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Abstract

Stream habitat restoration projects are popular, but can be expensive and difficult to evaluate. We describe
inSALMO, an individual-based model designed to predict habitat effects on freshwater life stages (spawning through
juvenile out-migration) of salmon. We applied inSALMO to Clear Creek, California, simulating the production of
total and large (>5 cm FL) Chinook Salmon Oncorhynchus tshawytscha out-migrants at a degraded and a restored
site. The calibrated model reproduced observed redd locations and out-migrant timing and size. In simulations, the
restored site had a much higher production of fry that established and grew before out-migration; it provided higher
survival and positive growth due to moderate velocities, shallow depths, and cover for feeding and hiding. The restored
site did not produce more total out-migrants because at both sites spawning gravel was sufficient and the vast majority
of fry moved downstream soon after emergence. Simulations indicated that at both sites increasing food and cover
availability could further increase production of large, but not total, out-migrants; spawning gravel, temperature,
and flow appear nearly optimal already. Further gravel addition was predicted to increase total fry production but
have little or even a negative effect on production of large out-migrants, illustrating that actions benefitting one
life stage can negatively affect others. The model predicted that further enhancements (e.g., in cover availability)
would be more beneficial at the restored site than at the degraded site. Restoration efforts may be most effective
when concentrated in ‘“hot spots” with good habitat for growth and predator avoidance as well as for spawning.
Contradicting the traditional notion of “limiting factors,” the model indicated that several factors each have strong
effects. The model provided more understanding of restoration effects than would field studies alone and could be
useful for designing projects to meet specific restoration objectives.

Designing and evaluating fish habitat restoration projects projects are either not evaluated or evaluations cannot clearly
are important yet difficult tasks for freshwater fisheries man- document success (Bernhardt et al. 2005; Roni et al. 2008;
agers. There is limited guidance available for designing suc- Jihnig et al. 2011). Many restoration projects are designed to
cessful river restoration projects, in part because most completed  create a perception of “good’ habitat without addressing the root

*Corresponding author: steve @langrailsback.com
Received June 23, 2012; accepted January 2, 2013

384



Downloaded by [Mr Steven F. Railsback] at 17:18 19 March 2013

MODELING DEGRADED VS. RESTORED SALMON HABITAT 385

causes of degradation and ultimately fail to accomplish desired
objectives (Beechie et al. 2010). In response, recent literature
has outlined best practices for achieving positive restoration
outcomes (Beechie et al. 2010; Bernhardt and Palmer 2011).
One of the fundamental principles is to develop a process-based
approach to restoration focused on restoring hydrologic, geo-
morphic, and biological processes that maintain river ecosys-
tem function. An important step in this approach is to explicitly
link potential management actions to restoration objectives by
predicting the effects of alternative management actions on eco-
logical processes and fish population response. At the reach
scale, designing restoration actions that directly influence such
processes as habitat selection, predation, feeding, growth, and
competition can achieve positive outcomes for fish populations
(Beechie et al. 2010).

Modeling restoration actions allows managers to clarify their
objectives, define assumptions about the relationships between
actions and ecological processes, explore sources of uncertainty,
and quantify predicted outcomes. Once restoration projects are
completed, models can be used to evaluate their effects on fish
populations by integrating field data on multiple processes. In
addition, models can be used as a decision-support tool by
evaluating alternative restoration scenarios to determine actions
that best achieve the fundamental objectives of a project, such
as maximizing fish population response (Honea et al. 2009;
Beechie et al. 2010; Stewart-Koster et al. 2010). Alternative
scenarios can include type of management action as well as site
selection, recognizing that the spatial context of a restoration
site may have a large effect on the project outcome (Bernhardt
and Palmer 2011). Use of models to evaluate completed projects
or potential future restoration actions can encourage projects to
be process-based, have quantifiable objectives, and be designed
for modification through adaptive management.

The use of models in monitoring and evaluation of restoration
projects has long been advocated. In fact, modeling is an integral
part of adaptive management, as originally envisioned (Walters
1986; Walters and Holling 1990). While many managers think
of statistical models that are fit to field data as the natural frame-
work for adaptive management, simulation models have also
been used in especially complex and prominent situations (e.g.,
Walters et al. 2000; Korman et al. 2011). Individual-based mod-
els (IBMs) are especially attractive for evaluation and adaptive
management of restoration projects because they predict how
meaningful population responses (e.g., number of successful
offspring) arise from habitat effects that are most clear at the
individual level and can integrate the cumulative effects of the
multiple kinds of change made in restoration. Individual-based
models can combine models of (1) the physical environment
and how it is affected by restoration, (2) relevant physiological
and behavioral processes strongly affected by the environment
(e.g., feeding and growth, survival, spawning), and (3) key adap-
tive behaviors such as selecting habitat and deciding when and
where to spawn. Individual-based models can be quite complex,
which makes them nontrivial to build and apply, but they also

provide more potential for understanding the inherently com-
plex effects of management on fish populations (e.g., Harvey
and Railsback 2007; Railsback and Harvey 2011).

We introduce and illustrate the use of inSALMO, a new
IBM designed to support management of freshwater life stages
of salmon—spawning through rearing and out-migration.
The model is adapted from a family of IBMs that have been
applied to a variety of salmonid management and research
issues (Railsback and Harvey 2001; Railsback et al. 2009; see
www.humboldt.edu/ecomodel/instream.htm). We describe the
model and its application to two sites that represent restored
and degraded conditions in Clear Creek, a productive but highly
modified salmon spawning stream in California’s Central
Valley. We use the model and field observations to contrast
Chinook Salmon Oncorhynchus tshawytscha spawning, incu-
bation, and juvenile rearing between the two sites. The analyses
produced general conclusions about restoration and the model’s
usefulness.

STUDY SITE

The location chosen for this demonstration application of
inSALMO is the Lower Clear Creek Flood Plain Restoration
Project, Shasta County, California. Clear Creek flows generally
east from the coastal mountain range into the Sacramento River
and has a watershed area of approximately 650 km?. Base flows
at the site are mostly instream releases from Whiskeytown Dam,
part of a large interbasin transfer system. Lower Clear Creek
is a productive Chinook Salmon spawning stream (Yoshiyama
et al. 2000); Whiskeytown Dam limits upstream passage but
provides reliable base flows and moderate temperatures. The
creek supports runs of steelhead O. mykiss irideus and fall,
late-fall, and spring runs of Chinook Salmon. Fall-run Chinook
Salmon dominate in our study sites; adults arrive mostly in
October and spawn from October through November, with most
juveniles migrating downstream as presmolts in their first spring
and summer (Earley et al. 2010).

