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Patterns of density dependence
affect coho salmon population
response to restoration

Joseph H. Anderson*, James S. Lamperth, Clayton W. Kinsel
and Marisa N. C. Litz

Science Division, Fish Program, Washington Department of Fish and Wildlife, Olympia,
WA, United States

Streams supporting low abundance salmon populations are often targeted for
restoration, yet evidence for population-scale increases in fish abundance
following stream habitat treatments are rare. In order to characterize the
influence of density dependence on the fish responses to restoration, we fit a
series of Ricker stock-recruit models to coho salmon life cycle monitoring data
from seven streams within two Intensively Monitored Watersheds (IMWs). We
found strong evidence for density dependence overall, but the strength of
density dependence varied considerably among locations and across life
stages. In particular, we observed a strong contrast in patterns of density
dependence in the Lower Columbia IMW (WA) compared to the Hood Canal
IMW (WA). We observed consistently strong density dependence in the Lower
Columbia IMW, and an increase in abundance following restoration in Abernathy
Creek appeared to result from release from density dependent constraints on
productivity at the parr to smolt stage. By contrast, we did not detect a fish
response to restoration in either Big Beef or Little Anderson creeks in the Hood
Canal IMW, both characterized by weak density dependence. Furthermore, a
modelling exercise indicated large spawner abundances probing habitat capacity
limitations increased the likelihood of detecting a fish response to stream
restoration, compared to smaller spawner abundances. Taken together, these
results suggest that management strategies that test juvenile capacity limits by
saturating the spawning grounds with adults give the greatest opportunity to
observe the increases in salmon population abundance that motivate stream
restoration efforts in the Pacific Northwest.
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1 Introduction

Stream restoration is a foundational component of salmon
recovery efforts, and significant resources are dedicated towards
improving salmon habitat throughout the Pacific Northwest (Katz
etal., 2007). Frequently, low abundance populations are targeted for
restoration, in large part because agencies often prioritize funding
opportunities for population segments listed as threatened or
endangered under the U.S. Endangered Species Act (Barnas et al.,
2015). A better understanding of how biological baselines, such as
initial population abundance, influence fish responses to restoration
would aid in planning, prioritizing and implementing habitat
actions targeting salmon recovery (Bilby et al., 2023).

Research on stream restoration intended to benefit salmon
populations has focused on developing techniques that restore
habitat-forming processes and build resilience into river
ecosystems (Beechie et al., 2013). In practical terms, this work has
yielded prioritization of different restoration techniques (Roni et al.,
2002) and models to identify habitat factors limiting salmon
populations (Jorgensen et al., 2021; Scheuerell et al., 2006).
Monitoring studies have demonstrated that restoration can
produce desired habitat outcomes and benefit fish, though most
examples of fish response are at the reach, not population, scale
(Roni et al., 2015, 2008). Yet restoration practitioners face
significant constraints in funding and land ownership (i.e., access
to potential restoration sites). As a result, there is a need to validate
stream restoration as an effective approach to salmon recovery, as
broad-scale assessments have shown little response by salmon
(Bilby et al., 2023; Jaeger and Scheuerell, 2023).

Density dependence, the ecological process by which
population abundance influences rates of productivity (e.g.,
smolts per spawner), may affect how salmon respond to
restoration, or whether they respond at all (ISAB, 2015). Under
strong density dependence, abundance exceeds the total habitat
capacity for spawning or rearing, and limitations on territorial space
or food availability reduce productivity. Under weak density
dependence, the total available habitat exceeds the abundance of
fish that can occupy it, and there are minimal or weak limitations on
productivity. Depending on the technique and implementation,
effective stream restoration might increase total habitat capacity and
hence alleviate density dependence (Copeland et al., 2020; Greene
et al, 2025). By contrast, density independent approaches to
population recovery often focus on migratory survival (e.g.,
Jacobs et al., 2024).

In this paper, we examine how initial density dependent
processes affect the fish response to stream restoration. Using
coho salmon life cycle monitoring data from the Hood Canal and
Lower Columbia Intensively Monitored Watersheds (IMWs), we fit
a series of stock-recruit models to describe variation in the strength
of density dependence over time, between locations, and among life
stages. We test for differences in productivity and density
dependence before versus after restoration, albeit with few annual
observations after restoration. Finally, we present a series of
hypothetical restoration response models that assess our ability to
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detect changes in fish productivity when density dependence is
strong compared to when density dependence is weak.

