entrance). See also Figure 1.

Release | Distance to Life Tests | Fish/Test
Experiment area SFF (km) Date stage (n) (n) Purpose of experiment

SFFO02 1 0.0 6/04/08 | juvenile 1 200 Fish facility efficiency. Partial pre-screen loss
(along with the June 2008 juvenile releases in
west CCF and mid-CCF).

SFF1@ 1 0.0 2/23/09 | adult 4 100 | Fish facility efficiency. Pre-screen loss (along
with the February 2009 adult release: east
CCF1).

SFF2b 1 0.0 3/23/09 | adult 2 100 | Fish facility efficiency. Pre-screen loss (along
with the March 2009 adult release: east CCF2).

SFF32 1 0.0 6/19/09 | juvenile 1 800 | Fish facility efficiency. Pre-screen loss (along
with the June 2009 juvenile release: east CCF3).

West CCF2 2 1.2 6/12/08 | juvenile 1 500 | Percent recapture at the SFF. Partial pre-screen
loss by fish released near the exit point of CCF
(west CCF), towards the intake channel.

Mid-CCFa 3 2.8 6/26/08 | juvenile 1 2,647 | Percent recapture at the SFF. Partial pre-screen
loss by fish released in the central area of CCF.

East CCF12 4 4.0 2/24/09- | adult 4 1,382 | Percent recapture at the SFF. Pre-screen loss by

2/27/09 to fish released at the 2/27/09 1501
1,501 | entrance of CCF under high export flows.
East CCF2b 4 4.0 3/26/09- | adult 2 1,402 | Percent recapture at the SFF. Pre-screen loss
3/27/09 to by fish released at the 3/27/09 1447 entrance of
1,447 | CCF under intermediate export flows.

East CCF32 4 4.0 6/22/09 | juvenile 1 14,413 | Percent recapture at the SFF. Pre-screen loss by
fish released at the entrance of CCF under low
export flows.

a Estimated recapture using N, (see data analyses).
b Estimated recapture using N, (see data analyses).
The second recapture estimate is: Fish Releases at the Skinner Fish Facility
N = C+S+H @ The percent fish facility efficiency (FFE) was com-
re

where C and S are as defined above, and H is the
total count of the remaining marked delta smelt in all
the holding tanks (Figure 2, Table 1). We determined
H just before loading fish on the transport truck for
release in the Delta.

We used N, for the March 2009 experiments
because of constraints on the authorized take permit
for winter run Chinook salmon. For all remaining
experiments, we used N, (Table 1).

puted as:

recl

FFE = -100

rell (3)
where N,¢. 1 is the number of recaptured fish from
the original number released at the entrance of the
SFF (Nyep 1), (Figures 1, 2, Table 1).




Fish Releases at CCF

For each of the three release locations in CCF
(Figure 1), the percent recapture (PR) was computed
as:

rec i

PR = -100

reli (4)

where N, ; is the number of recaptured fish origi-
nally released at location i in CCF and N, ; is the
number of fish released at the corresponding loca-
tion i (Figure 1, Table 1).

The percent pre-screen loss (PSL) of fish released at
the CCF entrance was computed as:

N
rec 4 ) 1 100
Nrel4 0.01- FFE
(5)

where N,e. 4 is the number of recaptured fish from
the originally released number in CCF at location 4
(Nye1 4), (Figure 1, Table 1), and FFE is as defined
earlier.

PSL=|1-

Bypass velocity ratio (BR) for primary or secondary
louvers at the SFF is defined as:

BR = ﬁ
Ve (6)

where Vb is the water velocity entering the primary
or secondary bypass openings, and Vc is the average
channel velocity upstream of the louvers (Bates and
others 1960). Bypass velocity ratios above 1.0 provide
a “capture velocity” for fish near the bypass entrance
(Bowen and others 2004). (See Appendix A for the
detailed formulas used to compute BR and water
velocities.)

