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Introduction: Habitat loss and degradation pose significant threats to global fish
and wildlife populations, prompting substantial investments in habitat creation and
restoration efforts. Not all habitats provide equal benefits, leading to challenges in
prioritizing restoration actions. For example, juvenile anadromous salmonids
require high quality rearing aquatic habitats to achieve the physiological
requirements needed to successfully migrate to the ocean. However, there are
profound disagreements among anadromous salmon restoration managers
whether it is best to focus efforts on restoring in-channel habitats that are
available for the entire rearing period or floodplain habitats that, while facilitating
greater growth and survival than in-channel habitats, are only available for a few
weeks at a time and are typically only activated every two-to-three years.

Methods: We used an existing fall-run Chinook salmon decision-support model
to evaluate under what conditions floodplain restoration would provide greater
benefits than in-channel habitat restoration. The simulations included a wide
range of floodplain inundation frequencies and durations and floodplain benefits
in the form of increased survival and growth relative to in-channel habitats.

Results: The simulations results indicated that in-channel habitat restoration was
always the best habitat restoration action when there was no existing in-channel
habitat despite simulating a wide range of flood frequency, duration, and growth
and survival benefits. Floodplain restoration was generally best when there was
sufficient in-channel habitat available to successfully rear most of the juveniles
produced by the returning adult salmon.

Discussion: We hypothesize that in-channel and floodplain habitats have
different roles in salmon population maintenance with in-channel habitats
requlating the overall population size and floodplains acting as recurrent
resource pulses. Our study provides a quantitative framework to evaluate the
benefit of these two habitat types and provides generalizable rulesets that can be
used by managers when implementing habitat restoration strategies for species
that inhabit both in-channel and floodplain habitats.
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1 Introduction

Habitat loss and degradation are among the primary threats to
many fish and wildlife populations across the globe. In response,
managers have invested considerable resources into habitat creation
or restoration efforts to conserve animal populations (BenDor et al.,
2015; Hohl et al., 2020; Bodin et al., 2022). Not all habitats provide
the same benefits to the species they are intended to support. In
some cases, the relative benefits are more easily distinguishable,
such as habitats to support reproduction (i.e., spawning or nesting
habitats) versus habitat to support foraging (i.e., rearing and
foraging habitats). However, the relative benefits are much more
difficult to ascertain when different habitat types are intended to
support the same life stage or activity, but the quality and
availability of the habitats varies. For example, juvenile
anadromous salmonids require perennial in-channel aquatic
habitats to rear to achieve the physiological requirements needed
to successfully migrate to the ocean (Honea et al., 2009; Bourret
etal, 2016). Although floodplain habitats serve similar functions as
their in-channel counterparts, these habitats are also widely
documented to facilitate increased somatic growth in salmonids
due to an increase in food availability (Jeffres et al., 2008; Opperman
etal., 2017). Importantly, these increased somatic growth rates have
been linked to increased survival of juvenile salmonids. Therefore,
floodplain habitats provide important benefits over in-channel
habitats. However, floodplain habitats are ephemeral, where they
are often only available every two-to-three years and are typically
only activated for a few weeks at a time (Williams et al., 2009).

Given the often-limited resources available to invest into habitat
restoration efforts, managers are regularly assigned the difficult task
of prioritizing which habitat types to invest in (and where) to
promote healthy salmonid populations. To help address these
challenges, we developed quantitative decision-support models
(DSMs) to evaluate alternative habitat restoration actions for
salmonids in the Central Valley of California, U.S.A (Peterson
and Duarte, 2020). These DSMs were used by a stakeholder
group, the Science Integration Team (SIT), as they participated in
the structured decision-making process to help inform the
development of a five-year habitat restoration strategy for the
Central Valley Project Improvement Act (CVPIA) Fisheries
Program (USBR and USFWS, 2020). At the time, the DSMs
indicated that in most cases increasing the amounts of perennial
in-channel habitat led to substantially increased fish abundances
when compared to scenarios that increased the availability of
ephemeral floodplain habitats. By extension, the five-year habitat
restoration strategy prioritized the creation of perennial in-channel
habitats over ephemeral floodplain habitats to restore anadromous
salmon populations.

