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INTRODUCTION

Competition between species is often mitigated by habitat
selection, which can allow competitors to coexist in
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Abstract

Habitat selection theory enables inferences about species habitat choice across a
range of observed population densities. However, it is relatively uncommon to
use habitat selection theory in studies of habitat restoration efficacy to understand
the effect of restoration on habitat competition. We combined observational den-
sity data and resource selection functions to analyze habitat correlations with
both habitat selection theory and a mark-recapture experiment to show how hab-
itat restoration can mitigate competition between species with similar habitat
preferences. To restore degraded and channelized riverine habitat for juvenile
Chinook salmon (Oncorhynchus tshawytscha) and steelhead trout (Oncorhynchus
mykiss) engineered log jams (ELJs) have been installed to create pools to enhance
growth and rearing. Application of habitat selection theory first showed that both
species share a preference for ELJ-treated habitat over unrestored habitat. Linear
models showed that steelhead are generalists with respect to depth in unrestored
habitat, whereas both species’ abundance varies along a depth gradient in ELJ-
treated habitat. Selective versus opportunistic use of deep and shallow ELJ pools
was density-dependent. We found a range of densities at which a “ghost of com-
petition” exists, where Chinook are selective on deep ELJ-treated pools and steel-
head are selective on shallow pools. A mark-recapture experiment confirmed
that steelhead limit Chinook movement into unrestored habitat, but this competi-
tive effect vanished in ELJ-treated habitat where selection occurred with respect
to pool depth. The experiment, combined with theory, enabled (1) the identifica-
tion of a mechanism allowing for shared preference of restored habitat and
(2) the description of how restoration can mitigate competition.

KEYWORDS
habitat restoration, habitat selection theory, isodars, isolegs, resource selection functions,
salmonids

similar environments (Pimm et al., 1985; Pimm &
Rosenzweig, 1981). Strong selection on density-dependent
behavior can lead species to become generalists or special-
ists in available habitat types. Habitat selection therefore
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provides mechanisms by which species can coexist in a
heterogenous landscape (Brown, 1996; Morris, 1999a;
Rosenzweig, 1974; Schmidt et al., 2000). Mathematical
models for understanding data on habitat selection
have been developed to relate fitness-optimizing dis-
persal to observations of habitat selection behavior
(Morris, 1988; Rosenzweig, 1987). Demonstrating that
habitat selection patterns facilitate coexistence in
nature, however, is often difficult, partly because it is
difficult to infer mechanisms from distributional data.
In some cases, however, a range of densities can be
identified that shows habitat partitioning, that is, selec-
tive use of separate habitats indicative of a “ghost of
competition” (Morris, 1999a; Rosenzweig, 1987). The
habitat separation reveals the ghost at densities of the
two species at which stable coexistence occurs. Experi-
mental evidence can confirm that competition would
occur at these densities and that the observed selection
of separate habitats reveals (“busts”) the ghost by dem-
onstrating its existence under those conditions
(Abramsky et al., 1986; Rosenzweig, 1991; Schmidt et al.,
2000). High habitat quality can therefore allow for the
possibility of partitioning, implying that manipulations
of habitat quality in a conservation context might affect
the outcome of competition and the existence of a
ghost (Morris, 2003a).
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Habitat selection can be described by the “isodar” and
“isoleg” theories, which are based on fitness optimizing
patterns resulting in an equilibrium described by the
Ideal Free Distribution (IFD; Fretwell & Lucas, 1970).
The IFD predicts that the difference in density
between habitats reflects the difference in productivity
between habitats, on the assumption that dispersal is not
limiting. Isodars then plot the combinations of density in
each habitat type that result in equal fitness (iso = equal,
dar = Darwinian fitness) thereby quantifying habitat
preference (Morris, 1988, 2003b). Isodars both quantify
habitat selection across a range of population sizes
(Figure 1A) and can identify shared preferences among
species for a given habitat type, enabling estimation of
the competition coefficient. Shared habitat preferences
among species are indicated when the isodars of each
species have overlapping slopes (also depending upon
the intercepts of the isodars) Such shared habitat pref-
erences highlight the potential for interspecific compe-
tition to shape habitat selection patterns (e.g., Tarjuelo
et al., 2017).

Isoleg theory (iso = same, legos = choice) enables
inferences about habitat selection due to competition
among species at a population level (Morris, 1989, 1999a;
Rosenzweig, 1981). Isolegs are lines in a plot of popula-
tion densities along which species behavior shifts among

(B)

