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Abstract

Meta-Analysis of Beaver Dam Impacts on Pacific Salmon Reveals Variable Outcomes Across
Species—Life Stage Combinations
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Daniel Schindler
Peter Kiffney

School of Aquatic and Fishery Sciences

Beaver-based habitats (BBH) in streams are rapidly growing in number as beaver populations
expand and are an increasingly common tool used in riverine restoration projects aiming to
improve degraded freshwater Pacific salmonid habitat. Though the prevalence of BBH has
increased through time, there has yet to be an investigation of how BBH affects Pacific
salmonids generally. This study used both quantitative and qualitative data from 225 published
reports to quantify unique species-life stage combinations of Pacific salmonid responses to BBH
compared to reference sites without BBH via meta-analysis techniques. Our results revealed
novel patterns of Pacific salmonid species-life stage specific responses to BBH, but in some
cases these patterns were different between the quantitative and qualitative results. The egg and
juvenile life stages of most Pacific salmonid species exhibit a positive response to BBH, while
resident adult trout and spawner life stages had a more complex, mixed response to BBH across
species. We discuss the implications of these results for future applications of BBH in restoration
and enhancement, and identify opportunities to further untangle the complex relationship

between BBH and Pacific salmonids.
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Introduction

Population declines in Pacific salmon originally became a noted concern by the U.S. government
in 1875 when the first appointed U.S. Commissioner of Fisheries recognized overfishing,
damming, and habitat degradation as threats to these fish (Lichatowich, 2001). Many population
level declines are attributed to the loss and degradation of freshwater habitat (Nehlsen et al.,
1991). All salmonid species native to the Pacific Northwest belong to the Oncorhynchus genus:
the five salmon species Chinook (O. tshawytscha), coho (O. kisutch), chum (O. keta), pink (O.
gorbuscha), and sockeye (O. nerka) and the trout species cutthroat trout (O. clarkii) and rainbow
trout/steelhead (O. mykiss) (Smith and Stearley, 1989; Ford, 2022). With the exception of pink
salmon, all species of Pacific salmonids have faced such substantial decline to the point that each
species has evolutionary significant populations (ESUs) in the contiguous United States that are
listed under the Endangered Species Act (Nehlsen et al., 1991). Considerable effort and funding
are focused on recovering these ESU’s with the hope of ‘de-listing’ them, despite incomplete

understanding of the factors that led to their declines.

Beavers (Castor canadensis) in the Pacific Northwest have also experienced low populations
relative to pre-European settlement, with fur trapping leading to their near extirpation by the late
1800s, coinciding with the decline of the region’s salmonids (Johnson and Chance, 1974). Since
the early 1900s, beaver populations have been steadily increasing throughout North America due
to reduced trapping pressure and fewer predators (Naiman et al., 1988). As beaver populations
increased, so has the frequency of conflict with landowners via impacts on infrastructure. Many
of the wetlands that beavers created and maintained prior to European settlement, that were
utilized by salmon, trout, and other diverse organisims, were drained for farming and
establishment of permanent infrastructure for expanding urbanization (Miiller-Schwarze, 2011).
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In the past few decades, the recognition of beavers as a keystone species that has a
disproportionate influence on target stream and salmonid restoration and conservation measures
has been well documented in the published literature (Lapointe, 2012; Larsen et al., 2021;
Pollock et al., 2003). This recognition has been translated to beaver relocation and beaver dam
structural and functional mimicry by water managers as tools with ever-growing use in stream
restoration projects and urban wildlife management (Wathen et al., 2019; Bailey et al., 2018).
Natural beaver dams and beaver dam mimicry by people are collectively referred to as beaver-
based habitats (BBH) in this study. The number of BBH restoration projects has been
exponentially increasing the past three decades, particularly in the western U.S. and Canada. A
commonly cited goal of these projects is to recover threatened salmonid populations by
improving the quality of freshwater habitat. Prior to 2000, only five such projects were reported,
while from 2011-2016, 58 BBH restoration projects were reported (Pilliod et al., 2018). Of these
BBH restoration projects, most of them relocated beavers to stream reaches identified as in need
of restoration, often with the goal of improving salmonid habitat conditions, as is the case with

the Tulalip Beaver Project in Washington State (Alves et al., 2019).

In locations where severely degraded streams cannot yet support beavers or do not allow beaver
relocation, restoration practitioners employ beaver dam analogs (BDAs), human-made structures
that aim to mimic the structure and function of actual beaver dams (Pollock et al., 2023).
Proponents of salmonid restoration projects using BBH argue that the benefits for salmonids are
multifaceted: beaver dams slow down water to provide refugia during high flows, retain water in
streams during dry months, and increase total floodplain area adjacent to streams (Pollock et al.,

2003). Skeptics argue that beavers do more harm than good for salmonids by creating migration



barriers, warming water, and decreasing dissolved oxygen levels (Kemp et al., 2012), or are

simply ineffective in changing salmon habitat (Petro et al., 2015).

Despite the growing and current widespread use of BBH in salmonid stream habitat restoration
projects, the overall effect of beaver dam structures on salmonids remains a contentious topic,
with no clear consensus of the impact that these restoration projects have on targeted fish
populations over time (Pilliod et al., 2018). Benefits from BBH, including both actual beaver
dams and BDAs, for Pacific salmonids are often assumed using standard proxy parameters for
salmonids such as dissolved oxygen (DO) and temperature thresholds rather than direct
measurements of fish responses. These indirect measures do not always reflect actual fish
response to beaver dams, since DO and temperature vary spatiotemporally in micro-habitats
around beaver ponds (Stevenson et al., 2022). Pacific salmonid ecological needs also
spatiotemporally shift during their lifetime: within each life stage, and the seasonality and

duration of freshwater use varies greatly between species (summarized in Table 1).

Since salmonids and beavers have coexisted for millions of years, it is reasonable to assume that
beaver dams have been influencing these fishes over ecologically and evolutionarily relevant
time scales (Montgomery, 2000; Xenikoudakis et al., 2020). This overlap implies strong
coevolution of Pacific salmonids and beavers, since beavers generate much of the habitat
complexity of freshwater streams that Pacific salmonids depend upon (Bruner et al., 1989;
Malison et al., 2014). Stream habitat complexity has allowed Pacific salmonids to develop
diverse life history pathways, which better enables species-wide persistence through time due to
highly variable hydrologic and climatic regimes these fishes face (Moore et al., 2010; Schindler
et al., 2015). The last two centuries of industrialization have interrupted this relationship, with

waterways and hydrologic regimes extensively altered from their historic states (Wohl, 2005).



With exacerbated warming at Earth’s poles, beaver populations are also expanding into
previously unoccupied regions in the arctic, which will undoubtedly induce bio-physical changes
to the stream systems there that will affect the fish species community compositions currently

found in these regions (Tape et al., 2018).

Life Stage
Species
Egg/Alevin Juvenile Adult Spawner
- Late Winter ) ) Late Summer -
Pink (816 weeks] Early Spring , Estuary/Ocean Early Spring, Ocean (2 years) Early Fall
Late Winter- Soring. O Fall-Winter
Chum Early Spring Late Winter- Spring, Estuary/Ocean pring, Ocean (Summer-Fall in Yukon and Amur
(3-5years)
(8-16 weeks) Rivers)
Whole Year Whole Year, increasing freshwater
Chinook residency as you move North Whole year, Ocean (1-6 years) Whole Year
(12 weeks)
(<1 month - >1 year)
Winter . Spring, Estuary )
Coho 167 weeks) Winter, Streams (1-3 years) (<1-2 years) Summer-Winter
Late Winter - Sgg::f{; 83"' rg;::)r ’
Sockeye/Kokanee Spring Summer, Lakes/Streams(1-3 Years) Y Early Summer - Late Fall
Kokanee -Summer,
(8-20 weeks)
Lake (1-3 years)
Spring - Rainbow Trout: Summer, Late Winter-Spring (summer run
Rainbow Trout / Early . Freshwater (1-5 years) steelhead spend another year in
Steelhead Summer Summer, Lakes/Streams (1-4 years) Steelhead: Summer, freshwater to mature, winter run
(4-6 weeks) Ocean/Freshwater (1-5 years) do not)
Fres_hwater: Freshwater: Late Spring — Late Fall, Freshwater: (1-10 years)
Freshwater Spring-Fall . - Snri
Lakes/Streams (2-5 years) Coastal (1-8 years): Freshwater: Spring - Summer
Cutthroat Trout / Coastal: ) ;
. Coastal: Late Spring - Summer , Summer - Estuary/Ocean Coastal: Winter - Early Spring
Coastal Cutthroat Spring -
16-7 weeks) Streams/Estuary (2-6 years) Winter - Lakes/Streams

Table 1. Life cycle seasonal timing, duration, and habitat types for each species of Pacific
salmonid. The species are ordered roughly from those that use freshwater the least (only for egg
incubation, out-migrating juveniles, and adults returning to spawn, called spawners) to those that
use freshwater ecosystems over the course of their full lifespans (resident rainbow and cutthroat
trout that remain in freshwater systems their entire lives). The potential for beaver dams to
influence Pacific salmonid species is expected to roughly follow this order as well, since beaver
dams primarily exist in freshwater systems, with some instances of beaver dams in estuarine
environments (Hood, 2012). Habitat use variability within species’ ESUs stocks were not part of
this high-level summary, and why such broad ranges exist for some species like Chinook seen in
this table. *Freshwater cutthroat trout is now considered a clade of three separate species (Ford,
2022a)



To synthesize our understanding of the net impact of BBH on Pacific salmonids in today’s
anthropogenically altered and climatically impacted hydrologic systems, we performed a meta-
analysis of studies that measured or observed direct responses of Oncorhynchus spp. to BBH.
Previous meta-analyses have investigated the impact of beaver activity on many other genera of
stream fishes in addition to Oncorhynchus spp., but these studies mostly used proxy parameters
(temperature, dissolved oxygen, etc.) and generalized beaver impacts across the entire lifespan of
salmonid species (Collen et al., 2000; Kemp et al., 2012). Due to the unique habitat requirements
of salmonids within the Oncorhynchus genus, and within each species’ life stage, we saw a need
for a comprehensive investigation of the direct effects of BBH on each unique Pacific salmonid

species-life stage combination (Hoar, 1958).

