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Abstract

The Trinity River is managed in two sections: (1) the
upper 64-kilometer (km) “restoration reach” downstream
from Lewiston Dam and (2) the 120-km lower Trinity River
downstream from the restoration reach. The Stream Salmonid
Simulator (S3) has been previously constructed and calibrated
for the restoration reach. In this report, we extended and
parameterized S3 for the 120-km section of the lower Trinity
River to the confluence with the Klamath River and then to the
Pacific Ocean in northern California.

S3 is a deterministic life-stage structured-population
model that tracks daily growth, movement, and survival
of juvenile salmon. A key theme of the model is that river
discharge affects habitat availability and capacity, which
in turn drives density-dependent population dynamics.

To explicitly link population dynamics to habitat quality

and quantity, the river environment is constructed as a
one-dimensional series of linked habitat units, each of

which has an associated daily timeseries of discharge, water
temperature, and useable habitat area or carrying capacity.

In turn, the physical characteristics of each habitat unit and
the number of fish occupying each unit drive (1) survival and
growth within each habitat unit and (2) movement of fish
among habitat units.

The physical template of the Trinity River was formed
by classifying the river into 910 meso-habitat units that were
designated into runs, riffles, or pools. For each habitat unit, we
developed a timeseries of daily discharge, water temperature,
amount of available spawning habitat, and fry and parr
carrying capacity. Capacity timeseries were constructed using
state-of-the-art models of spatially explicit hydrodynamics and
quantitative fish habitat relationships developed for the Trinity
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River. These variables were then used to drive population
dynamics such as egg maturation and survival, and in turn,
juvenile movement, growth, and survival.

We estimated key movement and survival parameters
by calibrating the model to 12 years (2007-18) of weekly
juvenile abundance estimates from two rotary screw traps:
(1) the Pear Tree trap near the downstream end of the
restoration reach and (2) the Willow Creek trap site is about
40.2 km upriver from the Trinity River’s confluence with
the Klamath River. The calibration consisted of replicating
historical conditions as closely as possible (for example: flow,
temperature, spawner abundance, spawning location and
timing, and hatchery releases), and then running the model to
predict weekly abundance passing the trap location. We also
evaluated four alternative model structures that included either
no density-dependence, density-independent movement and
survival, density-dependent survival, or density-dependent
movement. Akaike information criterion model selection was
used to evaluate the strength of evidence for alternative model
structures to simulate the observed abundance estimates.

Model selection supported the conclusion that the
fully density-dependent model and density-dependent
survival model was better supported by the data than the
no density-dependence or density-dependent movement
model. Because density-dependent movement was favored
in past evaluations, we focus on the results from the fully
density-dependent model. Parameter estimates from this
model indicated that fry were less likely than parr to move
downstream and that fry moved slower. Fry had a lower daily
survival probability than parr. In contrast, hatchery fish had the
highest probability of movement and the lowest daily survival
probability.

Fitting the model to both traps individually enabled us
to independently compare the fit and performance of S3 at
simulating fish abundance, timing, and growth of juvenile
salmon in the upper restoration reach and lower Trinity River.
We obtained a better fit to the data at the Willow Creek trap
site than we obtained at the Pear Tree trap site, regardless of
whether we fit the model to the abundances at the Pear Tree
trap or Willow Creek trap. This better fit was surprising given
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that the S3 input data for the upper restoration reach required
fewer assumptions than fitting to the Willow Creek trap site
that is farther down river. Fitting S3 to weekly abundances at
the Willow Creek trap site required making assumptions about
(1) extrapolating capacity-flow relationships to unmeasured
habitat units; (2) spatially allocating spawners within the
lower Trinity River; and (3) approximating the abundance,
timing, and size of juveniles entering from tributaries. The
model provided better fit to the data at the Willow Creek trap
site. In the weekly abundance estimates, in relation to the

S3 simulated abundances, several migration years’ (2011,
2015-17) weekly abundance estimates appeared truncated and
were near or at peak annual abundances in January, suggesting
that a large fraction of juveniles was migrating as early as
December at the Pear Tree trap site. Some early life dynamics
may not be currently incorporated into S3. For example, the
estimation of abundance at the Pear Tree trap may be biased
because of size selectivity. Knowing about selectivity at the
Pear Tree trap could greatly improve S3’s ability to predict
weekly and peak abundances each year.

Given that the model was initialized with only the
spatiotemporal distribution of spawners, it performed well
at capturing the essential outmigration features that are
ultimately governed by rates of growth, movement, and
mortality. Because we calibrated 6 parameters across 13
years of data, our final model represented the parsimonious
set of “average” parameter values across the study years but
fit in some individual years was particularly poor. Although
the fit of S3 to the abundance data was poor in some years,
the model tracked and matched the annual migration timing
and mean size of juvenile outmigrants. However, the model
underpredicted the mean size of juveniles early in the
migration year at the Pear Tree trap site. Size selectivity of
the rotary screw trap towards larger individuals could have
contributed to this mismatch. Accounting for this mismatch
might enhance S3 model performance and the estimation
of abundance. Thus, S3 may be best used a tool to assess
relative outcomes from hypothesized scenarios rather than as a
predictive tool to estimate fish abundance.

The Trinity River Restoration Program (TRRP) Science
Advisory Board recommended that the TRRP immediately
focus on developing core elements of a decision support
system (DSS; Buffington and others, 2014, https://www
.trrp.net/library/document/?id=2172). To that end, the habitat
and S3 models described in this report are both core elements
of the DSS. The structure of S3 makes it a particularly
useful fish production model for the DSS because population
dynamics are sensitive to (1) water temperature, (2) daily
flow management, and (3) habitat quality and quantity.

Each of these variables are key management parameters
under consideration in the TRRP. As such, the S3 model
might provide valuable insights into the potentially variable
impacts that various management decisions will have in the
Trinity River.

Introduction

Background

One hundred years after the historic Gold Rush and
dredging of the Trinity River, the construction of two
main-stem dams near Lewiston, California blocked salmon
migrations and altered the hydrology of the Trinity River.
Completed in 1964, these projects included a tunnel to divert
Trinity River water to the Central Valley for agriculture.
Dams and water exports to the Central Valley have regulated
and greatly reduced flows of the Trinity River, substantially
modifying the historical natural flow regime. Additionally,
dams inhibited gravel recruitment and modified natural
channel-forming geomorphic processes that give rise to
salmon habitat. For nearly two decades, a diverse group
representing Tribal, federal, state, and local stakeholders has
been working to rehabilitate the river and restore salmon
populations.

In 2000, the Trinity River Restoration Program (TRRP)
was established by the signing of the Trinity River Mainstem
Fishery Restoration Record of Decision (U.S. Department of
Interior, 2000), with the purpose of restoring the anadromous
salmonid populations to pre-dam levels and supporting
dependent Tribal, commercial, and recreational fisheries
(Trinity River Restoration Program and ESSA Technologies,
Ltd., 2009). TRRP’s strategy for restoring salmon fisheries
is to restore physical processes to create and maintain
freshwater salmonid habitats and meet the flow-dependent
needs of salmonids. Actions to implement the restoration
strategy include

1. mechanical channel rehabilitation,

2. managing flow releases based on water-year dependent
instream allocations and biological and physical man-
agement targets,

3. coarse sediment augmentation, and

4. watershed restoration to reduce fine sediment input into
the main-stem Trinity River.

The underlying hypothesis of the restoration strategy
is that restoring the physical processes (given constraints
of the existing infrastructure) and managing flows to meet
micro-habitat and thermal needs of anadromous salmonids
will provide increased spawning and rearing habitat (Trinity
River Restoration Program and ESSA Technologies, Ltd.,
2009). In turn, this will lead to increased abundance of
high-quality naturally produced juvenile salmonids, ultimately
resulting in increased spawners.

The TRRP is implemented under an Adaptive
Environmental Assessment and Management (AEAM)
framework (U.S. Department of Interior, 2000).
Implementation of the AEAM process is outlined in the
TRRP Integrated Assessment Plan (IAP; Trinity River
Restoration Program and ESSA Technologies, Ltd., 2009).
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The Integrated Assessment Plan identifies key assessments
necessary to provide short-term and long-term feedback on
the effectiveness of the TRRP in meeting specific management
objectives as well as long-term programmatic goals.

For evaluating management objectives to be implemented
by the TRRP, a subcommittee of the TRRP Fish Workgroup
was established to initiate the development of a Trinity River
fish production model (Trinity River Restoration Program
and ESSA Technologies, Ltd., 2009). Recommendations by
the TRRP Science Advisory Board (SAB) further motivated
the development of a Trinity River fish production model as
part of the TRRP decision support system (DSS). The fish
production model should enable the TRRP to evaluate:

1. response of fish production to different flow manage-
ment alternatives, including variable flow levels during
specific life history stages,

2. response of fish production to different channel rehabili-
tation actions,

3. overall restoration strategy of the TRRP using potential
habitat estimates to attain fish population goals,

4. temperature response of fish growth and resulting pro-
duction, and

5. growth/size of fish in response to different flow/tempera-
ture alternatives and relate this to potential survival.

Given the required outputs of a fish production model for
the TRRP, the Stream Salmonid Simulator (S3) was selected
as the modeling framework for the Trinity River DSS. S3 is a
population model that simulates daily growth, movement, and
mortality of freshwater life stages of riverine salmonids. The
model is spatially explicit, representing the river as a linked
series of meso-habitat units (MHUs), each with associated
discharge, water temperature, and habitat characteristics
that are linked to demographic processes to drive population
dynamics using the following:

1. a mathematical basis for population dynamics in a spa-
tial river environment,

2. recent advances in modeling the movement of juve-
nile salmon,

3. growth models parameterized for the fish of interest, and

4. an open-source modeling platform.