2 Materials and methods
2.1 Study watersheds

Our study consisted of two IMWS, one in the Lower Columbia
region and one located in Hood Canal, both located in Washington
State (Figure 1). Both IMWs included creeks designated as
treatment streams targeted for stream restoration and a reference
stream intended to account for natural environmental variation
unrelated to restoration (Table 1). In both IMWs, restoration aimed
to improve lateral connectivity with the floodplain, longitudinal
connectivity (passage for fish, wood and sediment), and channel
complexity through actions such as culvert replacement, dike
removal, and large woody debris (LWD) addition (Table 2).

Restoration treatments occurred over multiple years. For the
purpose of analysis, we defined the start of the restoration period as
the year in which substantial cumulative restoration had occurred,
potentially of sufficient magnitude to elicit a response in fish
abundance or productivity (Table 1). We acknowledge that some
restoration treatments occurred after this date and some restoration
projects may take years to alter habitat in a manner that benefits fish
populations. For example, periods of high stream discharge may be
required for LWD placements to increase complexity of stream
channels, and such events may not occur immediately following
restoration. Thus, our before-after approach to examining
responses to restoration effects simplified a potentially extended
period of changing habitat.

2.2 Population monitoring

We estimated the abundance of coho salmon at three distinct
life stages. Adult abundance in both IMWs was estimated by
enumerating salmon redds via spawner surveys conducted
throughout the anadromous zone. Surveys covered the known
spawning distribution approximately weekly.

For the sake of consistency and simplicity, we used the total
annual count of unique redds as our index of spawning abundance.
In the Lower Columbia streams, these redd counts correlated very
closely with estimates of total spawners (Pearson r: Abernathy =
0.98, Germany = 0.98, Mill = 0.92) accounting for sex ratio
(estimated at 48%) and observable redds per female (0.43, 95%
confidence interval 0.39-0.48) calculated by Buehrens (2024). In Big
Beef Creek, we used a census count of female abundance obtained
from a channel spanning weir. In Little Anderson Creek, the
smallest watershed in our study, our surveys detected zero redds
in 2008, 2018, 2020, and 2022. In these years, we modified redd
counts to one, thereby allowing the stock-recruit analysis (avoided
divide by zero).

No coho salmon hatchery programs were located in any the
seven study streams. Buehrens (2024) estimated the 2010 - 2022
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FIGURE 1

Map of Hood Canal and Lower Columbia Intensively Monitored Watersheds. Gray shading denotes watershed boundaries, see Table 1 for two letter

watershed abbreviations.

annual median proportion hatchery-origin spawners (i.e., strays) in
the Lower Columbia streams at 12%. Representative of the Hood
Canal streams, in Big Beef Creek, hatchery-origin strays composed
5% (annual median, 2003 - 2022) of the age-3 adults returning to
the channel spanning weir. Hatchery-origin strays were removed
from the Big Beef population at the weir, but we had no such means
to remove strays from the other creeks in the study.

Summer juvenile parr abundance was estimated by mark-
recapture. In each stream, coho salmon parr were captured at 10
to 25 spatially balanced sites sampled by electrofishing or seining in
late July to early August (Hood Canal) or August to September

TABLE 1 Attributes of study streams.

(Lower Columbia). Juvenile coho salmon were marked with either
an adipose fin clip (Hood Canal) or PIT tag (Lower Columbia).
Marks were interrogated at smolt traps the following spring. To
estimate the population abundance of parr at the time of sampling

(N), Equation 1 used a Petersen estimator with a Chapman
modification (Seber, 1982):

- 1 1
N:(m+ )s+ )_1 )
r+1
where m is the number of marked parr, s is the number of

smolts examined for marks, r is the number of marked smolts. We

Watershed Abbreviation A spawn year i Estatuson
restoration period coho salmon

Big Beef BB Treatment 2017 Not listed

Little Anderson LA Treatment 2016 Not listed

Seabeck SB Treatment 2021 Not listed

Stavis ST Reference NA Not listed

Abernathy AN Treatment 2015 Threatened

Germany GY Treatment 2021 Threatened

Mill ML Reference NA Threatened
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TABLE 2 Summary of restoration treatments intended to boost salmon populations during the 2003 to 2022 study period.

Stream Year

Big Beef 2015-2017

Little Anderson 2007, 2009, 2016

Restoration action

Three phase project reconnected 4.5 hectares of wetland habitat to the floodplain, and installed 38 large
woody debris (LWD) jams, predominantly in the lower 1.5 km near creek mouth

LWD placements totaling 39 jams across 2.5 km of creek. The 2009 and 2016 treatments were higher

intensity than the 2007 treatment.

