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1. INTRODUCTION

The Sacramento-San Joaquin Delta (Delta) is used as a migration corridor and as rearing habitat by
juvenile Chinook salmon (Oncorbynchus tshawytscha) that emigrate from Central Valley Rivers on their
annual migration to the Pacific Ocean. Four runs of Chinook salmon (fall, late-fall, winter, and spring
runs) utilize the Sacramento basin, while fall Chinook use portions of east-side streams and the San
Joaquin Basin. Winter-run Chinook are federally listed as an endangered species; spring-run Chinook
are listed as threatened. Collectively, these species use the Delta for rearing and outmigration over a
period from approximately November through May, with considerable variability attributed to genetic
characteristics and watershed attributes (e.g. hydrology).

The migratory behavior of young salmon on the Sacramento River system is complex and not well
understood (Kreeger and McNeil 1992). The specific timing of natural smolt migration depends on
the physiological state of the fish and on local hydrologic conditions. Abiotic factors that are known
to have a primary influence on young salmon migration include photoperiod/date, water temperature,
and flow. Other factors which may affect migration include barometric pressure, turbidity, flooding,
rainfall, species, stock (e.g., fall-run or spring-run), life history stage, degree of smoltification, parental
origin (e.g., hatchery or wild), size of juveniles, location (e.g. distance from the ocean), food
availability, etc. (Burgner 1991, as cited by Kreeger and McNeil 1992). In addition to all of these
factors that make it difficult to predict outmigration behavior, there is limited understanding of the
factors that control the pathways taken by juvenile salmonids as they migrate through the complex of
channels that make up the geometry of the Delta.

Relevance

The interaction between seasonal timescale variations in upstream hydrology and strong tidal forcing
within the Delta’s complex network of channels has made it difficult to clearly identify the effects of
water management actions on survival and recovery of endangered juvenile salmon populations.
Nonetheless, long-term studies (e.g., Anadromous Fish Restoration Program’s (AFRP) Delta Action
8) have generated working hypotheses that water exports reduce survival of juvenile salmon migrating
through the central and southern Delta. Although these studies have historically been a key source of
information for water project and fisheries agency managers, what remains unclear is the proportion
of the population subject to these lower survival rates and, more generally, how survival rates
compare between channels and between regions under a wide variety of physical conditions, such as
Sacramento River flow rates, Delta Cross Channel (DCC) gate operations and export rates.



The need to understand the effects of current and proposed water project operations on survival of
endangered salmon populations is vital and time critical. While salmon runs have been on the rise in
recent years, the 2008 returns of fall run Chinook at Sacramento and San Joaquin River hatcheries are
at all time lows (San Francisco Chronicle, 10/30/2007). Thus, it is important to conduct process-
level studies on salmon now, before their numbers are reduced to levels which further constrain water
supplies and make scientific inquiries difficult (as is currently the case with delta smelt). This
information is needed to better understand how existing operations (reservoir releases and DCC gate
operations) effect fish populations to determine if current operations can be improved to enhance the
overall survival of outmigrants as the move through the delta. Beyond this immediate need,
information on salmon outmigration is needed to assess the efficacy of ongoing and planed large-
scale restoration efforts throughout the Central Valley and within the Delta that are designed to
improve habitats for salmonids and increase their populations. Moreover, this information is needed
to design, and determine operational criteria, for proposed structural changes in the Delta, such as
those proposed in the Bay-Delta Conservation Plan (BDCP) (http://www.resoutces.ca.gov/bdcp/),
the Through Delta Facility (TDF), and batrriers/gates at Threemile Slough and False River, among
others. The results from this effort will provide information that is essential for ongoing
management actions and future political processes such as Governor Schwarzenegger’s Blue Ribbon
Delta Vision task force, and agency planning processes such as DWR’s Delta Risk Management
Strategy (DRMS), and CALFED’s Bay-Delta Conservation Plan (BDCP) and Delta Regional
Ecosystem Restoration Implementation Plan (DRERIP). Finally, these results should provide
valuable information needed to manage the salmon fishery in the face of possible changes associated
with global warming, such as changes in the quantity and timing of fresh water entering the Delta, and
sea level rise and temperature increases.

Unfortunately, with our current level of understanding of salmon outmigration and survival we
cannot predict, with any degree of certainty, the impacts of proposed significant physical and
operational changes on the survival of juvenile salmon in the Delta. This lack of understanding could
significantly delay/constrain the implementation of proposed changes in the system. Or, worse yet,
this lack of understanding could lead to significant after-the-fact negative unintended consequences
caused by ill-informed structural or operational changes.

This study is motivated by the following question:

How do we manage the bay/delta system, using changes in water project operations,
changes in geometry and plumbing (barriers, tide gates, canals), or through restoration
efforts, to maintain or improve the survival of Sacramento River salmon outmigrants within
the Delta in the face of potentially dramatic changes, such as changes in delta conveyance
and global climate change?

Physical Setting

The Delta is a complex network of natural and man-made channels confined behind levees that are,
for the most part, covered with rock. From the air, the delta appears incredibly complex, yet the
geomorphology within individual channels is typically devoid of the bathymetric variability
characteristic of natural river channels - deep areas on the outsides of bends and point bars on the
insides of bends are rare. For example, the Clarksburg bend, described in detail later, is one of the
few deep channel/point bar systems in the delta. Motreover, the narrow shallow vegetated
environments that typically border the deeper water areas in natural channels are virtually non-



existent in the delta. Thus, the channels in the delta are essentially prismatic, armored canals that
have been optimized, over the years, to convey water and to protect adjacent lands from flooding. As
a consequence, many of the channels in the delta provide little in the way of suitable refugia and
rearing habitat for Sacramento River salmon outmigrants

Juvenile salmon traversing the network of channels in the delta may take any number of migration
routes on their journey to the ocean. For example, Steamboat and Sutter Slough, entering the
Sacramento River upstream of the Delta Cross Channel (DCC), is one major route through which
juvenile salmon may migrate. The Sacramento River and numerous secondary routes through the
Delta also exist; including the Delta Cross Channel and Georgiana Slough, both of which may divert
fish into the central and southern Delta, where previous studies have shown reduced survival (U.S.
Fish and Wildlife Service, 1996; Newman and Rice, 1997; Brandes and McLain, 2001).

Added to the physical complexity of the Delta is hydrodynamic complexity that varies significantly at
daily to seasonal timescales due to natural processes, such as the tides and hydrologic cycle, and
human influences, such as reservoir releases, DCC gate operations, and export rates. Discharge and
water velocities within the Delta channels are not only influenced by the river flows but are strongly
influenced by the tidal flow and stage, which can vary both at daily and fortnightly (14-day) time
scales. The influence of the tidal flows and stage varies directly with proximity to the ocean and
inversely with river flows: at a given location, the influence of the tidal flows and stage decreases as
the river flow increases. The tidal flows and stage not only affect the discharges and water velocities
within a given channel, they also affect how the total river discharge is distributed among the channels
at junctions (Dinehart and Burau, 2005b). For instance Dinehart and Burau (2005a), found that water
enters the Delta Cross Channel from downstream during flood tides and the flow in the Sacramento
River virtually bypasses the DCC altogether during ebb tides.

The Delta is also affected by numerous human demands on its water resources. In addition to in-
Delta agricultural use, the State Water Project (SWP) and Central Valley Project (CVP) export water
out of the southern Delta for agriculture and human consumption in the southern regions of the
State. Water project operations affect the net (tidally-averaged) discharge throughout the south,
central and western Delta, and at some locations, water can flow in a net upstream direction
(depending on the difference between exports and inflows). The Delta Cross Channel, a man-made
channel used to divert flow from the Sacramento River into the central and southern Delta, is a
critical component of the CVP and is also relevant to SWP and Contra Costa Water District (CCWD)
exports, especially in the late summer and early winter periods. The diversion of Sacramento River
water through the DCC into the central delta reduces salinities in the central and southern Delta so
that water can be exported by the water projects.

Flow into the DCC is controlled by radial gates; changes in the position of the DCC gates has the
principal effect of significantly, and in a step function fashion, changing the geometry of the north
delta. When the gates are closed, the north delta is completely isolated from the Mokelumne system,
as it was historically. When the gates are closed the net flows in the Sacramento River downstream of
Georgiana Slough, and the net flow in Sutter and Steamboat Sloughs (in channels upstream of the
DCC) and in Georgiana Slough increase (see appendix A), potentially influencing the routes taken by
outmigrating juvenile salmon. Indeed, preliminary results from the north delta pilot, discussed in the
next section, suggest this is the case. Conversely, when the DCC gates are open, the hydrodynamics
of the north delta and Mokelumne River system interact, resulting in a decrease in the net flow in
Sutter, Steamboat, Georgiana Sloughs and the Sacramento River downstream of Georgiana Slough.
The primary impact of DCC gate operations on the north delta is a step function (and predictable —
see appendix A) change in how the flows are distributed among the channels in the north delta. The



Mokelumne River system, on the other hand, is transformed from a system that is dominated by the
tides when the gates are closed, to a system that is dominated by advection of water that passes
through the DCC when the gates are open. The step function change in the hydrodynamics of the
Mokelumne system due to gate operations has unknown consequences for Mokelumne River salmon
and steelhead outmigrants (J. Miyamoto, personal communication).

Fisheries Impacts

As migrating fish enter the Delta from the Sacramento River, the population is distributed within the
delta’s complex network of channels. Each migratory pathway has a unique set of biotic and abiotic
processes that affect migration rates, predation rates, feeding and growth rates, and ultimately,
survival. For example, fish entering the central and southern Delta must traverse longer routes and
are subject to entrainment at the CVP and SWP, both of which may decrease survival of juvenile
salmon using this migratory pathway (Brandes and McLain, 2001). Population-level survival rates of
juvenile salmon migrating through the Delta are driven by 1) the proportion of the population using
each migratory pathway, and 2) the survival rates arising from a suite of processes unique to each
migratory pathway. Many of these processes vary at scales that are relevant over the period of the
outmigration within a given year and between years. For example, the locations where predators
congregate and feed are thought to vary seasonally and between years, although very little work has
been done on this issue. Researchers have long speculated that striped bass, in particular, migrate
between channels and between regions at daily to seasonal timescales (Vogel, personal
communication). Finally, natural and human-imposed variations in discharge, water velocities, and
water routing affect the distribution of salmon outmigrants among channels, and affect survival
within each channel, ultimately affecting survival of the outmigrant population as a whole.