The lower end of Clear Creek was heavily disturbed by gravel
mining such that much of the channel became narrow and steep
with hard clay substrate instead of gravel. Several major actions
have been taken to improve salmon and steelhead habitat. From
1995 through 2001, flow releases from Whiskeytown Dam were
gradually increased from a median of 1.9 m%/s to 6.1 m%/s, with
a consequent decrease in mean annual water temperature of
2.5°C. Since 1996, spawning gravel has been injected in several
places for natural transport downstream. In 2000, a small dam
at river kilometer (RKM) 10.4 (upstream from the confluence
with the Sacramento River) was removed.

The Flood Plain Restoration Project (“restoration”) that
we focused on was constructed in 2002 under the Central
Valley Project Improvement Act, which was intended to reduce
effects of U.S. Bureau of Reclamation water projects on
Central Valley fisheries. Restoration design objectives included
reestablishing a system of alternating riffles, exposed bars, and



Downloaded by [Mr Steven F. Railsback] at 17:18 19 March 2013

386 RAILSBACK ET AL.

pools, establishing an active floodplain and coarse sediment
transport, raising the bed to provide substrate of gravel and
cobble instead of the underlying hard clay, and increasing the
area of gravel suitable for spawning (NSR et al. 2000). This
restoration project was an attractive study location because it
offered contrasting sites with and without channel restoration
and because the U.S. Fish and Wildlife Service (USFWS) (e.g.,
Earley et al. 2010) has extensively monitored variables such as
spawner abundance, juvenile habitat use, and the redd location
and out-migrant data we describe below.

We contrasted two study sites. The degraded site (designated
“DEGRD”) was one of four used to represent prerestoration
habitat (site 3C of Gard 2006). It is 460 m in length and has
a mean wetted width of 14 m at base flow. The restored site
(designated “RESTO”; Figure 1) was the first in-channel phase
of restoration (site 3A of USFWS 2006). Prior to its restoration
in 2002, the channel at RESTO had more bends and a lower
gradient than DEGRD, but was similarly lacking in hydraulic
complexity and shallow habitat. The restoration work recon-
toured parts of the channel, added structures such as log root
wads to stabilize banks and provide cover, and added spawning
gravel. The RESTO site is 490 m long and 27 m wide at base
flow.

B

ol

MODEL DESCRIPTION

The model developed for this study is version 1.0 of in-
SALMO, adapted from an unpublished full-life cycle salmon
model and the inSTREAM family of stream trout models. The
inSTREAM models have been used for a variety of theoreti-
cal and management applications (e.g., Railsback and Harvey
2002, 2011; Railsback et al. 2003; Harvey and Railsback 2007,
2009). We provide an overview of the model here, focusing
on processes that have not been published previously; a full
description is provided by Railsback et al. (2012).

Model Purpose

The model inSALMO is designed to help predict and explain
the interacting, cumulative effects of river management actions
on freshwater life stages of anadromous salmonids. Such actions
include changes in flow, temperature, or turbidity regimes, alter-
ation of channel shape and availability of spawning gravel and
cover for feeding or hiding, and manipulation of biological con-
ditions such as piscivorous fish densities and food availability.

Entities, State Variables, and Scales
Version 1.0 of inSALMO represents habitat and fish in
streams where adult salmon arrive from the ocean and spawn,

FIGURE 1. RESTO (Lower Clear Creek Flood Plain Restoration Project site 3A). This 2011 image (obtained from Google Earth) shows features of the 2002
restoration work: a wider and more sinuous channel, log structures for stability and habitat complexity in the bend at lower left, widespread spawning gravel, and

a recontoured and replanted floodplain. [Figure available in color online.]
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eggs and embryos incubate, and juveniles rear until they migrate
downstream. The model can represent one or several species or
races (“runs”) of salmon, each with their own parameter values.
The model uses a daily time step.

Habitat is represented at two scales: reaches and cells. A
“reach” represents a contiguous length of stream, typically sev-
eral hundred meters in length. Simulations can represent one or
more reaches, where fish move among them. Reach-scale habi-
tat variables are daily flow, temperature, turbidity, and several
parameters that determine how high flows affect spawning and
the probability of redd scour.

Habitats within each reach are depicted as two-dimensional
(depth-averaged) cells. Cells are irregular polygons, typically
generated via GIS or hydraulic simulation software. Cells have
variables for depth and velocity, calculated from flow using
lookup tables generated using separate, standard, hydraulic
models. The daily availability of drift food for fish is calculated
from depth, velocity, and cell area. Availability of a second type
of food (for “search feeding,” e.g., from the benthos) depends
on cell area. Availability of these two food types also depends
on parameters estimated via calibration (see Model Calibration
and Evaluation section below). Cells also have static habitat
variables that represent the amount of cell area that provides
velocity shelters for drift-feeding and spawning gravel, and a
characteristic distance to hiding cover. These static variables
are typically evaluated via field observation. The assumption
that velocity shelter area (e.g., provided by boulders, habitat
structures, and banks) is independent of flow is an important
simplification made to avoid additional complexity and uncer-
tainty. Shelter area is typically observed during typical base
flows, so this simplification should be reasonable most of the
time, but perhaps not during high-flow events.

Salmon are represented by three kinds of model entity.
“Adults” have state variables for sex and spawning status
(whether they have spawned and, for females, whether they
are guarding a redd) and length, which determines fecundity of
females. “Redds” represent the nests of eggs, with a variable
for the number of eggs remaining alive each day. “Juveniles”
represent fish from emergence to out-migration, with variables
for length and weight.

Process Overview and Schedule

The following actions are executed each simulated day.

Habitat updates.—Daily flow, temperature, and turbidity are
read in for each reach. Cell depth, velocity, and food availability
variables are updated from flow.