The daily residence time for entrained water in CCF
over each recapture period (7) was computed as:
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where V is the estimated volume of CCF at

12:00 a.m. and Q is the daily average outflow
(export). Because of the changes in outflow and resi-
dence time, exchange in CCF often varied greatly
over the course of a mark-recapture experiment.
Therefore, average T was computed over different
periods to evaluate hydrodynamic patterns dur-

ing mark-recapture experiments. Daily exports

were obtained from the dayflow database (CDWR
2010). Daily water volume of CCF was provided by
T. Hinojosa (CDWR). Hourly volumes used to esti-
mate volume of CCF at 12:00 a.m. were provided by
M. MacWilliams (River Modeling).

Regression analysis was used to evaluate potential
linear relations between: (1) the percent of recap-
tured fish and the minimum distance from the
release sites, and (2) the percent of recapture and
residence time (or exports). To evaluate the short-
term influence of residence time and export flow on
the percent recapture, 3-d and 10-d averages were
considered for these parameters, because such peri-
ods corresponded with the peak in recapture, and
the time when all, but one fish, had been recaptured.
Only the 3-d averages of residence time (and export
flow) are subsequently reported, because they pro-
duced better fit than the 10-d averages. Differences
in size composition between released and recaptured
fish were analyzed with the Mann-Whitney U test.

RESULTS

I Fish Facility Efficiency, Percent Recapture, and
Pre-Screen Loss

Juvenile Experiments (June 2008-2009)

Only 24% to 30% of the juvenile fish released at the
entrance of the SFF in June 2008-2009 were recap-
tured, indicating low FFE (mean = 27.0%, SE = 3.0,
Table 2). The recapture of all juvenile delta smelt
released in CCF—west side (intake area), mid-CCF,
and east side (entrance area)—took place within

7 days in 2008 and 4 days in 2009. Increasing dis-
tance between the release location and the SFF

did not result in consistently longer recapture time
(Figure 1, Table 3). Juvenile experiments in June
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Table 2 Delta smelt released and recaptured at the Skinner Fish Facility, south Delta, in February—March 2009 (adults) and June 2008-
2009 (juveniles) and concurrent mark-recapture results and hydrodynamic conditions

Mean daily | Channel Secondary bypass ratio Fish Fish
Release export velocity? Primary released recaptured® Facility
Experiment Mark date (ms™) (ms™) bypass ratio 0ld bidg. New bldg. (n) (n) efficiency
SFF1 G-A/Da | 2/23/09 82.0 1.00 1.22 1.24 0.61 100 39 39
SFF1 W-A/D8 | 2/23/09 82.0 1.00 1.22 1.24 0.61 100 36 36
SFF1 B-C/D? 2/23/09 82.0 1.00 1.22 1.24 0.61 100 89 89
SFF1 B-A/D? 2/23/09 82.0 1.00 1.22 1.24 0.61 100 49 49
SFF2 G-A® 3/23/09 70.7 0.94 1.19 1.21 N/A 100 43 43
SFF2 B-D@ 3/23/09 70.7 0.91 1.22 1.21 N/A 100 45 45
SFFO Calcein 6/04/08 64.0 0.52 1.19 1.21 N/A 200 60 30
SFF2 Calcein 6/19/09 16.1 0.40 1.22 N/A 1.18 800 193 24

a First letter denotes photonic mark colors: B, G, W (blue, green, white). Second and third letters denote marked fins per fish: A, C, D (anal, caudal, dorsal).
All juvenile and adults were calcein marked.

b Average channel velocities upstream of louvers at the time of fish releases.

¢ Total time from release to the last recaptured fish <24 hr.