The development of S3 for the Klamath River in 2012,
following completion of River Basin Model-10 (RBM10)
for the Klamath River (Perry and others, 2011). RBM10 is
a spatially explicit water temperature model that provided
simulations of daily water temperatures and discharge required
as input for the S3 model. Since 2012, our modeling team
has (1) developed new growth models for juvenile Chinook
salmon (Oncorhynchus tshawytscha; Perry and others, 2015;
Plumb and Moffitt, 2015) and Coho salmon (O. kisutch;
Manhard and others, 2018), (2) developed new analytical
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methods for quantifying habitat suitability criteria needed for
modeling available fish habitat (Som and others, 2018a), and
(3) constructed the underlying S3 modeling framework that
is implemented in the R statistical programming language (R
Core Team, 2020; Perry and others, 2018b). The application,
parameterization, and calibration of S3 to the Klamath River
and the restoration reach of the Trinity River are available
(Perry and others, 2018c, a).

Purpose and Scope

This report describes the application of the S3 model
to simulate juvenile Chinook salmon as they migrate from
natal spawning grounds to the ocean. This report extends
our previous calibration efforts reported by Perry and others
(2018a). We detail model construction, parameterization,
and calibration, and we evaluate how well the production
of juvenile Chinook salmon predicted by S3 compares to
observed data collected at two fish traps. This report is a
companion to Perry and others (2018b), which details the
general model structure and sub-models that are common
across applications of S3 to Chinook salmon in both the
Klamath and Trinity Rivers, Perry and others (2018c, a).

Study Site

The Trinity River in northwestern California is the largest
tributary to the Klamath River, with a drainage area of 7,700
square kilometers (km?; fig. 1). Approximately one-fourth of
the Trinity River Basin lies above Lewiston Dam, which is
located on the main-stem Trinity River near Lewiston, 181
kilometers (km) upstream from the Trinity-Klamath River
confluence. The Klamath River empties into the Pacific
Ocean 70 km downstream from the Trinity-Klamath River
confluence. Completed in 1963, Lewiston Dam regulates
the flow of the Trinity River and stands as an impassable
migration barrier to anadromous fish populations. The
majority of upstream inflows is captured and stored by Trinity
Dam, which is about 11 km upstream of Lewiston Dam.

Native anadromous fish of the Trinity River include
Chinook salmon (Oncorhynchus tshawytscha), Coho salmon
(O. kisutch), and steelhead trout (O. mykiss), all of which
sustain valuable Tribal, commercial, and recreational fisheries
(Trinity River Restoration Program and ESSA Technologies,
Ltd., 2009). The Trinity Fish Hatchery, at the base of Lewiston
Dam, has supplemented these fish populations to mitigate
the loss of upstream fish habitat since 1958 (when dam
construction began). Coho salmon belong to the Southern
Oregon/Northern California Coast (SONCC) evolutionary
significant unit (ESU), listed as threatened since 2005 under
the federal Endangered Species Act (U.S. Department of
Interior, 2000). Trinity River Chinook salmon belong to the
Chinook salmon SONCC ESU, and in 1999 a petition for
federal Endangered Species Act listing was declined.
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Figure 1.

Trinity River and locations of major tributaries, dams, and the Pear Tree and Willow Creek fish traps. The restoration reach

extends from Lewiston Dam to the confluence with the North Fork of the Trinity River, California



The Chinook salmon population is comprised of two
distinct subpopulations: spring and fall run. Adult spring
Chinook salmon return to the Trinity River from April to
September, and by July are concentrated in deep cold-water
pools near Lewiston Dam. spring-run fish typically remain in
cold-water refugia near the dam for months prior to spawning,
which occurs from late September through October. Adult
fall Chinook salmon return to the Trinity River from August
to December and hold for shorter periods of time prior to
spawning. Spawn timing for fall-run fish typically begins in
mid-October, peaks in November, and ends in late December.
Spawning activity is concentrated near Lewiston Dam early in
the spawning season, and then diffuses throughout the river as
the season progresses.

Since 2000, the TRRP has worked to improve and restore
fish habitat and to promote fluvial geomorphic processes in
the restoration reach of river that spans from Lewiston Dam
downstream to the confluence with the North Fork Trinity
River. This section of river also defines the spatial extent
for the current application of S3 for the Trinity River. Fish
populations in the restoration reach are monitored intensively.
Spawner surveys are performed annually to estimate spawner
abundance (Chamberlain and others, 2012). Juvenile
production is monitored using mark-recapture methods at
rotary screw traps fished at Pear Tree Gulch and Willow Creek
(Petros and others, 2017).

Methods

First, we present methods for construction of the habitat
template, the extrapolation of capacity-flow relations to
unmeasured habitat units, and development of the physical
and biological inputs used by S3. Next, we define a set of
candidate models to test hypotheses about the mechanism by
which density dependence affects population dynamics. Last,
we describe methods for model calibration and parameter
estimation, along with the model selection criteria we use to
identify which candidate model best fits observed abundance
estimates.

S3 Model Inputs

Habitat Template

The spatial domain of the S3 model is defined by a
one-dimensional series of discrete habitat units. Habitat units
are spatially referenced by their upstream and downstream
boundaries measured as the distance in river kilometers from
the confluence of the Trinity and Klamath rivers. The length of
a habitat unit is simply the difference between its upstream and
downstream boundaries. Habitat unit boundaries were defined
by a combination of field surveys and Geographic Information
System (GIS) mapping. To define the MHU boundaries
for the Trinity River, field biologists delineated MHU s at
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transitions between three distinct meso-habitat types: riffles,
runs, and pools. The Trinity River S3 model totals 910 habitat
units between Lewiston Dam and its confluence with the
Klamath River, of which 356 MHU s lie within the restoration
reach (fig. 1). MHU delineations were drawn perpendicular
and normal to the river flow using orthographic satellite
imagery and GIS.

Habitat Capacity

To define the quality and quantity of fish habitat within
each MHU we used habitat models developed for the
restoration reach (Som and others, 2018a; Perry and others,
2018a) applied to the cells of 2-dimensional (2D) hydraulic
models for the restoration reach (Bradley, 2018) and segments
of the lower Trinity River (Som and others, 2018b). For this
application, we assigned cells of the finer-scale hydraulic
model to each MHU. We used the habitat model of Som and
others (2018a), following the methods of Perry and others
(2018a), to calculate the carrying capacity of each cell of
the 2D hydraulic model over a range of river flows. The
total carrying capacity of each MHU was then calculated by
summing the capacity of each cell within an MHU to construct
the one-dimensional inputs required by the S3 model.

Of the 910 meso-habitat units in the Trinity River S3
model, 380 were modeled using the 2D hydraulic models,
leaving 530 unmodeled habitat units that fell outside the
domain of the 2D models. To estimate flow-to-capacity
relations for the unmodeled MHUs, we used an extrapolation
technique similar to that used on the Klamath River (Perry
and others, 2018c). However, we extended the extrapolation
procedure to include a bootstrap sampling procedure to
estimate uncertainty associated with the extrapolation
procedure.

Habitat capacity for juvenile Chinook salmon fry and
parr were extrapolated using 356 source habitat units from the
restoration reach and 24 source habitat units from the lower
Trinity River. The flow-to-capacity curves for these MHUs
were used as “source” habitat units, with different flow-habitat
relations, which were applied to the 530 unmeasured “target”
habitat units downriver of the restoration reach. The habitat
unit library is hierarchical, so that the measured habitat units
were assigned to one or more of six general reach types.
Within each of these reach designations the habitat units
were also categorized by habitat type: “Run,” “Riffle,” or
“Pool.” Unmeasured target habitat units were assigned to
one of the six combinations comprised of six source reaches
from the measured habitat units. Likewise, habitat units were
matched according to similar channel morphology and then
habitat type. Matching source to target reaches was done via
deliberations between personnel from the Yurok Tribe and
the USFWS that were familiar with the Trinity River and its
fluvial morphology. Matching source reaches to target reach
types in the lower Trinity River ensured that flow-to-habitat
relations of unmeasured units would be drawn from source
reaches with similar morphological structure. The source
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reaches (and river kilometer range relative to Klamath River
confluence) with modeled hydrodynamics were: (1) Willow
Creek (rkm 34-37), (2) Prairie Creek (rkm 97-117), (3)
Junction City (rkm 117-129), (4) upper Junction City (rkm
129-139), (5) canyon (rkm 140-147), and (6) Limekiln (rkm
157-165). These six reach designations were then used in six
different combinations to designate the source samples to be
mapped to the unmeasured target habitats within the lower
Trinity River. For example,

» 247 target habitat units were mapped to similar habitat
units within source reaches 2, 5, and 6;

* 92 target habitat units were mapped to similar habitat
units within source reaches 2, 4, 5, and 6;

* 1 target habitat unit was mapped to similar habitat units
in reach 2;

* 19 target habitat units were mapped to similar habitat
units within source reaches 1,2, 5, and 6;

» 111 target habitat units were mapped to similar habitat
units within source reaches 1 and 3; and

60 target habitat units were mapped to similar habitat
units within source reaches 1 and 5.

The capacity curves from the 2D models could not be
applied directly to the unmodeled habitat units in S3 because
target units will have a different length, width, and range of
flows than the source habitat units, especially if tributaries
enter between source and target units. Thus, the capacity
curves had to be scaled proportionately from source to target
units. Our procedure for scaling capacity curves scaled
carrying capacity according to expected length and width
differences between source and target unit. We used the
following steps to extrapolate capacity area from source to
target units:

1. Standardize capacity for each source unit by dividing by
the length of the habitat unit, which yields capacity per
linear meter of stream (m2/m).

2. Calculate the exceedance probability associated with a
given daily river flow for each target habitat unit.

3. Quantify the relation between channel width and river
flow (using output for the habitat units from the 2D
hydrodynamic models), where channel width was cal-
culated as the total wetted surface area divided by the
channel length. This relation is calculated over a range
of common exceedance probabilities.