Based on the unique ecological timing and habitat types each species’ life stages are specialized

in (as seen in Table 1), we developed the following hypotheses:

1) We hypothesized that BBH would have the greatest positive direct effect on Pacific salmonid
species with the greatest freshwater residence time. We anticipated this effect for species with
freshwater-focused life history strategies (LHS) because the more time salmonids reside in

freshwater streams, the more BBH impacts can accumulate.

2) We expected that BBH would have a net negative effect on eggs of all Pacific salmonid

species due to siltation and reduced dissolved oxygen levels.

3) We expected that BBH would have a net positive effect on the individual growth rates and
densities of juvenile stream-rearing Pacific salmonid species. A positive response was anticipated
because BBH provides juveniles refugia from extreme flows and predators, as well as increases

available rearing habitat area (Pollock et al., 2011).



4) We expected that BBH would have a positive effect on freshwater-resident adult rainbow trout

and cutthroat trout by increasing survivorship during low flow summer periods.

5) We expected that BBH would have a net negative effect on returning spawners of all Pacific
salmonid species, with this effect greatest in species like pink and chum salmon with weaker
jumping capabilities (Powers et al., 1985). We anticipated that this negative effect would be
driven mostly driven by dam height and the downstream impact on streambed morphology

blocking spawner access to upstream spawning sites.

Methods

Selection of Studies

We performed a meta-analysis according to the methods outlined by Koricheva et al. (2013),
limiting our scope to Oncorhynchus spp. (Pacific salmonids) and Castor canadensis (North
American Beaver). The lead author searched Google Scholar, Web of Science, and University of
Washington Libraries databases through the software program Publish or Perish using the search
string: (“beaver®*” OR “Castor canadensis” AND “Oncorhynchus” OR “salmon” AND “dam*”).
The software program Publish or Perish was used to aggregate the resulting search into a
database for screening (Harzing, 2007). No year limitation was applied and all study formats
(articles, books, reports, etc.) were included in the initial search conducted, including pre-
released publications ahead of print with publication dates in 2024. All geographic locations
where Pacific salmon and North American beaver co-occur were included in the review, with the
majority coming from North America (Figure 1).

The initial search yielded 5,707 results. Since rainbow and cutthroat trout belonged to the genus

Salmo prior to 1989 (Smith and Stearley, 1989), an additional search was conducted to include



publications prior to 1989 mentioning rainbow or cutthroat trout. This second search was
conducted using the same method as the first search except for limiting year to 1990 or prior, and
using the keywords: “beaver*” OR “Castor canadensis” AND "rainbow trout" OR "cutthroat
trout" AND “dam™*”. This search was compared against the initial search results to eliminate
duplicates and ultimately resulted in an additional 819 publications. For simplicity, and because
the cutthroat trout clade versus species distinction only recently happened after the aggregation
of relevant studies for this meta-analysis, the cutthroat trout clade will be labeled as a singular
species in this paper (Page et al., 2023). We also pooled steelhead with rainbow trout as one
species, and pooled kokanee with the sockeye salmon species grouping. To aggregate any
additional relevant publications, we used “snowballing”, which involved adding publications that
were cited in the initial publication database generated that were missing and seemed likely to be
relevant. This process added an additional 17 publications to the initial database total, resulting
in 6,543 total publications to screen. The lead author did an initial high-level screening of the
aggregated publications’ text by searching for both “beaver” and “salmon” or “trout” to eliminate
publications that were not directly assessing beaver-salmonid interactions. This first screening
narrowed the number of studies down to 2,531. A second in-depth screening further excluded any
studies irrelevant for use in this analysis, and were deemed irrelevant for the following reasons:
the study was about BBH effects on species other than Pacific salmonids, the study involved
only speculative or modeled responses of salmonids to beavers, the study only referenced
reported beaver-salmonid relationships of studies already included in our analysis, the study
measured proxy variables instead of direct salmon response variables, the study assessed
salmonid responses to BBH without a reference or treatment site, the study excluded BBH from

their measurements, or the study was a meta-analysis.



The 225 publications that remained were sorted as either quantitative or qualitative studies based
on the type of data they reported. Quantitative studies reported a numerical mean salmon
response for beaver and reference sites. Qualitative studies only reported observed, but not
quantitatively measured, evidence of a difference between beaver and reference sites. There were
88 quantitative studies with 227 unique measured effects. Numeric data from the quantitative
studies were simplified to fit the qualitative observational response outcomes so they could also
be included in our qualitative effects review. Given the addition of the quantitative responses in
the qualitative study database as well, the final number of qualitative studies included in our
study is 225, with 500 unique salmon responses reported. A visual summary of the screening
process is shown in Figure A1 in the appendix.

Extraction of Data

Qualitative studies included the type and direction of effect of beaver dams on Oncorhynchus
spp. on at least one of the life stages. Possible directional effects included the following: positive,
negative, mixed, or neutral. A positive effect meant that the beaver site resulted in a more
favorable response from salmonids than the reference site, and a negative effect was the inverse
relationship. A mixed response meant that both positive and negative effects were observed such
that a directional effect could not be explicitly determined. A neutral response meant there was
no difference in salmonid response observed between the beaver and reference site. The type of
responses recorded from the studies included: abundance, biomass, density, growth, survival,
movement, disease, egg oxygenation, population growth, and production. The qualitative
database was organized into rows, with each row representing a unique combination of response
type, salmonid species, and salmonid life stage. Additional study metrics recorded in each row

included: study name, first author, publication year, latitude, longitude, ecoregion, and percent



human impact. The ecoregion delineation used was from a WWF report delineating global
ecoregions, and was identified for each study by searching the study’s location on Esri ArcGIS
Online (Olson et al., 2001). Percent human impact was defined as the estimated relative human
influence for a given location, using metrics developed by Columbia University’s Wildlife
Conservation Society and Center for International Earth Science Information Network (WCS,
and CIESIN, 2005)

For publications containing comparative quantitative data on direct salmonid responses between
BBH and beaver-free reference sites, these paired data were extracted and recorded in the
quantitative database. Each row of the quantitative database also represented a unique
combination of response type, species, and life stage. The same study metrics as the qualitative
database were extracted for the quantitative studies as well. Additional metrics recorded for the
quantitative studies included: dam type, dam stage, response units, and the mean, variance, and
number of sites for both the beaver and reference sites. Dam type refers to whether a study only
had natural beaver dams in the treatment sites (beaver), only BDAs in the treatment sites (BDA),
or if both natural beaver dams and BDAs were in the treatment sites (mixed). Two studies
included in this analysis only used BDAs, a few studies involved mixed beaver dam structure
types, but most studies had natural beaver dams as their treatment sites. The dam stage refers to
the amount of time the beaver dam was recorded as persisting in the stream when the study’s
measured effects were recorded. Dam stage was categorized into the following options: early
(less than two years), mid (two to five years), late (five years or more), all (each of the previous
stages were observed or no stage was indicated in the study). The length of time for each
grouping was determined from studies showing how, as beaver dams age, specific

biogeochemical processes shift at certain temporal thresholds (Ecke et al., 2017; Meentemeyer et
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al., 1999; Murray et al., 2021). The mean and variance values were directly pulled from the
study’s tables or text when available. Otherwise, mean and variance from the study’s
supplemental raw data values were manually calculated, or extracted from figures using
WebPlotDigitizer 4.8 (Rohatgi, 2024). Response units refer to the way in which the study
measured their specific responses; for example, some studies measured growth as mean daily
percent growth calculated over a repeated sampling period, and others as a single mean fork
length where the measurements were taken once. When possible, response units were
transformed to be the same units so that they were more easily comparable across studies, i.e.,

density was transformed to be fish/m?.
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Figure 1: Map of the 216 study locations for the 225 studies included in analysis. This shows
that the majority of studies are concentrated in Western North America. Species are shown by
color and life stages by shape. The inland western sites are represented by juvenile and adult
rainbow trout and cutthroat trout. A small number of studies came from the great lakes region
where some Pacific salmonid species were introduced to, and now have established populations
there.
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Figure 2: The number of WWF based ecoregion types represented from studies. Ecoregions
are an aggregation of the following categories: the Desserts/Grasslands category includes
ecoregions originally labeled as Desserts and Shrublands (23), Grasslands (22), or Mediterranean
(1), and the Forests category includes ecoregions originally labeled as Boreal Forests (22),

Coniferous Forests (327), Temperate Coniferous Forests (23), and Broadleaf Forests (22), and
the tundra category was not changed.
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Figure 3: The human percent impact for each study and the number of studies for each
impact level. Most studies took place in areas with very low human impact levels.
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Statistical Analysis

We first compared differences between mean salmonid responses at beaver and reference sites to
assess the average direction and magnitude of effect outcomes for each response type. The
remaining quantitative analyses were conducted in RStudio using the metafor package for the
227 quantitative data points collected from 88 studies (Viechtbauer, 2010). Since data collected
from the quantitative studies have a wide range of response unit values, to standardize the wide
range of study variance intervals, the log ratio of means (also known as response ratio, RR) was

used to calculate effect sizes for our data points (Lajeunesse, 2011; Hedges, 1999).

