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I. Background and Model Structure

Given the goals of improving the reliability of water supply and improving the ecosystem health in
California’s Central Valley, NMFS-SWFSC is developing simulation models to evaluate the potential
effects of water project operations and habitat restoration on the dynamics of Chinook salmon
populations in the Central Valley. These life cycle models (LCMs) couple water planning models
(CALSIM 11), physical models (HEC-RAS, DSM2, DSM2-PTM, USBR river temperature model, etc.) and
Chinook salmon life cycle models to predict how various salmon populations will respond to suites of
management actions, including changes to flow and export regimes, modification of water
extraction facilities, and large-scale habitat restoration. In this document, we describe a winter-run
Chinook salmon life cycle model (WRLCM). In the following sections, we provide the general model
structure, the transition equations that define the movement and survival throughout the life cycle,
the life cycle model inputs that are calculated by external models for capacity and smolt survival,
and the steps to calibrate the WRLCM.

Winter-run Life Cycle Model (WRLCM)

The WRLCM is structured spatially to include several habitats for each of the life history stages of
spawning, rearing, smoltification (physiological and behavioral process of preparing for seaward
migration as a smolt), outmigration, and ocean residency. We use discrete geographic regions of
Upper River, Lower River, Floodplain, Delta, Bay, and Ocean (Figure 1). The temporal structure of
winter-run Chinook is somewhat unique, with spawning occurring in the late spring and summer, the
eggs incubating over the summer, emerging in the fall, rearing through the winter and outmigrating
in the following spring (Figure 2). We capture these life-history stages within the WRLCM by using
developmental stages of eggs, fry, smolts, ocean sub-adults, and mature adults (spawners). The goal
of the WRLCM is consistent with that of Hendrix et al. (2014); that is, to quantitatively evaluate how
Federal Central Valley Project (CVP) and California State Water Project (SWP) management actions
affect Central Valley Chinook salmon populations.

In 2015, the WRLCM was reviewed by the Center for Independent Experts (CIE). In response to
recommendations from the CIE, the following modifications were implemented in the WRLCM: 1)
divided the River habitat to encompass above Red Bluff Diversion Dam (Upper River) and below Red
Bluff Diversion Dam (Lower River); 2) incorporated hatchery fish into the WRLCM; 3) used 95% of
observed density as an upper bound for calculation of habitat capacity; 4) re-parameterized the
Beverton-Holt function; 5) used appropriate spawner sex-ratios for model calibration to account for
bias in Keswick trap capture; 6) modified the WRLCM to a state-space form to incorporate
measurement error and process noise; and 7) designed metrics and simulation studies to evaluate
model performance. In addition, Hendrix et al. (2014) indicated that future work would use DSM2’s
enhanced particle tracking model to track salmon survival, which has now been implemented.

Additional comments received in the CIE review that have not been incorporated yet include: 1)
expanding spatial structure for spring and fall-run; 2) tracking additional categories of juveniles (e.g.,
yearling) for applying an LCM to spring-run Chinook; 3) implementing shared capacity for fall and
spring-run Chinook; 5) tracking monthly cohorts through the model; and 6) evaluating multiple



model structural forms. We are actively working on improving the WRLCM and developing the
spring-run LCM (SRLCM) and fall-run LCM (FRLCM). Many of the CIE recommendations will be
implemented with subsequent versions of these models.
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Figure 1. Geographic distribution of Chinook life stages and examples of environmental characteristics that
influence survival.



The quantity and quality of rearing and migratory habitat are viewed as key drivers of reproduction,
survival, and migration of freshwater life stages. Various life stages have velocity, depth, and
temperature preferences and tolerances, and these factors are influenced by water project
operations and climate.
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Figure 2. Temporal structure of the winter-run Chinook salmon, each cohort begins in March of the brood year. Figure
from Grover et al. (2004).