As they continue to participate in the structured decision-
making process, the SIT recently reinitiated the conversations that
will likely inform the development of the next five-year CVPIA
Fisheries Program restoration strategy aimed at promoting
salmonid populations in the region. Over the past five years, the
SIT has gathered improved information on current conditions in
the Central Valley, and we have subsequently revised the DSMs to
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more accurately capture the best available science and hypotheses
on system dynamics in the region. However, there is significant
disagreement among stakeholders, with some advocating for the
restoration of ephemeral floodplain habitats as the most effective
means to restore anadromous salmon populations despite previous
model runs. Much of this conflict arises from the uncertainty
regarding the greater somatic growth and survival benefits to
juvenile salmonids that use floodplain habitats and a belief among
some SIT members that created/restored floodplains can be
engineered to increase the frequency of inundation over more
natural floodplain habitats.

Herein, we focused our study on fall-run Chinook salmon
(Oncorhynchus tshawytscha) because they occur in all of the natal
tributaries in the DSMs and modified this DSM to more explicitly
evaluate tradeoffs in restoring ephemeral floodplain habitats versus
perennial in-channel habitats to promote salmonid populations.
Similar to Peterson and Duarte (2020), we focused on the modules
that simulate juvenile salmonids as they rear in freshwater
environments before making their migration to oceanic waters.
Our goal of this study was to use the DSM to evaluate under what
conditions ephemeral floodplain habitats provide greater benefits
than perennial in-channel habitats when the objective is to
maximize the number of juvenile salmonids that return as adults.
Thus, we considered a broad range of possible environmental
conditions and effect sizes within our evaluation. Given our
previous evaluations of these habitat types, we hypothesized that
floodplain habitats would likely only be considered more beneficial
than in-channel habitats when the survival of juvenile fish rearing in
in-channel habitats was low and the availability of existing rearing
habitat (either in-channel or floodplain) during the early
outmigration window (when floodplains are typically activated)
was relatively limited.

2 Methods
2.1 Restoration area

The eponymously named California Central Valley is situated
between the Coast Ranges and the Sierra Nevada mountain range of
California, USA. It is made up primarily of two watersheds, the
Sacramento River to the north and the San Joaquin River to the
south. The Central Valley climate is characterized by
Mediterranean-like conditions, with hot, dry summers and mild,
wet winters (Deitch et al., 2017). Streamflows in the Central Valley
are derived principally from the snowpack in the Sierra Nevada and
are greatest in the winter and lowest in the summer. The spatial
extent of the restoration area includes the Sacramento and San
Joaquin Rivers and their tributaries and the major tributaries that
drain into the central portion of the Sacramento-San Joaquin Delta.
Candidate restoration areas included only stream segments and
adjacent riparian areas downstream of major obstructions to
upstream migration, such as Shasta Dam on the Sacramento
River. The spatial grain of the restoration area was individual
tributaries, except the San Joaquin River below the Merced River
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was the only section included in these DSMs, and the mainstem
Sacramento River was subdivided into four sections.

2.2 Model overview

The Chinook salmon DSMs are thoroughly documented in
Peterson and Duarte (2020) and available at https://github.com/
CVPIA-OSC/fallRunDSM. We briefly described them here. These
stochastic DSMs tracked the number of juvenile salmon in four size
groups: small, < 42 mm total length; medium, 42-72 mm; large, 72—
110 mm; and very large, > 110 mm and the returning adult stage.
Transitions between stages were estimated using survival and
growth parameters that varied with simulation and represented
conditions in the natal tributaries, migratory corridors, delta, and
ocean. The DSMs originally operated on a monthly time step but we
adjusted the parameters for this study to coincide with a weekly
time step to facilitate evaluations of different floodplain inundation
durations. Again, we focused the evaluation on fall-run Chinook
salmon because they occur in all of the natal tributaries in the
DSMs. Therefore, juvenile rearing occurred over a 30-week period
from January to August. All simulation modeling was conducted
using R statistical software v 4.3.2, “Eye Holes” (R Core
Team, 2023).