Table 3 Delta smelt released in Clifton Court Forebay and recaptured at the Skinner Fish Facility, south Delta, in February and March
2009 (adults) and June 2008-2009 (juveniles) and concurrent mark—recapture results and hydrodynamic conditions

Recapture Mean daily Residence
Date of period? export® time® Fish released | Fish recaptured Percent Pre-screen

Experiment Mark release (d) (ms) (d) (n) (n) recaptured loss
East CCF1 G-D# 2/24/09 24 83.4 2.36 1398 75 5.36 89.9
East CCF1 W-D? 2/25/09 10 81.6 2.42 1426 33 2.31 95.6
East CCF1 B-Ca 2/26/09 4 79.9 247 1382 31 2.24 95.8
East CCF1 B-A® 2/27/09 7 78.7 2.53 1501 32 2.13 96.0
East CCF2 G-A?® 3/26/09 5 63.2 2.77 1447 12 0.83 98.1
East CCF2 B-D@ 3/27/09 — 63.0 2.78 1402 0 0.00 100.0
West CCF Calcein 6/12/08 5 19.1 8.63 500 39 7.80 —

Mid-CCF Calcein 6/26/08 7 54.2 3.89 2647 55 2.08 —

East CC3 Calcein 6/22/09 4 27.1 9.54 14413 4 0.03 99.9

a First letter denotes photonic mark colors: B, G, W (blue, green, white). Second letter denotes marked fins per fish: A, C, D, C (anal, caudal, dorsal). All
juvenile and adults were calcein marked.

b Days from release to last recapture.

¢ Daily mean over 10 days post-release.
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2008 and 2009 occurred during a period of lower Daily survival of juvenile delta smelt controls

water exports and higher residence time in CCF com- remained consistently high at ambient temperatures
pared to adult experiments (Tables 2, 3). The peak below 27 °C for 5 days after the last fish recapture.
in percent recapture of juveniles occurred just 1 day In contrast, survival declined strongly when maxi-
after the releases, both in the west CCF and mid-CCF mum water temperatures reached a threshold (27.5 to
(Figure 3A) and in the east CCF (Figure 3B). The juve- 28.0 °C). Subsequent decrease in water temperatures
nile delta smelt group released in June 2009 showed below that threshold did not prevent further decline
an extremely low percent recapture (0.03%) and in juvenile survival (Figures 4A, 4B).

extremely high PSL (99.9%).
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Figure 3 Daily water exports and residence time in Clifton Court Forebay (CCF) in relation to the percent of calcein-marked juvenile
delta smelt recaptured at the Skinner Fish Facility: (A) Two groups of fish released in the west CCF (intake area) (n = 500 fish, June 12,
2008 ) and mid-CCF (n = 2,647 fish, June 26, 2008). (B) One group of fish released at the east CCF (entrance area) (n= 14,413, June 22,
2009).
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Figure 4 Daily survival of calcein-marked juvenile delta smelt controls exposed to ambient water temperature: (A) Controls for releas-
es conducted in the west CCF (intake area) and mid-CCF on June 12 and 26, 2008. (B) Controls for the releases conducted in the east
CCF (entrance area) on June 22, 2009. Bars denote the period between each field release and the last recapture. Initial number of fish
per control was 100 at the time of releases in CCF.
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Adult Experiments (February—March 2009) days from February 24 to 27, 2009 was very low
(mean = 3.01%, SE = 0.78). The peak recapture

per group occurred 2 or 3 days after the release

and except for one fish, recapture was complete
within 10 days (Table 3, Figure 5A). The PSL for the
February 2009 release group was very high (mean =
94.3%, SE = 1.5). On the other hand, the survival rate
(S) of control marked fish held at the lab remained

The percent recapture for adult delta smelt released very high until the control was terminated on March
at the CCF entrance area over 4 consecutive

Photonically-marked fish groups released at the SFF
in February and March 2009 had recapture rates
ranging from 36% to 89% (Table 2). The average FFE
was slightly higher in February (53.2%, SE = 12.2)
than in March (44.0%, SE = 1.0). Average FFE for
adult delta smelt was 50.2% (SE = 8.0).
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Figure 5 Daily water exports and residence time in Clifton Court Forebay (CCF) in relation to the percent of recaptured calcein- and
photonically-marked adult delta smelt released in the east CCF (entrance area): (A) Four fish groups released on February 24-27, 2009.
(B) Two fish groups released on March, 26-27, 2009. Photonic mark codes are shown in Table 3.
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16, 2009 (S = 99.3%, n = 400). Thus, the very low
recapture cannot be attributed to experimentally
induced post-release mortality (i.e., the handling and
marking).