2. SUMMARY OF PREVIOUS WORK

Currently, there is poor understanding of how human-imposed and natural changes in water
distribution affect route selection and route-specific survival of outmigrating juvenile salmon.
Historically, salmon outmigration studies have been conducted at the scale of the Delta: single one-
time large releases of coded-wire tagged salmon into the Sacramento River between the city of
Sacramento and Walnut Grove (with release times governed by trucking logistics) followed by
trawling conducted at Chipps Island. This approach treats the entire Delta as if it were a “black box”.
Results from studies conducted in this way tells us nothing about how the population was distributed
among the various channels in the Delta, where the mortality occurred and what caused the mortality.
The proposed study seeks to get inside the “box”; it is specifically designed to monitor where the
salmon went, what their survival was within individual channels and how the things that we can
control, such as Sacramento River flows, DCC gate operations and export rates, affect the ultimate
survival to Chipps Island on a junction-by-junction, reach-by-reach basis. Moreover, past studies
have often been conducted without regard to controlling physical factors such as tidal current phase,
spring/neap cycle, solar cycles and turbidity (Brandes and McLain, 2001). More recently, however,
studies began to integrate the movement of salmon outmigrants with hydrodynamic and
meteorological measurements (Blake and Horn (in press)a,b, Dinehart and Burau, 2005a,b). For
example, recent work by the USGS has shown that operation of the DCC not only affects the
discharge in the Sacramento River, but the discharge in Sutter, Steamboat and Georgiana Sloughs (see
appendix A) suggesting that the impacts of DCC gate operations on salmon outmigrants is regional in
scale and that these impacts must be studied, at a minimum, throughout the north Delta region.



Moreover, the entrainment of juvenile salmon in junctions can be quite complex, owing to the spatial
complexity and temporal unsteadiness of the tidally driven current structures within junctions
(Dinhart and Burau, 2005). For example, Vogel (2004) showed that reversing tidal flows in the
Sacramento River can advect juvenile salmon past a junction, only to have these same fish entrained
into other channels such as the DCC or Georgiana Slough on the next tide. Because of these
observations we hypothesize that changes in DCC operations (1) primarily influence the distribution
of juvenile salmon among the various north Delta channels (e.g. route selection) because the DCC
gates primarily influences the flow splits within the north delta junctions, and, (2) secondarily, the
survival within these channels because of the changes in the net flows caused by gate operations (see

appendix A).

Results from North Delta Pilot

The primary goals of the north delta pilot studies were aimed at testing a variety of state-of-the art
measurement techniques and analytical approaches in preparation for the study described in this study
plan. To account for variations in tidal conditions, fish were released over a 24 hour period. A total
of 96 fish were released when the DCC was open (December 14, 2004) and the net Sacramento River
flow at Freeport was approximately 19,600 cfs. An additional 150 fish were released at the same
location when the DCC was closed (January, 2007), and the net Freeport flow was approximately
11,300 cfs. A brief description of the statistical models applied to these data is described in
Appendix B. These investigations were limited in scope; notably, detailed measurements at Clarksburg
Bend in the Sacramento River and the deployment of a handful of acoustic telemetry stations in the
north delta. Nevertheless, preliminary results for the North Delta Pilot study, in which ~16
hydrophones were deployed in two different configurations based on DCC gate position (figures 2.1
and 2.2), showed that both route selection and reach-specific survival depend upon Sacramento River
discharge and DCC gate position. These preliminary conclusions are based on a total of ~250
acoustically-tagged fish released near the city of Sacramento. Figure 2.3 summarizes the principal
results from the two pilot study releases. From figure 2.3 we can see the data strongly suggest: (1)
when the DCC gates are closed the probability that salmon are entrained in Sutter, Steamboat and
Georgiana Sloughs increases, which is consistent with increases in discharge in each of these channels
when the gates are closed (see appendix A), (2) survival in every channel was higher at the higher
discharge: survival in the Sacramento River increased by ~20% between the city of Sacramento and
Sutter Slough, by ~8% in the reach between Steamboat Slough and the DCC, and ~15% between
Georgiana Slough and Cache Slough. (3) Survival in Georgiana Slough is consistently lower than in
any other channel where survivals were estimated. And, finally, (4) the precision in the survival
estimates are progressively lower (error bars increase) farther into the system because the number of
fish passing through the lower reaches is less. The sample size in channels farther from the release
sites are reduced because: (1) the total number of fish are progressively distributed into a greater
number of pathways, and (2) mortality occurs as fish traverse the system, leaving fewer viable fish to
traverse channels at greater distances from the release site. To our knowledge these are the first
estimates of juvenile salmon route selection and sutvival probabilities in the bay/Delta system.

There were a couple of channels for which we had survival rates from both pilot study releases and
thus we can plot the survival in each channel versus the Sacramento River flow as is shown in figure
2.4. The two survival estimates computed from the pilot study data are plotted with their associated
error bars (at the 95% confidence interval) within each panel for each reach — the dashed lines are
fictitious relations that fit the data. Ultimately, we propose to establish survival vs the individual
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Figure 2.1 — Acoustic tag receiver locations for the 2006-2007 pilot study — DCC gate closed configuration.
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Figure 2.2 — Acoustic tag detection locations for the 2006-2007 pilot study — DCC gate open configuration.



Survival and Channel Entrainment probabilities
at the 95% Confidence Interval

LLGLHLD

Feeach Survival Probakility
19,590 ¢ fs MDee, 2006 DCC: Opan
11,300 s (Jan, 2008  DOC Ooed

Roule Selec lkn Probabllity
19,590 offs (Dhac, 200 OCC: Opan

-

11,300 els { fan, 7006 DR Closad

Change in discharge - 825 oy

80.0+-13.0 k]
f1S1) 640, 150 )

2O4-12.1

11 hen gaoe e dosed  graabay entreinmant In
Sut, Stm and Geargiana - consdstent with incradses in

2 Sundval In saary channel Increased at highey fows
4 Survival in saci nemased by 198,80 and 15.1%

b Survival [ Gaongian s Incrsasad by 334%
31 Prachilon Incrassa downitrasm bacaiusa J
sample 9258 dacririas - unctions. maortal iy . {
#5urdval s consistently lowerinGeoglana /£ e
i o i

Figure 2.3 — Summary of the survival and entrainment probability estimates for the 2006-2007 pilot
study.
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Figure 2.4 — Survival versus discharge relations for several reaches based on the 2006-07 pilot study
results. The dashed lines are purely for illustrative purposes and are intended to show that obtaining
survival discharge relations is one of many possible analytical approaches we propose to use in this
investigation.



channel discharge relations over a broad range of flows and DCC gate operations for every reach
where data are available from the proposed 2008-09 regional study as a first step in the development
of predictive management tools. Relationships like this will form the statistical linkage between the
tidally averaged hydrodynamics, which we can model accurately now, and salmon outmigration in a
management tool to be discussed.

These preliminary results suggest that survival increased with increasing discharge in every channel
where comparisons between releases could be made. From these results, we hypothesize that the
increased travel time through the system associated with the lower Sacramento River flow rates may
be responsible for the reduced overall survival. However, at this writing these conclusions are
preliminary, particularly when the error bars associated with these results are taken into account
(figure 2.4). The error bars shown in figure 2.4 are primarily a function of the small number of
acoustically tagged fish used in the pilot study. Detection probabilities at the receivers can also play a
role in the precision of the survival estimates (as is discussed in Appendix B), however, during the
pilot the detection probabilities were very good (~1.0). Indeed, one of the principal objectives of the
proposed study is to: (1) further investigate the implications of discharge dependent route selection
and survival rates in relation to proposed structural and operational changes and (2) reduce the
uncertainty in the survival rate estimates by using a larger sample size (e.g. more fish)(see “Estimating
Sample Size and Precision of Survival Estimates” for details). It is important to note that unlike the coded-
wire-tag studies of the past (Brandes and McLain, 2001), the statistical power (e.g. error bars)
associated with the survival estimates are an intrinsic feature of the statistical models that will be used
in this investigation.

The possible inverse relation between juvenile salmon survival and discharge at low flows implies that
existing instream withdrawals, as well as proposed withdrawals from the Sacramento River through a
number of options considered under the BDCP, an expanded DCC, or a Through Delta Facility
(TDF), could increase mortality within the channels in the north Delta (see figure 2.4). Although very
preliminary, the pilot study results suggest that decreases in survival associated with any withdrawals
from the Sacramento River (DCC, TDF or a number of BDCP options) may need to be taken into
account in the design and operation of these facilities, if they are built. Hopefully, significant
decreases in survival, if they exist, will be limited to withdrawals that occur during low flow periods.
The proposed studies aim to document the dependency of reach specific survival on discharge and
DCC gate operations, if it exists. Reach-specific survival, as well as route selection, will be studied
using mark-recapture models based on the data collected from an array of roughly 40 listening
stations deployed throughout the north, western and central Delta described in detail in section 6
(“Mark-recapture modeling”) (figure 4.1).

Total discharge is not the only factor effecting survival. For example, the correlation between
day/night behaviors with the tidal cutrents may also control transit time, at shorter timescales
(Appendix C). The relative phase between the solar cycle (day/night/crepuscular periods) and the
tidal cycle (flood vs ebb) may also influence transit times and exposures to predators. The predator
tield is likely to also be non-stationary at a variety of timescales and may also vary in relation to
hydrodynamic conditions. Since many predators are associated with structure (docks, sharp bends,
etc.), local, spatially distinct, and, perhaps hydrodynamically driven, “hot spots” may, in fact,
substantially contribute to overall reach survival. Thus, predation is likely not continuous along a
given reach but may occur in discrete highly localized areas. Although this study is not intended to
directly address these “hot spots”, some level of site specific information will be obtained through
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proposed mobile tracking efforts. Still, these “hot spots” could be very important as a management
tool - potentially forming the basis of site specific restoration efforts, and/or design of future facilities
or reconfiguration of existing facilities aimed at reducing predation of juvenile salmon.

Clarksburg Bend Experiment

Recent research by Blake and Horn (in press; a, b) has shown that juvenile salmon approaching
channel junctions are not entrained in proportion to distribution of the flows (e.g. net discharges) in
junctions. For fish to “go with the flow” salmon outmigrant spatial distributions would, on average,
have to be homogeneous. These authors hypothesized that salmon are not homogeneously
distributed in the water column and that secondary circulation (Dinehart and Burau, 2005b)
concentrate juvenile salmon on the outside of river bends (figure 2.5) where they are more likely to
become entrained in channels located on the outside of river bends. Every single junction in the
Sacramento River is located on the outside of a bend in the river (figure 2.6) and thus secondary
circulation may play a role in how salmon are distributed among the channels of the north delta.

Preliminary results from a recent study conducted in Clarksburg bend in the winter of 2006-07,
showed that fish were predominately distributed on the outside of bend at night, while significant
“holding” and “milling” behavior occurred during the day (see Appendix C).
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Figure 2.5 — Detections of juvenile salmon on the outside of a bend in the Sacramento River immediately
downstream its junction with Georgiana Slough (Courtesy of Blake and Horn, in press)
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Figure 2.6 — All of the junctions on the Sacramento River are located on the outside of river bends.
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3. PURPOSE

The overarching goal of this salmon outmigration study is to:

Develop a management model to predict the impacts of management actions on salmon
survival.