The DSM simulations began with 10,000 adults in a natal
tributary. Because we were primarily focused on identifying the
relative benefits of juvenile rearing habitat restoration (ie., in-
channel and floodplain habitats), we assumed that there was
sufficient spawning habitat for all spawning adult salmon in our
evaluations. The number of small-sized juvenile salmon produced
was estimated as a function of the number of spawning adults, adult
prespawn survival, adult sex ratio, female fecundity, and egg-to-fry
survival (Table 1; Figure 1). Juvenile salmon reared in their natal
tributaries until habitat capacity was exceeded and capacity was a
function of the number of juvenile fish and fish body size (i.e.,
juvenile territory size; Table 1). Juvenile salmon habitat use and
movement out of a natal tributary were modeled using a habitat and
body sized-based ruleset. For each weekly time step, juvenile fish
used all available habitat with larger fish occupying available habitat
first. Floodplain habitats were filled first when they were inundated/
activated; when capacity was exceeded in floodplains, the remaining
fish were assigned to in-channel habitats until in-channel habitat
capacity was exceeded. Excess fish that were not assigned to habitats
(i.e., habitat capacity was exceeded) left the natal tributary. Fish that
remained in a natal tributary survived and grew as a function of
habitat type and body size that varied with simulation scenario, as
detailed below. Fish that transitioned to the very large size class left
the natal tributary the next time step. Similarly, all juvenile salmon
that remained in their natal tributaries at the start of week 30 left the
natal tributary. Juveniles leaving their natal tributaries migrated to
the delta, the bay, then the ocean and survived as a function of time
and migration distance that varied with simulation scenario.
Juveniles entering the ocean survived as a function of fish body
size and the timing of ocean entry relative to ocean productivity
transition (Satterthwaite et al, 2014). This ocean entry survival
estimates the probability that a juvenile salmon entering the ocean
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TABLE 1 Fall-run Chinook salmon (Oncorhynchus tshawytscha)
decision-support model baseline parameters with (+/-) standard
deviations and scenario specific values used in evaluation of the relative
value of restoring in-channel and floodplain juvenile salmon habitats.

Parameters Simulated values

Baseline model

Adult prespawn survival 0.85 +/- 0.05
Female fecundity 5522 +/- 74
Adult sex ratio 0.50 +/-0.1
Egg-to-fry survival 0.51 +/- 0.05
In-channel habitat growth rate (mm per week) 35+/-1.2

Juvenile territory size (m?) for small, medium, and
. 0.054, 0.145, 0.485
large sizes

Scenario-specific

In-channel habitat survival of small juveniles 0.74, 0.84, 0.92
Change in survival with body size (log-odds) 0.01,0.02, 0.03
Increase in survival in floodplain habitats

0.5, 1.0, 1.5
(log-odds)
Floodplain habitat growth rate (mm per week) 7.0, 10.5, 14

Flood frequency (annual probability of flood) 0.25, 0.50, 0.75, 1.0

Flood duration (weeks) 1,2,3,4
. . - 2
Current in-channel habitat availability (m” per 0, 100, 300
adult spawner)
. . - 2
Current floodplain habitat availability (m~ per 0, 100, 300
adult spawner)
Floodplain habitat addition multiplier 1,5, 10
Subsidized juvenile growth rate in in-channel
5.25,7.0

habitats (mm/day)

successfully returns to freshwater as an adult (Supplementary
Information). We defined these fish as adult equivalents and used
this measure to quantify the relative benefits of perennial in-channel
and ephemeral floodplain habitat restoration (Figure 1).

2.3 Evaluation scenarios

Again, our main goal was to identify the conditions whereby
floodplain habitat restoration would result in a greater number of
expected adult equivalents than in-channel habitat restoration.
Previous sensitivity analyses of the DSMs indicated that the
rankings of best Chinook salmon habitat restoration actions were
most sensitive to juvenile survival and growth rate and habitat
availability (Peterson and Duarte, 2020). Therefore, we identified
low, medium, and high weekly survival rates of the small size group
based on estimated natal rearing survival in Central Valley
tributaries (Table 1). Floodplain habitats are believed to have
higher survival and growth rates, so we evaluated floodplain
survival at rates 1.6, 2.7, and 4.5 times greater and growth rates 2,
3, and 4 times greater than in-channel habitats (Table 1). The
smallest of these growth and survival increases in floodplain

frontiersin.org


https://github.com/CVPIA-OSC/fallRunDSM
https://github.com/CVPIA-OSC/fallRunDSM
https://doi.org/10.3389/fcosc.2024.1428697
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Peterson and Duarte

10.3389/fcosc.2024.1428697

Flood frequency

Habitat restoration

Flood [ Floodplain habitat ]
availability

Body size

\4
( Growth rate )——>

Ocean entry
(sovar J—>

FIGURE 1

Perennial habitat
availability

Juvenile »| . = i
survival juveniles rearing

N

Spawning
habitat

/

Number
returning

adults

Prespawn
survival

Fecundity

\

Number of

v
Number
juveniles
leaving

v

Adult equivalents

Migratory
survival

Influence diagram representing the fall-run Chinook salmon (Oncorhynchus tshawytscha) decision-support model for evaluating the relative
benefits of restoring in-channel and floodplain habitats. Shaded components were the same across simulation scenarios.