Five undersized culverts or bridges replaced 2003-2021. The most significant was an undersized concrete

Seabeck 2003, 2010, 2012, 2013, 2020-2021 | pipe culvert and failing fish ladder, replaced with 60 foot bridge span in core anadromous fish habitat in
2020-2021. Channel grading and LWD placement adjacent to new bridge.
Thirteen floodplain reconnection (1.3 km of off-channel habitat), improved fish passage (2.7 km), and
Abernathy 2012-2021 especially LWD placement projects. Seven LWD projects from 2015-2021 installed 584 LWD jams covering
8.7 km of habitat.
Four LWD placement and instream habitat complexity projects totaling 3.9 km of instream habitat, 101
Germany 2020-2022

were unable to make parr estimates in Little Anderson Creek for the
coho salmon cohorts spawned in 2018, 2020 and 2021 due to
insufficient recaptures.

In Hood Canal, smolts were captured by channel spanning weirs,
providing a census count of smolt abundance. In Lower Columbia,
smolts were captured by rotary screw trap, and mark-recapture
techniques estimated smolt abundance (Volkhardt et al., 2007).
Additional details on monitoring methods are available in study
plans and prior reports from both IMW complexes (Anderson et al.,
2015; Kinsel et al., 2009; Zimmerman M. et al., 2015).

Our study populations were exposed to coho salmon fisheries
managed at the spatial scale of the Hood Canal and Lower
Columbia regions, respectively. We obtained estimates of wild
coho salmon total exploitation rates in these management
aggregates from the Pacific Salmon Commission Coho Technical
Committee’s post-season Backward Fishery Regulatory Assessment
Model (FRAM) analysis (PEMC, 2025; M. Litz, unpublished Feb 14
2023). FRAM uses estimated catch from mixed stock fisheries,
coded wire tag (CWT) recoveries, and escapements across
multiple years to evaluate fishery impacts for populations
spanning the west coast of North America. We also obtained pre-
season harvest management ceilings, or maximum target total
exploitation rates, from annual pre-season Pacific Fishery
Management Council (PFMC) planning reports (e.g., PEMC, 2021).

At a much finer spatial scale, we also estimated annual fishery
exploitation rates and marine survival of coho salmon in Big Beef
Creek by implanting CWTs in smolts as they entered Hood Canal.
Adults were subsequently sampled for CWT in coastwide fisheries
and at the Big Beef adult weir. Big Beef CWT data are publicly
accessible at www.rmpc.org. Precocial, age-2 male jacks, which
represented 6% (annual median) of aggregated recoveries from
fisheries and escapement across the 2002-2021 smolt cohorts, were
excluded from analysis. Marine survival (Equation 2) was calcluated
as:

. . E+H
Marine survival = — (2)

where E is the age-3 escapement (number of CWT counted at
the Big Beef Creek weir), H is the number of age-3 tags estimated
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LWD jams, 0.24 km of off-channel habitat and 0.11 km? of riparian planting.

from all fisheries, and T is the total number of smolts tagged from a
given cohort. Exploitation rate (Equation 3) was calculated as:

Exploitati L H (3)
Xplottation raite = ————
P E+H

2.3 Stock-recruit analysis

We examined patterns of density dependence using the Ricker
model, a stock-recruit model commonly used to assess fish
productivity. This approach compares the abundance at one life
stage (S, stock) to abundance at a subsequent life stage (R, recruit).
In its simplest form, the base Ricker model (Equation 4) estimates
both intrinsic productivity (by, ratio of recruit abundance to stock
abundance) under a scenario of no density dependence, and the rate
at which productivity declines with increasing stock size (b;, density
dependence):

log(g)z by +b,S (4)

We fit all Ricker models using ordinary least squares linear
regression. Our analysis had three components.

2.3.1 Test for density dependence and estimate
its strength

First, to test for overall patterns of density dependent
productivity, within each stream, we compared the Ricker model
(Equation 4) to a density independent model (Equation 5):

log ()= by (5)

Model comparisons were made using Akaike’s Information
Criterion (AIC), with AAIC > 2 for the density independent
model providing strong support for density dependence in a
given stream-life stage combination (Burnham and Anderson,
2002). Additionally, for each year ¢, we calculated the predicted
annual strength of density dependence (Equation 6) as the
proportional deviation from the intrinsic productivity line
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accounting for density dependence, as predicted by the Ricker
model (Equation 4) at the observed stock abundance S, (Figure 2A):

S; x exp(by + b,S;)

St th DD =
reng S; x exp (by)

(6)

This calculation was performed separately for each watershed
using the best fit Ricker model (Equation 4), yielding a time series
vector of estimates, with each value corresponding to a single year.
Visual inspection of the resulting Ricker stock-recruit curves
provided an additional means of assessing the annual variation in
the strength of density dependence. Observations on the linear
portion of the curve near the origin indicate weak density
dependence, whereas observations at or near the maximum
number of recruits (Ryax) indicate stronger density
dependence (Figure 2B).