4. Use the flow-to-width relation for each exceedance prob-
ability from step 3 to estimate mean channel width of
each target unit at a given daily river flow.

5. Use the flow-to-width relation to estimate the mean
channel width of the source unit associated with the
same exceedance probability of the target habitat unit
in step 4.

6. Scale the capacity (K, see Juvenile Capacity section)
using the average width of the target unit relative to the
source unit by multiplying K by the ratio of source to
target channel widths:

Widthtarget
X (1)
source Wldth

source

K =K

target
Our procedure for scaling capacity curves over the
range of flows is based on established continuity equations
that define hydraulic channel geometry as a power function
of discharge (Leopold and Maddock, 1953). Leopold and
Maddock (1953) showed that geometric channel properties
(such as channel width) along a river’s longitudinal profile
follow a power function at common exceedance flows:

Wy = ap Qh,p by (2)
where
w,  is the width of habitat unit 7,
0,, Iisthe discharge of the habitat unit associated
with exceedance probability p and
a,and b,  are parameters that vary with exceedance

probability.

For example, at 50 percent exceedance flows, channel
widths at different locations will follow a power function
of discharge across sites. At 25 percent exceedance flows,
channel widths will also follow a power function of discharge,
but with different exponent (b,) and intercept (a,) values than
at 50 percent exceedance flows.

To develop the width continuity equations for S3, we
first quantified exceedance flows in 1 percent increments for
all 910 habitat units using a 39-year historical flow record
provided by Perry and others (2011) and Jones and others
(2016). Second, for all 2D habitat units, we (1) estimated
mean channel width as the wetted surface area divided by
the length of the habitat unit, and (2) averaged the width of
replicate habitat units at a given 2D site to develop composite
widths associated with each source capacity curve. Third, we
estimated the parameters of equation 2 by fitting log-log linear
regressions to the widths of all habitat units at flows associated
with each 1 percent increment of exceedance (fig. 2).

These equations served two functions: (1) they let us
scale discharge between source and target habitat units by
relating flows at different locations to common exceedance
probabilities, and (2) they provided an estimate of channel
width of both source and target unit at a common exceedance
probability, which allowed us to scale capacity by the relative
change in channel width between source and target unit.
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selected exceedance probabilities. Symbols represent the 34 hydrologic reaches that were output
via the River Basin Model-10 to obtain flows for the Trinity River, California.
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Once the source reaches and units were assigned
to reaches and units of the lower Trinity River, we used
a bootstrap approach by drawing random samples with
replacement to assign source habitat units to unmeasured
target habitat units. Habitat types were assigned using a
stratified random sample with run, riffle, and pool habitat types
forming the strata. For example, pools from a given reach
type library were randomly selected to assigned pools in the
target habitat units of the same reach type. We conducted 100
stratified bootstrapped samples of randomly chosen habitat
units for a given reach type and habitat type. Because only
the reach types were chosen through group consensus, we
felt this hierarchical bootstrap approach was more objective
than arbitrarily mapping a target habitat unit to a source
habitat unit.

Bootstrapped estimates of capacity for target habitat
units reflected the relative differences in capacity among the
habitat types but estimates of capacity differed between source
and target habitat units (table 1 and fig. 3). Distributions of
juvenile Chinook salmon capacity by habitat type (fry or parr
per m?) at flows from 274 to 5,000 ft3/s were right-skewed
and highly variable as a result of geomorphic differences
among habitat types over a wide range of flows. For source
habitat units, the 2.5 percentile for fry capacity was 19.1 fry/
m?, the median was 55.1 fry/m?, and the 97.5 percentile was
155.2 fry/m?. Similarly, the 2.5 percentile for parr capacity
for target habitat units was 3.7 parr/m?, the median was 16.7
parr/m?, and the 97.5 percentile was 465.7 parr/m?. For target
habitat units, the 2.5 percentile for fry capacity was 7.8 fry/
m?, the median was 44.8 fry/m?, and the 97.5 percentile was
228.2 fry/m?. Similarly, the 2.5 percentile for parr capacity for
target habitat units was 1.9 parr/m?, the median was 16.8 parr/
m?, and the 97.5 percentile was 423.3 parr/m?. Overall, the
distribution and median capacity was similar between those
bootstrapped for target habitat units and measured source

Table 1.
target habitat units.

habitat units, whereby some habitat units have little constraint
on capacity (>400 fry or parr per m?), especially at high flows.
Therefore, for use in S3, we used the median capacity for each
habitat unit across the bootstrap samples at a given flow as the
capacity of an unmeasured unit at a given flow.

Physical Inputs

The S3 model requires two physical inputs that drive
population dynamics, either directly or indirectly: (1) water
temperature and (2) streamflow. The S3 model requires
these inputs as a timeseries of daily mean water temperature
(degrees Celsius [°C]) and daily mean discharge (cubic feet
per second [ft3/s]) for each MHU. We used RBM10 (Jones
and others, 2016) to simulate the historical timeseries of
temperature and stream flow for the restoration reach and
the lower Trinity River below the Pear Tree trap. Daily mean
temperature and daily mean stream flow were output for
locations 0.32 rkm downstream from Lewiston Dam and 0.32
rkm downstream from seven main-stem tributaries included
in the RBM 10 model (table 2). These 33 output locations
accounted for flow accretions and the associated changes in
water temperature. RBM 10 output was mapped to each MHU
in S3 such that flow and temperature were constant among
MHUs between tributaries but varied among reaches between
tributaries (table 1).

Biological Inputs

The S3 model relies on the three primary forms of
biological inputs to simulate population dynamics: (1) female
spawners, (2) juvenile hatchery fish releases, and (3) juveniles
entering from tributaries.

Summary statistics for useable spawning area, in square meters (m2), and the capacity of fry and parr per m?for source and

[Abbreviations: Min, minimum; Max, maximum. Symbols: %, percent; >, greater than.]

Extrapolation Life stage Min 2.5% 50.0% 97.5% Max
Source Spawn 0 0 1142.20 4419.64 9061.55
Target Spawn 0 0 971.93 4149.52 7855.89
Source Fry 10.95 19.09 55.05 155.25 >500
Target Fry 1.48 7.81 44.78 228.21 >500
Source Parr 1.65 3.70 16.70 465.74 >500
Target Parr 0.32 1.85 16.78 423.32 >500
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Table 2. Tributaries included in the River Basin Model-10 (RBM10) water temperature model that lie within the Trinity River restoration
reach, RBM10 output locations, and the corresponding Stream Salmonid Simulator meso-habitat units associated with the RBM10
output.

[Abbreviations: Cr., Creek; R., River; rkm, river kilometer; Stn., Station]

Tributary Output location (rkm)  Meso-habitat units (range)
Lewiston Dam to Rush Cr. 180.5684 1-35
Rush Creek to Grass Valley Creek 173.1654 36-70
Grass Valley Creek to Steel Bridge 167.2108 71-106
Steel Bridge to Indian Creek 159.486 107-143
Indian Creek to Weaver Creek 153.2095 144-151
Weaver Creek to Reading Creek 150.9564 152-158
Reading Creek to Browns Creek 149.1862 159-220
Browns Creek to Soldier Creek 141.1394 221-253
Soldier Creek to Canyon Creek 135.0239 254-302
Canyon Creek to Cooper's Bar 127.2991 303-332
Cooper's Bar to North Fork of Trinity River 120.8617 333-357
North Fork of Trinity River to Eagle Creek 116.6774 358-381
Eagle Creek to Price Creek 112.1712 382428
Price Creek to Big French Creek 103.1589 429-483
Big French Creek to Italian Creek 94.1466 484-520
Italian Creek to Burnt Ranch 86.7436 521-565
Burnt Ranch to Burnt Ranch Transfer Stn. 78.5359 566-575
Burnt Ranch Transfer Stn. to Burnt Ranch Falls 76.6047 576-605
Burnt Ranch Falls to New River 72.4204 606625
New River to Icebox Creek 70.0064 626629
Icebox Creek to Quinby Creek 63.2472 630-703
Quinby Creek to SF Trinity River 56.0051 704-731
South Fork of Trinity River to China Creek 50.5333 732-751
China Creek to Willow Creek 45.5444 752-770
Willow Creek to Willow Creek Screw Trap 40.0726 771-790
Willow Creek Screw Trap to Horse Linto Creek 34.279 791-800
Horse Linto Creek to Tish Tang-a-Tang Creek 31.5431 801-823
Tish Tang-a-Tang Creek to Hoopa 26.2322 824-824
Hoopa to Mill Creek 20.1167 825-863
Mill Creek to Norton Creek 14.0012 864-895
Norton Creek to Klamath River 6.4373 896-910
Female Spawners be visually differentiated, the State of California’s Department

of Fish and Wildlife (CDFW) estimates a spawning cut-off
date that determines when redds switch classification from
spring Chinook salmon to fall Chinook salmon. CDFW
generates this cut-off date based on coded-wire tag recoveries
collected at the hatchery (Borok and others, 2015). To assign
spawners to subpopulations in S3, we adopted the cut-off
dates provided by CDFW. Although we label the early and
late-spawning populations as “spring” and “fall” Chinook
salmon in this report, we recognize that a simple cut-off date
does not capture overlap in the temporal spawning distribution

To develop inputs for the number of female spawners,
spawner survey data (Chamberlain and others, 2012) were
summarized as a weekly time series of redd counts by survey
reach. Of the 14 spawner-survey reaches between Lewiston
Dam and the Klamath River confluence, seven reaches fall
within the restoration reach (table 3). We modeled two distinct
spawning subpopulations in S3, early and late spawners, which
track the timing of spawning for spring and fall Chinook
salmon. Because spring and fall Chinook salmon redds cannot
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Table 3. Location of spawning survey reaches for the Trinity River that were used as input for the number of spawners that are

allocated to each habitat unit in Stream Salmonid Simulator.