The log ratio of mean effect size of BBH on Pacific salmonids versus reference sites can be

described by the following formula:
Xp
log (RR) = log (—
Xc

where Xjg is the mean value from a given study’s salmon response data point taken at beaver
sites, and X is the mean value from the same study’s salmon response data point taken at the

reference site.

Individual mixed-effects regression models were developed to assess the strength of evidence of
the hypotheses described above, for life stage and species responses to BBH, with study as a

random effect. We used two separate, individual models instead of a single, combined model due

12



to an issue with many studies only reporting their means and not reporting variance (Table A1).
Regression models need a variance parameter to be able to incorporate means into an overall net
effect, so this meant that of our 227 quantitative data points collected for quantitative analysis,

only 73 were able to be integrated into our regression models.

In the models, RR that had lower variances and larger sample sizes were given higher weight
(Viechtbauer, 2010). We assessed whether our models fit the data well by visual inspection using
Q-Q plots of residuals, and were able to confirm that model errors reasonably followed a normal
distribution (Figures A2 and A3), with the life stage model exhibiting slightly more deviation
from normal distribution than the species model. Publication bias testing was conducted to see if
non-significant results were underrepresented in the literature using Egger’s regression tests and
visually inspected using a funnel plot (Koricheva et al., 2013). No biases were found for our
quantitative datasets (z71=-0.433, p = 0.666), and most studies exhibited high precision since the
data points are clustered around the low standard error area at the top of the funnel plot (Figure

A4).

The next phase of the analysis involved vote-counting for the qualitative data (Bushman and
Wang, 2009). Possible qualitative net mean effects recorded for each study were: positive,
negative, neutral, or mixed. The quantitative data were able to be fit into the qualitative database
as well since their response ratios were able to be simplified into the qualitative mean effect

classification system.
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Results

Quantitative Results

The raw mean quantitative data showed a clear positive response for juvenile Pacific salmonids
and freshwater resident adult trout to BBH that is supported by many studies, while the egg and
spawner life stages show more mixed responses, with few studies that exist on these life stages’
response to BBH (Figure 4). The most abundant types of responses measured are clearly growth,
abundance, and density. The most abundant life stage studied is the juvenile life stage, with a

strong number of adult life stage studies as well.

The life stage regression model analyzed the individual egg, juvenile, adult, and spawner life
stage RRs, with their mean and variance RRs shown in Figure 5. Juvenile salmonid response was
as predicted, as there was a significant and positive response found for juvenile salmonid
response to the BBH sites (effect size = 1.37, n =49, z=4.92, P =<0.0001). Surprisingly, given
the mostly positive observed raw mean effects seen in Figure 4, residential adult trout response
in the regression model were found to be significantly negative (effect size =-1.79,n =21,z =-
5.20, P =<0.0001). Also contrasting the raw mean responses observed in Figure 4 was the egg
regression model response, which showed a significant positive response (effect size = 1.80, n =
2,z=2.16, P=0.031). The spawner life stage also had a positive response, but it was not found

to be statistically significant (effect size = 1.50,n=1,z=1.80, P =0.072).

The species regression model analyzed the individual Chinook salmon, coho salmon, cutthroat
trout, rainbow trout/Steelhead, and sockeye salmon species RRs (Figure 6). Chum salmon did
not have sufficient quantitative data to be able to be used in the species meta-regression model

since the quantitative studies on this species failed to report their studies’ variance (Table A1).
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There were no quantitative pink salmon data to include in the model either. Cutthroat trout
expressed the most positive and significant response to BBH (effect size =2.00,n=17, z = 5.43,
P =<0.0001). Interestingly the other trout species, Rainbow Trout/Steelhead, expressed the only
statistically significant negative response to BBH (effect size =-1.58, n=19,z=-4.28, P=
<0.0001). Coho exhibited a positive response to BBH that approached statistical significance
(effect size = 0.69, n =24, z = 1.68, P = 0.094), while Chinook (effect size =0.62,n=7, z=
1.21, P =0.225) and sockeye exhibited no clear response to BBH (effect size =0.06,n =6,z =

0.10, P =0.924).
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Figure 5: Mean and 95% CI outcomes for the life stage regression model. We used 95%
confidence intervals (CIs) for this figure and Figure 6 to visually show the model outputs since
they are sensitive to sample size and simplify interpretation (Zar, 1996). Mean effects below zero
are considered a net negative response value, and above zero are a net positive response value.
Variances that do not overlap with zero indicate the mean effects are also found to be statistically
significant.
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Figure 6: Mean and 95% CI outcomes for the species regression model. Mean effects below
zero are considered a net negative response value, and above zero are a net positive response
value. Variances that do not overlap with zero indicate the mean effects are also found to be
statistically significant.
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Qualitative Results

The qualitative results show a net positive response of Pacific salmonids to BBH across all
response types and species-life stage combinations measured, but only marginally (Figure 6).
The number of studies reporting a positive effect was only 21% higher than the number reporting
a negative effect. A significant number of studies reported a neutral BBH response from
salmonids as well, which was driven primarily by the spawner life stage. Only a fraction of

studies found mixed salmonid responses to BBH.

The qualitative net effect of BBH on salmonids is even less clear when broken down by species
and life stage, with new patterns emerging at this resolution (Figure 7). Over half of all the
qualitative studies focused on juvenile salmonids, with spawners being the next most reported
life stage. Less than 10 studies per species examined how BBH affects the egg life stage,
indicating that this life stage’s response to BBH is very data limited, both quantitatively and
qualitatively. The species most represented from the literature (from highest to lowest) were:
coho salmon, cutthroat trout, and Chinook salmon. There were very few studies on Pink and
Chum salmon responses to BBH, and pink salmon in particular only had two studies with

reported observed effects for the spawner life stage.

Our quantitative results from the regression model for life stage specific responses showed that
the egg and juvenile life stages of Pacific salmonids have a significant positive response, but
resident adult trout have a significant negative response. The qualitative data contrasted with the
resident adult quantitative model mean effect as well as the rainbow trout/steelhead model mean
effect, indicating that there were key qualitative data points for the adult rainbow trout/steelhead

species-life stage combination that were unable to be included in the quantitative models.
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A few key trends from the qualitative results are apparent, and mostly consistent with the
quantitative results as well. Juvenile coho salmon show an overwhelmingly positive relationship
with BBH. Juvenile cutthroat trout and sockeye salmon show a net positive relationship as well.
Juvenile rainbow trout exhibited a mostly positive response to BBH too, but Chinook salmon had
the most complex response to BBH, showing both positive and negative responses for the
juvenile life stage. The few studies for juvenile chum salmon showed that they have a mostly
negative response to BBH. Adult cutthroat trout had an overwhelmingly net positive response to
BBH, while rainbow trout adults showed a far more complex, mixed mean response. All species
exhibited a net negative or neutral response to BBH for the spawner life stage. Cutthroat trout
spawners by far had the highest percentage of positive responses to BBH (50%), but this effect
was still well below the 60% threshold set in Table 2 to indicate a directional response. The few
egg life stage studies we were able to find showed that coho and sockeye salmon eggs have a net
positive relationship with BBH, but the trout species egg life stage responses showed a more

complex relationship.
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Figure 8: The proportion of each type of mean effect outcome per species-life stage
combination. The spawner life stage was the only life stage to have data for every Pacific

salmonid species.
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Beaver Dam Impacts on Salmonids at Different Life Stages, and Degree of Support and Type of Sources Supporting Each Impact