Hydrology (the amount and timing of flows) is modeled with the California Simulation Model Il
(CALSIM 11). Hydraulics (depth and velocity) and water quality is modeled with the Delta Simulation
Model Il (DSM2) and its water quality sub-model QUAL, the Hydrologic Engineering Centers River
Analysis System (HEC-RAS), the U.S. Bureau of Reclamation’s (USBR) Sacramento River Water Quality
Model (SRWQM), and other temperature models. The enhanced particle tracking model (ePTM)
makes use of many of these DSM2 related products to calculate survival of outmigrating smolts
originating from Lower River, Delta, and Floodplain habitats. Many of the stage transition equations
describing the salmon life cycle are directly or indirectly functions of water quality, depth, or
velocity, thereby linking management actions to the salmon life cycle. The combination of models
and the linkages among them form a framework for analyzing alternative management scenarios
(Figure 3).
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Figure 3. Submodels that support and provide parameter inputs that feed into the life cycle model.

The life cycle model is a stage-structured, stochastic life cycle model. Stages are defined by
development and geography (Figure 1), and each stage transition is assigned a unique number
(Figure 4).

I1. Model Transition Equations

This section is divided into two parts. In the first part, we explain each of the transitions for the
natural origin winter-run Chinook, which are described by the life cycle diagram (Figure 4). In the
second part, we explain the transitions for hatchery origin fish. The transitions are described for an
annual cohort; however, in most cases we have not included a subscript for the cohort brood year to
simplify the equations. For those transitions in which there are multiple cohorts, such as the
production of eggs in transition 22, a subscript to distinguish cohort is included in the equation.
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Figure 4. Central Valley Chinook transition stages. Each number represents a transition equation through which we can
compute the survival probability of Chinook salmon moving from one life stage in a particular geographic area to
another life stage in another geographic area.

Natural Origin Chinook

Transition 1
Definition: Survival from Egg to Fry

Fr_}/m+2 = EggSm *Seggs, m

B0, TEMP < t.crit

loglt(Seggs,m) - {Bo1 + B1,(TEMP,, — t.crit), TEMP > t.crit

where Seggsm is the survival rate of fry as a function of the coefficients B0, B1; and t.crit (model
parameter representing the critical temperature at which egg survival begins to be decline), the
covariate TEMP,, (the average of the month of spawning m and the following 2 months), logit(x) =
log(x/[1-x]) is a function that ensures that the survival rate is within the interval [0,1], for months m
= (2, ..., 6) corresponding to April to August.

Transitions 2 - 5

Definition: Dispersal from fry in the natal reaches as tidal fry to the h habitats = Lower River (LR),
Floodplain (FP), Delta (DE), and Bay (BA) in months m = (5, ..., 10) corresponding to July to
December. Remaining fry as rearing fry in the Upper River (UR).

Tidal Fry and Upper River Rearing Fry (Transition 2)



TidalEFrym, = Pre* Frym

RearFryygm = (1 - Prr) * Frym

where Prris the proportion of fry moving out of the Upper River as tidal fry, and RearFryygm are the
number remaining in the Upper River habitat (UR) as rearing fry.

Floodplain Tidal Fry (Transition 3)

Whenever there are flows into the Yolo Bypass, a proportion of the Tidal Fry move into the
floodplain habitat:

TidalFrpr,m = STF,FP * TidaIFrym * Ppp,m

where Prp, m is the proportion of fry that move into the Floodplain habitat, and Stxrp is the monthly
survival of tidal fry in the floodplain. The Prp, is modeled as a function of the expected flow onto
the Floodplain habitat due to proposed modifications of the Fremont Weir.

min.p, y. flow,, <100
) (y. flow,, — 100) * (0.5 — min.p)
Prpm = min.p + 2500 , 100 < y. flow,, < 6000
.rate * (y. flow,, — 6000
inv.logit (p (y1]:)00 i )) , y. flow,, > 6000

where Prpn is the proportion of fry moving into the Floodplain as a function of the coefficients min.p
(0.05) and p.rate (1.1), and the covariate y.flow,. The function inv.logit(x) = */(1+ €*) ensures that
the proportion of fry moving into the Floodplain is within the interval [0,1]. The covariate y.flown,
represents the monthly average flow rate (cfs) at the entrance to Yolo Bypass (CALSIM node D160).
The relationship between Prpm and flow is depicted in Figure 5.
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Figure 5. The relationship of Floodplain entry (Yolo bypass) entry proportion (Pg) as a function of Yolo flow.