habitats were used in the DSM for informing the development of
the five-year habitat restoration strategy for the CVPIA Fisheries
Program (Peterson and Duarte, 2020). The greater sizes attained by
fishes rearing in floodplain habitats may impart a survival benefit
after the floods recede so we identified three increasing levels of
body size effects on survival in rearing juvenile salmon (Table 1).
Overbank flows required to inundate floodplains typically occur
once every other year (Wolman and Leopold, 1957) but floodplain
activation flows (i.e., the smallest 7-d flows that initiate ecological
processes in the floodplain) occur two of every three years
(Williams et al., 2009). We therefore evaluated the effect of flood
frequency at four levels: one lower and two higher than overbank
and floodplain activation flows (Table 1). Floodplains can be
activated for intervals ranging from days to weeks, but generally
require about 7 d to initiate the ecological processes that produce
food subsidies for fish (Williams et al., 2009). We evaluated the
effects of floodplain duration at four levels ranging from 1 to 4
weeks (Table 1). Existing habitat availability was also simulated at
four levels of availability that represented no (zero) habitat,
medium, and high levels of habitat availability for both in-
channel and floodplain habitats (Table 1). The high in-channel
habitat availability value is approximately the value when juvenile
rearing habitat is no longer limiting under average conditions in the
Central Valley tributaries (e.g., state-dependent policy plots in
Peterson and Duarte, 2020). Based on the CVPIA Fisheries
Program internal records, juvenile rearing habitat restoration
creates, on average, 0.8 ha of in-channel or floodplain habitat in
the DSM under the assumption that both actions require similar
expenditure of resources to complete. To evaluate circumstances
when similar effort can produce more floodplain habitat, we
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evaluated the relative benefits of floodplain restoration for three
multiples applied to 0.8 ha: one (equal to in-channel habitat), five,
and ten times (Table 1). Note that these restoration area scenarios
can also be interpreted as greater fish holding capacity for the same
unit area restored.

Perennial in-channel habitat availability fluctuated systematically
through time in the natal tributaries in Central Valley based on flow
regimes and the fluctuations can affect the efficacy of habitat
restoration actions (Peterson and Duarte, 2020). Therefore, we used
three functions to simulate situations representing increasing,
decreasing, and stable habitat availability through time (Figure 2).
The probability a juvenile salmon that was migrating to the ocean
survived (outmigrant survival) also varied among natal tributaries
due to their distance from the ocean and location. To incorporate
these effects, we simulated under four outmigrant survival patterns
(Figure 2) that represented the typical patterns in the Central
Valley DSMs.

Finally, floodplains are also believed to provide a food subsidy
to fishes that are not using the floodplain during inundation (i.e.,
fish rearing in adjacent in-channel habitats), and there is some
evidence to support this hypothesis (Gorski et al., 2013; Farly et al.,
2019). However, the magnitude and extent of the food subsidy are
largely uncertain. To incorporate this uncertainty, in a post hoc
evaluation we applied a food subsidy under two assumptions of the
spatial extent. The first applied the food subsidy to all juvenile
salmon rearing in the in-channel habitat within the tributary during
floodplain inundation. The second applied the subsidy to a portion
of fish rearing the adjacent in-channel habitats that equaled the fish
rearing capacity of the floodplain habitat in the tributary. Thus, the
extent of the subsidy under the second assumption was
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FIGURE 2

Change in in-channel habitat availability across the 30-week simulation (A) under decreasing (broken line), constant (solid gray), and increasing (solid
black) trends and (B) outmigrant survival under low (black) and high (gray) survival with constant (broken line) and decreasing trends (solid).

proportional to the amount of floodplain in a tributary. We also
evaluated two growth rates for food subsidized fish at 1.5 and 2
times that of baseline in-channel habitat rates (Table 1).