Life Stage
Sp
Egg/Alevin (25) Juvenile (235) Adult (82) Spawner (158)
siltation, flow refuge, habitat ares, flow refuge,
Pink (2) sbundance, survivorship, DO, migration Blockage® survival, sbundance®,
tempersturs threshald® migration'(2)
siltation, flow refuge, Rreys it refug WEIIHTE, habitat ares, flow refuge,
N N survivorship, DO, .
Chum (12) survivorship, DO, temperstura survival, abundance® (3),
threshold®, sbundznce'(1) [ I i migration’{4)
* abundance’ (4)
siltation, flow refuges, Arey, hah::;.ur::;f:. ;I.IGI'\'NDIShIp. hebitat area, surival, flow
(i Ed, abﬂz{::nc,eakﬁumwm::ﬁ&[)o, temPErEtur\ethr\eshc;ld’. '::nndition mfug;b: E;'i";:j,ggf 12
per (2], sbundanca' [2E) 1Er!
prey, habitet, refuge, DO,
siltation, flow refugs, temparature threshaold, hebitat area, surival, flow
Coho (153) sunivorship, DO, temperature survivorship (3), population (3], refuged, abundance (8],

threshold®, sbundance’ (4)

movamanit (3], condition (13),
abundance' [81)

Sockeye/Kokanee (52)

floww refuge, DO, tamparature
threshald®, siltation (1),
survivorship (3), sbundanca’ (2)

prey, habitet, refuge, DO,
sunvivership, population,
movement, tempereture thrashold’,
condition (5), abundanca’(8)

migration' (23}

Positive (=80%)
Positive (60-79%)
Megative (=80%)
Megative {60-79%)
Mixed (<80% for all}

Mo Literature

EOO0O0OEOO

MNA

Rainbow Trout /

siltation, flow refugs, 00,
temperature threshold?,

prey, habiteat, refuge, DO,
temperature threshold',
survivorehip (5), population (3),

habitat area, flow refuga’,
sundval (1), sbundance (2],
migration' (30)

prey, hakitat, refuge, DO,
temperature threshold,
sunival, compatition®,

hebitat area, surival, flow
refuge’, abundance (4],

Steelhead (120) survivorehip (2), shundanca’ (5) movement (3), conditicn 8], poput:ﬁ::r:ﬂi;ﬂl;mem miEton (27
abundance’ (4] sbundancs' (21)
prey, habitat, refuge, DO, e rature th e
Freshwater Cutthroat/ siltation, flow refuge, DO, temparsturathrashald', ;mn‘ jor?, m@\m T
Coastal Cutthroat temparature thrashald?, survivorship (4, populstion (2), ulaﬁnﬂﬂs'- movemant o &
Trout (101) survivorship {2), abundance’ (5) mivement (1), condition (1], M{SL condition (11) e el
"
abundance’ [17) shundanca’ [25)

"Primary Scurces (research
articles and reports)

“Secondary Sources
[restoration guidelines and
frameworks)

“Tertiary Sources
(hypothesized impacts from
this study's author knowledge
of ecological systems)

*all impacts listed before
superscript belong to that
superscript category

Impact pathways for each species/ife stage combination listed in each box, number in parentheses is the number of studies frem the literature {primary sources) regarding that
given impact for that specific species/life stage combination

Table 2: Net effect results from all qualitative study mean effects, separated into species and life stage
combinations, and where gaps in the literature remain. The effects without the number of studies in
parentheses next to them are BBH effects to those specific species life stages discussed in the literature or
restoration reports, but was not a direct measured response data point we could numerically include in this
study. These effects without data points to support them are therefore key gaps that remain in the knowledge
base of BBH for those specific species’ life stages.
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Discussion

This meta-analysis tested whether Pacific salmonid species-life stage combinations vary in their
response to BBH and revealed both quantitatively and qualitatively that there is significant
variability among species-life stage combinations. Most of the quantitative model net effect
outcomes had similar patterns as the qualitative data net effect summaries shown in Table 2. The
exception to this was for the quantitative adult life stage model output and the rainbow trout
model output, indicating that the qualitative data for adult rainbow trout/steelhead differs
substantially from the quantitative data for this species-life stage combination. There were some
salmonid species-life stage combinations that exhibited a clear net positive response to BBH
based on both quantitative and qualitative net effect outcomes: coho salmon and cutthroat trout
juvenile life stages consistently exhibited net positive responses. The other species-life stage
combinations’ net effects show high variability based on both the quantitative and qualitative net
effect outputs. Few studies examined the relationship between pink salmon and BBH, but this
species is not typically a focus of freshwater habitat restoration projects since they do not have
any evolutionary specific units (ESUs) listed under the ESA (Ford, 2022). The variability in net
effect outcomes between different species-life stage combinations examined by this study shows
a need for BBH restoration projects to be specific in the target species and life stages they hope
to benefit. Since some species and life stages do not have net positive responses to BBH, these
types of habitats are not going to be beneficial for restoration projects targeting recovery of
species and life stages found to have more complex relationships to BBH. For instance, the
extensive BBH restoration projects have been found to increase the number of juvenile Coho in

Puget Sound streams, but juvenile Chinook numbers in these streams have not rebounded.
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Hypothesis 1

Our first hypothesis that beavers would have the strongest positive effect on Pacific salmon and
trout with increasingly freshwater-focused LHS was only partially supported by this study’s
results. The range of freshwater-focused LHS between Pacific salmonid species is primarily
driven by the juvenile life stage’s degree of freshwater rearing. Rainbow trout/steelhead,
cutthroat trout, and sockeye salmon species-level LHS freshwater use ranges the most since they
all have possible resident freshwater LHS. Cutthroat trout had the strongest quantitative and
qualitative positive net effects from BBH, and the subset of cutthroat trout populations with a
freshwater-only LHS showed an even stronger net positive response to BBH. Juvenile coho
salmon, which have a 1-1.5 year freshwater rearing period, showed a strong net positive response

to BBH as well.

Resident freshwater rainbow trout were found to have a much more complex, mixed net effect
from BBH though, which shows that increasing freshwater LHS does not necessarily mean there
will also be an increasingly positive response to BBH. Chinook salmon, which exhibit a broad
continuum between short-term (as little as less than a full month) and long-term (up to 2 years)
stream-rearing juvenile LHS, consistently had a more complex net effect response to BBH
(Quinn, 2018). This is likely due to the fact that Chinook salmon have one of the broadest spatio-
temporal ranges of LHS across all life stages of the Pacific salmonids. Chinook salmon can be in
freshwater environments any time of the year in the egg, juvenile, and spawner life stages; even
the adult life stage has great variation in oceanic residency, distribution, and migration patterns
as well (Bourret et al., 2016; Healey, 1991). Sockeye salmon responses tended to be fairly mixed
as well, where their egg and juvenile life stages had a mostly qualitative net positive response to

BBH, but their spawner life stage has a mostly negative qualitative response. Sockeye salmon
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also had the smallest directional quantitative net effect for the species model, indicating that the
egg and juvenile positive responses were canceling out to zero with the negative effects for the
spawner life stage. Sockeye salmonuse both rivers and lakes for freshwater rearing as juveniles,
so this could explain some of the complexity with their response outcomes. Since they have a
freshwater-only LHS as kokanee salmon, this is likely adding additional variability to the
response outcomes for this species. Different levels of freshwater use between single species’
populations were not part of our analyses because very few studies reported species-level LHS
variation but is a likely driver of the mixed effects seen for the rainbow trout/steelhead, Chinook

salmon, and sockeye salmon species.

As expected, few studies existed for the least freshwater dependent species, pink and chum
salmon. Chum salmon qualitative responses for the juvenile and spawner life stages were mostly
negative, and one egg life stage study skewed that species-life stage combination to be net
positive. For the two studies that did exist for pink salmon’s spawner life stage, one study

reported a net negative effect, and the other was a neutral effect.

Hypothesis 2

We observed a positive net effect outcome for the egg life stage, which was unexpected given we
predicted a negative net effect outcome. We had expected BBH-associated siltation and reduced
DO would be primary response drivers for this life stage, and result in a net negative egg
response to BBH. Instead we observed a mostly positive effect from both our quantitative and
qualitative analyses. The fact that both the quantitative and qualitative species-level net effects
for the egg life stage had the most consistent responses to BBH of all the life stages makes sense
since there is the smallest variability in habitat needs for this life stage when comparing both

intraspecific and interspecific differences found in Pacific salmonid species (Quinn, 2018). All
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salmonid eggs require an incubation period in streambed gravel with cool, well-oxygenated,
stable water flow within the redd area. Small variation between species exists for incubation
timeframes, and the size of gravel required for each species is strongly correlated with average

species’ spawner sizes (Kondolf et al., 1993).

The net positive response to BBH from the egg life stage was primarily driven by higher egg
survivorship and abundance when compared to reference sites. These unexpected positive
measured effects for the egg life stage from BBH indicate that siltation and reduced DO
concerns, which are widely shared across the salmonid conservation community, are less of an
issue than previously thought within the context of BBH. Though the positive response from
salmonid eggs was not expected, some of the studies used in our meta-analysis study noted that
their BBH sites prevented eggs from desiccating during extreme low flow events because of
increased stream hyporheic flow exchange and instream water retention during drought years

(Braithwaite et al., 2011; Munding-Becker et al., 2022; White et al., 2008).