[Abbreviations: km, kilometer; rkm, riverkilometer]

Meso-habitat units

Redd survey reach Start location (rkm) End location (rkm) Reach length (km) (range)
1 180.5684 177.3584 3.2100 1-19
2 177.3584 170.1124 7.2460 20-52
3 170.1124 159.2464 10.8660 53-108
4 159.2464 148.6744 10.5720 109-163
5 148.6744 134.0934 14.5810 164-259
6 134.0934 125.5184 8.5750 260-313
7 125.5184 116.0204 9.4980 314-362
8 116.0204 106.1124 9.9080 363-420
9 106.1124 92.3614 13.7510 421-494

10 92.3614 77.6884 14.6730 495-571
11 77.6884 62.6314 15.0570 572-665
12 62.6314 40.1704 22.4610 666770
13 40.1704 19.7784 20.3920 771-844
14 19.7784 0.0000 19.7784 845-910

of spring and fall Chinook salmon. Furthermore, the cutoff
date based on hatchery returns may not be representative of
the timing of in-river spawning. Therefore, although we label
the modeled populations as “spring” and “fall,” the reader is
advised to recognize that the S3 model is tracking the progeny
of these early (spring) and late (fall) spawners based on the
cutoff date provided by CDFW.

To construct model inputs, we mapped the reach-level
redd survey data to each MHU and converted the weekly
counts of female spawners to daily counts by dividing weekly
counts by seven (table 3). Within each survey reach, daily
number of female spawners were then distributed to MHUs
proportional to the distribution of daily redd capacity in each
survey reach.

Female Spawners in the Lower Trinity River and
Tributaries

The data collected on the spawning population to
estimate the number of female spawners provide a robust
estimate for the restoration reach of the Trinity River.
However, there is little information on the spawning
population in the lower Trinity River below rkm 77.6. We
assumed a proportion of female spawners = 0.5 for years
where sex ratios were unavailable, which was approximately
the average sex ratio from 2005 to 2010. The product of the
proportion of female spawners and the total run reported in
the Klamath/Trinity Basin MegaTables for the years 2005-17
(Klamath/Trinity Basin Megatables, 2022) provided the total
annual number of females entering the Trinity River. We

estimated the annual number of females available to spawn
in the lower Trinity River (table 4) by subtracting the total
annual number of female spawners estimated from carcass
mark-recapture surveys in the upper Trinity River (spawning
reaches 1-10; table 3) from the total number of spawners in

the MegaTable.

To estimate the number of adult female Chinook salmon
that spawned in the lower Trinity River, versus those that
spawned in tributaries, we took the total watershed arca
of the lower Trinity River and four major tributaries and
then calculated the proportional area among these five river
segments. The major tributaries considered (and their percent
area) were: (1) Canyon Creek (64 mi2; 2.2%), (2) North Fork
of the Trinity River (152.4 mi?; 5.3%), (3) the New River
(233.6 mi?; 8.1%), and (4) the South Fork of the Trinity
River (932.1 mi%; 9.2%). The lower Trinity was estimated at
2,969.8 mi?; representing 52.3 percent of the watershed area
considered. Thus, subtracting the number of spawners in the
survey data (spawning reaches 1-10; table 2) from the total
number of female spawners in the MegaTable provided the
total number of female spawners to be partitioned among the
tributaries and lower Trinity River (tables 4 and 5). These
annual numbers of fish were allocated to a tributary or river
based on their proportional watershed area. Allocating the
number of spawners according to watershed area is supported
by studies that demonstrate fish production as a function of
watershed size (Liermann and others, 2010). The adult female
spawners allocated to the different tributaries (table 5) allowed
us to estimate the number of juvenile salmon entering from the
tributaries and be used as input for S3 simulations.
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Table 4. Annual number of fall and spring Chinook salmon (Onchorhynchus tshawytscha) female spawners used as inputs to the
Stream Salmonid Simulator model, Trinity River, California.

[Annual numbers based on subtracting the estimates within the restoration reach of the Trinity River (spawning reaches 1-7; table 2) from the total number of
females entering Trinity River, California.]

Brood year Total fall females Restoration reach Lower Trinity River  Total spring Restoration reach  Lower Trinity River

fall females fall females females spring females spring females
2005 3,718 1,075 2,643 2,580 1,866 714
2006 5,023 1,519 3,504 2,080 1,840 240
2007 9,631 2,042 7,589 3,659 2,752 907
2008 3,976 970 3,006 2,220 1,692 528
2009 4,563 1,341 3,222 1,829 1,757 72
2010 6,190 1,470 4,720 2,301 1,517 784
2011 8,039 1,888 6,151 3,491 2,676 815
2012 13,488 4,428 9,060 8,188 7,066 1,122
2013 7,278 757 6,521 2,191 1,406 785
2014 7,216 1,931 5,285 2,224 1,910 314
2015 1,355 332 1,023 1,350 1,082 268
2016 1,027 184 843 1,564 1,294 270
2017 1,962 593 1,369 1,186 942 244
2018 4,041 288 3,753 1,300 584 716

Table 5. Annual number of fall and spring Chinook salmon (Onchorhynchus tshawytscha) female spawners that were allocated to
each of the four tributaries of the Trinity River, California.

[Annual numbers based on the proportion of watershed area relative to the total watershed area. These adult spawners provided the number of juvenile salmon
entering from the tributaries to be used as Stream Salmonid Simulator inputs. Abbreviations: Canyon, Canyon Creek; New, New River; NF, North Fork Trinity
River; SF, South Fork Trinity River]

Year Fall Chinook salmon Spring Chinook salmon

Canyon New SF NF Canyon New SF NF
2005 126 459 1,830 299 24 89 354 58
2006 140 510 2,035 333 5 18 70 11
2007 412 1,504 6,000 981 32 116 463 76
2008 125 457 1,822 298 15 54 217 35
2009 119 436 1,738 284 4 16 63 10
2010 196 714 2,850 466 39 141 564 92
2011 246 899 3,586 586 18 67 269 44
2012 423 1,543 6,157 1,007 9 35 138 23
2013 260 949 3,788 619 34 124 497 81
2014 213 779 3,109 508 5 20 78 13
2015 35 127 508 83 3 12 48
2016 33 121 481 79 4 13 53
2017 46 169 676 111 2 7 26

2018 152 555 2,214 362 30 108 430 70




Juvenile Salmon Entering from the Tributaries and
Hatchery

To calculate the number of juvenile Spring and fall
Chinook salmon entering from the tributaries, we used data
from Klamath River tributaries to develop a relation between
watershed area and the number of juvenile salmon recruits per
adult female spawner (Hendrix and others, 2011). Specifically,
we used the annual stock-recruitment data (1993-2008)
obtained for four Klamath River tributaries: Bogus Creek, the
Shasta River, Scott River, and the Trinity River to develop a
power equation between watershed area (mi?; 4,)) and annual
estimates of the number of recruits per spawner, which yielded
the following equation:

R ST = eﬁ0+ﬁ|'1°g(‘4u 7 (3)

where the intercept, £,=8.1107 (SE=0.9176) and the slope for
watershed area,f3,=-0.5276 (SE=0.1392; ?=0.269.) esti-

mate the expected annual production of juveniles per female
spawner (RS;) for the given tributary’s corresponding water-
shed area (4,,;). The product between the annual number of
female spawners (S) and the expected number of juvenile
recruits per spawner (RS) provided the estimate of the total
annual number of juvenile recruits that survived and emigrated
from a tributary to the Trinity River (Jy; table 5) such that:

Jy = Sp - RSy “4)

Because the S3 model also requires the entry timing of
tributary-sourced juvenile Chinook salmon into the Trinity
River, we first estimated the mean week of out-migration
using the relation between the number of recruits per spawner
and the mean calendar week of out-migration obtained
from the fish trap data on the four Klamath River tributaries
mentioned above. The mean week of outmigration for Trinity
River tributaries was fit to annual (y) data from Klamath River
tributaries (7) and it can be expressed as:

W = e0t0;log(RSy) (5)

where

W is the mean migration week given
production (RS).

When fitting this equation to the data 6,=3.723
(SE=0.121) 6,=-0.173 (SE=0.025), and 7>=0.556. To apply
this equation to Trinity River tributaries, we used RS/ for
each tributary to estimate the mean weekly outmigration. We
then assumed a normal distribution for the expected W for
each tributary to determine the proportion of the total annual
juvenile production (eq. 3) from each tributary that would be
expected to out-migrate in weeks earlier and later than the
mean outmigration week, thereby providing an estimate of the
expected weekly number of juveniles emigrating from each
tributary and year.
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The last key input that must be estimated for juvenile
salmon entering from the tributaries is the mean weekly
size of the fish upon entry into the main-stem Trinity River.
To estimate the weekly size of juveniles emigrating from
tributaries, we regressed the mean lengths of juvenile fish
obtained from the Klamath River tributaries at fish monitoring
traps (including the Trinity River) against the mean week of
their out-migration using the following equation:

FL = earta;log(Wy) (6)

where
FL is the mean weekly fork length (FL; mm)
given the week of outmigration observed
across years and tributaries of the
Klamath River.

When fit to the data, a,,=1.697 (SE=0.228) and a,=0.816
(SE=0.078) with an ?=0.734. Application of this equation
to the weeks of outmigration expected for the Trinity
River tributaries were used to estimate the expected size at
emigration from each tributary.