Management actions include changes in geometry, such as modification of channel alignments at
junctions, battiers/gates in Franks Tract and elsewhere, as well as changes in operations, such as
changes in reservoir releases, export rates, DCC re-operations, and the Through Delta Facility (TDF)
and an expanded Delta Cross Channel (DCC) and numerous options proposed in the BDCP. This
management model, based on synthesis of the field data and computer models described in this
section, will also be needed to manage the salmon fishery in the face of possible changes associated
with climate change; such as changes in hydrology (quantity and timing of river inputs), sea level rise
and temperature increases. To be predictive over a broad range of conditions, these management
tools will need to incorporate a process-level understanding of the principal mechanisms that control
juvenile salmon route selection and survival. This, of course, will not be easy, particulatly in the
tidally dominated and heavily managed bay/Delta system. Nonetheless, with multi-billion dollar
modifications to the Delta being seriously considered in the wake of Katrina and the possibility of
climate change, this process-level understanding will be needed to predict impacts on the salmon
fishery from both natural and human-induced changes. Indeed, the central challenge of this
investigation is the distillation of those processes that control salmon outmigration into the proposed
management tools.

The intent of this study is to associate salmon movements with physical factors such as current speed,
solar radiation, etc., and to incorporate field data and statistical sub-models directly into numerical
hydrodynamic transport models. This mechanistic approach makes the tacit assumption that physical
factors, such as river inputs, current speeds, turbidity and solar radiation are first order drivers of the
outmigration process and that biotic factors, such as species, stock (e.g., fall-run or spring-run), life
history stage, degree of smoltification, parental origin (e.g., hatchery or wild), size of juveniles,
location (e.g. distance from the ocean), food availability, and non-stationary predator fields are second
order drivers that can be “layered on”, or taken into account, after the impacts of the first order
processes are fully investigated. With process-based predictive tools, water project managers and
policy makers, will be able to evaluate the impacts of operational and physical changes on overall
salmon survival that fall outside the current physical and operational paradigms.

The way in which we propose to characterize the impacts of proposed management actions is
through the linkage of a series of statistical and mechanistic sub-models representing key processes,
such as salmon migration timing, route selection, and survival (Figure 3.1) using the following
methods.
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Figure 3.1 — Schematic representation of the interrelationships between the field experiments, statistical
modeling, deterministic (hydrodynamic) models and simplified management models.
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4. METHODS

A combination of field experiments and numerical modeling will be used in this investigation. Both
the field work and modeling will be investigated at two principal scales: (1) at the scale of the
junction, where mechanisms critical to route selection will be studied, and (2) at the scale of the
channel network, where reach-specific survival will be studied. This separation is partly for
conceptual and computational convenience, however, it is also based on data that suggests that
outmigrants spend very little time in junctions (order of minutes) (Vogel, 2004; Blake and Horn, in
press, a) compared to the time spent within each reach. For example, the outmigration time from the
City of Sacramento to Chipps Island is typically on the order of weeks (Brandes and McLain, 2001),
although transit times obviously vary with the Sacramento River flow. Thus, mortality within
junctions is assumed to be zero (although we know it occurs) so that junctions are studied and
modeled as a place where route selection, (or entrainment) occurs and mortality, wherever it occurs, is
assigned exclusively to the channel-segments. If this assumption is violated, we will know it from the
mobile tracking component of the proposed experiment in which location of defecated tags is
determined.

Overview — Combining the field data collection and numerical modeling

The field experiments, and the way in which information is exchanged from more complex models to
progressively simpler models, is based on separating the overall process of salmon outmigration into
route selection at junctions and survival within reaches. Ultimately, we hope to develop relations for
route selection and survival that depend on physical variables, such as flow splits and transit times,
respectively; variables that are well predicted by existing numerical models. Thus, the field
experiments will provide the data necessary to inform the development of a hierarchy of models,
beginning with state of the art high resolution numerical 3D models, which will inform, in a natural
progression, simplified models appropriate for use in a management setting (figure 3.1).

This study marks a significant increase in scale (spatial and temporal resolution) and cost over
previous salmon outmigration investigations, due in part to newly emerging technologies (Vogel,
20006). Given the large scale and interdisciplinary nature of the proposed field investigations, the field
work will, of necessity, be an integrated interagency endeavor; involving two USGS disciplines (Water
Resources, California Water Science Center (CAWSC); Biological Resources, Columbia River
Research Lab (CRRL)), the US Fish and Wildlife Service, California Department of Fish and Game,
and numerous private contractors (Dave Vogel, Natural Resources Scientists), in consultation with
US Bureau of Reclamation and California Department of Water Resources water project operators.
This increase in scale is based on the recognition that certain intransigent management problems
cannot be solved through years of small-scale, low budget, low statistical-power investigations.
Results from studies with a high degree of uncertainty are simply not very useful. If investments are
not made at the appropriate scale, solutions may never be found - no matter how many years the
problem is studied. To be successful, the scale of the study must match the intrinsic scale of the
problem. Experiments aimed at understanding the inherent complexity of salmon outmigration,
which necessarily involves numerous abiotic factors and behavioral responses that occur at a variety
of timescales within the context of a highly managed, tidally dominated, incredibly complex network
of channels, require a commensurate level of sophistication in their design, and in their temporal and
spatial coverage.
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The proposed investigation is unique in that it involves concurrent measurements of hydrodynamic
processes and salmon movements at a variety of spatial and temporal scales that are specifically
intended to develop and calibrate a hierarchy of interconnected statistical and deterministic models
(figure 3.1). The complex interactions between fish behavior, hydrodynamics and water management
actions occur at fine temporal and spatial scales which, when integrated over space and time,
determine the population distribution throughout the delta and overall survival rates that occur over
the duration of the juvenile salmonid migration season. It is our intention to develop simplified
management tools for predicting the impacts of various actions on the out-migration population,
based on a hierarchy of detailed models that explicitly encompass appropriate temporal and spatial
averages of behavioral responses of salmon outmigrants to the salient hydrodynamic processes.
Therefore, this study is designed to: (1) understand the fundamental mechanisms that govern how
salmon move through, and survive within the existing system and (2) use field data to develop
mechanistic models that predict how salmon will move through the system under substantially
changed conditions, such as a Delta that includes a various BDCP options or through delta facility.
None of the physical and biological models proposed in this investigation will be developed in the
absence of data collected at the appropriate scale. For example, at the scale of the junction, surface
current maps and transects of secondary circulation will be made at the junction of the Sacramento
River and the DCC as well as the junction of the Sacramento River and Georgiana Slough (see
section 5 “junction experiments”). Concurrently, acoustically-tagged salmon will be monitored at
these junctions so that behavioral responses to the hydrodynamic environment can be deduced.
These data will be used to: (1) calibrate and validate high resolution 3D numerical model simulations
of these processes at these junctions, (2) provide the 3D current structure for understanding the role
of bathymetric variations in the entrainment of juvenile salmon at junctions. The field data and
detailed 3D numerical model simulations will hopefully lead to mechanistically based entrainment
relations at these and other junctions in the Delta. Similarly, at the scale of the Delta, flow stations,
operated by the USGS, will collect hydrodynamic information that will (1) provide the boundary
condition data for the detailed 3D hydrodynamic calculations, (2) provide the data needed for the
calibration and validation of 2D numerical hydrodynamic model (RMA) (see section 6 “flow
network™) and (3) provide measures of the hydrodynamic conditions at many of the acoustic
telemetry receiver locations (see section 6 ““ delta scale experiment”).

Most of the acoustic tag listening stations (figure 4.1) will be placed at the flow station locations
(figure 4.2) so that correlations between current speed and the movements of acoustic tag salmon can
be made. The acoustic tag listening stations will allow us to develop statistical models based on well
known mark-recapture models. The mark-recapture models will provide route selection and survival
probabilities for the balance of the model development, and so on. To our knowledge this is the first
time, the field data, in terms of both the physical and biological measurements, and the statistical and
deterministic modeling efforts have been so tightly integrated, with the specific aim of developing
simplified management tools.

The field experiment proposed for the winter of 2008-2009 will involve detailed investigations at two
junctions (e.g. DCC and Georgiana Slough, figure 4.3), the so-called “junction experiments”
(component (1) in figure 3.1), where the mechanisms that control route selection will be studied in
detail, and a large network of acoustic tag listening stations (figure 4.1), where route selection
probabilities will be computed for numerous other junctions, and survival probabilities will be
estimated (components (2) and (3) in figure 3.1) throughout the Delta. The hydrodynamic data from
the junction experiments will be used to calibrate and verify a 3D numerical model (component (6) in
figure 3.1), applied to a limited area of the Sacramento River (figure 4.4) and the measured 3D tracks
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of acoustically tagged fish will be used to develop/calibrate the behavioral sub-models used in the 3D
particle tracking algorithms (component (7) in figure 3.1). The data from the receivers (figure 4.1)
will be used to develop route selection and survival probabilities for a range of discharges that will be
used to: (1) confirm the entrainment relations developed with the 3D particle tracking code, (2)
develop/calibrate route selection within the delta-scale 2D particle tracking model, and (3) provide
survival probabilities versus discharge curves for all of the channels covered by the receiver data
shown in figure 4.1 to be used by the 2D particle tracking model, (4) as necessary, provide route
selection and survival probabilities versus discharge curves for the simplified management model.

Finally, the proposed approach is, from start-to-finish, fully integrated across disciplines and between
the field work, the analytical tools and modeling efforts, which will allow us to link, hierarchically,
nine basic project elements as shown in figure 3.1. The following sections describe the component
parts shown in figure 3.1, which include a large field experiment (components (1),(2) in figure 3.1),
proposed for the winter of 2008-2009, involving 5000 acoustic tagged juvenile salmon, statistical
modeling (components (3),(5) in figure 3.1), numerical modeling (components (6),(7),(8) in figure 3.1),
the development of simplified models (component (9) in figure 3.1), and their linkages.

The following sections, where the various component parts are described in detail, are organized by
process; all of the work associated with route selection (both the field work and modeling) will be
discussed first, then the work associated with survival will be discussed next, followed by the fish
release strategy and the experiment timeline. We begin with route selection.
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5. ROUTE SELECTION

Route selection depends upon the tidal average of the interaction between (a) the spatial distribution
of salmon outmigrants up-current of a junction and (b) the tidal timescale evolution of the current
structure within the junction. Spatial distributions of salmon up-current of a junction depend upon
the interaction between local hydrodynamic processes (e.g. secondary currents) and subtle behaviors
that play out in a Lagrangian reference frame. These spatial structures evolve over fractions of an
hour to hours. Junction interactions, on the other hand, happen very rapidly, typically within
minutes. Thus, route selection may only minimally depend on behavioral responses that occur within
the junction, depending to a greater degree on spatial distributions that are created by subtle
behavioral responses/interactions to geometry-mediated current structures that occur up-cutrent of a
given junction. If this is true, changes in geometry could provide viable management alternatives for
controlling entrainment at junctions and thus overall survival.