2.4 Scenario simulation

We conducted two sets of simulations. The first set of
simulations focused on evaluating the relative benefits of in-
channel and floodplain habitat restoration without floodplain
food subsidies. The second set of simulations examined the same
tradeofts, but included the additional benefits of food subsidies. For
both sets of simulations, the expected number of adult equivalent
salmon was estimated under three candidate actions: no restoration,
0.8 ha in-channel habitat restoration, and floodplain habitat
restoration that varied with scenario (i.e., 0.8-8.0 ha). During the
simulations, stochasticity was imposed by drawing parameters from
statistical distributions with means and standard deviations in
Table 1. The flood frequency was simulated using a Bernoulli
distribution and the week the flood event was initiated was
randomly assigned to one of the first 12 weeks of the year with
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equal probability (i.e., a unform distribution). The number of fish
that transitioned from one state to another (e.g., surviving week to
week) were modeled using a binomial distribution. The first set of
simulations evaluated all combinations of scenario specific
parameters (without the subsidy), the three in-channel habitat
dynamics trends, and the four outmigrant survival patterns. The
food subsidy simulations also included all combinations of the
scenario specific values except for current in-channel habitat
availability that was fixed at the middle value (100 m? per adult
spawner), habitat dynamics was fixed at constant, juvenile survival
was evaluated for the two lowest values (Table 1), and the
outmigrant survival pattern was fixed at the high and decreasing
pattern (Figure 2). We simulated 10,000 replicates for each scenario
and estimated the mean number of adult equivalent salmon. For
each combination, we considered the best restoration action to be
the action that resulted in the greatest number of adult
equivalent salmon.

The large number of simulation combinations and potentially
interacting factors would make it difficult to identify the conditions
that floodplain habitat restoration was preferable to in-channel
habitat restoration. Therefore, we created binary indicators (0,1) for
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observations that had no action as the best restoration action and
another indicator for observations when floodplain habitat
restoration was the best restoration action. We then used logistic
regression to fit all combinations of scenario parameters and two-
way interactions and selected the best fitting model using Akaike’s
Information Criteria (AIC; Akaike, 1973) with the small-sample
bias adjustment (AICc; Hurvich and Tsai, 1989). The no food
subsidy and food subsidy simulations were analyzed separately.
Given the scenarios were simulated using discrete values, we treated
all covariates as factor variables in our analyses. The no action
regression models were fit using all of the scenarios, whereas the
floodplain action regression models were fit to simulation data that
excluded the combinations when no action was the best alternative.
Thus, predictions under the floodplain restoration action should be
interpreted as the probability that floodplain habitat restoration is
the best restoration action relative to in-channel habitat restoration.

3 Results

Perennial in-channel habitat restoration was the best
restoration action for a vast majority of simulation combinations
(73%) compared to no action (13%) and floodplain restoration
(14%) under the no subsidy scenarios. Similarly, in-channel habitat
restoration was best restoration action in 83% of food subsidy
simulations followed by floodplain restoration (14%), and no
action (3%). On average, 295 and 215 more adult equivalent
salmon were produced relative to no action when in-channel and
floodplain restoration, respectively were the best restoration action.
When current in-channel habitat availability was zero, in-channel
habitat restoration was always the best restoration action.
Therefore, simulations with zero current in-channel habitat
availability were removed from the data prior to logistic
regression model fitting to avoid quasi-complete separation.

The best fitting no restoration action model fit to the simulated
no subsidy data contained all but two simulation parameters, flood

10.3389/fcosc.2024.1428697

frequency and outmigrant survival, and 103 two-way interactions
(Supplementary Material). Again, no action was never selected
when there was zero current in-channel habitat availability. The
main effects parameters suggested that seasonal change in in-
channel habitat availability and current in-channel and floodplain
habitat availability had the greatest influence on the probability that
no action was the best restoration action. The interactions suggested
that those factors in combination with in-channel habitat survival of
juveniles and change in survival with body size largely drove the no
action decision. Plots of predicted probabilities for combinations of
simulation parameters suggested that the probability that no action
was the best was greatest when current in-channel and floodplain
habitat availabilities were high (albeit there was a stronger and more
consistent effect of current in-channel habitat availability), in-
channel habitat survival of juveniles was high, and seasonal
change in in-channel habitat availability was decreasing through
the rearing period (Figure 3). However, probability that no action
was the best when seasonal change in in-channel habitat availability
was increasing tended to be higher when in-channel habitat
was low.