Delta and Bay Tidal Fry (Transition 4 and 5)

TidalFrypem = TidalFrym * (1- Prpm) * (1 - PrF, BAm) * STEDEM
TidalFrypam = TidalFrym * (1- Prp,m) * Prr,Bam * StepEm * STEDE-BA
where Strpgm is the survival to the Delta by Tidal Fry.
logit(StrpEm) = BO4 + B14*DCCry

where B0, and B14 are model parameters, and DCCy, is the proportion of the transition month that
the DCC gate is open.

PrrBay,m is the proportion of fish moving to the Bay from the Delta
logit(PrrBaym ) = BOs + B15*Qriovistam

where B0s and B1s are model parameters, and Qriovistam is the flow anomaly (subtract mean and
divide by standard deviation). The mean and standard deviation were calculated from 1970-2014
data at Rio Vista, which was the period of model calibration.

Rearing

Definition: Fry rear among Upper River, Lower River, Floodplain, Delta, and Bay habitats according
to a density dependent movement function in months m = (5, ..., 10) corresponding to July to
December.



2000

o S P
S B .
<§ 10
S -
a2 3 | resident capacity ... I S
T O e
o -
= P
S
— (@) /,’ -
3 3 -
,”, -
L - =
P ’—
o = T T T
0 500 1000 1500 2000

incoming abundance

Figure 6. Example of the Beverton-Holt movement function in which the outgoing abundance (thin solid black line) is
split between migrants (thick dashed line) and residents (solid dark line), that are affected by the resident capacity (thin
dotted line). The 1:1 line (thin dashed line) is also plotted for reference. Parameter values used in the plotted
relationship are survival, $ = 0.90; migration, m = 0.2; and capacity, K= 1000.

The number of residents in the month is calculated from the following equation (Figure 6):
Residentsnm = Srrym * (1- mighm) * Nom / (1 + Seryvnm *[1 = mignm]* Nam/Khm)
Migrantsym = Srrv,pm * Nnm — Residentspm

where Srrynm is the survival rate in the absence of density dependence, Ny, is the pre-transition
abundance composed of Migrants from upstream habitats in m-1 and Residents from the current
habitat (Figure 7) in m-1, Knmis the capacity for habitat type h and migsm is the migration rate in the
absence of density dependence in month m.

The migration rate in the Lower River is modeled as a function of a flow threshold at Wilkins Slough
logit(migLR,m): BOy+Bly* [(Qwﬂkins, m> 400 m3s-1)

whereas in all other habitats and months the migration rate mignmis a constant value. Survival of
resident and migrant fry Srrynm are also constant over habitats and months.

Transitions 6 - 10

Definition: Smolting of Residents in the Upper River, Lower River, Floodplain, Delta, and Bay rearing
habitats in months m = (11, ... ,17) corresponding to January to July in the calendar year after
spawning.



Smoltsym= Psum * Residentspm-1

where Psynm is the probability of smolting in month m which is assumed to be the same across
habitats, by the Residents from the previous month (m-1) in that habitat.

The probability of smolting is modeled as a proportion ordered logistic regression model of the form:
logit(PgM, m) =Zk

where -00 < Z; < Z,...< Zx < o are the monthly rates of smoltification based on photoperiod (k =1,
..., 7 encomapassing January to July).

The model performs the following steps during the months in which smoltification occurs:

1. Smoltification of Resident fry
2. Survival and movement of the Migrant fry from the upstream habitats and remaining
Resident fry after removing smolts from step 1

Upper River Fry

/

Lower River Fry

Floodplain Fry

Delta Fry

Bay Fry

Figure 7. Connectivity among habitats for winter-run Chinook fry. Connections between the Lower River and Floodplain
occur due to flooding of the Yolo bypass and are thus ephemeral.
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Transitions 11 & 12
Definition: Smolts that reared in the Upper River and Lower River habitats migrate to the Gulf of the
Farallones in months m = (12, ... ,18) corresponding to February to August.