Compared to February experiments, the recap-

tures from releases conducted on March 26 and 27,
2009 at the CCF entrance occurred over a shorter
period and only within 5 days from the releases.
March experiments coincided with a period of lower
exports and higher residence time in CCF (Figure 5B).
Despite expanding the number of mark-recaptured
fish in CDWR counts, the percent recapture for both
fish groups released in March was extremely low
(mean = 0.41%, SE = 0.41, Table 3), and the esti-
mated PSL for the March 2009 release group was
extremely high (mean = 99.1%, SE = 0.9). Similar to
the February 2009 experiment, the survival rate of
the control fish held in the lab in March 2009 was
still very high on March 31 (S = 100%, n = 100); the
last day marked fish were recaptured. Survival was
still 98% when the control experiment was termi-
nated on April 20, 2009.

Il. Size Composition of Delta Smelt

The size composition of recaptured delta smelt over-
lapped with that of unmarked wild delta smelt when
the later were also reported at the SFF (Figure 6).

No obvious differences were observed between the
size of fish released and those recaptured for adult
delta smelt released either in February or March 2009
(Figure 6). However, recaptured juvenile delta smelt
that were released in mid-CCF in June 2008 and in
the east CCF in June 2009 were larger relative to the
size composition of released fish (P<0.001 Mann-
Whitney U test); (Figure 6).

Figure 6 (right column) Size composition of marked (cultured)
and unmarked (wild) delta smelt concurrently collected at
the Skinner Fish Facility during mark-recapture experiments
in June 2008 and 2009 (juveniles) and in February and March
2009 (adults). Size composition before releases is denoted as
all released.
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lll. Factors Influencing Percent Recapture

The percent of recaptured delta smelt at the SFF
declined significantly with increasing distance from
the release site, both for juvenile releases (Figure 7A)
and combined adult and juvenile releases (Figure 7B).
Despite the higher FFE for adults than juveniles, the
percent recapture for the six groups of adults released
at the CCF entrance between February and March
2009 was very low.

The percent recapture of delta smelt declined expo-
nentially, with increasing residence time in CCF

for the groups of fish released at the CCF entrance
area between February and June 2009 (Figure 8A).
Increased exports were associated with higher percent
recapture (Figure 8B). Relative to the number of fish
released at the CCF entrance in 2009, the number

of adult delta smelt recaptured was nearly ten-fold
lower from February releases (high exports) to March
releases (low exports). A similar ten-fold difference in
recapture was observed for juvenile released in June,
relative to adults released in March (Figures 8A, 8B).

DISCUSSION

I. Summary and Conclusions

Our results revealed significant spatio-temporal vari-
ability in fish recapture. Residence time in CCF and
the rate of water export have important influences on
the entrainment losses of delta smelt at the SWP. The
number of juvenile and adult delta smelt that were
recaptured at the SFF was always small compared to
the number released into CCF, reflecting consistently
high PSLs in CCF. The PSL varied approximately 10-
to 100-fold between February and June 2009. The
difference in percent recapture of delta smelt released
in CCF between February (adults) to March (adults)
and then to June (juveniles) is primarily attributed

to increased residence time in CCF, which increases
exposure time to predators and other potential sourc-
es of mortality.

Relative to the February 2009 experiments, the 10-d
mean daily water exports from CCF for the March
and June 2009 experiments were 22% and 66%
lower, respectively.
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Figure 7 Percent recapture (PR) for delta smelt at the Skinner
Fish Facility (SFF) as a function of the minimum distance (D)
from each release site to the SFF: (A) Juvenile delta smelt. (B)
Combined juvenile and adult delta smelt.