Adult arrival.—Any adult salmon scheduled to arrive from
migration (see Initialization section below) are placed in their
spawning reach.

Adult spawning.—Adults decide whether they spawn and,
if so, create a redd. An adult spawns if (1) it has not already
spawned, (2) the date is within a range specified by parameters
for each species or race, (3) the temperature is within a range
specified by parameters, (4) the flow is below a maximum

specified as a habitat reach parameter and has not changed more
than 20% from the previous day (so spawning does not occur
when scour or dewatering are likely), and (5) a random number
is less than a parameter we set to 0.2 (imposing a natural delay
between arrival and spawning). However, adults always spawn
if it is the last day in their range of spawning dates.

When a female adult spawns, it first identifies the best cell
for spawning within a radius determined by its length (in this
study, this radius typically includes an entire reach). (Adults
are not allowed to move to a different reach to spawn because
the number of spawners in each reach is an initial condition
of the model, not an outcome of simulations.) The “best cell”
has the highest value of a spawning suitability measure that
considers depth, velocity, and area of spawning gravel not
currently guarded by another female.

The spawning female creates a redd in the selected cell, and
the number of eggs are a power function of spawner length
(Healey and Heard 1984). The female then identifies a male to
also spawn. Both spawners then have their weight reduced by
40% (Mesa and Magie 2006), which causes spawners to die
of poor condition (below) within a few days (median lifespan
after spawning = 7 d). The female’s spawning status variable is
changed to “guarding.”

Adult habitat selection.—Female adults guarding a redd stay
in the cell containing the redd. Male and unspawned female
adults move to the cell offering the highest probability of sur-
vival (below), typically one with high depth (to reduce predation
risk) and low velocity (to reduce energy costs and hence starva-
tion risk, as adults do not feed).

Juvenile habitat selection and out-migration.—Juvenile
salmon select and move to the cell within the radius in which
they are assumed able to sense habitat conditions offering the
highest “expected fitness,” a tradeoff between expected future
growth and survival (Railsback et al. 1999; Railsback and Har-
vey 2002). The radius increases with fish length and always
includes at least the adjacent cells.

Version 1.0 of inSALMO adds out-migration as a habitat
selection alternative for juvenile salmon: if none of the available
cells offer expected fitness higher than the expected fitness from
out-migration, the juvenile abandons its reach and moves into
the next downstream reach. When a juvenile decides to move
downstream from the downstream-most reach, it is recorded as
having migrated out of the system and removed from the model.
A juvenile’s expected fitness from out-migration is represented
simply as “relative out-migration success,” a logistic function of
length (Figure 2) that reflects how the likelihood of successful
migration to the ocean varies with length. Very small juveniles
out-migrate only if expected fitness in their reach is very low,
especially due to negative growth; as they grow, predation and
other risks become more important. Larger juveniles remain in
their reach only if growth is positive and survival probability is
high (Figure 3).

Growth.—The daily change in weight is calculated from food
intake and energy costs using a standard bioenergetics approach,
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FIGURE 2. Relative out-migration success function for Chinook Salmon ju-
veniles. The function’s shape is controlled by two parameters: the lengths at
which a juvenile’s expected probability of surviving out-migration, relative to
the maximum probability, is 0.1 (fishOutmigrateSuccessLI, 5.0 cm) and 0.9
(fishOutmigrateSuccessL9, 12.0 cm).

then added to the fish’s previous weight. Because adults do not
feed, their change in weight is always at least slightly negative.
For juveniles, if the new weight exceeds the individual’s previ-
ous maximum weight then an increase in length is based on an
observed length—weight relation.

Survival—Juveniles and adults are exposed to a variety of
mortality risks that depend on both habitat and fish variables.
Mortality due to poor condition (starvation and disease) be-
comes more likely as fish lose weight, which (for juveniles)
often results from conditions such as low food intake and ex-
cessive velocities that cause high energetic costs. Juveniles are
at risk of predation by other fish; this risk is lower if they use
habitat that is shallow or close to cover. All but the smallest ju-
veniles are also at risk of predation by terrestrial animals (e.g.,
birds, mammals), which can be reduced by selecting habitat that
is deeper or closer to hiding cover.

Redd survival. —Survival of redds is modeled by determining
how many eggs die each day due to dewatering (when a redd’s
cell is not submerged at the daily flow), scour and deposition
(a function of flow, gravel size, and channel geometry), and
temperatures either above or below optimal. Superimposition is
modeled as a stochastic event that becomes possible when a redd
is no longer guarded by its female and another female spawns
in the same cell; the probability increases as the cell’s area of
unguarded spawning gravel decreases. Females neither prefer
nor avoid superimposing redds. (inSALMO does not simulate
effects of fine sediment on redd survival; doing so would sub-
stantially add to its complexity and uncertainty. Fine sediment
is not believed to be a significant problem at Clear Creek.)

Redd development.—The daily increment in egg develop-
ment is calculated from temperature using model 4 of Beacham
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FIGURE 3. Results of the out-migration decision method with fishOutmi-
grateSuccessL1 equal to 5 cm and fishOutmigrateSuccessL9 at 12 cm. White
regions indicate combinations of growth and risk conditions under which juve-
nile Chinook Salmon remain in their current reach, and grey regions indicate
when they migrate downstream. The x-axis is the daily probability of surviving
factors other than starvation (e.g., predation, high temperature). The y-axis is
daily growth rate as grams of growth per gram of fish weight. The four panels
show how results depend on fish length. Fish were assumed to currently be in
good condition; lower condition (weight at length) slightly increases the ten-
dency to migrate downstream. At lengths <5 cm, fish migrate downstream only
if growth is negative. As length increases, out-migration becomes more depen-
dent on risk; by 9 cm, fish migrate downstream if growth is more than slightly
negative or if survival is not greater than about 0.995. By 11 cm, juveniles
out-migrate unless survival is very high and growth is positive.

and Murray (1990). At constant temperatures, this model pre-
dicts eggs will develop fully in 94 d at 10°C and in 57 d at
15°C.

Redd emergence.—When a redd’s eggs are fully developed,
they “emerge” as new juveniles over several days. Juvenile
length is drawn from a uniform distribution ranging from 3.5 to
4.1 cm fork length.