2.3.2 Restoration effect

Second, we tested for response to restoration by examining
whether there was evidence for changes in intrinsic productivity
and density dependence before versus after restoration. In order to
control for regionally shared environmental factors affecting
interannual variation in freshwater productivity, we added
residuals from the base Ricker fit in the reference watershed (C)
as a control predictor (Equation 7). This model, assuming no
restoration effect (Equation 7), was compared to three models
that described restoration treatment (T) effects A) on intrinsic
productivity (Equation 8), B) on the strength of density
dependence (Equation 9); or C) on both intrinsic productivity
and the strength of density dependence (Equation 10):
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log(§)=b0+ b,S+b,C (7)
R

log(E):b0+ biS+b;T+b,C (8)
R

log(g):b0+ (by + b, T)S + b,C )

R
log () = by + (b1 +byT)S+bsT + b,C (10)

where T is a time series dummy variable that changes from 0 to
1 in the first year of the period after restoration (Table 1). To avoid
overfitting, we only tested for a restoration effect in watershed-life
stage combinations with at least six years of “after restoration”
observations. Akaike’s information criterion (AIC) was used to rank
models and to infer the importance of intrinsic productivity, density
dependence, and restoration treatment effect on stock-recruit
relationships. We considered AIC score differences (A AIC)<2.0
among models to suggest equal informational value, or similar
support (Burnham and Anderson, 2002).

2.3.3 Visualize ability to detect changes following
restoration

Finally, in order to visualize our ability to detect changes in the
stock-recruit curve attributable to restoration, we compared base
Ricker fits from the before restoration period to two different
hypothetical curves. The first hypothetical scenario was a 30%
increase in density independent intrinsic productivity, but the
maximum number of recruits (Ry;ax) was held constant. The

frontiersin.org


https://doi.org/10.3389/fevo.2025.1691164
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Anderson et al.

second scenario was a 30% increase in Ryjax but intrinsic
productivity was held constant, indicative of an increase in
habitat capacity following restoration. We calculated 90%
confidence intervals from the standard error of the base Ricker
fits to the observed data prior to restoration, and then applied the
same standard error estimates to create 90% confidence intervals
around the hypothetical curves. This approach assumed similar
process and observation error before vs. after restoration. We
inferred that comparisons with more separation between the
confidence bands of the before vs. hypothetical after restoration
curves presented a greater opportunity to detect a response to
restoration than curves with more overlap. Under this approach,
cases where either A) the Ricker model did not fit the observed
recruit data well (lots of noise), or B) ranges of stock (x-axis)
abundance with few observations, would tend to produce wider
confidence bands, and hence reduce the ability to detect a
restoration response.

10.3389/fevo.2025.1691164

3 Results

Overall, there was strong support for the Ricker density
dependent model over the density independent model. Of the 21
combinations of stream and life stage, the Ricker model
outperformed the density independent model in 19 comparisons
with a AAIC of 2 2.0 (Table 3). Furthermore, the relatively simple
Ricker models often explained a large portion of the variation in
smolt abundance, with many R” values exceeding 0.4 (N = 12,
Table 3) or 0.3 (N = 14, Table 3).

However, we also observed great variation in the patterns of
density dependence according to location, year, and life stage. Most
notable was a strong contrast in density dependence between the
Hood Canal and Lower Columbia streams. In the Hood Canal
streams, at all life stages, the majority of annual observations were
located along the portion of the base Ricker model characterized by

TABLE 3 Tests for density dependence, via comparison of Ricker stock-recruit models across all years to a density independent model assuming
constant productivity.

AAIC
Life stage Ricker R?
DD Ricker
Big Beef Spawner to parr 0 4.0 0.26
Little Anderson Spawner to parr 1.9 0 0.0090
Seabeck Spawner to parr 0 5.8 0.34
Stavis Spawner to parr 0 6.6 0.36
Abernathy Spawner to parr 0 2.0 0.21
Germany Spawner to parr 0 2.8 0.25
Mill Spawner to parr 0 12.5 0.57
Big Beef Parr to smolt 0 3.8 0.25
Little Anderson Parr to smolt 0 12.9 0.58
Seabeck Parr to smolt 0 4.1 0.26
Stavis Parr to smolt 0 83 0.40
Abernathy Parr to smolt 0 18.5 0.66
Germany Parr to smolt 0 15.7 0.61
Mill Parr to smolt 0 8.9 0.44
Big Beef Spawner to smolt 0 9.7 0.44
Little Anderson Spawner to smolt 1.9 0 0.0050
Seabeck Spawner to smolt 0 113 0.50
Stavis Spawner to smolt 0 7.5 0.40
Abernathy Spawner to smolt 0 10.8 0.53
Germany Spawner to smolt 0 114 0.54
Mill Spawner to smolt 0 12,5 0.57