Upper River smolt outmigration (Transition 11)

Gulfurm = S11,urm * Se1 * Smoltsyrm-1*exp(&y)

Lower River smolt outmigration (Transition 12)
Gulfirm = S121rm * Se1 * Smoltsirm-1*exp (&)

where survival Stm is the smolt survival rate from transition T (11, ..., 15) in habitat h (UR, LR, FP,
DE, BA) in month m. The rates Siz.urm and Si21.rm are composed of three components: A) survival
rate from the Upper or Lower River to the Sacramento River near Sacramento; B) survival through
the Delta to Chipps Island; and C) survival from Chipps Island to Golden Gate. The survival rate Sg; is
the survival rate of smolts originating from the Upper River, Lower River, and Floodplain habitats
during ocean entry at the Gulf of Farallones. Finally, the transition to the ocean from all habitats
includes a random effect term &, that is specific to each year y and is distributed as a normal random
variable, that is &, ~ N(0, 0¢2).

S11.0rRm = AS12,0Rm * BS121Rm™ €S11
S121Rm = AS121Rm * BS12LR.m™ CS11

The first smolt survival component is modeled as a function of flow at Bend Bridge

logit(AS11,urm) = BO11,ur+ B11:1* q.bbn
logit(AS1zLrm) = BO121r+ B111* q.bbn

where B011,ur, BO1z1rand B1:;are model parameters, and q.bby, is monthly flow at Bend Bridge
which is the closest station to the Red Bluff Diversion Dam standardized relative to historic Bend
Bridge flows from 1970-2014.

BS121Rm = ptMirm

where ptmirm is @ mean monthly survival rate for smolts originating from the Sacramento River
through the Delta to Chipps Island as calculated by the enhanced Particle Tracking Model (ePTM,
described below). The value €S;; is a model parameter representing survival from Chipps Island to
Golden Gate and is applicable to smolts originating from all habitats.

Transition 13
Definition: Smolts that reared in the Floodplain migrate to the Gulf of the Farallones in months m =
(12, ...,18) corresponding to February to August.

Gulfpp,m =S13FPm *Sc1 * SmO[tSpp,m.1 * exp (é‘y)

11



The rate Si3rpm is composed of three components: A) survival rate from the Floodplain to the Delta;
B) survival through the Delta to Chipps Island; and C) survival from Chipps Island to Golden Gate.

S13Fpm = AS13pm * BS135pm™ €S11

where AS12rpm is survival to insertion into the Floodplain nodes in the ePTM and

BS13Fpm = ptMEepm

where ptmppm is @ mean monthly survival rate for smolts originating from the Floodplain through the
Delta to Chipps Island as calculated by the ePTM.

Transition 14
Definition: Smolts that reared in the Delta migrate to the Gulf of the Farallones in months m = (12, ...
,18) corresponding to February to August.

Gulfpgm = S14pEm * Sz * Smoltspgm-1

The rate Si3pem is composed of two components: A) survival through the Delta to Chipps Island; and
B) survival from Chipps Island to Golden Gate. The survival rate Sg2 is the survival rate of smolts in
the nearshore from Delta and Bay habitats during ocean entry at the Gulf of Farallones.

Se2=logit(inv.logit(S¢1) + Dez)

S14pEm = AS145pm™ CS11

where AS14rpm = ptMpegm

Transition 15
Definition: Smolts that reared in the Bay migrate to the Gulf of the Farallones with an associated
migration survival in months m = (12, ... ,18) corresponding to February to August.

Gulfgam = S1584 Sc2Smoltspam-1
where Sis5,84 is the survival from the Bay habitat to the Golden Gate.

Transition 16

The total number of Age 1 from all habitats arriving in a given month can be calculated by summing
across each of the individual rearing areas. Furthermore, earlier arriving fish are retained in the Age
1 stage and an ocean survival rate is applied to those fish that were already in the Age 1 stage in the
previous month. Fish arrive into the Age 1 stage in months m = (12, ..., 21) corresponding to
February through October.