The Junction Experiments (1)

The junction experiments are specifically designed to collect the data needed to understand the
mechanisms that control route selection. The goal of the junction experiments is to:

Understand the physical processes that control fine-scale movement and entrainment of
juvenile salmon in the Walnut Grove region (e.g. in Sacramento River junctions with the DCC and
Georgiana Slough).

To study route selection in the field we propose to simultaneously measure the: (1) hydrodynamic
conditions (e.g. current structures) and (2) the positions of acoustically tagged fish in three
dimensions within the junctions of the Sacramento River at the DCC and Georgiana Slough
(schematic figure 5.1; detailed deployments, figures 5.2, 5.3).

Hydrodynamic measurements

In terms of the hydrodynamic measurements, we propose to (1) measure the surface currents at half
hour intervals using high frequency radar (e.g. a CODAR, Seasonde) (figure 5.1), and (2) measure the
internal velocity structures using an autonomous survey vessel (e.g. SeaRobotics, USV1000) (Figure
5.4) outfitted with a downward-looking ADCP.

Surface Current maps

The surface currents will be measured at ten-minute intervals using high frequency radar (e.g.
CODAR, Seasonde). CODAR'’s SeaSonde system uses two radar antenna (figure 5.5) to triangulate
velocity vectors over an entire region (figure 5.6) based on Bragg scattering of small amplitude surface
waves (Cheng et.al., 2007). This approach has several advantages over the use of boat-mounted
systems that have been used in previous studies: (1) simultaneity of the measurements, (2) minimal
manpower requirements, and (3) no physical contact with the water by the measurement device.
Previous studies of the flow structures in the DCC used boat-mounted downward-looking ADCP’s
to traverse a set route within the junction. In order to minimize the standard deviation in the velocity
measurements the transecting boat should move slowly (particularly during periods near slack water),
the boat should move at a fraction of the water velocity whenever possible so that bottom tracking
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errors in the measured boat are minimized (see RDI manual, http://www.rdinstruments.com). Thus,
measurements of the velocity distributions measured in the Sacramento River in front of the DCC
took on the order of 1 hour to measure in previous investigations. Given the unsteadyness of the
tidal flows in this region, the velocities within the mapped region clearly changed over this 1 hour
measurement period. The use of high frequency radar collects data over the entire region at very high
frequency and so simultaneous measurements are achieved. To make measurements using a boat-
mounted system requires two people in the boat (one to drive the other to run the ADCP). Making
measurements continuously over several days, as is proposed in this study, would requires an
inordinate amount of manpower and expense. The use of the high frequency (hf) radar requires a
single person to make sure it is running, dramatically reducing the manpower requirements and
greatly increasing the safety of this experiment (e.g. people are not needed out on the water for long
hours under nasty conditions when surface current measurements are made using hf radar). The non-
contact aspect of this measurement technique is particularly noteworthy in the context of salmon
outmigration studies, since it keeps boats out of the water that could potentially alter behavior.

Internal velocity structures - Secondary Currents

The internal velocity structures, such as secondary currents (see figures 5.7, and Dinehart and Burau,
2005b), will be measured at multiple discrete cross sections up-current of each junction using an
unmanned, autonomous survey vessel (e.g. SeaRobotics, USV1000). (figure 5.4). These survey
vessels will dramatically reduce the manpower required to measure the internal velocity structures and
will improve the data collected (e.g. minimize hull affects, good side-bad side, etc.). Moreover, these
vessels will minimally disturb salmon as they move through each junction since the vessels are small
(~12 feet long, 12 in diameter), and are powered by an electric trolling motor.
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Figure 5.2 - Hydrophone and communication cable locations for arrays deployed in the Sacramento
River/DCC. Exact hydrophone and cable locations will be determined through detailed field reconnaissance
and testing conducted in the summer/fall of 2007.
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Figure 5.3 - Hydrophone and communication cable locations for arrays deployed in the Sacramento
River/Geotgiana Slough junction. Exact hydrophone and cable locations will be determined through detailed
tield reconnaissance.
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Figure 5.4 - - SeaRobotics USV 1000 unmanned survey vessel, whlch will be used to collect detailed transects of
the velocity structure upcurrent of the DCC and Georgiana Slough junctions.

28



Figure 5.5 - Radar antenna installed at Three-mile lough gage.
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Figure 5.7 — Example of secondary circulation measurement made in the Sacramento River at the Clarksburg
Bend. View is looking upstream; outside of the bend is to the left.

Turbulence measurements

If the management agencies allow a /2 open DCC gate operation, 2-3 upward-looking ADCP’s will be
deployed in the entrance channel of the DCC to measure the vertical shear and increased turbulence
intensity associated with an /2 open DCC operation. Turbulence intensity will be computed using the
variance technique outlined in Stacey, 2003 and compared in space and time to observed behavior of
tagged fish.

3D tracking of acoustically tagged fish

Juvenile salmon fitted with acoustic tags released into the Sacramento River near the I Street Bridge
will be tracked in three dimensions within Sacramento River junctions with the DCC and Georgiana
Slough (see schematic in figure 5.1). Currently, estimates of the 3D location of transmitter positions
is computed based on time of travel information recorded at a minimum of four hydrophones within
the tracking array (we may work on this algorithm as part of this investigation). Thus, hydrophones
will be arranged within each of these junctions in a configuration that permits transmissions from the
ultrasonic micro-transmitters implanted in the test fish to be received on a minimum of four
hydrophones as they move through the junctions (figures 5.2 and 5.3 — detailed deployment maps).
The 3D tracks of individual salmon within each junction will be related to the hydrodynamic
measurements within the Walnut Grove region using the “Data Fusion” 4D analytical framework
developed by Sonardata. The hydrophone arrays will be operated continuously for minimum of ten
days after each release. If the management agencies allow a /2 gate open operation, additional
hydrophones will be placed in the entrance channel of the DCC (figure 5.8) to capture the response
of the tagged fish to the increased water column turbulence associated with flow under the
submerged gate.
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Figure 5.8 — Side view of the DCC entrance channel showing the DCC radial gates in a half closed position.
This operation will create intense vertical shear and turbulence intensity which a series of upward-looking
bottom mounted ADCP’s will be deployed to capture.

3D Numerical Modeling (6)

At this writing, 1D particle tracking models (e.g. DSM2), that do not conserve momentum at
junctions and do not currently include particle behavior, are used to predict “fish movements” as part
of the decision-making process routinely used to manage water project operations in the delta. The
particle tracking models developed as part of this study plan will be based on 2D and 3D
formulations (which do conserve momentum at junctions) and will include particle behavioral sub-
models based on the field data collected as part of this study plan. Ultimately, the numerical
modeling will provide the conseptual framework for developing an increased understanding of how
salmon outmigration works in this system by explicitly testing various salmon outmigration models
against actual outmigration data.

The fisheries data (3D acoustic tag tracks) from the Clarksburg Bend pilot study (conducted in winter
2006-2007) and the data from the proposed study at the DCC and Georgiana Slough during the
winter of 2008-2009 will be used to develop behavioral sub-models for use in individual-based
particle tracking models. Pete Smith and others (in review), have successfully simulated the observed
secondary circulation in the Walnut Grove area using a semi-implicit 3D model known as Si3D
(Smith, 1997). The SI3D model uses a semi-implicit, three-time-level, leapfrog-trapezoidal finite
difference scheme on a staggered Cartesian grid (Arakawa C-grid) to solve the layered-averaged form
of the governing equations. The semi-implicit approach is based on treating the gravity-wave and
vertical-diffusion terms implicitly to prevent limitations on the size of the model time step for these
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terms from affecting the stability of the method. All other terms, including advection, are treated
explicitly. The approach avoids using mode splitting to solve the problem posed by a system of
equations that supports both fast (barotropic or external) and slow (baroclinic or internal) waves. The
iterative leapfrog-trapezoidal algorithm for time stepping gives second order accuracy in both time
and space. The objective of using trapezoidal iterations is to remove the well-known computational
mode associated with the leapfrog discretization (Durran, 1998) and to increase the stability of the
code. Further details of the algorithm were reported by Smith (20006).

We propose to use a version of Si3D, a fully three-dimensional hydrodynamic model, developed by
Dr. Fancisco Rueda, currently a professor at the Universidad de Granada, Spain, to generate the 3D
velocity fields for the particle tracking experiments. Dr. Rueda’s version of Si3D, includes numerous
advanced turbulence closure schemes as well as memory mapping (Rueda, 2001), which will allow us
to simulate the region shown in figure 4.4 to the desired resolution. Francisco, and a post-doc, will
run Si3D based on bathymetry data and boundary condition data supplied by the USGS. They will
calibrate and validate the flow fields against data collected in Clarksburg Bend, the DCC and
Georgiana Slough junctions.

3D Particle Tracking (7)

Once the modeled flow fields satisfactorily match the field data (specifically the CODAR surface
current maps and the down-ward-looking ADCP transects made by the Searobotics USV-100’s and
using averaging following the procedures discussed in Dinehart and Burau, 2005b), numerous particle
tracking experiments will be run with differing particle behaviors in an attempt to match (in some
statistical sense) the observed three dimensional movements of tagged juvenile salmon within the
Sacramento River junctions at the DCC and Georgiana Slough. Measured flow fields, model
generated flow fields, 3D tracks of acoustic-tagged juvenile salmon and model generated particle
tracks will be compared within the “Data Fusion” 4D analytical framework developed by Sonardata.
If the 3D movements of juvenile salmon can be modeled using individual-based particle tracking
algorithms within the flow fields generated by Si3D, we propose to: (1) experiment with different
channel alignments as a means of altering entrainment at a given junction and (2) develop add-hoc
2D junction entrainment relations that can be incorporated into RMA’s 1D-2D model to look at
system wide impacts of various management strategies on route-selection and survival. Finally, while
it is not practical with existing computer resources to run large scale simulations of salmon
outmigration in a management context, we hope, as discussed eatrlier, to collapse the results of the
field data and numerical modeling into a simple tool that would allow managers to quantify the effects
of various day-to-day management actions on salmon outmigration survival, such as DCC gate
and/or Delta Conveyance operations.
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6. SURVIVAL

Unlike junction interactions, which occur at timescales of minutes, survival within a given reach
depends on transit times (exposures) that, in the north Delta, are on the order of days (Vogel, 2004),
and, in the central and western Delta can be on the order of weeks (Brandes and MclLain, 2001).
Transit times to a large extent depend on hydrodynamic processes, which in the case of reach
survival, most likely depend upon the discharge (velocity) in a given reach. The velocity in a given
channel is, in turn, primarily a function of the Sacramento River inputs, and secondarily, DCC gate
operations (Appendix A).