The best fitting floodplain restoration action model fitted with
the no subsidy data also contained most of the simulation
parameters except the floodplain habitat addition multiplier and
there were 129 two-way interactions (Supplementary Material).
Similar to the no restoration action model, current in-channel
and floodplain habitat availability, in-channel habitat survival of
juveniles, and the change in survival with body size were the most
influential factors on the probability that a floodplain restoration
action was the best. Again, floodplain habitat restoration was never
selected when there was zero current in-channel habitat availability.
The predicted probability of floodplain was greatest when there was
no current floodplain habitat availability, high in-channel habitat
availability, and low in-channel habitat survival of juveniles
(Figure 4). Floodplain restoration actions also tended to be best
when the change in survival with body size was small and seasonal
change in in-channel habitat availability was increasing through the
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FIGURE 3

The mean predicted probability that no action was the best restoration action for combinations of juvenile in-channel habitat survival (top above),
change in survival with body size (top inset), seasonal change in in-channel habitat availability (right), current in-channel habitat availability (bottom),

and current floodplain habitat availability (left).
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The mean predicted probability that floodplain restoration was the best restoration action (given the best restoration action was not “no action”) for
combinations of in-channel habitat survival of juveniles (top above), change in survival with body size (top inset), seasonal change in in-channel
habitat availability (right), current in-channel habitat availability (bottom), and current floodplain habitat availability (left).

rearing period (Supplementary Material). Flood duration and the
floodplain growth rate were also related to the probability that
floodplain restoration action was best, but the effects were much
lower than current floodplain habitat availability and flood
frequency (Figure 5). Specifically, the probability floodplain
restoration was the best action increased with lower current
floodplain habitat availability.

Model selection of the floodplain food subsidy simulated data
indicated similar relationships with current floodplain habitat
availability, in-channel habitat survival of juveniles, and the
change in survival with body size (Supplementary Material).
However, it was also strongly influenced by the extent of the
subsidy, flood frequency and duration, and the floodplain habitat
addition multiplier. Under the subsidy simulations, the floodplain
restoration action was generally the best restoration action when
there was none-to-low current floodplain habitat availability and in-
channel habitat survival of juveniles was low (Figure 6, top). The
probability was also positively related to the extent of the floodplain
food subsidy and flood frequency (Figure 6, bottom). Interestingly,
the relationship with flood duration was not monotonic and
appeared to peak at two-weeks.

4 Discussion

The fall-run Chinook salmon DSM used in this evaluation was a
relatively simple model covering a portion of the salmon life cycle.
Here, both habitat types served to hold and grow juvenile fish.
However, fish in floodplain habitats had higher survival and growth
rates compared to their counterparts rearing in in-channel habitat.
Nonetheless, in-channel habitat restoration was always the best
action when there was zero in-channel habitat available across a
wide range of increased floodplain growth and survival benefits
relative to those for fish rearing in in-channel habitat. Conversely,
floodplain restoration tended to be the best restoration action when
the existing in-channel habitat availability was near or exceeded the
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amount of in-channel habitat needed to rear most of the juveniles
produced. This suggests that the two habitats have different, albeit
interacting, roles with respect to salmon population maintenance.
Because in-channel habitats are predictably available throughout
the salmon rearing period and across years, we hypothesize that the
availability of these perennial habitats largely determines the overall
population size within a tributary (sensu Gibson, 1994). Floodplain
habitats temporally increase the capacity of the system to support
juvenile salmon, but they are typically not available all years and are
not available throughout the entire 30-week rearing period. Thus,
floodplain habitats can be viewed as a recurrent resource pulse that
may alter the dynamics of fish populations (Holt, 2008).
Recurrent resource pulses can have a profound effect on
population size and stability depending on how the resources
affect population demographics. Mathematical evaluations of the
effects of recurrent resource pulses suggest that pulses that
temporarily increase population growth rate can increase
population size (Cushing, 1987), whereas pulses that temporarily
increase carrying capacity ultimately result in population decreases
(Nisbet and Gurney, 1976) relative to stable environments.
Experimental manipulations of captive populations exposed to
recurrent resource pulses have shown that the pulses can
maintain population sizes through increasing storage of energy
(e.g., increased lipid reserves) that may act as a buffer during
resource poor conditions (Costantino et al., 1998; Orland and
Lawler, 2004). Such mechanisms are unlikely to occur in fall-run
Chinook salmon, a semelparous species that spends a relatively
small amount of their life-cycle in freshwater environments. Rather,
the pulses increase habitat capacity, survival, and growth for the
duration of the pulse resulting in more and larger individuals
migrating to the ocean. The greater body size increases the
survival in the ocean, depending on the timing of ocean entry
(Satterthwaite et al., 2014). Thus, collectively floodplain habitats
should result in greater number of returning adults in future years.
Over multiple years, given Chinook salmon are known to have high
fidelity to their natal tributaries, it seems plausible that increases in
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The mean predicted probability that floodplain restoration was the best restoration action (given the best restoration action was not “no action”) for
combinations of in-channel habitat survival of juveniles (top), flood frequency (bottom), and current floodplain habitat availability (left) for (A) flood

duration and (B) floodplain growth rates.