Initialization of the Model

At the start of an inSALMO simulation, no fish or redds
are present. Instead, a number of adult salmon are created and
given dates at which they “arrive from migration” by being
added to the model. Input for each species or race at each reach
specifies the number of arriving adults, their sex distribution,
the distribution from which individual lengths are drawn, and
the distribution from which individual arrival dates are drawn.

Superindividuals
The “superindividual” technique (section 7.9 of Grimm and
Railsback 2005) is used to make simulation of dense spawning
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populations computationally feasible. The model parameter
JjuvenileSuperindividualRatio determines how many juveniles
are represented by each juvenile object in the model. When
redds emerge, the number of new juvenile objects is calculated
by dividing the number of live eggs by juvenileSuperindividual
Ratio. The consumption of food and velocity shelter area of
each juvenile object is then multiplied by juvenileSuperindi-
vidualRatio. No other changes in juvenile rules or behavior
were made to implement superindividuals in the model. When
a juvenile object “dies,” all the fish it represents die.

To determine the extent to which using superindividuals af-
fects simulation results, we ran a sensitivity analysis on juvenile-
SuperindividualRatio, varying it from 1 (no superindividuals) to
100. Values of 10-20 were found to have negligible effects on
the kinds of outputs we analyze, while greatly increasing com-
putation speed. Here, we use a value of 20 individuals per object.

METHODS

Our application of inSALMO to fall-run Chinook Salmon
in Clear Creek had three steps: (1) assembling input for two
study sites representing habitat with and without restoration, (2)
calibrating and validating the model against field observations,
and (3) designing analyzing simulation experiments to identify
the differences between sites predicted by the model and why
they occur.

Input Data Assembly

Hydraulic simulation.—Hydraulic modeling methods for the
DEGRD site are given in Gard (2006); similar methods were
used for RESTO. The River2D two-dimensional hydrodynamic
model (Steffler and Blackburn 2002) was used to simulate how
depth and velocity vary over space and with flow. Transects
placed at the top and bottom of each site provided an upstream
water-surface elevation for calibration of River2D, the down-
stream stage—discharge relationship input to River2D, and part
of the site bed topography. Additional bed topography plus sub-
strate and cover data were collected using a total station, gen-
erally in sets of points going across the channel. Points were
placed at changes in slope and to capture changes in substrate
type and cover-related habitat. Bed topography data were col-
lected in 2004 for RESTO and in 1999 for DEGRD. Bed to-
pography, bed roughness, and substrate and cover distribution
data were entered into River2D to create hydraulic models for
each site. River2D was calibrated by adjusting bed roughness
heights until simulated water-surface elevations matched mea-
sured elevations at the upstream transect. Hydrodynamic model
predictions of stream velocity can be assessed by regressing
them against observed velocities (e.g., Booker et al. 2001). For
this purpose, a minimum of 50 velocity measurements were
collected per site in addition to those collected at the transects.
Results (USFWS 2005, 2006) showed strong correlation, indi-
cating that velocity simulations are sufficient to represent the
differences between sites that we address. Water-surface ele-

vations (and hence predicted depths) were generally accurate
within 0.03 m.

Habitat cells.—We delineated habitat cells using GIS, start-
ing with aerial photography of the site overlaid with the River2D
mesh and habitat observations. Cell vertices were selected to
capture important variation in habitat while producing no more
cells than necessary. Consequently, cells tended to be small
where habitat varied sharply with distance (especially along
banks) and large in more homogeneous areas. This process pro-
duced 552 cells at the more complex RESTO site and 162 cells
at DEGRD.

Cell hydraulic and habitat variables.—To model depth and
velocity from daily flow, inSALMO input includes lookup tables
of depth and velocity versus flow for each cell. The calibrated
River2D models were used to simulate 24 flows at RESTO and
27 at DEGRD, ranging from below the lowest to above the
highest recorded in Clear Creek during the period we modeled.
Results of these hydraulic simulations were used to calculate
depth and velocity in each inSALMO cell at each flow. Because
the inSALMO cells are generally much bigger than the River2D
mesh elements and laid out so that hydraulics are relatively
uniform within cells, we calculated depth and velocity of a cell
as the simple mean (not weighted by area) of values from all
River2D nodes within the cell.

Cell-specific input on velocity shelters for drift feeding, dis-
tance to hiding cover, and area of spawning gravel was developed
from field observations made March 23-25 and May 5, 2010.
Velocity shelters and microhabitats providing hiding cover were
relatively rare. We made point measurements of distance to
cover and water velocity throughout both reaches in locations
that allowed us to capture sharp gradients in these variables. In
some areas, such as along stream margins where riparian veg-
etation provided both hydraulic complexity and cover for fish,
point measurements were spaced every few meters and each
point defined the velocity shelter and cover availability for a
specific cell. Points were less dense in midchannel areas, where
we made measurements specifically where rare habitat features
provided velocity shelter or cover. We precisely located points
with a Topcon Realtime Kinematic GPS (model R5). Spawning
gravel was mapped onto aerial photos of the sites. Cover values
for each cell were assigned in GIS as the field-observed value
nearest the cell center; spawning gravel values were assigned by
overlaying cells with the field-derived maps of gravel. Channel
boundaries were also located during the 2010 field observations
and compared with the River2D mesh in GIS to verify that
channel shape had not changed substantially at either site.

Adult numbers and characteristics.—Spawner input speci-
fies the number, characteristics, and timing of adult salmon
arriving to spawn. Numbers of fall-run adults for each site
were calculated from annual California Department of Fish
and Game (CDFG) spawning escapement estimates for approx-
imately 6.75 km of lower Clear Creek, which included both
model sites. Adult numbers were produced by multiplying the
total escapement estimate by the proportion of the overall reach
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length represented by each model site. Input for adult sizes and
sex ratio were generated from unpublished carcass data provided
by CDFG.

Model Calibration and Evaluation

After assembling input, we evaluated the model’s predic-
tions of where salmon spawn by comparing simulated versus
observed redd locations, and calibrated its predictions of out-
migrant timing and size by adjusting a few key parameters.