Despite a 19% lower CCF storage volume in June
2009 compared to the February 2009 experiment,
the 10-d mean residence time in June was 74%
higher than the February experiments. The higher
loss of juvenile delta smelt in June 2009 compared
to February and March suggests that predation was
enhanced by the lower water levels in CCF, and exac-
erbated by the extensive aquatic vegetation coverage
and increasing temperature in CCF relative to the
February and March adult mark-recapture experi-
ments in 2009. The FFEs also were lowest in June at
the SFF, although this probably reflected the smaller
size of the fish.
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Il. Previous Studies

On a global scale, large numbers of fish are directly
lost to water diversions from rivers, lakes, estuaries
and coasts by either becoming entrained into water
diversion intakes or impinged on intake screens. The
sources for such losses are ubiquitous and diverse,
including diversions for agriculture (Nobriga and oth-
ers 2004; Post and others 2006; Baumgartner and
others 2009), power plants (Marcy 1975; Michaud
and Taft 2000; Newbold and Iovanna 2007) and
urban and other uses (Drinkwater and Frank 1994;
Arthur and others 1996; Fitzhugh and Richter 2004).

Entrainment studies for other species at the SWP dif-
fered from the present work in their use of a combi-
nation of fluorescent dye; coded-wire tags; fin clips
(Gingras 1997) and PIT tags (Clark and others 2009)
to derive PSL estimates; as well as differences in
marking methods and, release and recapture loca-
tions. Nevertheless, results from all studies show that
PSL is always a source of high mortality. Juvenile
fish used in previous studies generally had larger
mean sizes than delta smelt; and experienced lower
average PSL: 86.7% PSL for 88.1 mm FL Chinook
salmon; 82% PSL for 53.5 mm FL striped bass
(Gingras 1997) and 80% PSL for 217 mm FL steel-
head (average PSL of two estimates by Clark and
others 2009). The 99% or more losses of delta smelt
suggest this species is especially susceptible to such
losses.

The FFEs are also low for adult delta smelt, and espe-
cially for juvenile delta smelt at the SFF, compared
to other species such as juvenile Chinook salmon
(Brown and others 1996). Ours is the first empirical
study to estimate both PSL and FFE of delta smelt at
a water diversion facility. Our mean FFE estimate at
the SFF for adult delta smelt was nearly two times
higher than the estimated FFE for adult delta smelt
at the TFF (22.5 % FFE, M. Bowen and C. Svoboda,
U.S. Bureau of Reclamation, unpublished data). Our
average adult delta smelt entrainment estimates at
the SWP ranged from losses similar to those assumed
for adults at SWP-CVP by Kimmerer’s (2008) for our
February 2009 experiments, to losses nearly 10-fold
higher in our March 2009 experiments.
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The results of the present experiments reinforce the
observations that reservoirs can delay fish migra-
tion and increase the role of predation (Gray and
Rondorf 1986; Li and others 1987). Our finding

of decreased percent recapture of delta smelt with
increasing residence time of CCF or decreased exports
(Figures 8A, 8B) is consistent with the inverse rela-
tions between survival of out-migrating salmonids
in impoundments and their residence time (e.g.,
Trefethen 1968; Mullan 1980) and with the overall
pattern of lower water exports from CCF resulting in
higher PSL (Gingras 1997). Thus, residence time and
exports act as key forcing factors on PSL.

lil. Potential Mortality Sources and Study Biases

Several potential mortality sources and experimental
biases could individually or in combination influence
the PSLs and FFEs reported in our study: (1) preda-
tion; (2) starvation; (3) unfavorable physical-hydro-
dynamic conditions; (4) emigration through CCF
intakes; (5) post mark-release-induced mortality; (6)
use of cultured fish; and (7) calculation biases.