Trinity River Hatchery released two to three times as
many juvenile fall Chinook salmon as spring Chinook salmon,
depending on the year (table 6). Annual releases of juvenile
spring Chinook salmon ranged from 662,000 to 948,000,
whereas releases of fall Chinook salmon ranged from 1.8 to 2
million. Based on the mean size of release groups, there was
considerable variation among years in the life stage at which
spring Chinook salmon were released. In two of the years,
only smolts were released; in two other years, only parr were
released; and in one year, about 60 percent more parr than
smolts were released. In contrast, for fall Chinook salmon,
hatchery releases were comprised of parr exclusively for all
years used in calibration

Stream Salmonid Simulator Submodels and
User-Defined Parameter Settings

When simulating fish populations with S3, some
population dynamics are dictated via user defined options and
parameter inputs. Juvenile fish populations in the S3 model
are affected by three dynamic processes: (1) survival, (2)
growth, and (3) movement. We describe how the submodels
were parameterized for the Trinity River and specify values
of user-defined parameters. For details on the mathematical
structure of individual submodels, see Perry and others
(2018b). The biological processes of survival, growth, and
movement are determined by life stage, which in S3 are (1)
spawning, (2) egg development, and the juvenile life stages
of (3) fry, (4) parr, and (5) smolt. Other than updates based
on more data availability, we used the same set of assumed
parameters and data when originally calibrating the model
to the weekly abundance estimates at the Pear Tree trap site
(Perry and others 2018a).
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Spawning, Egg Development, and Egg Survival
Submodels

The number of eggs that survive to emerge as fry is
affected by several S3 parameters and submodels. We set
the fecundity of female spawners to 3,046 eggs per redd to
approximate the mean number of eggs observed for Chinook
salmon returning to the Trinity River Hatchery from 2000
to 2017. The mean time from spawning to fry emergence
is modeled as a function of daily water temperature and
accumulation of degree days (see Perry and others, 2018b).
Variation in emergence timing is assumed to follow a normal
distribution about the mean emergence date and is controlled
by the standard deviation in degree days required to hatch,
which we set to 26.6 °C days (Perry and others, 2018b).

During the incubation period, S3 considers three
mechanisms that affect egg-to-fry survival: (1) baseline
“natural” mortality, (2) temperature-related mortality, and
(3) redd superimposition (Perry and others, 2018b). The
natural mortality rate was set at 0.25 percent per day, which
equates to a baseline survival rate of about 92.8 percent per
month. Thermal tolerance parameters were set so that water
temperatures less than or equal to 17 °C had no effect on egg
survival, but temperatures greater than 17 °C imposed a daily
mortality rate of 25 percent (Geist and others, 2006).

Redd superimposition is the process whereby a later
arriving spawner builds a redd on top of an existing redd and
dislodges or entombs the eggs laid by the earlier spawner.
Superimposition is modeled in S3 as a function of habitat
capacity and spawner abundance. The probability of redd
superimposition is defined by redd density (redd abundance/
redd capacity), which is calculated and applied daily for
each MHU. The amount of redd mortality attributed to
superimposition on day # is simply the number of redds to be
recruited that day multiplied by the existing pre-recruitment
redd density. However, given the propensity of Chinook
salmon to guard their redds until death, the S3 model allows
the user to set a “guarding period” parameter. We set the
guarding period to 10 days, assuming semelparous Chinook
salmon live to guard their nests for 10 days after spawning.
Redds are not vulnerable to superimposition during the
guarding period.

Although redd-scour owing to freshets is known to
influence the survival of eggs, we have not yet implemented
mortality owing to scour in the Trinity River S3 model,
because there is little evidence for substantial redd scour
in brood years we used for calibration. Incorporating the
effects of sediment load and redd scour sufficiently into S3
simulations is an area of ongoing interest. The S3 model
team and collaborators are seeking ways to include a function
that can tenably account for the effects of egg-scour on redd
survival.
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Juvenile Growth

S3 provides two options for temperature-driven
growth models: the Ratkowsky Model and the Wisconsin
Bioenergetics Model (Perry and others, 2018b). Mean
fish size for each source population and life stage in each
habitat unit was incremented daily as a function of water
temperature using the Wisconsin Bioenergetics Model with
a revised consumption function (Plumb and Moffitt, 2015).
For application to the Trinity River, we fixed the proportion
of maximum consumption parameter to 0.66 and set all other
parameter values to those listed in Perry and others (2018b).
Under this parameterization, the Wisconsin and Ratkowsky
growth models show similar growth rates over a range of
water temperatures (Perry and others, 2018b). The growth
model governs life-stage transitions by moving fish to the
next life stage when their mean size exceeds user-defined
size thresholds for each life stage. For our simulations, the
juvenile life-stage classifications were fry: fork length (FL) <
50 millimeters (mm); parr: 50 < FL < 90 mm; and smolt: FL >
90 mm. For natural-origin fish, we set the weight of emergent
fry to 0.3 grams, which back-calculates to a fork length of
30 mm (see app. 1—4). The mean size of fry, parr, and smolt
were recomputed daily within each MHU to account for daily
growth, growth-based life-stage transitions, recruitment of
emergent fry, and movement among habitat units. We assumed
that the growth model applied uniformly to all juvenile life
stages, natural- and hatchery-origin fish, and spring and fall
Chinook salmon subpopulations.

Juvenile Movement

S3 has two submodels for simulating fish movement: (1)
the “mover-stayer” model, and (2) the “advection-diffusion”
model (Perry and others, 2018b). In both models, movement
from one MHU to another is simulated in the downstream
direction only. In our simulations, we used the mover-stayer
model for rearing fry and parr, and the advection-diffusion
model for actively migrating smolts. The mover-stayer
model can be implemented with density-independent or
density-dependent movement, which is a user-specified
option. With density-independent movement, abundance
and capacity have no effect on movement probability.
Density-independent movement is the only option available
with the advection-diffusion model.

Two parameters drive movement in the mover-stayer
model: (1) the probability of remaining in the currently
occupied MHU (P, ) from time 7 to #+1 (resulting in
“stayers”), and (2) the mean distance moved downstream
(that is, resulting in “movers”; kilometers per day). For the
density-dependent form of the model, P, is expressed as a

sta;
Beverton-Holt function such that Pg,, dec}iines as the ratio of
abundance to capacity increases. That is, the probability of
moving (1-Pg, ) increases as abundance approaches capacity.
We estimated the P, parameter for density-dependent and
density-independent forms of the mover-stayer model. The

mean distance moved was calculated deterministically as a
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function of fork-length, using the same size-based movement
rate as we used for the smolt life stage, as described in Perry
and others (2018a, b).

We modeled smolt movement using a
density-independent advection-diffusion process because
this model was developed for actively migrating smolts,
not smaller rearing fish that are less likely to move
downstream (Zabel and Anderson, 1997; Zabel, 2002). The
advection-diffusion model assumes that the spatial distribution
of a population at a given point in space after ¢ time units is
described by a normal distribution with a mean location and
standard deviation. We allow the movement rate of smolts to
depend on size, with the rate of movement increasing with fish
size. The parameters of this model were based on size relations
developed by Zabel (2002) and Plumb (2012) for juvenile
Snake River fall Chinook salmon (Perry and others, 2018b).

Juvenile Survival

Daily survival probability, like movement probability,
can be specified either as density-independent or
density-dependent. In the density-dependent form, survival
probability is expressed as a Beverton-Holt function that
decreases as the ratio of abundance to capacity increases
(Perry and others, 2018b). In this form, we estimate the
expected survival as abundance approaches zero. In the
density-independent form, daily survival probability is
estimated as a constant value that does not depend on
abundance or habitat capacity. Under both forms of the
survival model, parameters may be allowed to differ among
life stages and source-populations. Parameters of the
survival model were estimated via calibration. We compare
alternative models that use either the density-independent or
density-dependent form of the survival model. Additionally,
we allow the parameters to vary among life stages and source
populations.

Model Calibration

Juvenile Abundance Data

We calibrated S3 to 13 years of weekly juvenile Chinook
salmon abundance estimates from the Pear Tree and Willow
Creek fish traps. We calibrated to abundance estimates from
brood years 2005—-17. These years were selected based on
the completeness and robustness of the juvenile abundance
estimates among available years. For all years, we fit S3
to 694-point estimates at the Pear Tree trap and 665-point
estimates at the Willow Creek trap that represented weekly
abundance of juvenile Chinook salmon passing the traps.
Weekly abundance estimates were separated into hatchery
and natural origin but were not otherwise broken down by
life stage or tributary source. We used the calibrated model to
simulate abundance of fish passing a trap and then compared
simulated to observed weekly abundances in similar manner
as Perry and others (2018a, c) for each trap separately.

Calibration

The goal of calibration was to estimate survival and
movement parameters of the S3 model by fitting the model
to estimates of weekly abundance of juveniles passing the
Pear Tree and Willow Creek fish traps. To fit the model
to abundance estimates, we used a likelihood function
where deviations between simulated and estimated weekly
abundances followed a normal distribution:

Nw,y = Nw,y(e) + gw,y (7)

is the number of juveniles estimated to have
passed the trap in week w of year y,

is the simulated number of juvenile salmon
passing the trap in week w of year y for a
given vector of parameters 0 and

e,,  1sanormally distributed error term with mean

zero and standard deviation 6.

We use the “~” notation here to indicate quantities
simulated by S3, and the “hat” notation to indicate that true
abundances are unknown and estimated with uncertainty. We
account for the uncertainty in estimated abundances by using a
weighted likelihood for the errors (Deriso and others, 2007):

~

- 2
N -N_©)

flnL((a]ﬁW) « ;;[m(wwgﬁ["“i

2w? g2

®)

where

—InL (0‘ N W’y) is the negative log-likelihood of the
parameters given the observed data and
specified model structure and

w,,  are weights that are pro/[\)ortional to the
uncertainty in each N, .

For weights, we used the coefficient of variation,
w,, =CV(N,, ) since the standard errors of N,  are
proportional to N, . The residual standard deviation, o, was

estimated analytically using:

6 = \/nzzi‘” . ©)

where

n is the total number of abundance estimates
over all weeks and years.