returning adults associated with resource pulses could lead to the
population exceeding capacity. If this occurs on the spawning
grounds, this may lead to increased prespawn mortality. Although
not ideal, it should be noted that one benefit of this potential
outcome would be a temporary source of increased marine derived
nutrients that would likely increase juvenile salmon body growth
and condition downstream (Kaylor et al., 2020). If capacity is
exceeded in the perennial in-channel habitats, however, this may
lead to a deficit of rearing habitat resources (i.e., space and food),
which may unintentionally lead to lower juvenile survival during
rearing or juveniles outmigrating to the ocean too soon or at smaller
body sizes (i.e., reduced ocean entry survival). To our knowledge,
there have been no empirical assessments of the population-level
effects of restoring resource pulses on salmon populations over
multiple years. Without complete understanding of habitat deficits,
it seems plausible that restoring ephemeral floodplain habitats
rather than in-channel habitats may carry some additional risk.
The greater survival, growth, and increased carrying capacity
associated with floodplain habitat restoration was usually not
sufficient to produce a greater number of adult equivalent salmon
when compared to in-channel habitat restoration. This pattern
generally held even under simulations with growth subsidies for
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fish rearing in in-channel habitats and a flood frequency and duration
of every year and four weeks, respectively. We believe that the near
dominance of an in-channel habitat restoration action was primarily
due to the duration and timing of the floodplain inundation and the
timing of the juveniles entering the ocean. The floodplain growth
rates we used in the simulations ranged from values similar to those
observed in floodplains in the Central Valley (1 mm/day, Dudley
et al,, 2023) to twice that value. Nonetheless, this would only grow
approximately 25% of fish in the small size group (on average) to very
large size group over a four-week inundation period. Importantly, the
habitat capacity for rearing juveniles decreased at the end of the flood
event, resulting in a greater number of juveniles leaving the tributary
either as very large fish outmigrating or as fish that were pushed
downstream by larger rearing fish. This can translate into having a
greater number of juvenile fish entering the ocean when they were too
small and when ocean conditions were poor. This rationale is further
supported by the higher probabilities of floodplain restoration being
the best action when seasonal in-channel habitat availability
increased through time (i.e., habitat dynamics increasing). The
increased in-channel habitats were able to support some of the
excess juveniles after the simulated floods ended. This suggests that
the unpredictable and ephemeral nature of floodplain habitat
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availability relative to in-channel habitats limit their value when in-
channel habitat is limiting, particularly when in-channel habitat is
relatively limited later in the rearing period. Thus, it makes logical
sense that restoring floodplain habitats was never more advantageous
when in-channel habitat availability is limiting.

Juvenile survival during rearing in freshwater also strongly
affected the best restoration action. When existing in-channel
habitat was insufficient for supporting most of the juveniles,
floodplain habitat restoration tended to be the best restoration
action when small juvenile survival was low and the effect of body
size on survival was small (i.e., all juvenile fish tended to have low
survival regardless of body size). This was particularly evident when
there was no existing floodplain habitat. Juvenile Chinook salmon
in the Sacramento River Basin rear in freshwater for 12 to 20 weeks,
on average (Kjelson et al., 1982). Thus, survival of juveniles rearing
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in in-channel habitats under the low survival and small body size
effect on survival for 12 and 20 weeks was on average 8% and 2%
(respectively), whereas survival averaged 11% and 3% (respectively)
for those juveniles that reared in floodplain habitats for two of the
weeks. This small increase in survival may be sufficient to result in a
greater number of adult equivalent salmon under the floodplain
restoration action. However, floodplain habitat also holds rearing
juvenile fish and grows them at a higher rate, which can alter the
timing and size of fish leaving the rearing areas and entering the
ocean. Simulated juvenile survival was less than 0.5% for any size
juvenile that entered the ocean less than seven weeks after the ocean
productivity transition occurred and was less than 1% for small
juveniles at any time after the transition. Thus, we believe that the
advantage of floodplain habitat restoration over in-channel habitat
restoration under low juvenile survival was that it provided a higher
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survival environment that held and grew juvenile salmon early in
the rearing period and provided an advantage when making the
transition to the ocean environment.