1. Predation mortality. Previous studies attributed PSLs
to predation in CCF (e.g., Kano 1990; Brown and oth-
ers 1996; Clark and others 2009). The highest popula-
tion estimates of predators reported by Kano (1990)
were white catfish (Ictalurus catus, range: 67,000
246,000) and striped bass (Morone saxatilis, range:
35,000-118,000). However, predation by striped bass
may account for much of the PSL (Kano 1990; Brown
and others 1996) because white catfish feed opportu-
nistically on a broader food base, including inverte-
brates (Turner 1966). Five other species of potential
piscivores reported in Kano’s (1990) study were:
channel catfish (I. punctatus), black crappie (Pomoxis
nigromaculatus), largemouth bass (Micropterus
salmoides), brown bullhead (I. nebulosus), and
Sacramento pikeminnow (Ptychocheilus grandis). In
addition, the potential for avian predation in CCF has
also been recognized (Clark and others 2009).

Over 2,000 juvenile striped bass—virtually all of
them less than 50 mm FL—were present in the regu-
lar CDWR secondary channel flushing when it was
examined to remove predators in June 2009. The
mean size of striped bass in CDWR counts was
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33.3 mm FL (SE = 1.37) over the juvenile delta smelt
mark-recapture period (June 22-26, 2009). Although
age-0 striped bass may rely on invertebrates and
fish as prey (Stevens 1966), very few larval fish were
reported by Bryant and Arnold (2007) among the
prey items of age-0 striped bass during the summers
of the years 1973 through 2002. In addition, striped
bass may not become piscivore until they reach 70
to 100 mm FL in length (R. Fujimura, CDFG, unpub-
lished data). Hence, striped bass may not have preyed
greatly upon marked juvenile delta smelt at the SFF
in our June experiments. On the other hand, over an

Released Fish per Recaptured Fish
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annual period, Kano (1990) reported that the smallest
sizes of striped bass in CCF occurred in July (mean =
341 mm FL, SE = 3). Thus, striped bass predation on

marked juvenile delta smelt seems more likely in CCF
than in the SFF.

2. Starvation. Evidence is lacking to support star-
vation as a major cause of the high PSLs of delta
smelt. There is a regular entrainment of plankton and
pelagic organisms to the south Delta export facili-
ties (Jassby and others 2002). Moreover, the period
between our fish releases in CCF and subsequent
recaptures was short. Although no data on survival
of food-deprived delta smelt is available, cod (Gadus
morhua) juveniles of a size similar to delta smelt

(20 mm FL) are able to survive at least a week of
food deprivation (Folkvord 1991). Cultured larva and
juvenile delta smelt up to 120 days post-hatch are
able to switch prey within 2 hours of exposure to
zooplankton (L. Sullivan, Romberg Tiburon Center,
San Francisco State University, unpublished data).
Thus, marked delta smelt in CCF are not likely to
have died from starvation within days from their
release.

3. Unfavorable physical-hydrodynamic conditions with-
in CCF. Although CCF cannot be considered a physi-
cally favorable area for delta smelt, the very high
PSL experienced by adult delta smelt in March 2009
(Figure 5B, Table 3) a period of low water tempera-
tures, rules out temperature as the cause of high PSL.
For juvenile delta smelt acclimated at 17 °C, Swanson
and others (2000) reported 25.4 °C as the critical
thermal maxima (loss of equilibrium endpoint). Based
on our temperature controls for juvenile delta smelt
initially acclimated to temperatures in the range of
20 to 22 °C (Figures 4A, 4B), cumulative exposure to
peak daily ambient water temperatures above 27 °C
could have significantly reduced juvenile survival.
However, all recaptured juvenile fish released at the
CCF entrance area in 2009 were recaptured between
June 23 and 25, in spite of the fact that most control
juvenile fish were still alive by June 30 (Figures 3B,
4B). Temperature gradients in different areas of CCF,
if large enough, could have resulted in survival dif-
ferences for delta smelt, irrespective of their origin
(wild or cultured). It is conceivable that increased
temperatures in CCF could have interacted synergisti-
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cally with predation (e.g., by increasing prey vulner-
ability and/or predator activity). Whether the salvage
of wild juvenile delta smelt observed at the SFF after
our last recaptures of marked juveniles in 2008 and
2009 was due to newly, or previously, entrained fish
is unknown. Yet, it demonstrates that the timing of
our experiments was concurrent with the salvage of
wild juvenile delta smelt.