Redd locations.—Locations used for spawning have been
observed at the study sites by mapping the extent of gravel that
appeared disturbed by spawners during and after fall Chinook
Salmon spawning in years including 2007-2010 (Giovannetti
etal. 2008). These observed redd maps were overlain in GIS with
the boundaries of inSALMO cells and then compared visually
with redd locations in the inSALMO simulations. This approach
allowed us to determine whether adults in the model spawned in
the same general areas and the kinds of habitat that real spawners
used, but has several uncertainties. First, the field observations
are of a different type than the model results: the model predicts
how many redds are in each cell, not the exact location or extent
of redds, whereas the field observations attempt to delineate
the extent of one or more redds. Second, there are potential
errors in measuring redd extents and overlaying them with cell
boundaries. Third, relatively high-quality spawning habitat is
widespread at the study sites (especially RESTO), so exactly
which cell an adult spawns in is partially stochastic (in the model
and probably in reality). Therefore, we did not expect simulated
redd locations to exactly match observations, but this analysis
could illuminate any major errors in simulation of spawning
location.

Out-migrant timing and size—The main data-set available
for calibration of inSALMO to the Clear Creek sites are rotary
screw trap (RST) data collected by the USFWS (e.g., Earley et al.
2010) downstream from the study sites. The RST at RKM 2.7
is operated continuously during the juvenile Chinook Salmon
out-migration period. Combined with mark-recapture studies
conducted routinely to estimate trap efficiency, measurements
of individual juveniles captured in the RST were used to estimate
time series of numbers and size distributions of out-migrants.

The RST data had important limitations. First, the data were
collected from the capture of out-migrating fish from the entire
creek, not just our model sites; therefore, the RST data could
not be used to distinguish between the study sites. Addition-
ally, it was not clear how patterns in RST data were affected by
differences between our two sites and the rest of the reach pro-
ducing fry sampled by the trap (up to 4 km upstream from the
model sites). Second, Clear Creek’s spring and late-fall runs of
Chinook Salmon could not be clearly distinguished in the RST
data, making it difficult to discern a beginning or end of the
fall-run out-migration that we simulated. Still, these data pro-
vided a useful view of how the number and size of out-migrating
juveniles varied over time.

The model was calibrated by systematically varying five pa-
rameters that were particularly uncertain and affected the timing
and size of out-migrants: drift food concentration (habDrift-
Conc), search food production (habSearchProd), relative sur-
vival of predation by fish (mortFishAqPredMin) and terrestrial
animals (mortFishTerrPredMin), and the out-migration success
function (fishOutmigrateSuccessLI). The model was run for wa-
ter years 2007-2009 using 360 combinations of these parame-
ters. The parameter combinations were evaluated by how often
(out of the 3 years) they met four criteria derived from the RST
data: (1) the number of out-migrants with length > 5 cm should
be above 10,000 per year from both sites, (2) out-migration
should continue through at least June 1, (3) the date on which
mean out-migrant length first exceeds 5 cm should be after April
15, and (4) the maximum daily mean out-migrant length should
be between 6.5 and 8 cm.

Simulation Experiment Design and Analysis

We simulated spawning, incubation, juvenile rearing, and
out-migration of fall-run Chinook Salmon for five water years:
2004-2008. The analysis looked at differences between the two
sites throughout these life stages, examining the number of
eggs produced, egg survival, and the fate of juveniles—survival,
growth, and timing of out-migration. When differences between
sites were found, differences in habitat availability and use were
examined for explanations.

In many analyses we distinguished between total out-
migrants and out-migrants >5 cm in length (referred to simply
as “large out-migrants”). Because the model assigns juvenile
lengths of 3.5-4.1 cm upon emergence from redds, the 5-cm
threshold is useful for distinguishing between juveniles that
moved downstream almost immediately after emergence, most-
probably because they failed to find habitat providing positive
growth (Figure 3, top left panel), and those that found productive
habitat and grew at least a little before deciding to move down-
stream. Large numbers of Chinook Salmon fry moving down-
stream (voluntarily or not) immediately after emergence have
been observed at many sites (Healey 1991), but the relatively few
fry that grow significantly before out-migration may contribute
disproportionately to adult returns. Miller et al. (2010) observed
that 80% of the fish in a sample of Central Valley Chinook
Salmon adults were longer than 5.5 cm when they encountered
salt water as juveniles. This evidence is not surprising in Cali-
fornia’s Central Valley: a few kilometers downstream from our
sites, out-migrants encounter increasingly large and warm water
bodies where productive feeding conditions are probably rarer
and predation risks greater.

“Limiting Factors” Analysis

The inSALMO model includes a “limiting factors tool” that
automates analysis of how sensitive the simulated production
of out-migrants is to a variety of factors that could be affected
by habitat management. These factors are: base flow, food
availability, winter and summer temperature, spawning gravel
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availability, velocity shelter for drift feeding, hiding cover,
piscivory risk, redd scour, and the number of spawners. The tool
sets up and executes simulations that vary these factors over
ranges selected by the user and summarizes the response of
key outputs such as the number of total and large out-migrants.
The simulation experiments consider parameter uncertainty
by running each limiting factor scenario multiple times using
combinations of values for a few especially uncertain parame-
ters. We used the limiting factors tool as a way of identifying
and understanding effects of the habitat restoration and other
potential management actions.

RESULTS

Model Calibration and Evaluation

Redd locations.—The comparison of simulated versus ob-
served redd locations indicates that the virtual adults in in-
SALMO typically place redds in the same general locations
as real salmon (Figure 4). The areas that real fish clearly avoid
(e.g., the large bend at the west end of RESTO, both ends of
DEGRD) are also avoided in the model. The areas of high model
redd density, especially at RESTO, are similar to the large areas
of observed redds. However, simulated redds at DEGRD are
more widely distributed than the observed redds.