Model assumptions undoubtedly affected our results. Sensitivity
analysis of the full DSM indicated that the model was very sensitive to
fish territory size and growth (Peterson and Duarte, 2020), two
factors that govern habitat capacity and movement in the DSM.
We incorporated these same mechanisms in this evaluation. Here,
habitat capacity was inversely related to fish body size with capacity
greater for smaller fish than larger fish and any fish that exceeded
capacity left the natal tributary. Habitat capacity for juvenile
salmonids is highly uncertain and can vary substantially in space
and time (Beakes et al., 2014; See et al., 2021; Hall et al., 2023). Thus,
unsurprisingly a variety of methods have been used to model juvenile
salmon habitat capacity ranging from territory size (Grant and
Kramer, 1990; this study), fixed numerical estimates based on
published field observations (Hendrix et al, 2019), and density
dependent functions calibrated using sample data (Perry et al,
2018). Similar to our DSM, many of these approaches postulate
that fish that exceed habitat capacity leave the tributary and there is
some empirical support for this mechanism (Connor et al,, 2013).
Were this the true mechanism governing habitat use by salmon in the
natural environment, we expect our results to only differ qualitatively
relative to the upper limit defining the amount of habitat sufficient to
support most rearing juveniles (i.e., high existing in-channel habitat
availability). However, there is also evidence of density dependent
mortality in rearing juvenile salmon (Achord et al, 2003). This
density dependent mechanism has been incorporated into some
salmon life cycle models as a function of habitat capacity (Lee and
Hyman, 1992; Greene and Beechie, 2004), so that fish died at a higher
rate when capacity was exceeded rather than leaving the system. If
this was the true density dependent response in the natural
environment, we would expect our efforts to overestimate the
benefits of floodplain habitat restoration because the individuals
that experienced the benefits associated with a with floodplain
inundation would remain in the tributary post-flooding and die at
a higher rate rather than leave and potentially contribute to future
adults. Within this evaluation, we only considered natal tributaries
and assumed all fish that moved downstream were actively
outmigrating to the ocean. In reality, fish leaving their natal
tributaries have access to rearing habitats in the mainstem sections
of the Sacramento and San Joaquin Rivers. We chose to make this
simplifying assumption to focus on the tradeoffs in restoring
perennial (in-channel) vs ephemeral (floodplain) habitats to
support rearing fish. However, it is worth noting that the inclusion
of this process within the modeled scenarios is equivalent to the
scenarios that included increased current in-channel and floodplain
habitat availability. Thus, the patterns uncovered would not change.
Finally, we fully recognize that our evaluations do not consider all the
current and potential future conditions that these fish will likely
encounter throughout their life cycle (i.e., climate change,
contaminants, etc.). Although such extensions could certainly be
included in future evaluations, we stress that DSMs are meant to be
abstractions of reality to help guide the conversations within the
decision-making process. Requisitt DSMs that only include the
processes relevant to the decision(s) at hand are often preferred in
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order to avoid unnecessary complexity and, by extension, increase the
interpretability of the simulation results and a decision makers ability
to understand system dynamics (Phillips, 1984).

Natural resource managers are often faced with difficult decisions
on how to best allocate resources to most efficiently and effectively
meet restoration goals. Our evaluation suggests that directing
resources to restoring perennial in-channel habitats that are reliably
available for the duration of the rearing period is optimal when
rearing habitats are limiting. This is not to imply that floodplain
habitats are unimportant. There is extensive evidence that floodplains
serve important roles in lotic ecosystems (Junk et al., 1989; Petsch
et al,, 2023). Rather, our modeling efforts suggest floodplain habitats
do provide additional benefits provided there is sufficient in-channel
habitats to support the greater number and larger sized juvenile fish.
Importantly, similar to Peterson and Duarte (2020), our results
provide quantitative evidence that there are some situations where
restoring habitat may have unintended negative impacts on fish
populations and the optimal restoration action is no action at all.
Thus, our study reinforces that the context of the decision space
matters and that no action alternatives are a worthwhile scenario to
consider within any decision analytic process.
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