Hypothesis 3

Our expectation that juvenile salmon would exhibit a mostly positive response to BBH was
largely confirmed. Quantitatively this relationship was well supported, but the qualitative studies
broken out to specific species-level responses showed mixed responses. The qualitative species-
level juvenile life stage responses interestingly followed the same species-level trends of
freshwater LHS ranges shown in Table 1, and differences in freshwater use between species as
discussed previously for hypothesis 1. This pattern makes sense, since the juvenile life stage of
Pacific salmonids greatly differs in their use of freshwater habitats based on different juvenile

LHS among and within species-specific populations.
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Juvenile coho, which qualitatively and quantitatively had the strongest positive net effect
response to BBH, prefer slower velocity and deeper streambed morphology rearing habitats like
the ponds BBH helps create and maintain (Bustard et al., 2011; Murphy et al., 2011). Sockeye
salmon and cutthroat trout juveniles also had a qualitatively net positive response to BBH, but
their response was not as strong as that of coho salmon juveniles. Juvenile cutthroat trout and
sockeye salmon have a broader range of freshwater habitat rearing preferences than coho, so
their positive response being less extreme than that of coho salmon juveniles is consistent with
their ecology. Freshwater pools, riffles, and glides are all habitats utilized by juvenile cutthroat
trout for rearing, but they prefer pool habitats that are often formed from BBH (Jakober et al.,
1998). Juvenile cutthroat trout are not strong competitors with other salmonid species, and so are
easily pushed out of or exist in low densities in their preferred stream habitats when other
salmonid species are present (Glova, 1987). Sockeye salmon juveniles use stream floodplain side
channels, lakes, and estuaries as primary rearing habitat, and so BBH can be beneficial to stream-
type rearing juvenile sockeye salmon (Tappenbeck et al., 2008). Juvenile Chinook salmon and
rainbow trout/steelhead had qualitatively mixed net effect responses to BBH. Chinook salmon
have a wide range LHS for juvenile rearing that is likely a large contributing factor to the mixed
effect response outcome for BBH (Bourret et al., 2016). Rainbow trout/steelhead juveniles tend
to show a preference for rearing in stream glides as juveniles but are generalist than have been
found to successfully rear in BBH as well (Bouwes et al., 2016; Hegna et al., 2013). The
negative response from juvenile chum salmon was expected given they do not utilize BBH for
juvenile rearing. Chum juvenile salmon rear at most a few weeks in their natal freshwater
streams, but the majority of their juvenile rearing is in estuarine environments (Quinn, 2018).

Even in rare cases where BBH exist in estuary environments, chum salmon prefer other areas for
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rearing (Hood, 2012). No data were available for juvenile pink salmon responses to BBH, but
either a neutral or negative effect from migratory blockage effects from BBH would be expected

since they do not spend any time rearing in freshwater habitats.

The primary response types driving the positive juvenile responses were increased density,
abundance, and growth of fish in BBH sites versus reference sites. This strongly indicates that
BBH improves juvenile salmonid rearing conditions and increases the amount of rearing habitat

available for stream rearing juvenile salmonids.

Hypothesis 4

Adult rainbow trout/steelhead did not show a net positive response to BBH, while cutthroat trout
did. Interestingly, both adult rainbow trout/steelhead and cutthroat trout stream-rearing adult
LHS prefer deep pools formed by woody debris (Hegna et al., 2013; Young, 1996). Since both
trout exhibit a wide range of LHS as adults, it is likely the existing studies on these species
included in this analysis were biased in the LHS represented of each trout species. Based on the
recorded responses, there were likely more stream-type adult cutthroat trout studies than other

cutthroat trout LHS, and fewer stream-type adult rainbow trout/steelhead studies.

Both rainbow and cutthroat trout do show an overwhelmingly net positive response to BBH
across all life stages when looking specifically at stream summer drought conditions in arid
stream regions. Under these extreme hydrologic conditions, BBH resulted in a positive response
by creating refugia habitat for fish during exceptionally low flows and elevated maximum daily
water temperature levels (Silver et al., 2020; Talabere, 2002). The beaver sites contained water,

and specifically water that was not surpassing lethal limits for these species, compared to the
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beaver-free sites during extreme summer drought conditions. These specific results were

therefore consistent with our predictions for this hypothesis.

Hypothesis 5

We were quite surprised by the spawner life stage responses to BBH, as an overwhelmingly
negative response was anticipated due to migratory blockages being the primary response type
expected for this life stage. There were many more positive or neutral responses for the spawner
life stage than was expected, with only sockeye salmon showing a species-specific level
qualitative negative net response. All the other Pacific salmonid species had net neutral

qualitative responses.

The positive effects were primarily driven by increased spawning habitat area and increased
spawning habitat quality created behind beaver dams that were accessible, despite the
impoundments (Bennett et al., 2014; ; Sarita and Pachena Watershed Renewal: Sarita River
Chinook and Chum Salmon Redd Superimposition Assessment, 2018). The overwhelming
majority of negative responses were driven by fully blocked upstream access to spawning habitat
by beaver dams. The only other hypothesis that contrasted with our predictions of a net negative
effect was the egg life stage. Since spawners typically die in close proximity to where they lay
their eggs, these life stages’ response outcomes to BBH are more closely correlated to one
another than the juvenile and adult life stages that move independent of previous or subsequent

life stages.
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Study Caveats and Considerations

Our study identified new patterns in Pacific salmonid species-life stage specific responses to
BBH, but like all meta-analyses, was limited by data type and availability. A potentially
confounding factor not taken into account was the behavior of salmonids with one another and
other species at different life stages in freshwater environments. While beaver dams impact
Pacific salmonids through physical controls, the fishes impact one another through behavioral
traits unique to each species. Coho salmon in particular are territorial as juveniles (Quinn, 2018).
They have been observed to reduce the abundance of other salmonid species like cutthroat trout
in beaver ponds by chasing them out of the preferred ponded pool habitat (Glova, 1987). This
means though a beaver pond may be suitable rearing habitat for other juvenile salmonid species,
the presence of coho salmon can affect how much access other species have to beaver pond
rearing habitat. Some species, like Chinook salmon and rainbow trout/steelhead, are more
sensitive to other habitat parameters besides BBH that make their relationship with BBH not as
clear as the other Pacific salmonid species. Parameters such as velocity, substrate, depth range,
and proximity to main-stem channels are all site characteristics identified as highly influential for
juvenile Chinook salmon rearing (O’Neal et al., 2024). BBH indirectly affect many of these
parameters too, but beaver ponds themselves are generally not a primary determinant of the

quality of juvenile Chinook salmon rearing habitat.

One key data gap found in our study is the lack of measured population-level responses of

salmonids to increasing BBH stream reaches. Though our analysis shows that the number of
studies that measure the effect of BBH on Pacific salmon has been increasing steadily for the
past century (Figure AS), there were only a few studies measuring population-level responses

over that same timeframe. Knowing how BBH influences Pacific salmonid populations over time
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is imperative for adaptively managing BBH restoration projects within the context of recovery of
threatened Pacific salmonid species. Only one study was found to have data on cutthroat trout
population-level responses to beaver sites versus reference sites (McCaffery, 2009). This study
showed that cutthroat exhibited 40 % higher survival rates and population growth rates 5 — 20 %

higher than in non-beaver streams, even with the presence of competing invasive fish species.

As BBH restoration continues to be increasingly employed through time, more ecosystem-scale
monitoring studies are needed to document the long-term effects of beaver recolonization on
streams. These streams have drastically changed in structure and function since beaver
populations were last present in them over 100 years ago, and some are currently too degraded in
their present state to be able to support beaver populations, thus requiring BDA structures as a
first step for beaver reestablishment in these streams. There are studies that have documented
how beavers are generally expected to change riverscape hydrology, geomorphology, and biotic
community compositions, but each stream’s unique conditions can dramatically shift any of these

parameters (Lapointe, 2012; Larsen et al., 2021; Pollock et al., 2003).

Though the indirect impacts beavers have on Pacific salmonids through changes in habitat
connectivity, flow, temperature, prey and predator dynamics, dissolved oxygen, and nutrient
fluxes were not analyzed in our meta-analysis, it is evident from other meta-analyses that
variation in these indirect effects caused by beaver activity are highly impactful stream variables
for Pacific salmonids (Kemp et al. 2012; Collen and Gibson 2000; Pollock et al. 2003; Ecke et al.
2017). These studies also showed complex patterns between beaver impounded habitats and
indirect measures; some of the main outcomes are described as follows: beaver dams can
increase habitat connectivity by raising water levels and stream bed morphology to reconnect

incised streams to their floodplains. However, beaver dams can also create disconnection as very
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large dams can become impenetrable to fish movement. Lower initial baseflows due to shifting
hydrologic regimes and withdrawals for human use can make beaver dams initially act as
impassable barriers to fish. But over time, as beaver dams replenish aquifers, baseflows
eventually increase benefiting fish. Beaver dams also create flow and temperature refugia during
extreme drought conditions and winter floods, while becoming uninhabitable in other waterways
which are temperature compromised. While beaver ponds often have reduced DO levels, water
below dams is often more oxygenated due to the increasing hyporheic exchange the pond creates
(Wang et al., 2018). Depending on the species, beaver ponds can facilitate better conditions for
native salmonids competing with or being preyed upon by invasive species, but in other cases are
found to create habitat that supports invasive species. Beaverponds vary from being sources or
sinks of nutrients depending on the dam age that can have important effects on basal food web
structure. These varying responses show how complex the relationship is between beavers and

the landscapes they exist in, and how other organisms like salmonids respond.