Out-migrant timing and size.—Of the four criteria developed
from RST data for calibration of out-migration timing and size,
the first, second, and fourth were robustly met across wide ranges
of parameter values. However, the third criterion was rarely met;
out-migrants > 5 cm length typically appeared one or several
weeks earlier in the model than in the RST data. One set of pa-
rameter values was selected as best meeting all four criteria and
being typical of the many combinations that met criteria 1, 2, and

RESTO observed

FIGURE 4. Comparison of observed and simulated redd locations for an
example year, 2009. Observed redd extents are indicated by their curved bound-
aries. Simulated redd locations are indicated by the ovals placed randomly in
the redd’s cell, and cells are shaded progressively darker as depth increases
(darker = deeper, white = not submerged). Redds extending outside the polyg-
onal model cells are probably indicators of error in observing or overlaying
locations, or of changes in channel shape since the model’s topographic data
were collected in 2004. [Figure available in color online.]

4. These values are: habDriftConc = 0.001 g/m3, habSearch-
Prod = 0.008 g/mz, mortFishAqPredMin = 0.94, mortFish
TerrPredMin = 0.98, and fishOutmigrateSuccessLI = 5.0 cm.

Using these calibrated parameter values, the model’s out-
migration timing was compared with the RST data by overlaying
graphs of weekly numbers of out-migrants in the (1) RST and
(2) model results (Figure 5). Peaks in out-migration correspond
well, typically occurring in mid-February for both the model
and the RST. However, out-migration from the model reaches
begins later and ends earlier than out-migration at the RST.
Model out-migration begins in mid-January while the RST data
reports early December as the beginning of fall Chinook Salmon
out-migration. Model out-migration becomes rare by the end of
June, while in some years the RST continues to catch small
numbers of Chinook Salmon identified as fall-run fish as late as
September.

The size of simulated out-migrants was compared with the
RST data (Figure 6). The model generally predicts the start of
out-migration by large juveniles to be one to several weeks ear-
lier than observed in the screw traps. The model reproduces the
range of out-migrant sizes relatively well, which is not surpris-
ing: the smallest out-migrant size is determined by parameters
for fish size at emergence, which were based on observations
of real Chinook Salmon fry, and the largest out-migrant size
was considered in calibration. However, the model also closely
reproduces patterns in out-migrant size that are not closely im-
posed by model parameters: how out-migrant size (1) is constant
at a low value for a number of weeks, then (2) rises sharply for
a few weeks, (3) levels off or even dips in April, and finally (4)
continues to increase as the last few out-migrants leave.

Simulation Experiments

This section presents results of simulation experiments con-
trasting the degraded and restored sites. All statistics and figures
present simulation output, not field observations.

Egg production and survival.—The inSALMO results indi-
cated that spawning and incubation were equally successful at
the two sites. At both sites and in all years, almost all (>94%)
females produced redds. Survival to emergence was relatively
constant among years and sites (across years, the mean and range
at RESTO was 46% and 41-50%, respectively, and at DEGRD
was 48% and 39-59%). Superimposition was the only major
source of egg mortality, causing 50% loss (range among years,
44-54%) at RESTO and 48% loss (range, 41-50%) at DEGRD.
Egg mortality due to excessively low or high temperature and
associated disease was similar between sites because both were
exposed to the same temperatures. No eggs were lost to either de-
watering or scour; this was due in part to the upstream reservoir,
so extreme high or low flows are rare. While our simulations did
not include scour-inducing flows, the redd scour function in in-
SALMO (from Haschenburger 1999) predicted that widespread
scour should be much less frequent at RESTO than at DEGRD,
because of RESTO’s wider and less-steep channel.
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The similarity between sites in superimposition rates may
seem unexpected because one purpose of the restoration project
at site RESTO was to increase the availability of high-quality
spawning habitat. However, the model input indicated that such
habitat was almost equally available at the two sites at the time
it was observed in the field. At a typical winter base flow of
7.5 m¥/s, the simulated area of spawning gravel with suitability
> 0.5 for both depth and velocity was 2,900 m? at RESTO and
2,500 m? at DEGRD, or 5.8 and 5.5 m%/m reach length. Because
the channel at DEGRD is much narrower than at RESTO, this
means a higher percentage of area is suitable spawning habitat
at DEGRD.

Juvenile fates.—At the juvenile and out-migrant stages, the
simulations produced large differences between sites. The two
sites produced approximately the same total number of out-
migrants per spawner, but the number of large out-migrants was
much higher at the restored site, RESTO (Figure 7). Of the
relatively few juveniles that died before migrating downstream,
>95% of mortality was due to three causes. Predation by fish
and terrestrial animals accounted for most mortality (88% of
mortalities at RESTO and 75% at DEGRD). Poor condition
(due to rapid or persistent weight loss) was twice as common

at DEGRD (20% of mortalities versus 9% at RESTO). The
number of juveniles that died at RESTO was much higher than
at DEGRD (43,500 versus 14,500 over the entire simulation)
simply because far more fish remained at RESTO for more than
1-2d.

We further addressed the question of why RESTO produced
many more large out-migrants by turning on inSALMO’s op-
tional output file that reported the habitat characteristics and
fish fitness variables for each fish, each day, after the fish had
selected the best cell available to it. We analyzed these results
for all juveniles; the vast majority of these were newly emerged
fry unsuccessfully seeking productive habitat near the cell con-
taining their redd and, for site DEGRD, fish entering the reach
at its upstream end after migrating downstream from RESTO.
This output allows examination of the habitat conditions fish
were able to find in their reach and the growth rates and sur-
vival probabilities they experienced as a consequence. These
results emerged from (1) the model’s assumption that fish seek,
over a distance limited by their size, habitat offering positive
growth and high survival, and (2) simulated habitat charac-
teristics (depth, velocity, velocity shelter, hiding cover) near
where juvenile salmon emerge from redds. For example, the
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distribution of cell depths and velocities used by juveniles (Fig-
ure 8) indicate that many juveniles, especially at DEGRD, were
not able to find moderate velocities (where growth should be
highest). At DEGRD, more juveniles used shallow depths where
risk of being eaten by other fish was lower.

Compared with fish in the degraded reach, juvenile salmon in
RESTO occupied habitat with higher levels of velocity shelter
and hiding cover. At RESTO, juveniles used velocity shelter
to reduce their swimming speed 20% of the time, compared
with only 4% at DEGRD. Many more juveniles occupied cells
with distance to hiding cover low enough to reduce predation
risk at RESTO. Median distance to hiding cover was 1.5 m at
RESTO, compared with 4.0 m at DEGRD; inSALMO’s survival
parameters assume this distance must be less than ~1 m to
reduce risk substantially.