Delta Scale Experiment (1): A Distributed network of acoustic telemetry receivers

The goal of the delta scale experiment is to:

Estimate reach-specific survival probabilities and junction-specific route selection
probabilities for juvenile salmon outmigrants in response to a range of discharge and DCC
operations.

Receiver placement strategy

The proposed network of receivers shown in figure 4.1 was specifically designed to (1) estimate route
selection probabilities at each junction and (2) survival probabilities within each reach. To accomplish
this, (1) receivers are placed within each channel at each junction to estimate route selection
probabilities and (2) at the upper and lower ends of each reach to estimate the route selection
probabilities. In the case of the junction of the Sacramento River with the DCC and Georgiana
Slough, the 3D systems shown in figure 5.1 will be used instead of the deployment of individual
recievers. The network shown in figure 4.1 will allow us to compare total survival (e.g. to Chipps
Island) under a variety of conditions at a number of different spatial scales: between reaches, between
regions and against losses at the export facilities, Snodgrass Slough and within the Cache
Slough/Liberty Island complex.

Station redundancy

A number of sites will have multiple receivers, often for different reasons. For example, completely
redundant stations will be placed at several locations because they are absolutely critical for
computing route selection and survival probabilities on key junctions and reaches, respectively. These
stations include SUTu, STMu, TMS, and all of the sites that encircle Franks Tract. At other locations,
the statistical model requires multiple sites to compute both survival and detection probabilities
(Appendix B). These sites are located at the boundaries of the network and include: MAL, LIB, SHP,
SND, PRI, ORQ, HOL, DCH, SWP, CVP. At sites with very wide cross sections, four hydrophones
are needed to ensure acoustic “coverage”. For example, two completely separate 4-hydrophone
systems will be needed at the Mallard Island station, (MAL, figure 6.1) so that survival and detection
probabilities can be computed. Individual four-hydrophone systems will also be needed at stations
DEC (figure 6.2), JPT (figure 6.3), and SAN (figure 6.4) for complete acoustical coverage in these
locations because they also have “wide” cross sections.
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Figure 6.1 - Proposed 4-port system: hydrophone and communication cable locations in the Sacramento River
at Mallard Island (MAL). Exact hydrophone and cable locations will be determined through detailed field
reconnaissance and testing conducted in the summer/fall of 2007.
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Figure 6.2 - Proposed 4-port system: hydrophone and communication cable locations in the Sacramento River
at Three-Mile Slough (DEC). Exact hydrophone and cable locations will be determined through detailed field
reconnaissance and testing conducted in the summer/fall of 2007.
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Figure 6.3 - Proposed 4-port system: hydrophone and communication cable locations in the San Joaquin River,
at Jersey Point (JER). Exact hydrophone and cable locations will be determined through detailed field
reconnaissance and testing conducted in the summer/fall of 2007.

37



1.

\ 5an Joaquin River @ San Andreas Pt.

Legend
@ Hydrophone placement
Cable

“Google”

Eyve alt ETARE It

Figure 6.4 - Proposed 4-port system: hydrophone and communication cable locations in the San Joaquin River,
at San Andreas Point (SAN. Exact hydrophone and cable locations will be determined through detailed field
reconnaissance and testing conducted in the summer/fall of 2007.

Station Servicing

Servicing roughly 40 sites spread throughout the Delta (figure 4.1) will be a very large logistical
challenge, involving lots of people and multiple boats. Thus, we’ve spent a great deal of time
experimenting with a number of different ways of powering the receivers to extend the required
servicing interval for each site. The multiport sites at MAL, DEC, JPT, and SAN (figure 4.1) require
shore (A/C) powet, so powering and servicing these sites will be relatively easy, although they will be
susceptible to power outages. After extensive testing, we’ve decided to power each receiver using two
72 pound, Trojan t145 batteries. This configuration will give us about 9.5 days of battery life, which
allows for a weekly (7 day) servicing interval for the receivers, giving us about 2.5 days of cushion for
bad weather, staffing or mechanical problems, etc. We plan on using two crews to service the
receivers on three consecutive days in the three regions indicated by the green lines on figure 4.1.
Barring extremely bad weather, servicing each region should take a day (given the short days in mid-
winter). We plan on telemetering all of the data (including battery voltage) from all of the receivers,
so that instrument malfunctions can be quickly identified and corrected. “Sentinel” tags will be
placed adjacent to each site, to verify the equipment is working properly. The data integrity from
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each station will be remotely evaluated on a daily basis using the telemetered data downloads from
each station. Telemetery of the data will also allow us to process the data as the experiment
proceeds. This will be particularly useful at stations that border Cache Slough and the lower
Mokelumne, the data from these stations will be critical for determining if a change in gate position is
possible. A separate boat and crew will be available 7 days a week during the execution of the
experiment to make receiver repairs as necessary. Crews will launch at Happy Isles marina on Miner
Slough to service region (A), at B&K Marina on the Mokelumne to service region (B), and at Brannan
Island State Park, to service region (C). The four port systems require AC power, and, thus, servicing
of these stations will involve downloading the data and a check of system integrity. Stations DEC
and MAL will be accessed by vehicle, all other stations (except the receivers at the export facilities)
will be accessed by boat. For information on receiver testing and data processing, see Vogel, 2004.

Regional Differences

Based on hydrodynamic/geometric considerations, we expect salmon will “move” differently within
different regions in the system (figure 6.5), which we expect will influence survival within these
regions. For example, hydrodynamic conditions change dramatically as salmon pass from the north
Delta into Cache Slough, and, similarly, when they pass from the Mokelumne system into the San
Joaquin River (Vogel, 2004). At these transitions, the net currents fall off dramatically while the tidal
currents increase: in both cases the tidal to net cutrent ratio, u’/<u>, goes from about 1 to 10 (see
figure 6.6). As a consequence, salmon move relatively rapidly though both the north Delta and
Mokelumne systems. However, once salmon outmigrants enter either Cache Slough or the San
Joaquin River, their net movement downstream is arrested and they tend to be moved large distances
by the tidal currents (Vogel, 2004). Thus, changes in the net currents have relatively less influence on
outmigration, once salmon reach the strongly tidally influenced regions in the Delta. We propose to
operate the gates up until the time we believe the acoustic-tagged salmon will have entered the San
Joaquin or Cache Slough, about 10 days. In order to change gate operations as soon as is practical,
we plan to process the data from the listening stations that border Cache Slough and the listening
station in the lower Mokelumne River in real time which will allow us to make a change in the gate
position significantly affer the observed peak migration past these stations has occurred.

Referring to figure 6.6, we expect salmon to “move” relatively rapidly in the north Delta and
Mokelumne regions. Both the Snodgrass and Cache/Lindsey regions are dead end sloughs, the net
currents are near zero in these areas and, as a result, these areas could be locations of either long
residence (e.g. these areas could be good rearing areas) or high mortality (e.g. good predator habitat).
Two receiver stations are placed in these locations so that both survival and detection probabilities
can be computed. The west Sacramento and San Joaquin regions are characterized by weak net flows
and strong tidal currents and thus the transit times through these regions are likely to be long.
Exchange into and out of Franks Tract and survival within Franks Tract is totally unknown at this
time; however, we expect both exchange into Franks Tract and survival to be strongly governed by
the tides. Thus, each of the entrance channels to Franks Tract will have two receivers for: (a)
redundancy, and (b) to determine direction of travel and potentially speed (|distance between
stations]/[time between detections]. One of the receivers in each of the entrance channels to Franks
Tract will be associated with a flow station (compare figures 4.1 and 4.2), so that water velocity
measurements can be compared to the “fish speeds”. Finally, once salmon “move” into the south
Delta region, export rates will likely begin to influence their movements. Transit times to the pumps
from stations HOL, ORQ), PRI (figure 4.2) will be compared to the net velocities measured at USGS
flow stations at Old and Middle River (stations OLD and MID in figure 4.2). Finally, receivers will

39



Figure 6.5 — Hydrodynamically distinct outmigration regions.
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Figure 6.6 — Color plot of the ratio of the tidal current amplitude, v, to the residual current <u> ratio,
u’/<u>. In this plot regions of warmer colors are dominated by the tides; whereas, regions with cooler colors
are dominated by advection (river inputs and export rates).

be placed in the export facilities to monitor “entrainment’ at the pumps. In summary, regional
differences in transit times and survival will be compared to hydrodynamic measurements (e.g.
discharges and velocities) made throughout the system (figure 4.1).

Site Specific Details

There are a number of site-specific details inherent in the network shown in figure 4.1. In what
follows, we discuss these details. Relatively few receivers (16) were available during the 2006-07 pilot
study, so we set up the network to compute aggregate survivals. For example, we set up the receiver
network to compute the aggregate survival in both Sutter and Steamboat Sloughs (figure 2.1). And,
similarly, the 2006-07 network on the Mokelumne system was set up to compute the combined
survival from both the north and south forks (figure 2.2). For the 2008-09 study, we propose to add
a number of stations that will allow us to compute the survival within individual reaches. In the case
of the north Delta, we’ve added stations MINu and SUTd, which will allow us to compute reach-
specific survival in Sutter, Steamboat and Miner Sloughs. On the Mokelumne system, we’ve added
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stations at NFMu and SFMu, which will allow us to compute reach specific survival down each fork
of the Mokelumne system.

(1) Cache/Lindsey Region

Particle tracking and radio tagging results have shown that salmon outmigrants that exit Miner
Slough, Steamboat Slough and the Sacramento River into Cache Slough can be advected into the
Sacramento Deep Water Ship Channel and Liberty Island area on a single flood tide (Vogel, 2004).
Thus, we propose to install receivers at stations SHP and LIB to monitor the extent to which salmon
outmigrants use these areas and the survival rates within them. High predation rates in this region
could suggest the need for restoration (for example, increasing the size of the levee breach openings).

(2) Mokelumne Region

Given proposed changes in conveyance in the Mokelumne system, such as: (1) the TDF, (2) changes
in inlet geometries at the DCC and Georgiana Slough, (3) widening of the North and South Forks of
the Mokelumne River for flood protection and increased conveyance, (4) changes in DCC gate
operations, and (5) impacts of reduced diversion due to a TDF and a variety of BDCP options,
additional sites were added in the Mokelumne system (NFMu, SFMu, NFMd, SFMd), to explicitly
separate out travel times and survival rates between the north and south Forks.

(3) Snodgrass Slough

Roughly 30% of the flow that enters the DCC initially exchanges into Snodgrass Slough. This
exchange could “move” salmon outmigrants into this area. We’ve propose a station at SND, a dual
receiver site, to monitor exchange into, and predation within, Snodgrass Slough.