Clear population-level studies measuring the responses of each Pacific salmonid species and
studies linking secondary responses to BBH are needed to refine the application of BBH
restoration projects. Understanding the long-term effects of BBH at the ecosystem scale and
connecting those effects to population-level salmonid responses, will allow this restoration
approach to be used most effectively at addressing population-level recovery of at-risk Pacific
salmonid stocks. Long-term monitoring of population-level responses to BBH is also needed to
be able to understand how salmonid populations will respond to these changes over time in

streams with differing hydrologic and geomorphic processes.
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Implications

Our analysis highlights the importance of considering targeted Pacific salmonid species-life stage
combinations of freshwater restoration projects that use BBH. A one-size-fits-all approach to
BBH does not consider the varying ways different Pacific salmonid species-life stage
combinations respond to BBH. To improve the effectiveness of BBH, these differences need to
be addressed when outlining the project goals for a restoration project. Though a common issue
with restoration work is a lack of funding for monitoring following restoration action, this is an
essential part of these projects. Monitoring reveals how successful a project is in accomplishing
its initial goals and provides a pathway to improving future restoration work by identifying
components that need to be optimized to improve restoration action outcomes. Increased
monitoring of BBH will especially aid in optimizing project designs that more effectively target
priority species-life stage salmonids and their identified priority responses to restoration work.
For instance, the use of BDAs to help recruit beavers into streams targeted for restoration is a
proven effective initial step in stream restoration, but BDAs alone are not as effective at
improving conditions for Pacific salmonids as natural beaver dams (Bouwes et al., 2016). This
relationship was revealed through targeted monitoring efforts and shows how crucial monitoring
is for strengthening the effectiveness of restoration work. More stream restoration work is
underway now than at any other point in history, so improving project designs is timely (Pilliod

etal., 2018).
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Conclusions

As climate change has a disproportionate effect on freshwater resources globally, the role
beavers play in mitigating these effects for at-risk Pacific salmonid species needs to be taken into
account within the context of the climate conditions of each unique steam and watershed
(Herbold et al., 2018; Siegel et al., 2019; Sukanya et al., 2023). The historic role beaver dams
played in shaping the landscapes and waterways of North America by impounding water,
increasing riparian and wetland area, increasing hyporheic flow, and holding back sediment
clearly had and currently has a significant impact on the fishes that rely on these systems
(Naiman et al., 1988). There is much opportunity for beavers to mitigate many climate change
impacts by improving habitat for at-risk species and increasing surface water persistence on
landscapes. These benefits are heavily dependent on the unique underlying issues for each given
site though, and these issues require a suite of stream restoration actions besides BBH, especially
as climate change has a greater impact on streams Pacific salmonids depend upon (Jordan et al.,
2022). For example, beavers can exacerbate climate impacts on salmon in temperature-
compromised systems, but they can also negate these changes by cooling water though hyporheic
exchange downstream of their dam. This study is one more source of information for stream
restoration practitioners to consider when developing restoration projects that incorporate BBH,
so that their projects are best tailored to the specific needs of different Pacific salmonid species,
life stages, and life histories. Beavers and salmon have co-evolved for millions of years, which
means they likely have many other important relationships we have yet to uncover. Better
understanding and revealing these hidden relationships will enable us to create effective

management actions that help restore self-sustaining Pacific salmonid populations.

33



References

Alves, M., Bailey, D., Krueger, M., & Collins, D. (2019). The Tulalip Beaver Project.

Bailey, D. R., Dittbrenner, B. J., & Yocom, K. P. (2018). Reintegrating the North American
Beaver (Castor canadensis) in the urban landscape: doi: 10.1002/wat2.1323

Bennett, S., Al-Chokhachy, R., Roper, B. B., & Budy, P. (2014). Annual Variation of
Spawning Cutthroat Trout in a Small Western USA Stream: A Case Study with
Implications for the Conservation of Potamodromous Trout Life History Diversity.
North American Journal of Fisheries Management, 34(5), 1033—1046. doi:
10.1080/02755947.2014.938139

Bourret, S. L., Caudill, C. C., & Keefer, M. L. (2016). Diversity of juvenile Chinook salmon
life history pathways. Reviews in Fish Biology and Fisheries 2016 26:3, 26(3), 375—
403. doi: 10.1007/S11160-016-9432-3

Bouwes, N., Weber, N., Jordan, C. E., Saunders, W. C., Tattam, 1. A., Volk, C., Wheaton, J.
M., & Pollock, M. M. (2016a). Ecosystem experiment reveals benefits of natural and
simulated beaver dams to a threatened population of steelhead (Oncorhynchus mykiss).
Scientific Reports 2016 6:1, 6(1), 28581-. doi: 10.1038/srep28581

Bouwes, N., Weber, N., Jordan, C. E., Saunders, W. C., Tattam, 1. A., Volk, C., Wheaton, J.
M., & Pollock, M. M. (2016b). Ecosystem experiment reveals benefits of natural and
simulated beaver dams to a threatened population of steelhead (Oncorhynchus mykiss).
Scientific Reports 2016 6:1, 6(1), 28581-. doi: 10.1038/srep28581

Braithwaite, N. R., & Braithwaite, N. R. (2011). The Effect of Stream Restoration on
Preferred Cutthroat Trout Habitat in the Strawberry River, Utah. A/l Graduate Theses
and Dissertations, Spring 1920 to Summer 2023. doi: https://doi.org/10.26076/9928-
d2bc

Bruner, K. L., & Hibbs, D. E. (1989). Effects of beaver on streams, streamside habitat, and
coho salmon fry populations in two coastal Oregon streams. Retrieved from
https://ir.library.oregonstate.edu/concern/graduate thesis or dissertations/6d56zz61q?1
ocale=en

Bustard, D. R., & Narver, D. W. (2011). Aspects of the Winter Ecology of Juvenile Coho
Salmon (Oncorhynchus kisutch) and Steelhead Trout (Salmo gairdnert).
Https://Doi.Org/10.1139/F75-086, 32(5), 667—680. doi: 10.1139/F75-086

Castro, J., Pollock, M., Jordan, C., & Lewallen, G. (n.d.). The Beaver Restoration
Guidebook Working with Beaver to Restore Streams, Wetlands, and Floodplains
Prepared by US Fish and Wildlife Service. Retrieved from
https://www.fws.gov/media/beaver-restoration-guidebook

34



Collen, P., & Gibson, R. J. (2000). The general ecology of beavers (Castor spp.), as related
to their influence on stream ecosystems and riparian habitats, and the subsequent
effects on fish - A review. Reviews in Fish Biology and Fisheries, 10(4), 439—461. doi:
10.1023/A:1012262217012/METRICS

Ecke, F., Levanoni, O., Audet, J., Carlson, P., Ekl6f, K., Hartman, G., McKie, B., Ledesma,
J., Segersten, J., Truchy, A., & Futter, M. (2017). Meta-analysis of environmental
effects of beaver in relation to artificial dams. Environmental Research Letters, 12(11),
113002. doi: 10.1088/1748-9326/AA8979

Ford, M. J. (editor). (2022a). Biological Viability Assessment Update for Pacific Salmon
and Steelhead Listed Under the Endangered Species Act: Pacific Northwest. dot:
10.25923/KQ2N-KE70

Ford, M. J. (editor). (2022b). Biological Viability Assessment Update for Pacific Salmon
and Steelhead Listed Under the Endangered Species Act: Pacific Northwest. doi:
10.25923/KQ2N-KE70

Glova, G. J. (1987). Comparison of allopatric cutthroat trout stocks with those sympatric
with coho salmon and sculpins in small streams. Environmental Biology of Fishes,
20(4), 275-284. doi: 10.1007/BF00005298/METRICS

Groot, C., & Margolis, L. (1991). Pacific Salmon Life Histories UBCPress Canadian
Cataloguing in Publication Data Main entry under title: Pacific salmon life histories
Includes bibliographical references and index.

Harzing, A. W. (2007). Publish or Perish.