These habitat differences produced substantial differences
between sites in juvenile growth and survival potential (Fig-
ure 9). Even though differences between sites in net energy
intake (Figure 9, left panels) appear small, the percentage of sim-
ulated juveniles experiencing positive net energy intake (weight
gain instead of loss) was 38% at RESTO and only 18% at
DEGRD. Juveniles more often obtained high survival probabil-
ities (e.g., >0.98) at RESTO (Figure 9, right panels).

Another potential explanation for the higher production of
large out-migrants at site RESTO is simply that RESTO is up-
stream from DEGRD. Before being recorded as out-migrants,
juveniles spawned in RESTO move downstream through DE-
GRD, where they could find productive habitat and grow; juve-
niles spawned in DEGRD do not have another reach downstream
to provide a second opportunity for growth prior to emigration.
To test this explanation, we ran the experiment with sites re-
versed; a major reduction in large out-migrants from RESTO
when it is downstream would confirm the explanation. Putting
RESTO downstream from DEGRD did reduce the production of
large out-migrants from RESTO but only slightly, from 0.95%
to 0.83% of all out-migrants. Production of large out-migrants
spawned at DEGRD more than tripled—from 0.14% to 0.48%
of all out-migrants—when they migrated through RESTO. This
result corresponds with the explanation that differences in juve-
nile growth are due to habitat differences between the sites, not
their relative locations.

Limiting Factors Analysis

The limiting factor analysis indicated that the total number
of out-migrants at DEGRD could be affected by the availability
of spawning gravel (Figure 10, upper panel). While addition of
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04

more than the baseline (actual) gravel area (x-axis > 0) had little
benefit, reducing gravel area strongly reduced total out-migrant
production at DEGRD. The mechanism for this effect was higher
loss of eggs to superimposition when gravel is below baseline
levels. The response of large-out-migrant production to gravel
availability was small but opposite that of total out-migrants
(Figure 10, lower panel).

The number of large out-migrants was most affected by food
availability. The simulated response to food availability typi-
fies the response to factors expected to have unambiguously
positive effects on juvenile survival and growth (availability of
velocity shelter and hiding cover, in addition to food). These fac-
tors had essentially no effect on total numbers of out-migrants
(Figure 11, upper panel) because the vast majority of juveniles
left within a day or two after emergence. However, they clearly
increased the numbers of large out-migrants at both sites (Fig-
ure 11, lower panel). This positive effect (of velocity shelter and
hiding cover, as well as food availability) was much more benefi-
cial at RESTO because of the restored site’s higher productivity
of large juveniles. For example, a 100% increase over baseline
food availability increased the percentage of out-migrants that
were large by about 100% at RESTO and 190% at DEGRD, but
the number of large out-migrants increased by 6,800 per year
at RESTO and only 1,400 at DEGRD. Even though the mass of
additional food was the same between sites, the higher area of
good feeding habitat at RESTO allowed much more of the food
to be captured and turned into growth by juvenile salmon.
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FIGURE 8. Distributions of cell depth (left panels) and velocity (right panels) for juvenile Chinook Salmon occupying the restored site RESTO (top panels) and
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at DEGRD).

DISCUSSION

Modeling in Habitat Restoration Design and Evaluation
Evaluation of river habitat restoration projects is important
but complex and difficult (Bernhardt et al. 2005). Conclusive
evidence for the value of restoration projects, or relative value
of alternative restoration designs, is very difficult to develop
from field studies alone because of the many interacting pro-
cesses and uncontrollable variables. Detailed, mechanistic mod-
els such as inSALMO contain many uncertainties that should
not be neglected, and the credibility of the model’s absolute
predictions is not yet clear. However, these models are, at the
least, useful for (1) providing a comprehensive framework for
identifying, documenting, and linking information and assump-
tions, (2) exploring the consequences of such information and
assumptions, (3) producing hypotheses for what processes and
variables are important that can then be tested in the field, and
(4) investigating relative differences among alternative manage-
ment actions. Habitat assessment approaches, whether based
on habitat selection (e.g., PHABSIM; Bovee 1982) or feeding
and energetics (e.g., Hayes et al. 2007), are not as useful for
such purposes, largely because they do not predict kinds of
results (e.g., timing of emergence and out-migration, numbers

and sizes of fish) that are of direct management relevance and
testable against field observations. Mechanistic models such as
inSALMO are currently the only tools we have for forecasting
the benefits of alternative restoration designs (and even basin-
wide restoration strategies) that affect multiple factors such
as physical habitat, food and cover availability, temperature,
and flow.

While we studied a completed restoration project, models
like inSALMO can also be used to support restoration planning
decisions. Analyses like our “limiting factors” experiments can
be useful for prioritizing management actions; our analysis, for
example, indicated that further modifying base flow or tem-
perature either up or down would have small or even negative
effects. For channel reconstruction projects, simulation exper-
iments can both compare alternative designs and evaluate the
relative benefits to juvenile salmon production of details such
as providing more gravel versus more hiding and feeding cover.
This is in contrast to other approaches and guidelines for design-
ing restoration projects (e.g., the spawning habitat restoration
design process of Wheaton et al. 2004, and other approaches
reviewed by Wheaton et al. 2004), which do not predict such
specific biological responses. Previous approaches predict, at
most, changes in “suitable” habitat area.
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Our continuing research objectives include testing inSALMO
against more kinds of data collected at Clear Creek and evalu-
ating how results depend on the total area and number of sites.
The goal of this research is to determine whether and how the
model can be used to support large-scale watershed restoration
decisions.

Evaluation of the inSALMO Application to Clear Creek

Our inSALMO simulations reproduced several key observa-
tions that were not imposed by assumptions or parameter val-
ues. Most important is the observation from RST data that the
vast majority of juvenile Chinook Salmon move downstream as
newly emerged fry instead of staying and growing before out-
migration. Emergence of other patterns in out-migrant size and
timing in the model give us some confidence in its predictions
of growth and out-migration.