For each stream and life stage, the model that performs better has AAIC = 0.
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FIGURE 3

Spawner to parr stock-recruit from Hood Canal (top row) and Lower Columbia (bottom row), within (A) Big Beef, (B) Seabeck, (C) Little Anderson,
(D) Stavis, (E) Abernathy, (F) Germany, and (G) Mill creeks. The solid black line represents the base Ricker model fit to all years. Filled symbols
represent years before restoration, open symbols represent years after restoration. Solid gray (before restoration) and dashed gray (after restoration)
shown for those streams where a restoration effect model was supported based on AIC (see Table 4). Spawner values represent females counted at
the weir in Big Beef Creek, and total annual redd count in all other streams.

weak density dependence (Figures 3-5, panels A-D). The Big Beef,
Seabeck, and Stavis spawner to parr (Figures 3A, C, D) and spawner
to smolt (Figures 5A, C, D) curves had only one or two observations
anchoring the density dependent portion of the stock-recruit
curves. The Big Beef parr to smolt curve was nearly linear in
appearance (Figure 4A).

By contrast, observations in the Lower Columbia watersheds
were more often located along the curvilinear portion of the Ricker
model characterized by density-dependent reductions in
productivity (Figures 3-5, panels E-G). As a result, the annual
predictions of the strength of density dependence were greater in
Lower Columbia than Hood Canal at all three life stage transitions
(Figure 6). The exception was the Little Anderson parr to smolt
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estimates in the Hood Canal, which were comparable in strength to
the Lower Columbia estimates.

In the Lower Columbia complex, we found evidence for
increases in coho salmon productivity after restoration in
Abernathy Creek, which appeared to be related to density
dependence during the parr to smolt stage. In Abernathy Creek,
at both the spawner to smolt and parr to smolt life stages, the top
model included a restoration effect for intrinsic productivity, and fit
the data better than the base Ricker model assuming no restoration
effect (AAIC > 2, Figures 4E, 5E; Table 4). By contrast, at the
spawner to parr life stage, the top model did not include a
restoration effect (Table 4), and the observations after restoration
spanned the range of total parr abundance (Figure 3E, y-axis).
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Parr to smolt stock-recruit from Hood Canal (top row) and Lower Columbia (bottom row), within (A) Big Beef, (B) Seabeck, (C) Little Anderson, (D)
Stavis, (E) Abernathy, (F) Germany, and (G) Mill creeks. The solid black line represents the base Ricker model fit to all years. Filled symbols represent
years before restoration, open symbols represent years after restoration. Solid gray (before restoration) and dashed gray (after restoration) shown for
those streams where a restoration effect model was supported based on AIC (see Table 4)

Furthermore, the Abernathy parr to smolt Ricker models performed
much better than the Abernathy spawner to parr models based on
R? (Tables 3; Figures 3E, 4E). The same appeared to be true in
Germany Creek (Table 3; Figures 3F, 4F), though we were unable to
test for a restoration effect due to the short duration of the post-
treatment period.

In Hood Canal, neither Big Beef nor Little Anderson creeks
provided support for a restoration effect. Although the Big Beef
spawner to parr model with a restoration effect performed better
than the base Ricker model (AAIC > 2, Table 4), it contradicted the
expected direction of a restoration effect, with lower productivity
predicted after restoration (Figure 3A). Notably, all of the spawner
to parr observations after restoration occurred at low spawner
values, near the origin of the Ricker curve (Figure 3A). For the
Big Beef parr to smolt, Big Beef spawner to smolt, and Little
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Anderson spawner to smolt analyses, the no restoration effect
model yielded AAIC< 2 relative to the top model including a
restoration effect. However, for Big Beef parr to smolt, all of the
observations after restoration were on or above the base Ricker
curve, suggesting increases in parr to smolt survival following
floodplain reconnection and LWD placement not yet detectable
by our analytical method (Figure 4A).