We used standard optimization routines in R (R Core
Team, 2020) to maximize the likelihood with respect to the
parameters.

Although the S3 model simulates daily abundance by
life stage and source population, weekly abundance estimates
N wy) Were aggregated over all life stages but were separated
for natural- and hatchery-origin fish. Consequently, for fitting
the model to observed data, N, (8) represents the total



simulated weekly abundance passing a trap, summed over
life stages and source populations separately for natural- and
hatchery-origin juveniles.

Given a fitted model, we used a parametric bootstrap
routine to generate confidence intervals in simulated weekly
abundance of fish passing the traps. First, we generated
100 parameter sets by drawing each parameter set from a
multivariate normal distribution with the mean parameter
vector and variance-covariance matrix estimated through
model calibration. Next, we ran S3 for each of the parameter
sets and summarized the weekly abundance passing each
trap. Last, bootstrap confidence intervals for each simulated
weekly abundance were generated using the 2.5th and 97.5th
percentile of the output from the 100 model runs.

Model Selection

To determine which formulation of the survival and
movement parameters best explain the dynamics of the
juvenile Chinook salmon outmigration, we fit a set of four
candidate models to the weekly abundances at the Pear Tree
trap and the Willow Creek trap. We fit each candidate model
separately to each trap to understand how parameter estimates
differed across different datasets and different model domains.
When fitting to the Pear Tree trap, parameters represent
average survival and movement within the restoration reach
where there were data on spatiotemporal spawner abundance,
a hydrodynamic model with which to estimate capacity for
every mesohabitat unit, and no major tributaries contributing
juveniles to the main stem. In contrast, when fitting to the
Willow Creek trap we assumed the spatiotemporal distribution
of spawners, approximated the numbers of juveniles entering
from tributaries, and extrapolated the meso-habitat units with
capacity relations.

The four candidate models represented different
combinations of density-independent or density-dependent
survival or movement: (1) density-independent survival
and movement, (2) density-independent survival and

Table 7.
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density-dependent movement, (3) density-dependent

survival and density-independent movement, and (4)
density-dependent survival and movement (table 7). By fitting
different combinations of density-dependent movement and
survival models to the same dataset, we compared the fit of
the different candidate models to the data and evaluated which
combination best explained the weekly abundances of fish
passing the trap.

We assumed a priori that movement and survival
parameters differed by life stage and among hatchery and
natural-origin populations, yielding six estimated parameters
for each model (table 7). Each model estimated three
movement parameters and three survival parameters. For
movement, we estimated a unique P, for natural-origin
fry and parr. We also estimated a unique P, parameter that
was common for both hatchery-origin fry and parr because
the vast majority of hatchery releases were of parr size, and
there was not enough data on hatchery fry to estimate unique
parameters for each life stage. Movement parameters of both
natural- and hatchery-origin smolts were fixed according to
the advection-diffusion model described in Perry and others
(2018Db). For survival, unique parameters were estimated for
natural-origin fry. However, we estimated common survival
parameters for parr and smolt life stages because there was
not enough information in the trapping data to estimate unique
survival parameters for these life stages. A third common
survival parameter was estimated for hatchery-origin fry,
parr, and smolt because the calibration routine had difficulty
estimating unique survival parameters of hatchery-origin fish
by life stage.

We compared the relative rank of each candidate model
using Akaike information criterion (AIC), where the lowest
AIC value indicates the model with the most support given its
fit to the data and the number of parameters (see Burnham and
Anderson, 2002). In this model selection framework, the best
model has the lowest AIC score, and models within two AIC
points are deemed competitive alternatives.

Candidate Stream Salmonid Simulator models that were fit to weekly estimated

abundances at the Pear Tree and Willow Creek traps on the Trinity River, California.

[Model: S, survival; M, movement; I, density-independent; D, the density-dependent model forms; g, indicating a
group-effect for different source-populations (natural or hatchery origin); a, life-stage effect for different juvenile life
stages (fry, parr, and smolt); *, a parameter relation between the group- and age-effects that allows life-stage specific
parameters to differ among hatchery- and natural-origin fish populations]

Model number

Model structure

Number of parameters

1 Sfg-a),M(g-
2 S(g-a),Myg-
3 Sp(g - a),M(g -
4 Sp(g - a),Mp(g -

a) 6
a) 6
a) 6
a) 6
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Results

Calibration, Model Selection, and Parameter
Estimates

Calibration

Fitting a complex simulation model like S3 to abundance
data collected at fish traps is challenging because of the run
time for the optimization of model parameters. For example,
all but one model took more than 45 days to converge to the
minimum log-likelihood when fitting the model’s parameters
to the data. Model 2 fit to data from the Willow Creek trap
did not converge to a minimum log-likelihood. As more
of the river is included in the S3 model, the number of
source populations and meso-habitat units in S3 increases,
causing slower run times and longer times per iteration in
the optimization routine. Slower run times are apparent
when comparing the range of iterations obtained over the
same period between the Pear Tree and Willow Creek traps.
Considering the long run times and difficulty of fitting these
models, improving the efficiency and statistical rigor of the
fitting of model parameters would be beneficial.

Model Selection

Despite the differences in the underlying model
structure between the trap sites, we obtained similar relative
importance of density dependence on both survival and
movement. Regardless of the trap site and data that we fit the
S3 model to, models that expressed survival as a function
of density-dependence were most supported by AIC model
selection, and contrastingly the model where both survival
and movement were density-independent were least favored
(table 8). We obtained slightly different model selection results
depending on the data from each of the fish traps. When fitting
to the Pear Tree trap data, the fully density-dependent model
for survival and movement (model 4; table 7) was the AIC
best model, whereas the density-dependent survival model
(model 3) was the AIC best model when fitting to data from
the Willow Creek trap site.

Comparison of AIC values among the candidate models
revealed differences in model fit to the weekly abundance
estimates (table 8). For example, among the models fit to the
weekly trap abundances at the Pear Tree trap site, models 2
and 3 were both similarly less than 2 AIC units from model
1 whereas models 2 and 3 were also greater than 7 AIC units
from model 4 the AIC best model. These results support
density-dependent processes affecting both movement and
survival (model 4; fig. 4) because these models explained
the abundances and run timing at the Pear Tree trap site.
Similarly, models fit to the weekly abundances at the Willow
Creek trap site also indicate that density-dependent survival
and movement are relatively important factors in explaining
variation in weekly abundances among the years.

Parameter Estimates

Daily survival estimates from fitting S3 to the weekly
abundance estimates at the traps appeared relatively consistent
across the models (fig. 5). However, small differences (>
0.005) in daily survival probability can have meaningful
consequences due to the long-term probability of survival for
a fish over a migration season (fig. 6). Likewise, there were
marked differences in daily survival among the candidate
models. Among models, we identified the biggest difference
in survival and movement between hatchery and natural
fish (figs. 5 and 6). Estimates of daily survival were lower
for hatchery fish than for natural fish, and the daily holding
probabilities for hatchery fish were consistently estimated at
or near zero, indicating hatchery fish traveled faster and had a
lower intercept in daily survival probability over the range in
fish density than the natural fish in S3 fitting and simulations

(fig. 7).

Simulated Versus Estimated Abundance

We evaluated how well simulated abundance at each
trap compared to observed abundance when using parameters
from the best fit model (model 4) fitted to Willow Creek trap
data. Overall, the model predicted the weekly abundances
of juvenile Chinook salmon at the fish traps poorly (fig. 8).
Simulated abundances at both traps were often near zero
when estimated abundances were higher, indicating that when
S3 was fit to all years of data simultaneously, the resulting
simulated weekly abundances were lower than weekly
abundances measured from trap catches for both hatchery and
natural juvenile Chinook salmon. At the Willow Creek trap,
peak weekly abundances for the natural juvenile Chinook
salmon were simulated lower than the estimated weekly
abundances at the Willow Creek trap. Comparing simulated
annual abundance to the total annual trap abundances provided
a complementary picture to weekly values. Nonetheless,
years that were particularly over or underestimated were more
apparent when compared on an annual basis (fig. 9). The best
fit to annual abundance of natural fish occurred when model
parameters estimated from the Pear Tree trap were used to
simulate abundance of fish passing the Willow Creek trap
(figs. 2.3 and 2.4).

Simulated and Estimated Migration Timing

Migration timing of juvenile Chinook salmon passing the
Willow Creek fish trap was approximated by S3. Simulated
migration timing tracked the inter-annual variation in the
estimated 20th, 50th, and 80th percentiles very well over the
13 years of data (figs. 10 and 11), though a consistent earlier
simulation of migration dates was apparent.
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Figure 9. Graphs showing annual abundance estimates for juvenile Trinity River fall Chinook salmon (Oncorhynchus tshawytscha)
that passed the Pear Tree and Willow Creek fish traps compared to those simulated by Stream Salmonid Simulator (S3) model. Data
points represent the last two digits of the juvenile out-migration year.
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migration dates for Trinity River Chinook salmon (Oncorhynchus tshawytscha) that passed the Pear Tree and
Willow Creek fish traps and those simulated by the Stream Salmonid Simulator (S3) model.



However, for the Pear Tree trap, the model consistently
predicted later migration dates than those generated from
weekly abundance estimates. At Pear Tree trap, the simulated
20th, 50th, and 80th percentiles in migration dates were
generally later than the estimated migration timing. The
discrepancy between simulated and estimated migration
timing at the Pear Tree trap was especially apparent in 2015,
2016, and 2017 when weekly abundance estimates indicated a
high abundance in January.