12



Agel m :A931UR,m + Age 1LR,m + Age 1FP,m+ Age 1DE,m + Age 1BA,m + Ag€1m.1 *5171/4

Transition 17
Definition: Survival in the ocean from Age 1 to Age 2 (for Chinook that remain in the ocean)

Age2 = Agelm=21 * (1 - M) *S17

where S;7is a model parameter representing the survival rate of Age 1 fish in the ocean to Age 2 and
M; is a model parameter representing the maturation rate that leads to 2 year old spawners. The
model transitions from a monthly time step (used for months 1 through 20) to an annual time step
(used for Age 2, Age 3 and Age 4 fish) in this transition, thus the S;7 survival represents a 4-month
survival rate from 21 months to 24 months.

Transition 18
Definition: Maturation and migration for Age 2 males and females that will spawn as 2 year olds

Spzr=Agel m=21*S17 * Mz * Femugez * Sep2
Spam=Agel m=z21 *S17* Mz * (1 - Femagez) * Ssp2

where S17 and M are model parameters for maturation and survival as described in Transition 17.
Femygez is @ model parameter representing the proportion of Age 2 spawners that are female, and
Sspz is @ model parameter representing the natural survival rate of Age 2 spawners from the ocean to
the spawning grounds.

Transition 19
Definition: Survival in the ocean from Age 2 to Age 3 (for Chinook that remain in the ocean)

Age3 :AgeZ * (1 - 13) *S10%* (1 - M3)

where I3 is the fishery impact rate for Age 3 fish, S19is a model parameter representing natural
survival rate for fish between Age 2 and Age 3, and M; is a model parameter representing
maturation rate of Age 3 fish.

Transition 20
Definition: Maturation and migration for Age 3 males and females that will spawn as 3 year olds

Spg,p= AgeZ * (1- 13) * 519 * M3 * FemAgeg * Sspg
Spg,M= AgeZ * (1- 13) * 519 * M3 * (1 - FemAgeg) * Ssp3

where I3 is the Age 3 fishery impact rate, and M3 and S19 are the Age 3 maturation and survival rates
as described in Transition 19. Femyges is @ model parameter representing the proportion of Age 3
and 4 spawners that are female, and Sy,3 is a model parameter representing the natural survival rate
of Age 3 spawners from the ocean to the spawning grounds.
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Transition 21
Definition: Maturation and migration for Age 3 males and females that will spawn as 4 year olds

Sp4,p = Age3 * (1- 14) * 521 * FemAgeg * Ssp4
Sp4,M = Age3 * (1- 14) * S21 * (1 - FemAgeg) * Ssp4

where I; is the Age 4 fishery impact rate, Sz; is a model parameter representing survival rate from
Age 3 to Age 4, Femggez is a model parameter representing the proportion of Age 3 and 4 spawners
that are female, and Ssp4 is @ model parameter representing the natural survival rate of Age 4
spawners from the ocean to the spawning grounds.

Transition 22
Definition: Number of eggs produced by spawners of Ages 2 —4 in months m=(2, ..., 6)
corresponding to April to August.

4
Zj=2 TSpj,F * PSP,m * Veggs,j
4
Zj=2 Pspm * TSPjr * Veggs,j
K.S‘p,m

Eggsm =
1+

where TSpj are the total number of female spawners of age j = 2, 3, 4 (composed of both natural
and hatchery origin), Veggsj is the number of eggs per spawner of age j = 2, 3, 4, Ks,mis the capacity
of eggs in the spawning grounds per month, and Pspnis the proportion of spawning that occurs in
month m and is a function of April average temperature at Keswick Dam. Because the April
temperature can vary among years, the monthly distribution varies as well to reflect observed
patterns in spawn timing among the years from 1999 to 2012. Please see Appendix A for description
of the analysis of historical patterns in spawn timing.

TSpzr = Spzr + SpzFHatchery

TSpsr = Spsr + Sp3rhatchery — hat.f

TSp4r = Spar+ Sp4aFHatchery
hatf=0.15*Sp3 (min=10; max = 60)

where hat.fis the number of spawning females removed for use as hatchery broodstock, and
SpjHatchery foOr j = (2,3,4) is the spawners of age j hatchery origin, which are described below in the
Hatchery Origin Chinook section.