Hegna, J. R., & Hegna, J. R. (2013). Evaluating the Utility of Beaver Reintroduction
Programs for Enhancing Habitat for Rainbow Trout and Steelhead. A// Masters
Theses. Retrieved from https://digitalcommons.cwu.edu/etd/1663

Herbold, B., Carlson, S. M., Henery, R., Johnson, R. C., Mantua, N., McClure, M., Moyle,
P., & Sommer, T. (2018). Managing for salmon resilience in California’s variable and
changing climate. San Francisco Estuary and Watershed Science, 16(2). doi:
10.15447/SFEWS.2018V16ISS2ART3

Hoar, W. S. (2011). The Evolution of Migratory Behaviour among Juvenile Salmon of the
Genus Oncorhynchus. Https.://Doi.Org/10.1139/F58-020, 15(3), 391-428. doi:
10.1139/F58-020

Hood, W. G. (2012). Beaver in tidal Marshes: Dam effects on low-tide channel pools and
fish use of estuarine habitat. Wetlands, 32(3), 401-410. doi: 10.1007/S13157-012-
0294-8

Integrated Status and Effectiveness Monitoring Program (ISEMP) and Columbia Habitat
Monitoring Program (CHaMP) 2015 Annual Combined Technical Report. (n.d.).
Retrieved from

35



https://www.researchgate.net/publication/329514823 Integrated Status and Effective
ness_Monitoring Program ISEMP_and Columbia Habitat Monitoring Program CH
aMP 2015 Annual Combined Technical Report

Jakober, M. J., McMahon, T. E., Thurow, R. F., & Clancy, C. G. (1998). Role of stream ice
on fall and winter movements and habitat use by bull trout and cutthroat trout in

Montana headwater streams. Transactions of the American Fisheries Society. 127: 223-
235.,127,223-235. doi: 10.1577/1548-8659(1998)1272.0.CO;2

Johnson, D. R., & Chance, D. H. (1974). Presettlement overharvest of upper Columbia
River beaver populations. Canadian Journal of Zoology, 52(12), 1519-1521. doi:
10.1139/274-195

Jordan, C. E., & Fairfax, E. (2022). Beaver: The North American freshwater climate action
plan. Wiley Interdisciplinary Reviews: Water, 9(4), €1592. doi:
10.1002/WAT2.1592;WEBSITE:WEBSITE:WIRES; WGROUP:STRING:PUBLICATI
ON

Kemp, P. S., Worthington, T. A., Langford, T. E. L., Tree, A. R. J., & Gaywood, M. J.
(2012). Qualitative and quantitative effects of reintroduced beavers on stream fish.
Fish and Fisheries, 13(2), 158—181. doi: 10.1111/J.1467-2979.2011.00421.X

Kondolf, G. M., & Wolman, M. G. (1993). The sizes of salmonid spawning gravels. Water
Resources Research, 29(7), 2275-2285. doi:
10.1029/93WR00402;WEBSITE:WEBSITE:AGUPUBS;JOURNAL:JOURNAL:1944
7973;ISSUE:ISSUE:DOI

Koricheva, J., Gurevitch, J., & Mengersen, K. (2013). Handbook of Meta-analysis in
Ecology and Evolution. Handbook of Meta-Analysis in Ecology and Evolution. doi:
10.23943/PRINCETON/9780691137285.001.0001

Lajeunesse, M. J. (2011). On the meta-analysis of response ratios for studies with correlated
and multi-group designs. Ecology, 92(11), 2049-2055. doi: 10.1890/11-
0423.1;WEBSITE:WEBSITE:ESAJOURNALS;REQUESTEDJOURNAL:JOURNAL
:19399170;ISSUE:ISSUE:DOI

Lapointe, M. (2012). River Geomorphology and Salmonid Habitat: Some Examples
[lustrating their Complex Association, from Redd to Riverscape Scales. Gravel-Bed
Rivers: Processes, Tools, Environments, 191-215. doi: 10.1002/9781119952497.CH17

Larsen, A., Larsen, J. R., & Lane, S. N. (2021). Dam builders and their works: Beaver
influences on the structure and function of river corridor hydrology, geomorphology,
biogeochemistry and ecosystems. Earth-Science Reviews, 218, 103623. doi:
10.1016/J.EARSCIREV.2021.103623

Lichatowich, J. A. . (2001). Salmon Without Rivers : A History of the Pacific Salmon Crisis.

36



Malison, R. L., Lorang, M. S., Whited, D. C., & Stanford, J. A. (2014). Beavers (Castor
canadensis) influence habitat for juvenile salmon in a large Alaskan river floodplain.
Freshwater Biology, 59(6), 1229—-1246. doi: 10.1111/fwb.12343

Meentemeyer, R. K., & Butler, D. R. (1999). Hydrogeomorphic effects of beaver dams in
glacier national park, Montana. Physical Geography, 20(5), 436—446. doi:
10.1080/02723646.1999.10642688

Michael M. Pollock, Morgan Heim, & Danielle Werner. (2003). (18) (PDF) Hydrologic and
Geomorphic Effects of Beaver Dams and Their Influence on Influence on Fishes.
Retrieved from
https://www.researchgate.net/publication/231218389 Hydrologic and Geomorphic E
ffects of Beaver Dams _and Their Influence on Influence on_ Fishes

Montgomery, D. (2000, December). Coevolution of the Pacific salmon and Pacific Rim
topography | Geology | GeoScienceWorld. Geological Society of America. Retrieved
from https://pubs.geoscienceworld.org/gsa/geology/article-
abstract/28/12/1107/207172/Coevolution-of-the-Pacific-salmon-and-Pacific-Rim

Moore, J. W., Mcclure, M., Rogers, L. A., & Schindler, D. E. (2010). Synchronization and
portfolio performance of threatened salmon. Conservation Letters, 3(5), 340-348. doi:
10.1111/J.1755-263X.2010.00119.X

Munding-Becker, M., & Munding-Becker, M. (2022). Examining the impacts of beaver dam
analogues and groundwater storage on Miners Creek, California. Cal Poly Humboldt
Theses and Projects. Retrieved from https://digitalcommons.humboldt.edu/etd/607

Murphy, M. L., Heifetz, J., Thedinga, john F., johnson, S. W., Koski, K. V, Lo, M., Heifetm,
L., Thedinga, F., & Johnson, S. W. (2011). Habitat Utilization by Juvenile Pacific
Salmon (Onchorynchus) in the Glacial Taku River, Southeast Alaska.
Hittps://Doi.Org/10.1139/F89-213, 46(10), 1677-1685. doi: 10.1139/F89-213

Murray, D., Neilson, B. T., & Brahney, J. (2021). Source or sink? Quantifying beaver pond
influence on non-point source pollutant transport in the Intermountain West. Journal of
Environmental Management, 285. doi: 10.1016/J.JENVMAN.2021.112127

Naiman, R. J., Johnston, C. A., & Kelley, J. C. (1988a). Alteration of North American
Streams by Beaver. BioScience, 38(11), 753-762. doi: 10.2307/1310784

Naiman, R. J., Johnston, C. A., & Kelley, J. C. (1988b). Alteration of North American
Streams by Beaver. BioScience, 38(11), 753-762. doi: 10.2307/1310784

Nehlsen, W., Williams, J. E., & Lichatowich, J. A. (n.d.). Pacific Salmon at the Crossroads:
Stocks at Risk from California, Oregon, Idaho, and Washington, Pacific Salmon at the

Crossroads: Stocks at Risk from California, Oregon, Idaho, and Washington. doi:
10.1577/1548-8446(1991)016

37



O’Neal, J. S., Riordan, C., Jay, J., Lowery, E. D., LeMoine, M., & Dickerson-Lange, S.
(2024). Variables influencing stream-type juvenile Chinook Salmon density within
floodplain habitat in the Skagit River basin, Washington. Transactions of the American
Fisheries Society, 153(3), 267-288. doi:
10.1002/TAFS.10468;WGROUP:STRING:PUBLICATION

Page, L. M. ., Bemis, K. E. ., Espinosa Pérez, H., Findley, L. T. ., Gilbert, C. R. ., Hartel, K.
E. . Lea, R. N. ., Mandrak, N. E. ., Neighbors, M. A. ., Schmitter-Soto, J. J. ., &
Walker, H. J. . (2023). Common and scientific names of fishes from the United States,
Canada, and Mexico. 439.

Vote-counting procedures in meta-analysis. (n.d.). Retrieved from
https://www.researchgate.net/publication/285464887 Vote-
counting_procedures_in_meta-analysis

Petro, V. M., Taylor, J. D., & Sanchez, D. M. (2015). Evaluating landowner-based beaver
relocation as a tool to restore salmon habitat. Global Ecology and Conservation, 3(4),
477-486. doi: 10.1016/j.gecco.2015.01.001

Pilliod, D. S., Rohde, A. T., Charnley, S., Davee, R. R., Dunham, J. B., Gosnell, H., Grant,
G. E., Hausner, M. B., Huntington, J. L., & Nash, C. (2018). Survey of Beaver-related
Restoration Practices in Rangeland Streams of the Western USA. Environmental
Management, 61(1), 58—68. doi: 10.1007/s00267-017-0957-6

Pollock, M. M., Pess, G. R., Beechie, T. J., & Montgomery, D. R. (2011). The Importance
of Beaver Ponds to Coho Salmon Production in the Stillaguamish River Basin,
Washington, USA. Changed Publisher: Wiley, 24(3), 749-760. doi: 10.1577/M03-
156.1

Powers, P. D., & Orshorn, J. F. (1985). Analysis of Barriers to Upstream Fish Migration An
Investigation o f the Physical and Biological Conditions Affe c tin g Fish Passage
Success at Culverts and Waterf al 1s Bonneville Power Administration Part of a BPA
Fisheries Project on the DEVELORP....