For each stream, the hypothetical scenario depicting a 30%
increase in Ryax showed a greater separation from the pre-
restoration base Ricker curve than the scenario depicting a 30%
increase in intrinsic productivity (Figure 7). Furthermore, this
separation was most apparent at spawner values that approached
or exceeded those yielding Ryax. Among streams, Abernathy and
Germany creeks appeared to show the best potential for detecting a
response to restoration, as the predicted curve for the 30% Ryax
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FIGURE 5

Spawner to smolt stock- from Hood Canal (top row) and Lower Columbia (bottom row), within (A) Big Beef, (B) Seabeck, (C) Little Anderson, (D)
Stavis, (E) Abernathy, (F) Germany, and (G) Mill creeks. The solid black line represents the base Ricker model fit to all years. Filled symbols represent
years before restoration, open symbols represent years after restoration. Solid gray (before restoration) and dashed gray (after restoration) shown for
those streams where a restoration effect model was supported based on AIC (see Table 4). Spawner values represent females counted at the weir in

Big Beef Creek, and total annual redd count in all other streams.

increase scenario exceeded the 90% confidence interval for the pre-
restoration base Ricker near values of Ryjax (Figure 7).

The abundance of spawners was affected by factors occurring
during the marine phase of the life cycle. In all years, coho salmon
in Hood Canal experienced higher exploitation rates (median =
51%) than the Lower Columbia region (median = 14%, Figure 8A).
However, in most years, these exploitation rates were less than the
target, pre-season management ceilings in both Hood Canal (7 of 11
years) and Lower Columbia (9 of 10 years, Figure 8A). Of note, our
estimates of exploitation rates experienced by Big Beef coho salmon
(median = 68%) were higher than those for the entire Hood Canal
management unit in 14 of 19 years (Figure 8A). Estimates of coho
salmon marine survival from Big Beef Creek were higher earlier in
the time series (2003 - 2009 median = 11.2%) than later in the time
series (2010 - 2022 median = 6.0%), with three highest values
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observed from 2003-2005 at the outset of the IMW
study (Figure 8B).

4 Discussion

In this paper, we explored how initial population abundance
affected our ability to observe a measurable increase in salmon
abundance following restoration. In particular, we examined the
strength of density dependence as a factor influencing restoration
response. Our evaluation of stock-recruit curves in the Hood Canal
and Lower Columbia IMWs revealed strong support for density
dependent processes in the freshwater phase of the life cycle, similar
to previous assessments (ISAB, 2015; Walters et al., 2013). However,
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Predicted annual strength of density dependence (according to Figure 2A), in the (A) spawner to parr, (B) parr to smolt, and (C) spawner to smolt life

stages.

the strength of density dependence exhibited substantial variation
across streams, through time, and to a lesser extent, across
life stages.

These results argue for evaluating the response to restoration in a
density dependent context by comparing stock-recruit curves across
restoration scenarios. In some years and locations, populations were
limited by adult abundance such that restoration might improve
freshwater survival, but increases in smolt abundance were unlikely.
Conversely, in other years and locations, populations were capacity
limited such that restoration might increase smolt abundance, but
freshwater survival would be most closely dictated by adult
abundance. As a result, considering only abundance at a single life
stage, irrespective of the relationship between abundance at
consecutive life stages, may conflate biological processes limiting
abundance across years, such as the relative influence of variation in
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marine survival (Welch et al., 2020; Zimmerman M. S. et al., 2015)
compared to freshwater habitat factors (Sharma and Hilborn, 2001;
Solazzi et al., 2000). This uncertainty, in turn, would impede an ability
to detect a response to restoration.

Furthermore, a combination of observed data and examination
of hypothetical increases in productivity indicated that detecting a
response to restoration is more likely when density dependence is
consistently strong than when it is weak. The comparison of the
Hood Canal and Lower Columbia IMWs highlighted this
conclusion. These two locations had a roughly similar restoration
timeline and utilized similar restoration techniques but experienced
strikingly different patterns of density dependence. In Hood Canal,
we observed many years with relatively weak density dependence,
and only a few years with strong density dependence. In Lower
Columbia, most years had stronger density dependence than Hood
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TABLE 4 Tests for restoration effect, based on support for models that alter intrinsic productivity (IP) and density dependent (DD) parameters of the
Ricker stock-recruit curve.

AAIC
Stream Life stage Restoration alters No restoration Top model R?
DD effect
Big Beef Spawner to parr 2.0 34 0 5.6 0.44
Abernathy Spawner to parr 3.7 2.0 2.0 0 0.27
Big Beef Parr to smolt 1.9 1.7 0 1.2 0.36
Abernathy Parr to smolt 2.0 1.9 0 2.9 0.74
Big Beef Spawner to smolt 2.0 0.8 0 0.8 0.39
Little Anderson Spawner to smolt 1.2 32 0 1.7 0.20
Abernathy Spawner to smolt 1.7 3.9 0 5.6 0.70

For each combination of stream and life stage, the top model has AAIC = 0. All models described below included a reference predictor to control for regional environmental factors affecting

freshwater productivity.