(4) Threemile Slough

The California Department of Water Resources is evaluating a barrier on Threemile Slough as an
element of the Franks Tract Project. A barrier operated tidally in this location could be used to repel
salinity intrusion from the Bay into the western San Joaquin River by creating a net flow from the
Sacramento River to the San Joaquin through Threemile Slough by closing the tide gates on flood
tides. This tidal operation has the potential to increase entrainment of salmon outmigrants traversing
the Sacramento River near Decker Island into the San Joaquin River. To collect baseline data on
entrainment of salmon outmigrants into Threemile Slough, two stations are proposed: (1) a pair of
receivers within Threemile Slough to monitor exchange through Threemile Slough and (2) a four port
system which will monitor the lateral spatial distributions of salmon outmigrants in the Sacramento
River (figure 6.2). Understanding the lateral distribution of juvenile salmon outmmigrants within the
Sacramento River near its junction with Threemile Slough will help us assess the likelihood of
entrainment of salmon into the San Joaquin based due to gate operations. For example, if
outmigrants move through this area predominantly within the Sacramento River on the side opposite
Threemile Slough, then we can conclude that gate operations are likely to have a minimal impact on
outmigrants in this region.

(5) Junction of Mokelumne with San Joaquin River (dashed lines in figure 4.1)

The Mokelumne River, where it meets the San Joaquin River, is neatly perfectly phase locked with the
San Joaquin. However, the tidal currents in the Mokelumne do turn about an hour later than on the
San Joaquin. Therefore, salmon outmigrants that exit the Mokelumne at the beginning of an ebb tide
are advected toward the bay in the San Joaquin to about False River on a single ebb tide, which is a
significant “push” towards the ocean. On the other hand, those outmigrants that exit the Mokelumne
at the end of ebb can be advected towards Old River and the pumps for the roughly hour period

42



when the Mokelumne and San Joaquin are out of phase. The group of stations highlighted by the
dashed lines in figure 4.1 will be used to document the extent to which tidal current phase determines
the fate of salmon that traverse the Mokelumne.

(6) Franks Tract (red lines in figure 4.1)

The California Department Water Resources is evaluating a number of different barriers in the Franks
Tract region, the data from these stations will provide a first look at the role Franks Tract plays in
salmon outmigration and will provide critical base line data for assessing these projects.

The stations connected by red lines in figure 4.1 (FAL, OS], ORQ, HOL, DCH) will be used to
monitor the exchange into, and survival within, Franks Tract. All of these stations will have two
receivers for redundancy and to determine direction of travel. All of the Franks Tract stations will be
associated with USGS flow stations.

(7) Export facilities

The number of acoustic tagged fish that reach the facilities will be monitored by stations CCG, CVP,
and SWP. Travel time and survival across Clifton Court Forebay will be computed as the difference
between detections at stations CCG and SWP.

Mark-recapture Modeling (3)

Based on the network of acoustic telemetry receivers shown in figure 4.1, we propose to develop a
mark-recapture model that will estimate both population distribution and survival rates within the
Delta. To fully understand population-level responses to both natural variation and human-imposed
management actions, we’ve proposed the Delta-wide approach shown in figure 4.1 (and just
discussed) that will explicitly estimate how juvenile salmonid populations distribute through the Delta
and survive within each migratory pathway. The goal of the mark-recapture model is to:

Develop estimates of parameters of population distribution through the Delta, including
route selection probabilities, survival probabilities of juvenile salmonids traversing different
migratory pathways, survival probabilities within regions in the Delta (figure 6.5) and overall
survival probabilities of the population migrating through the Delta.

Ultimately, this approach will combine information about population distribution and route-specific
survival rates to estimate the overall survival rate of the population migrating through the Delta.
Under this framework, researchers will gain a better understanding of population-level responses to
changes in water distribution, and resource managers will gain better information on which to base
important decisions affecting water and aquatic resources. With an emphasis on hydrodynamic
forcing we ask the following question:

How does the distribution of the net flows in the delta effect: 1) distribution of juvenile
salmon migrating through the Delta, 2) survival rates of juvenile salmonids negotiating
different migratory pathways, and consequently 3) survival of the population as a whole?

Traditional mark-recapture techniques that depend on the physical recapture of fish are incapable of
providing the level of detailed information needed to understand the complex physical and biological
processes acting on survival of juvenile salmonid populations migrating through the Delta. In
contrast, telemetry is a passive recapture technique that can provide detailed information on the
movement of individual fish. In addition, recent advances in telemetry technology have progressively
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reduced the size of transmitters, making it possible to study movements of juvenile salmonids without
significantly altering their behavior or survival (Hockersmith et al. 2003). Strategic placement of
telemetry arrays in the Delta will allow for individual-specific information on routes used by juvenile
salmon and migration timing through those routes. Specifically, telemetry arrays, like the network
proposed in figure 4.1, can be implemented under a mark-recapture framework to estimate survival
probabilities through various routes of the Delta.

Description of survival models

Historically, simple recapture rates of marked animals have been used as a survival “index”, but this
approach does not account for imperfect recovery of all marked animals alive at subsequent sampling
occasions (Nichols 1992). As a consequence, recapture rates will almost always underestimate the
probability of survival since the recapture rate is the product of both the capture probability (p) and
survival probability (§). Furthermore, if the capture probability is not constant over sampling
occasions then inferences about changes in survival will be invalid. The classical works of Cormack
(1964), Jolly (1965), and Seber (1965) developed the “CJS” model, which estimates both capture and
survival probabilities allowing for an unbiased estimate of survival probability. Since the ground-
breaking work of Cormack, Jolly, and Seber, much advancement has taken place in both the structure
of survival models and the framework within which they are implemented (Lebreton et al. 1992,
Williams et al. 2002).

Although numerous mark-recapture models have been tailored to meet the specific needs of fisheries
research (see Burnham et al. 1987, Pevan et al. 2000), the route-specific survival model (Skalski et al.
2002) comes closest to emulating the model structure that is needed for the Delta. This mark-
recapture model was developed to estimate survival probabilities of juvenile salmon as they migrate
through the Columbia River and pass through a hydroelectric project (for examples, see Counihan et
al. 2003 and Perry et al. 2006). This model estimates survival probabilities of fish migrating through
the reservoir (§,,,,) between an upstream release point (R) and the dam (Figure 6.7). Once fish arrive
at the dam, they may pass the dam through a number of available routes such as the turbines or the
spillway. By monitoring passage routes with telemetry equipment and recording detections of tagged
fish in each passage route, the model estimates the probability of survival through each passage route
(Spy> St and S5 Figure 6.7) as well as conditional probabilities of passing through each route (Sp, Tu,
and By; Figure 6.7). Both the passage distribution through all routes and the overall probability of
surviving dam passage can be estimated as functions of conditional survival and passage probabilities.
Specifically, the overall probability of surviving passage through the dam is estimated as the average
probability of survival through all routes weighted by the probability of passing each route.

Clearly, the physical settings of the Columbia River and the Sacramento — San Joaquin Delta could
not differ more, but conceptually, the problem is the same. What is the survival of fish passing each
route (i.e., passage route at a dam or migratory route through a specific channel in the Delta)? What
is the proportion of the population that is subject to each route-specific survival probability? And,
what is the overall survival probability through all routes? Most importantly, in both cases this
approach allows managers and researchers to explicitly answer the important question, “How do
management actions in the Delta (e.g., reservoir releases, DCC gate operations, export rates) affect
the distribution of fish passing available routes and in turn, how are survival probabilities affected by
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Figure 6.7 — Schematic of the route-specific survival model developed by Skalski et.al. (2002) and used by
Perry et al. (2006). Shown are fish release locations and R (R, and R)) and passage (Sp, By, and Tu),
detection (Psp, PBy, and Ptu) and survival probabilities (Spool, Ssp, SBy, and Stu). Circles numbers show
coding used in detection histories to indicate the route of passage of each fish. Lambda ([]) is the joint
probability of surviving and being detected by telemetry arrays downriver of the dam.
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these operations. Moreover, the spatial distribution of survival probabilities could suggest optimal
locations for restoration efforts aimed at increasing overall salmon survival.

Statistical approach and modeling framework

The foundation of the proposed mark-recapture model is based on the classic single release-recapture
models of Cormack (1964), Jolly (1965), and Seber (1965). Detection (or “capture”) histories of each
fish form the basis of these models and allow for the estimation of route-specific survival, detection,
and passage probabilities. In general, survival and detection probabilities are estimated by:

1) Creating detection histories for each fish.

2) Estimating the probability of each possible detection history from the number of fish with that
detection history (i.e., from the observed frequencies of each detection history).

3) Using maximum likelihood methods to find parameter estimates of survival, passage, and detection
probabilities that were most likely, given the observed data set of detection histories.

We will apply the USER software program (User Specified Estimation Routine) to implement the
mark-recapture survival model and estimate survival, detection, route-specific passage parameters
(Lady et al. 2003). To prepare the data for input into USER, telemetry records for each fish will be
summarized into detection histories to indicate the migratory-route of each fish and whether fish
were detected or not detected at recievers located throughout the Delta. For example, the route-
specific model uses a primary likelihood to estimate survival and passage probabilities and a
secondary likelihood to estimate route-specific detection probabilities. At Columbia River dams, the
detection history for the primary likelithood is typically composed of 3 digits indicating 1) the release
site (1 = upstream of the dam, 0 = tailrace), 2) the route of passage for each fish coded by numbers
ranging from 0 to 4 (see Figure 6.7), and 3) whether fish were detected (1) or not detected (0) at
telemetry arrays downriver of the dam. For example, the detection history 140 indicates a fish that
was released upstream of the dam and passed the dam via the spillway, but was not subsequently
detected by downriver telemetry arrays.

Each unique detection history has a probability of occurrence that can be completely specified in
terms of the survival, route-specific passage, and detection probabilities. For example, if a fish was
detected passing the spillway, then it survived through the preceding reach. Thus, the probability of
this event is the joint probability that it survived through the reservoir (§p,,), passed the spillway (Sp),
and was detected in the spillway (Ps,). However, if this fish was not subsequently detected at an array
downtiver of the dam, then two possibilities arise, 1) the fish died (1-,, the probability of not
surviving through the spillway), or 2) the fish survived the spillway but was not detected by downriver
telemetry arrays, S (1-A), the joint probability of surviving and not being detected. Therefore, the
probability of detection history 130 can be specified as Sp, - Sp*Ps, *(1-55,+5,.(1-1)).

The expected probability of each detection history is then estimated from the observed frequencies of
fish with that detection history. Given the expected probability of each detection history and its
probability function in terms of survival, route-specific passage, and detection probabilities, maximum
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likelihood methods are used to find the combination of survival, passage, and detection probabilities
most likely to occur, given the observed frequencies of each detection history. The maximum
likelihood function to be maximized is simply the joint probability of all possible detection histories.