The hydrodynamic characteristics of CCF can also
reduce the likelihood that entrained delta smelt will
be salvaged, particularly during low export condi-
tions when residence times are longer. Based on
simulated 3-D water-circulation patterns for CCF dur-
ing June 2007 (M. MacWilliams and E. Gross, River
Modeling, unpublished data), and drifter trajectory
during our June 2008 experiments (C. Ruhl, U.S.
Geological Survey, unpublished data) a basin-wide
counter-clockwise circulation in CCF seemed a per-
sistent hydrodynamic feature. Conceivably, such a
wind-driven circulation pattern in combination with
low exports could enhance dispersion and residence
time of entrained fish within CCF, increasing the
likelihood of PSL. Conversely, during high export
and low wind conditions, residence times in CCF are
much shorter. Under such conditions, most particles
are transported roughly in a straight-line trajec-
tory from the CCF entrance to the SWP pumping
plant (M. MacWilliams and E. Gross, River Modeling,
unpublished data).

The observed low reservoir level and excessive
aquatic vegetation in June 2009 could have contrib-
uted to increased mortality through lack of pelagic
habitat and by reducing access to the salvage facil-
ity. But other potentially lethal conditions such as
contaminants or reduced dissolved oxygen, if pres-
ent, should have also been reflected in lower-than-
observed juvenile control survival, making such
mechanisms unlikely.

4. Emigration through CCF intakes. Emigration from
CCF has been documented for radio-tagged striped
bass (mean size: 431 mm FL, Gingras and McGee
1997) and steelhead (mean size: 217 mm FL, Clark
and others 2009), two strong swimming species.
Water velocity through the CCF entrance often
exceeds 300 cm s™! (Kano 1990) and approaches
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400 cm s™! at maximum CCF/0ld River stage dif-
ferential (Gingras 1997). In contrast, the critical
swimming speed juvenile-adult delta smelt (40 to
60 mm SL) has been estimated to be 25 to 29 cm s~}
(Swanson and others 1998, 2000). Hence, potential
emigration of delta smelt through the CCF intakes
seems unlikely, except toward the end of the water
intake period when water velocities decrease sig-
nificantly. In the case of steelhead, the effect of fish
emigration through the CCF entrance was estimated
to result in a PSL of 78%, compared to PSL of 82%
without accounting for emigration (Clark and others
20009).

5. Potential marking induced mortality. Based on the
extremely high survival of control adult fish and the
very high survival of juvenile marked fish at tem-
peratures below 27 °C, this scenario seems unlikely.
Further, laboratory tests designed to evaluate striped
bass predation on marked and unmarked delta smelt
revealed no significant differences between marked
(calcein and photonic marking) and unmarked delta
smelt (G. Castillo, U.S. Fish and Wildlife Service,
unpublished data). Moreover, those tests suggested
no significant differences on predation among the
photonic mark colors used in our field experiments.

6. Use of cultured fish. The extent to which potential
differences between cultured and wild delta smelt
may have affected our results is unknown. Predator
avoidance in other species seems more developed

in fish habituated to predators (e.g., Patten 1977,
Healey and Reinhardt 1995; Alvarez and Nicieza
2003). Nevertheless, a mark-recapture test of field-
collected juvenile Chinook salmon released in CCF in
May 1996 resulted in only 0.32% of the fish being
recaptured at the SFF (J. Morinaka, CDFG-Stockton,
unpublished data). Thus, results from other species
and environments may not be safely extrapolated to
our study.