Canal, and spawner values were in the range of those needed to
produce Ryax.

Abernathy Creek in the Lower Columbia IMW revealed
evidence for increases in productivity and capacity soon after
restoration, whereas Big Beef and Little Anderson creeks in Hood
Canal did not. Differences in the magnitude and extent of
restoration between the two IMWs may have contributed to these
results. Notably, LWD placements in Abernathy Creek covered a
larger spatial extent and included more than ten times as many log
jams as either Big Beef or Little Anderson creeks (Table 2). In other
words, the comparison of Hood Canal and Lower Columbia was not
a perfectly controlled experiment, owing to the watershed-level
spatial scale of the study. However, the difference in abundance
relative to density dependent constraints was striking. Furthermore,
the strong density dependence common to the Lower Columbia
IMW appeared to improve the likelihood of observing a response to
restoration in the hypothetical curves.

We therefore infer that the potential response of salmon to
habitat restoration will be higher in magnitude, and hence
detectable on shorter time scales, when density dependence is
consistently strong than when it is weak. For cases such as the
Big Beef Creek, if restoration has improved salmon habitat
conditions, additional years of monitoring may be needed to
detect increases in either abundance or productivity. Additional
observations will better estimate natural variation, reducing the
minimum detectable difference from a power analysis perspective.
Furthermore, additional years of data may increase the range of
observed spawner values after restoration, providing important
information on the relationship between abundance and
productivity at higher spawner values.

In Abernathy Creek, the restoration effect and release from
density dependence appeared stronger at the parr to smolt stage
than the spawner to parr stage. Furthermore, the notably better fits
of the Abernathy parr to smolt, compared to spawner to parr,
models suggested stronger density dependent controls on
productivity at the parr to smolt stage. By contrast, research on
Atlantic salmon (Salmo salar) has shown strong density
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dependence controls on population abundance at younger life
stages owing to the limited mobility of recently emerged fry
(Finstad et al,, 2010). Factors external to our population-scale
abundance models, such as reach-scale density dependence (Atlas
et al., 2015) or interannual variation in stream flow (Smoker, 1955),
may have imparted greater influence on spawner to parr survival
than parr to smolt survival. Regardless of the precise mechanism,
comparing our results to Finstad et al. (2010) suggests that the
specific life stage and ecological mechanisms controlling juvenile or
smolt abundance are likely to be context (e.g., stream,
species) dependent.

We hypothesize that Abernathy smolt abundance was limited
by overwinter rearing habitat. Indeed, overwinter habitat features
were targeted in the Abernathy restoration plan based on fish
monitoring results from the initial years of study. Additional
rearing capacity afforded by restoration may have increased parr
to smolt survival, or allowed more parr to overwinter within
Abernathy Creek, rather than emigrate in the summer or fall at
age-0. Juvenile coho salmon frequently move into tributaries,
ponds, alcoves and other seasonal, off-channel habitats for rearing
during winter, which may confer survival advantages and ultimately
govern total smolt abundance (Ebersole et al., 2006; Nickelson et al.,
1992; Peterson, 1982; Solazzi et al., 2000).

Tests for restoration response in Big Beef and Little Anderson
highlighted potential pitfalls of examining restoration response in
low abundance populations. In Big Beef, all years after restoration
experienced weak density dependence, and as a result, there was
little information to guide model fitting on the strength of density
dependence and shape of the curve at higher spawner values. In
Little Anderson, low abundance increased both observation and
process error. Parr abundance was so low we could not estimate it in
three of the seven years after restoration. Furthermore, chance
events imparted a large impact on abundance estimates in Little
Anderson Creek (e.g., Routledge and Irvine, 1999), as a
combination of low water conditions, roadway constrictions on
the floodplain, and beaver activity appeared to limit access to upper
reaches of the watershed in recent years.
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Hypothetical spawner to smolt restoration stock-recruit curves in Big Beef (A, B), Little Anderson (C, D), Seabeck (E, F), Abernathy (G, H), and
Germany (I, J) creeks. The black solid line with gray 90% confidence bands represents the base Ricker fit from the before restoration period. The red
dashed line with red 90% confidence bands represents a hypothetical 30% increase in intrinsic productivity (left column, A, C, E, G, 1). The blue
dashed lines with blue 90% confidence bands represents or a 30% increase in the maximum number of recruits (right column, B, D, F, H, J). Values
along the x-axis represent females counted at the weir in Big Beef Creek, and total annual redd count in all other streams.