Hatchery Origin Chinook

Transition 1H
Definition: Survival of hatchery fish from eggs to Age 2

AgezHatchery = hat.f* 3000 * Hs;

14



Hs;=2.3* AgeZNaL’uraI / Fr:yNaturaI

where Hg; is the hatchery-origin survival rate from pre-smolt at release to Age 2 in the ocean,
Age2Znatural is the number of natural-origin Chinook that survived to Age 2 and remained in the ocean,
and Frynawral is the number of natural origin emerging Fry (see Transition 1 for Natural Origin
Chinook). The multiplier of 3000 hatchery smolts per spawner was obtained from Winship et al.
(2014). The multiplier of 2.3 was used to equate hatchery origin survival to the end of age 2 to
natural origin survival to the end of age 2 as described in Winship et al. (2014).

Transition 2H
Definition: Maturation and spawning for hatchery origin Age 2

SpZ,F,Hatchery = Ag€2 Hatchery *M; * FemAgeZ * SspZ
SpZ,M,Hatchery = Agez Hatchery *M: *(1 - FemAgeZJ * SSPZ
where the coefficients are described under Transition 18.

Transition 3H
Definition: Survival of hatchery origin fish in the ocean from Age 2 to Age 3 (for Chinook that remain
in the ocean)

Age3Hatchery :Agez Hatchery * (1 - 13) *519 * (1 - M3)
where the coefficients are described under Transition 19.

Transition 4H
Definition: Maturation and spawning for hatchery origin Age 3

SPS,F, Hatchery = AgeZHatchery * (1' [3) *S19* M3z * FemAge3 * Ssp3
SPS,M, Hatchery = AgeZHatchery * (1' [3) * 519 * M3 * (1 - FemAge.?) * Ssp3
where the coefficients are described under Transition 20.

Transition 5H
Definition: Survival and maturation rate for hatchery origin Age 4

Sp4,F, Hatchery = Age3Hatchery * (1' 14) * 521 * FemAgeS * Ssp4
Sp4,M, Hatchery = AgeHatchery 3 (1' 14) *Sa1* (1 - FemAge3) * Ssp4

where the coefficients are described under Transition 21.

Fishery Dynamics

To simulate the winter-run population dynamics under alternative hydrologic scenarios, we include
fishery dynamics that are consistent with the current fishery control rule (NMFS 2012) (Figure 8).
For each year of the simulation, the impact rate for age 3 (I3) was calculated from the control rule by
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obtaining the 3-year trailing geometric average of spawner abundance. The age-4 impact rate (I4) in
that year was calculated as double the instantaneous age-3 impact rate (Winship et al. 2014).

0.00 0.05 0.10 0.15 0.20
|

Impact Rate South of Point Arena

[ [ [ [ I [
0 2000 4000 6000 8000 10000

Winter-run 3-Year Escapement Average

Figure 8. Fishery control rule determining the level of Age 3 impact rate as a function of trailing 3-year geometric mean
in winter-run escapement.

IIL. Inputs to the Winter-run life-cycle model

Water Temperature

The life cycle model (LCM) incorporates monthly average temperature below Keswick Dam into the
definition of egg to fry survival. The water temperature can be obtained from water quality gages
on the Sacramento River (for model calibration) or from a forecasted water temperature model,
such as the as the Sacramento River Water Quality Model (SRWQM).

Fisheries

Estimates of impact rates on vulnerable age classes of Chinook salmon are computed as part of the
Pacific Fisheries Management Council (PFMC) annual forecast of harvest rates and review of
previous years’ observed catch rates. For runs that are not actively targeted, such as winter-run and
spring-run Chinook, analyses of coded wire tag (CWT) groups are used to infer impact rates for these
races (e.g., O’Farrell et al. 2012).