Sampling variances for parameters estimated by maximum likelihood are calculated using the inverse
Hessian matrix provided by the USER software. Further details on the maximum likelihood methods
for estimating survival and detection probabilities, including estimation of theoretical variances, can
be found in Burnham et al. (1987), Lebreton et al. (1992), and Skalski et al. (2001). Additional
parameters, such as overall survival through multiple routes, can be estimated as functions of model
parameters. Variances for these parameters are calculated using the Delta method (Seber 1982).
Confidence intervals for all model parameters will be calculated using likelihood profile methods as
supplied in the USER software. Likelihood profile confidence intervals are presented as ranges
because profile likelihood intervals may not be symmetrical about the point estimate due to
asymmetrical likelihood distributions.

Dual detection arrays are another important aspect of the route-specific survival model that would
likely need to be implemented in this study. To estimate the proportion of fish choosing various
routes through the Delta, two independent telemetry arrays would be deployed closely-spaced
together at the entrance to each channel just downstream of a channel junction. These dual arrays
serve two important functions. First, the dual arrays allow for the estimation of detection
probabilities at the entrance to each channel by using the Lincoln/Petersen mark-recapture model
(Seber 1982). Without estimating the detection probability of arrays located at the entrance to each
channel, estimates of the proportion of fish using each channel may become biased if detection
probabilities differ between arrays at each channel entrance (e.g., arrays with lower detection
probabilities at one channel entrance will underestimate the proportion of fish passing into that
channel). Second, dual arrays will provide information on the direction of movement (upstream or
downstream) when fish are detected at both arrays. This information may be critical to minimize
errors in assigning fish to a migratory pathway in cases when fish are advected upstream during a
flood tide and enter and different migratory pathway.

The dual array is implemented as a secondary likelihood in the mark-recapture model and within-
route detection histories are used to calculate the detection probability of each dual array. Within-
route histories are composed of two digits and indicate whether fish passing through a dual array
were detected by the first array (10), the second array (01), or both arrays (11) within each route.

Assumptions of survival models

All survival models are subject to assumptions for valid interpretation of parameter estimates. These
assumptions relate to inferences to the population of interest, error in interpreting telemetry signals,
and statistical fit of the data to the model’s structure. Some of these assumptions can be explicitly
tested, while others can be fulfilled through careful study design. Where possible, we propose to
assess model assumptions to validate estimates obtained from mark-recapture survival models.
Assumptions are as follows:
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1) Tagged individuals are representative of the population of interest. For example, if tagged fish are
larger on average than the population of interest, then inferences may not apply to the unsampled
fraction of the population.

2) Survival probabilities of tagged fish are the same as that of untagged fish. For example, the tagging
procedures should not influence survival or detection probabilities. If the transmitter negatively
affects survival, then estimates of survival rates will be biased accordingly.

3) All sampling events are instantaneous. That is, sampling should take place over a short distance
relative to the distance between telemetry arrays so that the chance of mortality at a telemetry array is
minimized. This assumption is necessary to correctly attribute mortality to a specific river reach.
This assumption is usually satisfied by the location of telemetry arrays and the downstream migration
rates of juvenile salmonids.

4) The fate of each tagged fish is independent of the fate of other tagged fish. In other words,
survival or mortality of one fish has no effect on that of others.

5) The prior detection history of a tagged fish has no effect on its subsequent survival. This
assumption could be violated if there are portions of the river that are not monitored for tagged fish.
For telemetry, this assumption is usually satisfied by the passive nature of detecting tags and by
monitoring the entire channel cross-section of the river.

6) All tagged fish alive at a sampling location have the same detection probability. This assumption
could also be violated as described in assumption 5, but is usually satisfied with telemetry by
monitoring the entire channel cross-section.

7) All tags are correctly identified and the status of tagged fish (i.e., alive or dead) is known without
error. This assumes fish do not lose their tags and that the tag is functioning while the fish is in the
study area. Additionally, this assumes that all detections are of live fish and that dead fish are not
detected and interpreted as live (i.e., false positive detections).

8) The dual detection arrays within each route are independent. This assumption is necessary to
obtain valid estimates of route-specific detection probabilities. To fulfill this assumption, fish
detected in one array should have the same probability of detection in the second array compared to
fish not detected in the first array.

9) Routes of tagged fish are known without error. This assumption is important to avoid bias in
route-specific passage and survival probabilities.

Assumptions 5 and 6 can be formally tested using %*> Goodness of Fit tests known as Test 2 and Test
3 (Burnham et al. 1987). Both Test 2 and 3 are implemented as a series of contingency tables. Test 2
is informally known as the “recapture test” because it assesses whether detection at an upstream array
affects detections at subsequent downstream arrays (assumption 6). Test 3 is known as the “survival
test” because it assesses assumption 5 that fish alive at array 7 have the same probability of surviving
to array /+1 as fish not detected at array 7. The pooled y” value from Test 2 and 3 provides an overall
test of overdispersion in the parameter estimates.

Assumption 7 can be tested empirically. To test for false positive detections, a subsample of
euthanized tagged fish can be released and subsequent detection monitored. To test whether fish
exited the study area within the battery life of the transmitter, a controlled tag life study can be
conducted to estimate the probability of tag failure at any point in time after tags were turned on.
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The methods of Townsend et al. (In Press) can be used to estimate the average probability that a tag
was alive while fish were in the study area. If tags fail prior to exiting the study area, then information
from the tag life study can be used to correct survival estimates for the probability of tag failure.

Finally, application of this approach was applied to the pilot data collected in 2006-2007, these results
are summarized in appendix B.

Flow Network — Discharge Data (4)

We expect the flow station data will be used in the analysis of the data obtained from the acoustic
telemetry receivers and in the management model. As of this writing, the current configuration of the
flow station network is shown in figure 4.2 and is comprised of 38 stations spread throughout the
Delta. Water level, cross sectionally averaged velocity, and discharge are all measured at the circles
shown in figure 4.2. Temperature and conductivity (e.g. salinity) are also measured, in addition to
stage, the cross sectionally averaged velocity and discharge at the yellow circles in figure 4.2. In the
context of this study, these data will be used to supply boundary condition information and
calibration and validation data for both the 3D and 2D numerical hydrodynamic models and will,
additionally, provide velocity data for use in the analysis of the acoustic telemetry (receiver) data.
Fifteen minute averages of the data are telemetered to the USGS offices at Sacramento State
University in real time. These stations are calibrated to deliver discharge data following standard
USGS protocols (Simpson, 2001; Ruhl and Simpson, 2005).

Statistical Model of Net Flows (5)

Fortunately, the distribution of the net flows within the channels of the north Delta are remarkably
stable (time invariant) and predictable, depending almost entirely on the Sacramento River inputs (as
measured at Freeport) and DCC gate operations (Appendix A). This inherent predictability could
provide the foundation on which simplified management models could be built. The central
challenge in developing these tools will be in collapsing high frequency variability, such as created by
the tides and behavioral responses to ambient light (day, night, crepuscular), into tidally-averaged
constructs. Considerable effort will be made in the collection of the data in the field to account for
tidal timescale variations (e.g. releasing fish over a 24 hour period, etc.), so tidal averages can be
computed with the aim of using these averages in simplified management models.

2D Numerical Modeling/Particle Tracking (8)

Whereas the detailed simulation of the distribution of salmon outmigrants within the water column,
and the impact of these distributions on entrainment in junctions will be studied and quantified using
the 3D modeling described above, we propose to use a suite of finite element models, RMA2 (a 2D
depth averaged hydrodynamic transport model) and RMA11 (a 2D depth averaged water quality
model), to address salmon outmigration from a delta-wide perspective. Multi-month, full 3D model
simulations of the entire Delta are currently impractical, and thus junction entrainment relations
developed with the 3D model described above (and possibly the route selection probabilities
developed in the mark-recapture statistical model just described) will be incorporated into the 2D
models described in this section.

RMAZ2, is a generalized free surface hydrodynamic model, developed by Ian King in the early 1990’s,
and is based on the two-dimensional depth averaged Shallow water equations (King, 1992). This
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model solves primitive form of the shallow water equations to compute temporal and spatial
descriptions of velocities and water levels within a specified model domain. This model uses a
Galerkin approach of minimizing the weighted residuals over the entire domain using 6-node
triangular and 8-node quadrilateral elements. Three node line elements are used for approximating
one-dimensional channel flow. Quadratic shape functions are used to interpolate the velocity
variables while linear shape functions are used for the depth, h. The quadratic functions allow for
curved element edge geometry. Because these equations are non-linear, they are solved by a Newton-
Raphson iterative technique. Time integration in this model follows a Crank-Nicholson implicit finite
difference scheme. Values of the time integration constant, 0, can be varied by user input. Typically a
value of 0.526 is used for the RMA2 time dependent simulations. The time step used for modeling
the depth-averaged flow and water quality transport in the Delta is 7.5 minutes. The model uses the
Smagorinsky formulation for modeling of turbulent momentum transfer. RMAZ2, capable of
simulating the de-watering of tidal flats, is well suited for modeling of inter-tidal hydrodynamics in the
marshes and mudflats characteristic of the Bay-Delta system.

RMA11 (King, 1995) is a generalized two dimensional depth-averaged water quality model which
computes a temporal and spatial description of conservative and non-conservative water quality
parameters. RMA11 uses the results from RMA2 for its description of the flow field. Vertical
gradients in salinity, generally limited to regions seaward of Chipps Island may lead to three
dimensional circulation patterns that will not be represented by a two dimensional depth-averaged
model. Instead, the three dimensional processes are approximated by two-dimensional mixing
parameters. Calibration results presented in DeGeorge, 2005 show that this model is able to very
accurately transport salinity from the tidal boundary at Martinez, through Suisun Bay, to Jersey Point
and False River for the 2002 period simulated.

A “salinity-coupled” version of the RMA2 program has been developed, and will be used for the
work proposed here, which includes the relevant water quality transport routines from the RMA11
program to compute the salinity distribution throughout the model domain during the hydrodynamic
simulations. The salinities values are used in the computation of the depth averaged baroclinic
pressure gradient terms in the momentum equations. Salinity transport and flow are not computed
simultaneously in the model; rather, the salinities from the previous computational time step are used
to compute the fluid densities for the current hydrodynamic time step. Once a converged solution for
the flow computation is achieved, the resulting flow field is utilized for the computation of the salt
transport, and so on.

In addition, RMA2-11 also employs one-dimensional channel elements for computational efficiency.
Special “transition” elements allow the one dimensional elements to be readily interfaced to the two-
dimensional depth-averaged elements. One dimensional depth-averaged elements are used in the
“simple” channels of the delta, primarily within the north delta, Mokelumne River system and south
Delta. An example grid of the entire Delta is shown in figure 6.8.