Some model results did not closely match monitoring data.
Especially at site DEGRD, the model predicted redds to be
distributed over more area than that observed. This difference
could be reduced by adjusting the parameters for redd defense
area or adult mortality (so spawners die sooner and, hence,
defend redds for less time). However, the difference could also
result from (1) spawning gravel being more widespread during
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FIGURE 11. Limiting factors analysis results for availability of food for ju-
venile Chinook Salmon. The format is similar to that of Figure 10, except that
both sites are represented on the left y-axis of the lower panel.

input data collection in 2010 than it was in previous years,
perhaps due to the ongoing injection of gravel as part of the Clear
Creek restoration program, (2) spawners being less attracted to
DEGRD, violating the assumption we used in preparing input,
that spawner density is constant over stream length, or (3) factors
such as intragravel flow that affect spawning habitat quality but
are not in the model.

The model also predicted out-migration to occur over a nar-
rower range of dates than indicated by the RST data. In in-
SALMO, the timing of out-migration for the vast majority of
juveniles who leave as newly emerged fry is strongly deter-
mined by the input defining when adults arrive and spawn and
by the equation for how egg development varies with water
temperature, which are all relatively certain. Hence, these dis-
crepancies probably result from the RST collecting out-migrants
from much more stream length and more kinds of habitat than
represented by the two inSALMO reaches, and from uncertain-
ties in distinguishing fall Chinook Salmon from other runs in
the trap data.

One seemingly counterintuitive result from the limiting fac-
tors analysis was that further addition of spawning gravel could
reduce the production of large out-migrants. The most likely
mechanism explaining this result is that more gravel produces
more emergent fry and, hence, greater competition and lower
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growth. We commonly see negative relations between abun-
dance and growth in inSALMO, due to competition for good
feeding sites.

This application also identified several potential effects of
restoration that the current version of inSALMO does not ad-
dress. One is the effect of gravel quality on both spawning
habitat selection and redd survival. Defining useful, quantita-
tive measures of gravel quality and modeling them is complex
and uncertain, and we simply chose not to add these uncer-
tainties to the model. Second, we did not model how habitat
differences among reaches affect which reach adults spawn in;
instead, we simply specified how many adults used each reach.
A straightforward approach for adding this process is to as-
sume no inherent “site fidelity” at the reach scale and let adults
select the best available habitat among multiple reaches when
they spawn. Third, many of our key results concern the ability
of newly emerged fry to find and occupy productive and safe
habitat. The inSALMO model does not represent this process
in detail; it neglects processes such as being swept downstream
as passive drift and changes in swimming ability as fish com-
plete their development from alevin to fry stages. The model’s
predicted number of large out-migrants is in fact sensitive to
its parameters controlling the radius over which fish can find
habitat (Railsback et al. 2012, section 4.4.2).

Contrast of Degraded and Restored Sites

This study did not directly evaluate the restoration project
by simulating the RESTO site before and after restoration, but
our comparison of RESTO to the degraded site provides useful
inferences. The analysis indicates that RESTO was much more
productive for larger juvenile Chinook Salmon than was the
unrestored DEGRD.

Why did the model predict that far more fry remain and
grow at RESTO than at DEGRD? One reason is simply that the
RESTO site is much larger in area than DEGRD; the restora-
tion project produced a channel nearly twice as wide as that
at DEGRD at normal flows, with velocities 40-50% lower. A
wider, slower channel no doubt provides more area where newly
emerged fry can feed productively. However, higher availability
of velocity shelter and hiding cover at RESTO no doubt con-
tributed to higher retention, survival, and growth of juveniles.
(We did not evaluate the potential for the wider, slower channel
to result in higher temperatures.)

Differences between sites in total production of juvenile Chi-
nook Salmon were small, in part because spawning gravel was
also abundant at DEGRD (perhaps due to upstream gravel in-
jection as part of the restoration program) and because most
juveniles migrate downstream soon after emerging from the
redd. The redd scour function in inSALMO indicates that the
restored site is considerably less vulnerable to redd mortality
due to high flows.

General Conclusions for Habitat Restoration
One important general conclusion of this study is that restora-
tion actions can have different, even opposing, effects on pro-

duction of small, newly emerged, juvenile salmon versus pro-
duction of juveniles that survive and grow before migrating
downstream. Our simulations indicated that widening and re-
shaping the channel and (from the limiting factors analysis)
increasing the availability of food, velocity shelter, and hiding
cover all had little effect on production of small out-migrants
but strong positive effects on the number of large out-migrants.
Increasing spawning gravel availability increased production of
small out-migrants while having small and sometimes nega-
tive effects on the number of large ones. If evidence that large
out-migrants are more important (e.g., Miller et al. 2010) is
confirmed or accepted, it will be increasingly important for
restoration project design to consider juvenile rearing habitat.
Jeffres and Moyle (2012) recently expressed concern about de-
signing habitat projects to enhance spawning success without
giving adequate consideration to juvenile life stages.

A second general conclusion is that, in our simulation ex-
periments, a variety of factors affected restoration benefits—
especially the number of large out-migrants—in a generally
multiplicative way, instead of there being a clear “limiting fac-
tor.” We did not find just one process or variable that limited
out-migrant production, but instead several factors—food avail-
ability, velocity shelter, hiding cover—that each have strong
effects. Such results are typical of our individual-based fish
models that include behaviors trading off feeding and preda-
tion avoidance (e.g., Harvey and Railsback 2007; Railsback and
Harvey 2011). This conclusion implies it is not always nec-
essary, or even possible, to identify a “limiting factor” before
implementing a successful habitat improvement project.

Finally, our limiting factors analysis supports the conclusion
that total production of salmon may be improved the most if en-
hancement efforts are concentrated in areas of especially good
habitat instead of dispersed among many unproductive areas.
This analysis indicated that further enhancements, such as in-
creasing food production or cover availability, would produce
independent and multiplicative increases in production of large
out-migrants. When multiple habitat factors have independent,
multiplicative effects, the benefits of improving those factors are
highest where juvenile production is already high. For example,
an addition of hiding cover that reduces predation mortality by
10% will save more fish at a site producing 1,000 fish than at
one producing 100 fish (assuming that there is not extreme com-
petition for escape cover during predation events). Creation of
“hot spots” with high habitat quality for juvenile feeding and
predator avoidance as well as spawning may be an effective
salmon restoration technique.
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