Simulated and Observed Fish Size

Although we used a literature-based average value for
p(C,...), simulated mean fish length tracked the average
seasonal trend in the size of fish passing the Pear Tree and
Willow Creek traps well (figs. 12 and 13). The biggest
difference between observed and simulated fish sizes at the
traps were for fry-sized fish early in the year. This discrepancy
was most apparent at the Pear Tree trap compared to the
Willow Creek trap, suggesting that either S3 is missing
some aspect of the dynamics in the population’s early life

Results 27

history, size selectivity in trap abundance estimates, or both.
Nonetheless, despite this discrepancy in the estimation of
average weekly size of fry, the size and timing of life-stage
transitions from fry to parr to smolt was well captured. Thus,
even though the average weekly size of fry was not well
estimated, the annual timing of fry to parr transitions were
well simulated.

Estimates of Juvenile Abundance at the Ocean

Coupling the S3 model for the Trinity River with the
S3 model for the Klamath River allowed us to determine the
annual number of simulated Trinity River juvenile Chinook
salmon that were expected to survive and arrive at the Pacific
Ocean (table 9). Overall, the numbers of simulated juvenile
Chinook salmon arriving at the ocean were relatively stable
for natural fish from the Trinity and Klamath rivers. However,
there were a few years where the survival of hatchery fish
from Iron Gate Hatchery to the ocean was simulated to be near
zero (tables 9 and 10).
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Figure 12. Graphs showing simulated versus observed fork length of Trinity River Chinook salmon (Oncorhynchus tshawytscha)

that passed the Pear Tree fish trap as estimated from the model fit to the Willow Creek fish trap. Note that simulated fork lengths are
presented as a weekly average, whereas the observed fork lengths show the size of individual fish. Horizontal dashed lines show size
cut-offs used to define fry (<50 millimeters [mm]), parr (51-90 mm), and smolts (>90 mm) in the Stream Salmonid Simulator (S3).



150

125

100

75

50

25

150

125

100

75

50

25

150

125

100

75

50

25

150

100

50

Fork length, in millimeters

150

125

100

150
125
100
75
50
25

150

125

100

75

50

25

125

75

25

Results

Natural observed

_] ® Natural fry
® Natural parr
® Natural smolt

2006

150
125
100
75
50

25

2007

150
125
100
75
50

25

150 A
125
100
75
50

25

150

125

100

150
125

100

150
125
100

75

50

25

T T T
Jan Feb Mar

T
Apr

T
May

T
Jun

T
Jul

T
Aug

T
Sep

Jan Feb Mar Apr  May Jun Jul Aug Sep
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Table 9. Stream Salmonid Simulator predicted annual numbers of hatchery- and naturally produced juvenile Chinook salmon
(Onchorhynchus tshawytscha), Klamath and Trinity Rivers, California.

[Numbers are those predicted to have survived and arrived at the ocean, originating from the Klamath (and its major tributaries) and the Trinity Rivers (and its
major tributaries) in California.]

Migration year Iron Gate Hatchery Trinity River Hatchery Klamath River natural Trinity River natural
2006 2,306,401 266,722 125,858 1,381,288
2007 1,653,789 86,338 326,873 997,696
2008 1,044,547 13,104 329,381 1,349,581
2009 276,044 313,741 256,554 1,028,791
2010 2,622,879 167,547 571,723 1,114,177
2011 1,518,822 46,565 261,669 1,127,679
2012 3,495,604 80,525 583,111 1,311,594
2013 2,321,643 57,972 1,173,516 1,045,181
2014 479,080 200,348 906,232 1,158,816
2015 48 367,571 670,465 1,063,780
2016 891,332 41,122 428,215 868,917
2017 72,997 37,053 234,475 908,036
2018 583 58,610 310,992 874,720

Table 10. Annual survival of Stream Salmonid Simulator predicted hatchery- and naturally produced juvenile Chinook salmon
(Onchorhynchus tshawytscha) that originated from the Klamath and Trinity Rivers, California.

[Note that survival estimates are from the point of the fish’s entry into the Klamath or Trinity Rivers to the ocean.]

Migration year Iron Gate Hatchery Trinity River Hatchery Klamath River natural Trinity River natural
2006 0.374 0.879 0.025 0.642
2007 0.308 0.868 0.045 0.685
2008 0.197 0.859 0.024 0.708
2009 0.278 0.880 0.025 0.698
2010 0.579 0.884 0.033 0.695
2011 0.386 0.876 0.041 0.685
2012 0.695 0.876 0.050 0.708
2013 0.550 0.800 0.037 0.601
2014 0.108 0.878 0.041 0.684
2015 <0.001 0.790 0.021 0.664
2016 0.244 0.870 0.034 0.705
2017 0.177 0.877 0.053 0.696

2018 <0.001 0.753 0.040 0.733




Discussion

In this report, we constructed and parameterized the S3
fish production model to support the Trinity River restoration
efforts and decision support system (DSS). The structure
of the S3 model allows for the assessment of hypothesized
management actions because the model is sensitive to
(1) water temperature, (2) daily flow management, and
the resulting changes in (3) habitat quality and quantity.

Each of these variables are key management parameters
under consideration in the Trinity and other river systems.
Furthermore, the Trinity River S3 model is unique and
unprecedented among detailed simulation models of fish
populations owing to (1) state-of-the-art sub-models forming
key drivers in S3 (for example, hydrodynamics and fish
habitat models), (2) high-quality abundance estimates
available for evaluating model output, (3) calibration of

the model to estimate key demographic parameters, and (4)
comparison of alternative hypotheses about the mechanisms of
density-dependence driving population dynamics.

This report is an extension to our previous report (Perry
and others 2018a), and here we included seven more years of
weekly trap abundance estimates as well as two trap locations
in S3 calibration. One of these traps is located near the end of
the upper 64-km restoration reach, Pear Tree, and the other
is located just upstream from the confluence between Trinity
and Klamath Rivers, at Willow Creek. Fitting S3 to two traps
at different sections of the river allowed us to compare the
performance of the S3 model over a range of assumptions
and data inputs. Overall, we qualitatively found a better fit
between S3 and the weekly abundances at the Willow Creek
trap site than we did between S3 and weekly abundances
at the Pear Tree trap site. Two factors likely contributed to
the poorer fit to the Pear Tree trap. First, the trap abundance
estimates themselves may be biased due to size selectivity
in trap efficiency. There were several years (2015-17) when
weekly trap abundance estimates were near or at their peak in
January, indicating that either the trap estimates are biased due
to size selectivity, or S3 may not be sufficiently incorporating
some early life-stage dynamics such as spawn timing, tributary
juveniles, or egg development in the main-stem Trinity River.
Thus, gain in the fit and predictive accuracy of S3 may be best
achieved by identifying the factors that affect both fish trap
abundance estimates and S3 simulations.

We made historical simulations of fish entering from
tributaries as realistic as possible by using Klamath Basin
stock-recruitment information and watershed area relations
to estimate the weekly entry timing, size, and abundance of
fish entering from four major tributaries to the Trinity River.
Data on tributary spawning, and its subsequent contribution
to the number and size of juveniles entering the Trinity River,
are largely unquantified and lacks consistent measurement
from year-to-year. So, we used empirical relations obtained
from the literature and Klamath River watershed studies to
estimate juvenile Chinook salmon inputs from tributaries for
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fitting the S3 model. Implicitly, the timing, size and abundance
of juvenile Chinook salmon entering the Trinity River from
smaller tributaries remains unknown.

Inputs for the upper restoration reach of the Trinity
River S3 model were constructed from state-of-the-art models
of spatially explicit hydrodynamics (Bradley, 2018) and
quantitative fish habitat relations (Som and others, 2016).

In contrast, for the lower Trinity River, we relied on 2D
hydrodynamic models assigned to reach-type libraries and the
extrapolation of habitat capacity from the 2D models within
these libraries to un-modeled habitat units in lower Trinity
River. Thus, we used a similar method to Perry and others
(2018c) whereby fish habitat measures were extrapolated from
representative measured habitat units to unmeasured habitat
units within the Klamath River. The approach to extrapolate
habitat capacity from measured to unmeasured habitat

units in this report represents an objective and quantitative
improvement to the methods applied by Perry and others
(2018c). First, there was more hydrodynamic modeling data
on different habitats for the upper 64-km as well as two

other representative locations in the lower Trinity River. This
relatively large amount of measured habitat units enabled us
to create libraries of the river based on representative reach
type categories. Thus, more information on flow-habitat
capacity relations was available to inform habitat capacity

in unmeasured habitat units within the lower Trinity River.
Second, the libraries of reach types and habitat types for the
measured habitat units allowed us to match similar reach
types to unmeasured reach and habitat types. From this, we
were able to construct stratified bootstrapped samples (that is,
by reach and habitat type) to estimate the expected ‘average’
flow-capacity relation and its associated error for unmeasured
habitat units. In contrast, in the Klamath River, habitat
relations (flow to Weighted Useable Area) from measured

to unmeasured habitat units were assigned via deliberations
between knowledgeable parties with institutional knowledge
(Perry and others, 2018c). Thus, reach types that included
source habitat units were arbitrarily matched to reach types
that included target habitat units. Our bootstrap approach
enabled us to draw random samples from the source reach
type and quantify the expected uncertainty of mapping source
to target reach types and habitat units; this approach is a more
objective and quantitative improvement over our prior efforts
to extrapolate habitat relations and their use in S3 simulations.

The S3 model assumes that river flow affects the amount
and capacity of juvenile fish habitat, which in turn influences
population dynamics (such as, survival and movement) via
density-dependent mechanisms. By fitting S3 to observed
abundance estimates at the Pear Tree and Willow Creek
traps, we were able to evaluate whether density-dependent
movement or survival produced a pattern of simulated
abundance that was more consistent with observed abundance
estimates at the traps. Model selection criterion favored the
inclusion of both density-dependent movement and survival
over an absence of density-dependent processes to estimate
dynamics. This finding stands in contrast to previous efforts
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to fit the S3 model to just five years of weekly abundances

at the Pear Tree trap, where the model that included just
density-dependent movement was the AIC best model.
Perhaps more years of data and the inclusion of fish entering
from tributaries over a longer stretch of river favored
density-dependent survival over density-dependent movement
alone. Given previous findings from our other efforts to fit the
S3 model to trap abundances (Perry and others, 2018c, a) and
the equivocal difference in AIC values, we felt it was prudent
to include the model with both density-dependent survival
and movement. Our model selection provided quantitative
evidence for a link between habitat and population dynamics
and the inclusion of both density-dependent processes in S3
simulations.