In anticipation of this work, the geometry used in this model has been recently updated to include
newly collected bathymetry data collected in: Liberty Island, Elk Slough, and the north and south
Forks of the Mokelumne River, Beaver, Hog, Sycamore and Snodgrass Sloughs. The model has since
been recalibrated in the north Delta and model results have been compared to USGS flow station
data (a calibration document is in preparation).
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Finally, particle tracking has recently been implemented for use with the RMA2 generated flow fields.
These routines are currently being tested and will be fully documented before particle tracking results
generated from this effort are presented. Moreover, “listening stations” (e.g. numerical acoustic
telemetry listening stations) have been implemented in the particle tracking model, in much the same
way data are collected in the field, so that particle tracking results can be directly compared to the
receiver data collected in the field. The “numerical” listening stations will be used to compute tidally
averaged Lagrangian transit times for the individual channel segments based on a large number of
particle releases.
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7. EXPERIMENTAL TREATMENTS — RELEASE STRATEGY

A total of 5000 late-fall Chinook salmon smolts from Coleman National Fish Hatchery will be
surgically implanted with individually-identifiable, miniature (~ 0.65-g weight in air) acoustic
transmitters (307.2 kHz) by the USGS-CRRL and will be released during four separate experiments
that will be specifically designed to capture a range of hydrodynamic conditions (e.g. Sacramento
River flow rates and DCC gate operations) so that we can produce discharge versus survival curves
(e.g. figure 2.4) and route selection relations (e.g. figure 2.3).

General assumptions associated with this approach

As with any study there are a host of explicit and implicit assumptions. The following is a list of
assumptions associated with this study design:

(1) The hatchery raised surrogates used in the study will mimic the behavior of wild fish. To
minimize the influence of the use of hatchery raised fish, the acoustically-tagged fish will be
acclimated for 24 hours in the Delta prior to release and fish will be released roughly 24 hours transit
time upstream of the receiver locations.

(2) Surgical implantation of the acoustic tags will not significantly affect fish behavior or movement.
(3) The size of the surrogates will approximate the size of naturally occurring fish in the system.

(4) Extreme weather and/or other conditions at the time of our experiments will not impair our
ability to detect the impacts of the parameters for which we are testing.

Since the same fish will be used for the junction experiments (component (1) in figure 3.1) and the
delta-scale experiment (component (2) in figure 3.1) in this experiment, we begin with a discussion of
the release strategy, which applies to both efforts.

DCC gate operations

The operation of the DCC gates plays a critical role in the management of water supplies, water
quality and the Sacramento River salmon fishery. During the late-fall and winter months, juvenile
salmon, including winter, late-fall and tributary spring-run, migrate past the DCC on their way to the
ocean. These fish are generally 120-150 mm in length and initiate their outmigration due to a
combination of (1) storm-induced increases in flow and/or turbidity in the streams of the upper
watershed and (2) physiological/behavioral changes associated with smoltification. Studies with 70-
90 mm smolts in spring months suggest that outmigrant survival is substantially poorer for fish that
pass through the central delta rather than staying in the main river channel (USFWS, 1996 and
Newman and Rice, 1997). Wintertime experiments using larger late-fall run (110-120mm) as
surrogates for winter run have also shown a survival rate between 5 to 70% for fish in the interior
delta relative to fish that remain in the Sacramento River (Delta Action 8 studies). Thus, we plan on
using late-fall run Chinook salmon for our study. Based on these smolt survival data, the DCC gates
are now required by the 1995 Water Quality Control Plan to be closed from February 1 through May
20 of every year, and the DCC gates can be closed for half of the days in the November-January
period at the discretion of the fishery management agencies. The DCC also plays a central role in
controlling the distribution of the flows among the channels of the north Delta (appendix A), and
thus, the operation of the DCC gates, understandably, plays a central role in the design of the
proposed field experiments.
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Pending approval of the various management agencies the gate operations we propose are: (1) DCC
gates open, (2) DCC gates closed, (3) DCC gates closed at night, (4) DCC gates half open. Releases
involving alternative scenarios may be conducted depending on consultations with the management
agencies. For each of four different study periods in December 20087 and January 2009, 1250
acoustic-tagged salmon will be transported to the Delta by USFWS and placed in a series of live pens
(figure 7.1) in the Sacramento River at Old Sacramento and at the northern end of Georgiana Slough
for overnight acclimation prior to release. Each release group of 1250 fish will be acclimated for a
period of 24 hours. The tags will be programmed in the fish (figure 7.2), on site, during the
acclimation period, to save battery life, and to allow greater flexibility in the timing of each release.
Fish with malfunctioning tags will be used as a control group and kept in pens for a period of
approximately 10 days. In addition, a small number of fish with functioning tags (~10 per release)
will be set aside and used to determine tag life (tag life depends on a variety of factors, such as tag lot,
shelf life, water temperature, etc.). As part of normal operation, the DCC gates are anticipated to be
open during the lower-flow conditions in December and early January and closed during high-flow
conditions in mid- to late-January. We expect to organize our experiments to be as consistent with
normal operations as possible to minimize the impacts on water project operations to the greatest
extent possible. During each river condition, the ~1200 acoustic-tagged salmon will be released over
a 24-hour period (either hourly or every half hour depending on release logistics). This approach
ensures salmon will be released at daytime, nighttime, and during morning and evening crepuscular
periods, to avoid tidal and diel-cycle aliasing. We are hopeful that the 24 hour, in-river acclimation
period, prior to interaction with our monitoring equipment, will be sufficient to allow the hatchery
raised salmon to begin natural behavioral patterns.

Releases will be made at two locations: (1) near the Tower Bridge in Sacramento, and (2) within
Georgiana Slough (black squares in Figure 4.1). Georgiana Slough releases are intended to insure
“adequate” numbers of acoustically tagged salmon traverse the Franks Tract region. The exact
numbers of fish released at each site for each release is under consideration, since we know next to
nothing about route selection and survival in the central Delta. However, pilot study results will allow
us to address sample size issues in the North Delta (Appendix B).

Open vs Closed operations

Currently the DCC gates are required to be closed when juvenile salmon are in the system, under the
hypothesis that salmon that enter the central Delta through the DCC experience reduced survival to
Chipps Island. Fish that enter Georgiana Slough also end up in the central Delta and would
theoretically experience similarly reduced survival as those that enter the DCC. Gate closures
increase the net flow in Georgiana Slough (Appendix A) and thus the possibility of increased
entrainment in Georgiana Slough needs to be weighed against zero entrainment in the DCC when the
gates are closed. The current management strategy is essentially based on trawling data that
compared mass releases made at Ryde, in the Sacramento River, versus releases made in Georgiana
Slough (Brandes and McLain, 2001). Placing fish directly in the channel at Ryde and in Georgiana
Slough completely ignores the effect that gate operations have on route selection and, moreover, the
changes that gate operations may have on reach-specific survival elsewhere in the system (e.g. in
Sutter and Steamboat Sloughs). For example, the net flows in Sutter, Steamboat and Georgiana
Sloughs all increase when the gates are closed for a given Sacramento River input (Appendix A), with
unknown consequences for both route selection and overall survival to Chipps Island. Thus, the
impact on overall survival to Chipps Island of gate operations is not simply a matter of survival from
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Figure 7.1 - Acclimation and holding pen used for acoustic-telemetry studies.
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Figure 7.2 - In situ tag programmer.
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Ryde and through Georgiana Slough, one must also consider the impacts of gate operations on the
changes in distribution of salmon outmigrants and survival within the entire network. For example, if
the numbers of salmon outmigrants that enter Sutter and Steamboat Sloughs increases and survival
there is low, closing the gates could conceivably decrease overall survival to Chipps Island, in direct
conflict with current management objectives associated with gate operations at the DCC. Comparing
gate open versus closed conditions in the context of this study will allow us to take a first-time look at
the regional scale impacts of gate operations on overall survival of juvenile salmon to Chipps Island,
in part, as an evaluation of current management practices.

Nighttime Closures

Research on juvenile salmon migratory behavior indicates that fish respond differently during diel
periods (and the preliminary results from the study conducted at Clarksburg Bend confirm this —
appendix C). For example, juvenile salmon have been shown to exhibit a different vertical
distribution in the water column with respect to day and night (Schaffter, 1980; Horn and Mueller,
2001). Also, lateral fish distributions within river channels have been shown to vary with diel period
(Schaffter, 1980). Moreover, previous north Delta studies (Blake and Horn, in press, a,b, appendix C)
have shown that salmon outmigrants tend to be higher in the water column and “move” more during
crepuscular periods and at night, preferring to “hold” during the day. If diel patterns of spatial
variability occur in the vicinity of the DCC, then the gates could be operated with respect to the diel
cycle to minimize fish movements into the central Delta while at the same time minimizing water
quality impacts in the central Delta. These observations motivate the idea of closing the gates at
night, presumably a period when salmon outmigrants are more vulnerable to entrainment into the
DCC. Using this operational strategy, the DCC would be allowed to convey water into the central
Delta during the day (and recreational boaters could move freely from the central to northern Delta
through the DCC), where it would presumably alleviate water quality concerns and allow increased
exports over fully closed conditions. If this operational strategy minimizes the entrainment of
juvenile salmon in the DCC in the context of this experiment, it would suggest that diel operation of
either a TDF or some of the BDCP options (e.g. take water on big ebb tides during the day during
low flow periods — do not take water at night when salmon are present) could minimize impacts an
salmon outmigrants, provided either of these proposed facilities were built in such a way as to be able
to do this (e.g. larger capacity and capable of handling flow transients (e.g. water hammer)).

DCC gates half closed

This scenario is the least likely of the gate treatments to be approved by the management agencies
because of concerns associated with undermining the DCC gate support structure and boating safety
issues. The idea behind this scenario is to keep salmon outmigrants out of the DCC via a “startle
response” — fish respond to sudden changes in flow, turbulence or vertical position by swimming
away from it because they are unsure of what lies ahead. This type of response has been seen at
bypass structures in the Columbia River (Noah Adams, USGS, personal communication). With the
gate half closed salmon outmigrants will be swept from the surface layers, where they typically reside,
into a region of large shears and increased turbulence intensity, which could provide the necessary
behavioral cues for them to swim back toward the Sacramento River and out of the DCC. If this
scenario is approved by the USBR, we would add additional hydrophones within the mouth of the
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DCC and would deploy a series of upward-looking ADCP’s to measure vertical shear and turbulence
intensities following the methodology of Stacey, 2003. (see figure 5.1, for a plan view — ADCP
positions at magenta squares; and figure 5.8 for a profile view). Behavioral responses of acoustically
tagged salmon within the confines of the mouth of the DCC will be compared to observed water
column shear and turbulence intensity measured by the upward-looking ADCP’s. This would allow
us to determine if we see a behavior response associated with increased vertical shear and turbulence
intensity.

Finally, the impact of all of the gate operation scenarios on water supplies, water quality (e.g. salinity),
and survival to Chipps Island will be evaluated and compared.

Wate