Comparison of secondary louver efficiency at three
different speeds between cultured and wild delta
smelt revealed no significant differences (M. Bowen,
U.S. Bureau of Reclamation, unpublished data). These
results lend support to use of cultured delta smelt

to approximate the behavior of wild fish to louver
systems. On the other hand, the collection, handling,



transport, and release experiments revealed that
wild delta smelt experienced higher levels of cortisol
response and took longer to recover than cultured
delta smelt (V. Afentoulis and A. Rockriver, CDFG,
unpublished data). Therefore, cultured and wild delta
smelt may differ in their physiological responses to
human-induced stress.

1. Calculation biases. The FFEs were estimated a few
days before fish released in CCF were recaptured at
the SFF. Therefore, short-term changes in FFE could
have affected actual PSL but the biases are probably
small, considering the magnitude of facility losses
relative to the PSL (Tables 1, 2). Our estimated FFEs
could have been affected by predation losses within
the SFF. Nevertheless, our results should reflect the
prevailing FFEs under normal operation conditions.
Over the course of our experiments, CDWR operators
continued their routine weekly removal of predators
from the secondary channel. CDWR operators also
continued searching for marked delta smelt in regular
counts through the end of the salvage season.

IV. Management Implications

Salvage of delta smelt at the SFF and the TFF is a
key tool for monitoring incidental take at the CVP
and SWP (USFWS 2008a). However, low population
sizes may hinder the ability to evaluate the effective-
ness of incidental take (Anderson and others 2011).
Our results strongly suggest that salvage is not a
consistent index of delta smelt entrainment at the
SWP. The extremely high PSLs and the lower recap-
ture of delta smelt as a function of increased resi-
dence time in CCF support the rationale for reducing
PSL at the SWP (Kano 1990; USFWS 1996; Gingras
1997). Management options supporting such rationale
include:

1. Removing predators from CCF (Tillman 1995, but
see Gingras and McGee 1997).

2. Establishing export operational criteria that
minimize exposure of entrained fish to predators
within CCF (Gingras 1997), thus, reducing resi-
dence time in CCF.

17

DECEMBER 2012

3. Diverting water through a conveyance channel
along the inside of the CCF that leads to the SFF
to reduce PSLs (SDFFF 2003a, 2003b).

4. Relocating the fish facility at the entrance of CCF
(Kano 1990; SDFFF 2003b).

Among the options listed, options 3 and 4 may
contribute most to reducing PSL at the SWP, which
should also result in enhanced monitoring of
entrained fish in the salvage. In addition, the feasi-
bility of reducing the risk of entrainment for delta
smelt and other listed species by a low-flow screened
intake at the CCF entrance (e.g., Dorratcague and
others 2009) should take into account the species’
response (Young and others 2010).
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APPENDIX A: COMPUTATION OF PRIMARY AND SECONDARY BYPASS RATIOS

Primary Bypass Ratio Calculations

Primary channel flow

Primary flow per bay =
Y P Y No. of bays in use

(Primary flow per bay x No. of bays in use)

Primary channel approach velocity = - - - -
(Total width of primary bays in use x Primary channel depth)

(Secondary channel flow)

Wiater velocity at primary bypass opening = - . - :
(Primary channel depth x Width of 2 primary bypass openings)

(Water velocity at primary bypass opening)

Primary bypass ratio = - -
(Primary channel approach velocity)

Secondary Bypass Ratio Calculations

(Secondary channel flow)

Secondary channel approach velocity = -
(Width of secondary channel x Secondary channel depth)

(Flow into the holding tank building)

Water velocity at secondary bypass opening = - :
(Secondary channel depth x Width of secondary bypass opening(s))

(Water velocity at secondary bypass opening)

Secondary bypass ratio = )
(Secondary channel approach velocity)
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