Habitat Capacity

Juvenile salmonids rear in the mainstem Sacramento River, delta, floodplain, and bay habitats
(Figure 1). The model incorporates the dynamics of rearing by using density-dependent movement
out of habitats as a function of capacity for juvenile Chinook. The capacities of each of the habitats
are calculated in each month using a series of habitat-specific models that relate habitat quality to a
spatial capacity estimate for rearing juvenile Chinook salmon. Habitat quality is defined uniquely for
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each habitat type (mainstem, delta, etc.) with the goal of reflecting the unique habitat attributes in
that specific habitat type. For example, the mainstem habitat quality is a function of velocity and
depth (Liermann et al. 2005). Higher quality habitats are capable of supporting higher densities of
rearing Chinook salmon, with the range of densities being determined from studies in the Central
Valley and in river systems in the Pacific Northwest where appropriate.

Defining habitat capacity. For each habitat type (mainstem, delta, and bay), capacity was calculated
each month as:

n
j=1

where K;is the capacity for a given habitat type i, n is the total number of categories describing
habitat variation, 4; is the total habitat area for a particular category, and d; is the maximum density
attributable to a habitat of a specific category. Three variables were determined for each habitat,
the ranges of each were divided into high and low quality, and all combinations were examined,
resulting in a total of eight categories (2 x 2 x 2) of habitat quality for each habitat type (Table 1).
The exception was mainstem habitats (Upper River and Lower River), which were subdivided into 4
(2x2) bins of habitat quality. Ranges of high and low habitat quality were based on published studies
of habitat use by Chinook salmon fry across their range and examination of data collected by USFWS
within the Sacramento-San Joaquin Delta and San Francisco Bay.

Defining maximum densities. Determining maximum densities for each combination of habitat
variables is complicated by the fact that most river systems in the Central Valley are now hatchery-
dominated with fish primed for outmigration. In addition, the Central Valley river system is at
historically low natural abundance levels compared to expected or potential density levels. Because
of this deficiency in the Central Valley system, salmon fry density data from the Skagit River system
were used, which in contrast has very low hatchery inputs, has been monitored in mainstem, delta,
and bay habitats, and exhibits evidence of reaching maximum density in years of high abundance
(Greene et al. 2005; Beamer et al. 2005). These data from the Skagit River were compared with
Central Valley density estimates calculated by USFWS. For each of these data sets, the upper 90 to
95 percentile levels of density defined a range of maximum density levels, assuming that the highest
five percentile of density levels were sampling outliers. The comparison indicated that Skagit River
values represented conservative estimates of maximum density (Figure 9).
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Table 1. Habitat variables influencing capacity for each habitat type.

Habitat type Variable Habitat quality Variable range
Mainstem Velocity High <=0.15m/s
Low >0.15m/s
Depth High >0.2m,<=1m
Low <=0.2m,>1m
Delta Channel type High Blind channels
Low Mainstem, distributaries, open water
Depth High >0.2m,<=15m
Low <=0.2m,>15m
Cover High Vegetated
Low Not vegetated
Bay Shoreline type High Beaches, marshes, vegetated banks, tidal flats
Low Riprap, structures, rocky shores, exposed habitats
Depth High >0.2m,<=15m
Low <=0.2m,>15m
Salinity High <=10 ppt
Low > 10 ppt
5
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Figure 9. 95 percentile values of
.*3 4 [0Sacramento densities in river, delta, and bay
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E o 3 electroshocking in mainstems and
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:‘E = habitats (Beamer et al. 2005), while
K] ‘E, 2 Sacramento data are based on beach
§ seining across all habitat types
< (USFWS, 2005).
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Determining habitat areas. Two approaches were used to map the spatial extents of different
combinations of habitat variables. In the mainstem and floodplain, the HEC-RAS model divides the
river into units based on multiple cross-sections defining depth ranges (Figure 10). Each unit defined
by the cross-sections has velocity parameters associated with it. Different levels of flow in a given
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month or year change the distribution of velocity and depth. Total habitat area in each of the eight
classes is calculated by integrating over the river channels modeled by HEC-RAS.

Sacramento River Basin Model from UNET Plan: 100 Year Flood  10/24/2011
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Figure 10. HEC-RAS model cross sections of the Sacramento River mainstem and floodplain (upper panel), and a
visualization of a single cross-section, showing depth and velocity differences (lower panel).