Project MUSE - The Beaver. (n.d.). Retrieved from https://muse-jhu-
edu.offcampus.lib.washington.edu/pub/255/monograph/book/43527/pdf

Quinn, T. P. . (2018). The behavior and ecology of Pacific salmon and trout. 547. Retrieved
from https://fisheries.org/bookstore/all-titles/professional-and-trade/63708p/

Sarita and Pachena Watershed Renewal: Sarita River Chinook and Chum Salmon Redd
Superimposition Assessment. (2018).

Schindler, D. E., Armstrong, J. B., & Reed, T. E. (2015). The portfolio concept in ecology
and evolution. Frontiers in Ecology and the Environment, 13(5), 257-263. doi:
10.1890/140275;WGROUP:STRING:PUBLICATION

38



Siegel, J., & Crozier, L. (2019). Impacts of Climate Change on Salmon of the Pacific
Northwest A review of the scientific literature published in 2018.

Silver, B. P., Harris, J. E., Hudson, J. M., & Whitesel, T. A. (2020). Monitoring of Native
Fish in Tryon Creek. Retrieved from www.fws.gov/CRFWCO/CRFPO_pubs.cfm

Stevenson, J. R., Dunham, J. B., Wondzell, S. M., & Taylor, J. (2022). Dammed water
quality—Longitudinal stream responses below beaver ponds in the Umpqua River
Basin, Oregon. Ecohydrology, 15(4). doi: 10.1002/EC0.2430

Sukanya, S., & Joseph, S. (2023). Climate change impacts on water resources: An overview.
Visualization Techniques for Climate Change with Machine Learning and Artificial
Intelligence, 55-76. doi: 10.1016/B978-0-323-99714-0.00008-X

Talabere, A. G. (2002). Influence of water temperature and beaver ponds on Lahontan
cutthroat trout in a high-desert stream, southeastern Oregon. Retrieved from
https://ir.library.oregonstate.edu/concern/graduate thesis or_dissertations/f4752k000?1
ocale=en

Tape, K. D., Jones, B. M., Arp, C. D., Nitze, 1., & Grosse, G. (2018). Tundra be dammed:
Beaver colonization of the Arctic. Global Change Biology, 24(10), 4478—4488. doi:
10.1111/GCB.14332

Tappenbeck, T. H., & Tappenbeck, T. H. (2008). THE LIFE HISTORY AND ECOLOGY
OF RIVERINE SOCKEYE SALMON (ONCORHYNCHUS NERKA) IN A LARGE
FLOODPLAIN RIVER. Graduate Student Theses, Dissertations, & Professional
Papers. Retrieved from https://scholarworks.umt.edu/etd/1043

The Classification and Scientific Names of Rainbow and Cutthroat Trouts - Smith - 1989 -
Fisheries - Wiley Online Library. (n.d.). Retrieved from
https://onlinelibrary.wiley.com/doi/abs/10.1577/1548-
8446%281989%29014%3C0004%3ATCASNO%3E2.0.CO%3B2

THE META-ANALYSIS OF RESPONSE RATIOS IN EXPERIMENTAL ECOLOGY - Hedges
- 1999 - Ecology - Wiley Online Library. (n.d.). Retrieved from
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/0012-
9658%281999%29080%5B1150%3ATMAORR%5D2.0.CO%3B2

Viechtbauer, W. (2010). Conducting Meta-Analyses in R with the metafor Package. Journal
of Statistical Software, 36(3), 1-48. doi: 10.18637/JSS.V036.103

Wang, X., Shaw, E. L., Westbrook, C. J., & Bedard-Haughn, A. (2018). Beaver Dams
Induce Hyporheic and Biogeochemical Changes in Riparian Areas in a Mountain
Peatland. Wetlands 2018 38:5, 38(5), 1017-1032. doi: 10.1007/S13157-018-1059-9

Wathen, G., Allgeier, J. E., Bouwes, N., Pollock, M. M., Schindler, D. E., & Jordan, C. E.
(2019). Beaver activity increases habitat complexity and spatial partitioning by

39



steelhead trout. Canadian Journal of Fisheries and Aquatic Sciences, 76(7), 1086—
1095. doi: 10.1139/CJFAS-2018-0171

White, S. M., & Rabhel, F. J. (2008). Complementation of Habitats for Bonneville Cutthroat
Trout in Watersheds Influenced by Beavers, Livestock, and Drought. doi: 10.1577/T06-
207.1

Wohl, E. (2005). Disconnected rivers: Human impacts to rivers in the United States.
Humans as Geologic Agents. doi: 10.1130/2005.4016(03)

Xenikoudakis, G., Ahmed, M., Harris, J. C., Wadleigh, R., Paijmans, J. L. A., Hartmann, S.,
Barlow, A., Lerner, H., & Hofreiter, M. (2020). Ancient DNA reveals twenty million
years of aquatic life in beavers. Current Biology, 30(3), R110-R111. doi:
10.1016/J.CUB.2019.12.041

YOUNG, M. K. (1996). Summer movements and habitat use by Colorado River cutthroat
trout (Oncorhynchus clarki pleuriticus) in small, montane streams. Canadian Journal
of Fisheries and Aquatic Sciences (Print), 53(6), 1403—-1408.

40



Included ‘ ‘ Screening ‘ ‘ Identification|

Appendix

Records Identified from
Publish or Perish software
program (n = 6,543)

Reports

sair

A 4

Reports about beaver and
salmonids (n = 2,531)

L 4

MNon-Pacific salmonids (n
Speculative or modeled responses (n = 286)
Reference to Included studies (n=1,238)
easured proxy variables (n = 107)
ssing reference site (n = 23)
Meta-analysis/synthesis study (n=10)

Reports with measured
effects of beavers on Pacific
salmonid sp. (n = 225)

/

\

‘ Data Type ‘

Studies included in quantitative
review (n = 88,
227 unique measured effects)

Studies included in qualitative
review (n = 225,
500 unique reported effects)

Figure A1. This study’s screening process to aggregate studies with relevant data for
use in analysis. N refers to the number of papers fitting this category. The initial search,
secondary pre-1990 trout specific search, and snowballing searches were combined into one
number under the “identification” label for simplicity

Life Stage

Species Egg/Alevin Juvenile Adult Spawner
Means Variances Means Variances Means Variances Means Variances

Pink 0 0 0 0 NA NA 0 0
Chum 0 0 6 0 NA NA 0 0
Chinook 0 0 24 7 NA NA 0 0
Coho 1 1 70 23 NA NA 2 1
Sockeye 2 0 14 7 NA NA 4 0
Rainbow Trout 4 1 40 18 16 6 1 0
Cutthroat Trout 2 1 12 2! 28 16 1 0

Table A1. The number of means and variances reported from studies for specific species-
life stage combinations. This shows that a large gap exists in the number of variances
reported compared to the number of means reported.
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Term Estimate SE z p-value 95% CI1
Adult -1.707 0.342 -4.992 0 (-2.377,-1.037)
Egg 1.839 0.841 2.188 0.029 (0.191, 3.487)
Juvenile 1.426 0.284 5.028 0 (0.87, 1.981)
Spawner 1.546 0.842 1.836 0.066 (-0.104, 3.196)

Table A2. Summary statistics for the life stage meta-regression model.

Normal Q-Q Plot

Prg

0

Theoretical Quantiles

Figure A2. Q-Q- plot for the life stage regression model. The data points mostly follow
normal distribution, with data to the left of the Q-Q plot slightly closer to the mean than was
expected, and the data in the center was a bit further away from the mean than we would

expect.
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Term Estimate SE z p-value 95% CI1
Chinook 0624 0514 1214 0225  (-0.383,1.631)
Coho 0686 0409 1677 0094  (-0.116, 1.487)
Cutthroat 2001 0369 5426 0 (1.278,2.724)
Tmllfﬁ}is'l'é’é’fﬁea J 1579 0369 -4281 0 (2302, -0.856)
Sockeye 0.058 061 009 0924  (-1.137,1.253)

Table A3. Summary statistics for the species meta-regression model.

Normal Q-Q Plot

L ooe”
5 9

J‘)W;;_

o

000002

5000 008

o0omant00”

0

Theoretical Quantiles

Figure A3. Q-Q- plot for the species regression model. The data points closely follow a
normal distribution, with some skewing at the ends as expected, but is more pronounced for
the right tail of data on the end of the Q-Q plot.
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Figure A4. Funnel plot showing high precision of included data points. This is indicated
by the cluster of points at the top of the plot, since study precision increases towards the top
of the plot. This type of asymmetry does not raise concerns of publication bias, but instead

shows that the majority of studies included for quantitative analysis exhibited high
precision.
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Figure AS. The change in the number of beaver-salmon studies over time. We can see
from this figure that the number of studies that measure the effect of BBH on Pacific
salmon has been increasing steadily for the past century.
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