Our calibration of S3 to weekly abundances estimated
at fish traps is an indirect method for estimating daily
demographic parameters over a 13-year time series. Perhaps
it is unreasonable to expect that both inter- and intra-annual
variation in the abundance, timing, and growth of three
juvenile life stages from two different run types and multiple
tributaries can be captured by estimating just six demographic
parameters from weekly trap abundance estimates. Although
the S3 simulations often failed to estimate the weekly and
annual abundances at the trap, model simulations captured the
inter-annual variation in migration timing and the growth of
fish passing the Willow Creek trap quite well. In addition, one
would expect that the best fit between observed and simulated
abundance at a given trap would occur when using parameter
values fitted to that fish trap. However, we found that
parameter estimates obtained from the Pear Tree trap matched
the annual abundances of natural-origin fish at the Willow
Creek trap even better than at the Pear Tree trap (figs. 2.3 and
2.4). Based on these findings and the overall poor performance
of models fit to Willow Creek trap data, we recommend that
parameters estimated from the Pear Tree trap be used for the
entire model domain.

The inability of S3 to predict weekly trap abundances
indicated that the fitting of S3 models to data may be best
improved by using estimates of demographic parameters
generated outside of the calibration procedure (for example,
data from telemetry studies that estimate survival and
movement for known fish sizes and life stages). The fit of
simulated to estimated annual abundances was improved
over the fit to weekly abundances, suggesting that some
within-year factor may not be currently captured by the
S3 model. Perhaps the most limiting aspect of our fitting
procedure is that estimates of weekly abundance at the fish
traps represent a total juvenile abundance across all juvenile
life stages and estimating life-stage-specific demographic
parameters from a total abundance is problematic due to the
possibility of correlation among life-stage-specific parameters.
For example, estimates of survival in S3 currently depend
on an assumed egg survival estimate obtained from the
literature, and our subsequent estimates of survival for later
life stages is dependent on this assumption. In contrast, if
estimates of fry and parr movement from supporting studies

could be provided to S3 rather than estimated, then perhaps
difficult to obtain measures such as egg survival could be
estimated more accurately during the fitting procedure.
Another possible improvement to the fitting procedure is in the
trap abundance estimates themselves. An allocation of effort
towards estimating life-stage-specific weekly abundances at
the traps could be a fruitful endeavor. A hierarchical modeling
framework could be constructed from the size and catch data
at the traps to inform the estimation of life-stage-specific
abundances. Supplying S3 with life-stage-specific estimates of
weekly abundances during the fitting process would ‘anchor’
the estimation of life stage specific demographic parameters
and the opportunity to estimate an average daily egg survival
rate. Lastly, the historical contribution of spring- and fall-run
juvenile fish entering from various tributaries and how this
influences the total abundance of fish at the two fish traps is
largely unknown. We used information from other studies to
obtain inputs for S3 on the abundance, timing, and size of
juvenile Chinook salmon entering from four major tributaries
to the Trinity River. These assumed weekly contributions of
juvenile fish are fixed inputs to S3 that must be reconciled
against the weekly estimates of abundances at the traps during
the fitting process, and so directly influence the estimation
of movement and survival parameters and the simulated
weekly abundances and migration timing. Thus, the fit of
the S3 model was reasonable given the assumptions required
to construct the S3 model and its necessary input data. So
S3 simulations appear to capture the underlying dynamics
for growth and the timing of life-stage transitions during
outmigration, but the estimation of abundance might be
improved by: (1) using other studies (such as telemetry) to
inform S3 model parameters for key life stages, (2) providing
life-stage specific abundance estimates at the traps for fitting
the S3 model, (3) identifying possible sources for size
selectivity in trap abundance estimates, and (4) searching for
better ways to bolster the estimation of abundance, timing, and
size of juveniles entering from tributaries to the Trinity River.

During a review of the TRRP’s first phase of restoration
activities, the TRRP Science Advisory Board (SAB)
recommended the TRRP immediately focus on implementation
of a Decision Support System (DSS) and noted development
of the DSS’s core elements as the highest priority of the TRRP
(Buffington and others, 2014). The habitat and S3 models
described in this report are both core elements of the DSS,
and their application will help provide valuable information
to TRRP scientists and decision makers. For smaller spatial
scales (for example, an individual restoration site), one
would not expect a full population dynamics model, nor the
entire fish population of study, to be measurably sensitive to
alterations or changes. However, the habitat model could be
used to evaluate how differing restoration alternatives alter the
capacity of the site and help predict which restoration design
provides the greatest increases in capacity across flows.

This report presents our second iteration of fitting the
S3 model to trap abundance estimates on the Trinity River.
The S3 model offers the opportunity to integrate biological



and physical characteristics over the entire temporal and
spatial freshwater residency of juvenile salmonid populations.
As such, the S3 model can provide valuable insights to

the variable impacts that different management decisions
may have in the Trinity River. Combinations of system
attributes (for example, physical habitat, hydrographs)
subject to manipulation by managers can be translated to
scenarios that form the inputs for S3 model runs. The S3
model has the potential to provide more accurate predictions
of absolute abundance by (1) using alternative sources for
life-stage-specific parameters, (2) estimating life-stage-specific
abundances at the traps, (3) investigating size selective

bias by the traps, and (4) improving our understanding of
tributary production. Currently, S3 model output may be
useful when comparing relative differences of population
demographics such as fish abundance, size, and run timing
across pre-specified scenarios. These predictions will inform
the broader DSS (as well as model development), and in
turn, complete the adaptive management loop, and lead to a
refined management decision process for the benefit of the
Trinity River.
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Figure 1.1. Weekly abundance estimates (log scale) for Trinity River Chinook salmon (Oncorhynchus tshawytscha) that passed Pear

Tree and Willow Creek fish traps compared to those simulated by the Stream Salmonid Simulator (S3) model under model 4 that was fit
to the weekly abundances at the Willow Creek trap. Data points represent the last two digits of the juvenile out-migration year.
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Figure 1.2. Annual abundance estimates (log scale) for Trinity River fall Chinook salmon (Oncorhynchus tshawytscha) that passed
Pear Tree and Willow Creek fish traps compared to those simulated by the Stream Salmonid Simulator (S3) model under model 4 that
was fit to the weekly abundances at the Willow Creek trap. Data points represent the last two digits of the juvenile out-migration year.
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Weekly abundance estimates for Trinity River fall Chinook salmon (Oncorhynchus tshawytscha) that passed Pear Tree

and Willow Creek fish traps compared to those simulated by the Stream Salmonid Simulator (S3) model under model 4 that was fit to
the weekly abundances at the Pear Tree trap. Data points represent the last two digits of the juvenile out-migration year.
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Figure 2.2. Weekly abundance estimates (log scale) for Trinity River fall Chinook salmon (Oncorhynchus tshawytscha) that passed
Pear Tree and Willow Creek fish traps compared to those simulated by the Stream Salmonid Simulator (S3) model under model 4 that
was fit to the weekly abundances at the Pear Tree trap. Data points represent the last two digits of the juvenile out-migration year.
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Figure 2.3. Annual abundance estimates (log scale) for Trinity River fall Chinook salmon (Oncorhynchus tshawytscha) that passed
Pear Tree and Willow Creek fish traps compared to those simulated by the Stream Salmonid Simulator (S3) model under model 4 that
was fit to the weekly abundances at the Pear Tree trap. Data points represent the last two digits of the juvenile out-migration year.
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Figure 2.4. Annual abundance estimates for Trinity River fall Chinook salmon (Oncorhynchus tshawytscha) that passed Pear Tree
and Willow Creek fish traps compared to those simulated by the Stream Salmonid Simulator (S3) model under model 4 that was fit to
the weekly abundances at the Pear Tree trap. Data points represent the last two digits of the juvenile out-migration year.
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Figure 3.1. The 20th, 50th, and 80th percentiles in the annual migration dates for Trinity River juvenile Chinook salmon (Oncorhynchus
tshawytscha) that passed the Pear Tree and Willow Creek fish traps compared to those that were simulated by the Stream Salmonid
Simulator (S3).
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Figure 3.2. Range from the 20th to 80th percentiles (extent of bars) and the median (data points) for Klamath River Chinook salmon

(Oncorhynchus tshawytscha) that passed the Pear Tree and Willow Creek fish traps compared to those simulated by the Stream
Salmonid Simulator (S3) model (Model 4) that was fit to the abundance estimates at the Pear Tree fish trap.
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Figure 4.1. Simulated versus observed fork length of Trinity River Chinook salmon (Oncorhynchus tshawytscha) that passed the Pear

Tree fish trap as estimated from the model fit to the Pear Tree fish trap. Note that simulated fork-lengths are presented as a weekly

average, whereas the observed fork lengths show the size of individual fish. Horizontal dashed lines show size cut-offs used to define

fry (<50 millimeter [mm]), parr (51-90 mm), and smolts (>90 mm) in the Stream Salmonid Simulator (S3).
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Figure 4.2. Simulated versus observed fork length of Trinity River Chinook salmon (Oncorhynchus tshawytscha) that passed the
Willow Creek fish trap as estimated from the model fit to the Pear Tree fish trap. Note that simulated fork-lengths are presented as a
weekly average, whereas the observed fork lengths show the size of individual fish. Horizontal dashed lines show size cut-offs used to
define fry (<50 millimeter [mm]), parr (57-90 mm), and smolts (>90 mm) in the Stream Salmonid Simulator (S3).
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