For the delta and bay, channel type, depth, cover, salinity, and shoreline type were mapped from
existing delta and bay Geographic Information Systems (GIS) products (Figure 11). Delta and bay
polygons® were classified into high quality habitat types (blind tidal channels) and low quality habitat
types (mainstem, distributaries, large water bodies, and bay). For the channel typing, several
datasets comprised the base GIS layers, including National Wetlands Inventory (NWI) wetland
polygons, San Francisco Estuary Institute’s Bay Area Aquatic Resource Inventory’s (BAARI) stream
lines and polygons, Hydro24ca channel polygons (USBR 2006, Mid-Pacific Region GIS Service Center),
aerial photos and Google Earth. The Hydro24ca channel data included channel types such as major
river, slough, lake and several other types. When channel type could not be defined for a given
reach, aerial photos and attributes from surrounding channels were used to estimate channel type.
National Wetland Inventory (NWI) GIS data served as base channel and wetland data. NWI data
provides comprehensive data coverage as well as detailed wetland categories that were required.
However, NWI data did not have enough information to distinguish accessibility for juveniles. Thus,
Bay Area Aquatic Resource Inventory (BAARI) data were used as a reference to identify accessible

! A closed shape used in GIS mapping that is defined by a connected sequence of x, y coordinate pairs, where
the first and last coordinate pair are the same and all other pairs are unique.
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wetlands from NWI polygons. For the areas that BAARI data did

overlain to estimate accessible wetland habitat.
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Figure 11. Habitat types delineated for the Sacramento Delta and San Francisco Bay. The abbreviation “btc” stands for

blind tidal channel.

Most channel types could be mapped using these datasets except for the blind tidal channels.

Instead of directly mapping blind tidal channels, we estimated these areas using allometric

relationships between wetland areas and blind tidal channel areas. We tested allometric equations
developed in the Skagit River by Beamer et al. (2005) and Hood (2007) to determine which
equations were best suited to apply to the Central Valley and chose an allometric equation that

returned conservative estimation results:

BTC (ha) = 0.0024*Wetland(ha)"1.56
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We also applied the minimum area requirement (0.94 ha) to form blind tidal channels in a wetland
from Hood (2007).

Salinity is another factor influencing habitat availability for juvenile Chinook salmon that can vary
with water flow. The X2 position describes the distance from Golden Gate Bridge to the 2 ppt
isohaline position near the Sacramento Delta (Jassby et al. 1995). This distance predicts amount of
suitable habitat for various fish and other organisms. Based on observations of high likelihood of fry
presence in water with salinity of up to 10 ppt in both Skagit River and San Francisco Bay fish
monitoring data, we defined the low-salinity zone for Chinook as salinity < 10 ppt (i.e., habitats
upstream of X10). We calculated X10 values as 75 percent of X2 values (Monismith et al. 2002,
Jassby et al. 1995), and mapped these across San Francisco Bay.

Another axis used to evaluate habitat is vegetated cover along river banks. Areas associated with
cover were assumed to be higher quality habitats because they provide protection from predators
(Semmens 2008) and offer subsidies of terrestrial insect prey. Such habitats are preferred in other
systems by Chinook salmon (Beamer et al. 2005, Semmens 2008). The extent of these areas was
estimated using Coastal Change Analysis Program (C-CAP) Land Use/Land Cover (LULC) layers. We
defined sheltered habitat as forested or shrub covered areas and assumed that other areas, such as
urban and bare land, did not provide sheltered habitat.

Restricting habitat areas based on connectivity. Our first analysis of habitat areas assumed all
regions of the Delta were equally accessible to Chinook salmon fry. This assumption may be
incorrect, however, because much of the fish monitoring has shown that fry do not inhabit certain
areas in the Delta. Therefore, a spatial connectivity mask, or exclusion zone, was developed to
exclude certain areas from the habitat mapping. This exclusion zone was produced using month- and
year-specific fish monitoring data (Figure 12). Poisson regression models were used to predict fish
counts based on the relationships between fish counts in beach seine datasets and several
covariates including river system (Sacramento or San Joaquin), distance of sampling site to its
mainstem (m), physical chann<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>