4.1 Management applications

Our study both reinforces emerging messages from IMW
research and provides some new insights into planning, managing
and monitoring habitat restoration actions designed to improve
salmon population status.
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These results emphasize the critical importance of a multi-
faceted, “all-H” approach to salmon recovery (sensu HSRG, 2014).
Recovery plans often emphasize the need to coordinate actions
addressing four primary factors affecting salmon population
viability - harvest, hatcheries, habitat and hydropower (NMFES,
2006, 2013). Indeed, restoration cannot be eftective if it does not
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address the primary constraints on abundance (Bisson et al., 2024).
A significant difference in harvest rates between the two IMWs
contributed to observed differences in the strength of density
dependence. In Hood Canal, reducing harvest would be a more
direct route to increasing smolt abundance in our study streams
than restoring freshwater habitat. Our results also highlight issues of
spatial scale in planning salmon recovery actions (Good et al,
2007). At the watershed scale, our study goal was to validate
restoration as a tool towards increasing coho salmon abundance.
However, in a broader context, there was no coordinated regional
effort beyond our study streams to increase coho salmon
abundance, at least in part because the species was not listed
under the U.S. ESA. Indeed, Hood Canal harvest managers were
actually quite successful at achieving pre-season target
exploitation rates.

Our results imply a potential conflict between traditional
fisheries management approaches that aim to optimize population
productivity versus observing a response to restoration. Maximum
sustainable yield concepts are common throughout Pacific salmon
management (Pacific Fishery Management Council, 2024),
including coho salmon fisheries in Hood Canal and Puget Sound
(Bowhay and Patillo, 2009; PSTT and WDFW, 1998). In targeting
maximum sustainable yield benchmarks, fisheries managers use
harvest to reduce abundance to a level that maximizes the
harvestable surplus, defined as the number of spawners in excess
of those needed for population replacement (Ricker, 1975). This
approach prioritizes productivity (recruits per spawner) over
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maximum total recruitment by weakening density dependence.
However, our results suggest that large spawner abundances that
maximize smolt abundance, to the point of habitat inefficiency and
hence lowering productivity, increase the likelihood of detecting a
salmon response to restoration.

Our study provides an empirical example for managing
expectations regarding the response of salmon to habitat
restoration projects. Bilby et al. (2023) emphasized the difficulty
of identifying limiting factors, and suggested restoration often fails
to address the factors constraining salmon abundance. Our study
puts a finer nuance on that point by showing that factors limiting
abundance can change over time, even within the same watershed.
In Hood Canal, even a set of watersheds identified for restoration
proved to be rarely limited by habitat capacity. In cases where
spawner abundances rarely reach capacity constraints, observing
changes in productivity may require much larger magnitude
restoration than occurred in Big Beef or Little Anderson creeks.
Furthermore, despite an initial positive response to culvert
replacement in Little Anderson Creek (Anderson et al., 2019), the
increased smolt abundance was not sustained in subsequent years.

We emphasized freshwater capacity in evaluating restoration
effectiveness, yet this is not the only means by which restoration can
benefit salmon populations. Improving other population attributes
such as growth, spatial distribution, or life history diversity may
confer increased resilience or higher survival in the marine phase
(Atlas et al., 2015; Bennett et al., 2015; Holtby et al., 1990), but were
outside the scope of our analysis. Furthermore, even if increased
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survival under weak density dependence is more difficult to detect
than higher smolt capacity (c.f., Big Beef parr to smolt, Abernathy
parr to smolt), higher productivity at low abundance may ultimately
provide equally important benefits, such as higher fishery yields
under MSY management and resilience to periods of low
marine survival.

We suggest a better understanding of how specific restoration
techniques affect density dependent capacity limits versus density
independent intrinsic productivity would aid the return on
investment in restoration. In other words, does a proposed
restoration project increase the total number of juvenile salmon
that can rear in a stream? Or does it increase the survival prospects
of juvenile salmon, regardless of their total abundance? Or both?
Even density independent events affecting survival may have a
density dependent component, adding to the difficulty of separating
these two hypotheses. For example, displacement and mortality due
to flooding is a density independent event, but limitations on off-
channel habitats providing refugia from high discharge (e.g., Solazzi
et al,, 2000) may create a negative relationship between abundance
and survival.

In conclusion, we provide evidence for increased smolt
abundance following restoration in a watershed characterized by
consistently strong density dependence. We argue that the
strongest, fastest response to restoration will occur when
restoration alleviates density-dependent constraints on
populations that regularly reach spawning levels required to
maximize smolt abundance. Our study also highlights the
influence of factors occurring outside the watershed, such as
harvest. Overall, to the extent practicable, management strategies
that test juvenile capacity limits by saturating the spawning grounds
with adults give the greatest opportunity to observe the increases in
salmon abundance that motivate stream restoration efforts
throughout the Pacific Northwest.
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