Density Species 2

Density Species 1

Conceptual representation of isodars and isolegs in two habitats. (A) Isodars as linear functions (y = mx + b), plotted from

the density of a species in each habitat and compared to a 1:1 line (dashed). Slope and intercept of isodars (solid and dotted lines) describe
the strength of density-dependent habitat selection (i.e., preference) (Morris, 1988). (B) Isolegs are lines within state space plots of the
relative density of each species across habitats and indicate ranges of density where habitat selection switches from selective to opportunistic.
Here, species 1 selects Habitat A when density ranges fall below its isoleg and species two selects Habitat B when density ranges are above
its isoleg. This leads to segregation among habitats and a region in state space indicating a “ghost of competition” (Rosenzweig, 1987).
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habitat types between selective and opportunistic
(Figure 1B). Isolegs can quantify the range of densities
over which coexistence is possible via species differences
in habitat selection (Rosenzweig & Abramsky, 1997),
indicating when a “ghost” may occur. Isolegs can be gen-
erated from data by analyzing the selectivity of each spe-
cies across habitats (Abramsky et al., 1990), and can
then be calculated and plotted in the density state
space (Figure 1B) (Abramsky et al., 1990; Pimm
et al., 1985; Pimm & Rosenzweig, 1981; Rosenzweig &
Abramsky, 1997). When there is habitat selection
showing distinct preferences, isolegs usually diverge,
indicating that there is a ghost of competition
(Morris, 1988, 1999a). Despite the usefulness of isodars
and isolegs, they are rarely used to describe habitat
selection in systems with high-profile species, such as
those that are of conservation interest (Kotler et al.,
2016; Malone & Polivka, 2022).

Shared habitat preferences can occur between ecolog-
ically similar species that occur in sympatry (Dehnhard
et al., 2020; Ziv et al., 1995). Such a situation can high-
light the importance of combining habitat selection the-
ory with descriptive approaches to analyze similarities in
habitat preferences and, more importantly, mechanisms
that permit coexistence within shared habitats (Indermaur
et al., 2009). Isolegs can be applied to a wide range of spe-
cies preferences and such partial-preference isolegs can
be used to describe situations in which there is mutually
preferred habitat (Wasserberg et al., 2006). This usually
involves some sort of niche partitioning or selection of
different secondary habitats (Brown, 1996; Rosenzweig &
Abramsky, 1986). Isolegs that represent 100% preference
(Figure 1B), however, can still describe how specialist
and generalist behaviors allow coexistence in different
habitats (Morris, 1999b).

In applying habitat selection theory to restoration
ecology, we first note that managers and researchers
often rely on functions that describe physical habitat
gradients to identify important parameters along which
species may be selective or opportunistic (Holbrook
et al., 2019; Lele et al., 2013). Such resource selection
functions (RSFs) are typically generalized linear models
(GLMs) that predict species density as a function of
candidate parameters (Boyce & McDonald, 1999). As
such, they are not structured in a complex way, but nev-
ertheless may require extension to describe non-linear
relationships (McCabe et al., 2021). RSFs can describe
habitat distribution of competitors (Santos et al., 2018)
and can be coupled with isoleg analyses by defining and
describing the available habitats from which study spe-
cies may choose.

A common question in restoration ecology is whether
habitat restoration has indeed benefited target species

(Fisher et al.,, 2019). Some habitat actions may target
more than one species with similar habitat requirements
(McAfee et al., 2021), or may elicit an unexpected response
in a second species (Gumm et al., 2011). Because isoleg
theory describes habitat partitioning in heterogenous
environments (Morris et al., 2009), it may be useful in
restoration ecology when management actions increase
overall habitat heterogeneity and affect more than one
species (Berger-Tal et al., 2011; Berger-Tal & Saltz, 2016;
Blumstein & Fernandez-Juricic, 2010). Despite this
potential, isolegs have only rarely been applied in such
studies (Kotler et al.,, 2016; Morris, 2003a; Shochat
et al., 2005; Torok & Helm, 2017). Moreover, the few
previous applications have focused almost exclusively
on terrestrial animals (O’Neil et al., 2020), but will
emerge from any system with significant isodars.
Despite this terrestrial bias, isolegs can likely aid in
interpreting data on fish because habitat partitioning
has been observed to reduce competition in many fish
species (Nunn et al., 2020; Persson & Greenberg, 1990;
Werner et al., 1977).

A key application of habitat selection theory emerges
in fish restoration ecology given that habitat manipula-
tions often lead to heterogeneity in habitat quality. Here,
we show that the effects of those manipulations can actu-
ally be quantified using isodars and isolegs to analyze
observational data on fish in those habitats. One such
manipulation involves the addition of woody debris
such as engineered log jams (ELJs) to create stream pools
to aid the growth and survival of species with strong
affinity for pool habitat (Roni et al., 2002; Roni, Beechie,
et al., 2015). ELJ-treated pools have been shown to modu-
late competition in some cases (Hasegawa & Maekawa,
2008, 2009), suggesting that it is a restoration strategy
that can be evaluated using isolegs.

The freshwater habitats of juvenile Chinook salmon
(Oncorhynchus tshawytscha) and steelhead (Oncorhynchus
mykiss) overlap across their range of co-occurrence in rivers
and streams across the Pacific Northwest of the
United States and in British Columbia, Canada (Everest
& Chapman, 1972; Hillman et al., 1987). These two spe-
cies compete strongly for resources (Harvey &
Nakamoto, 1997; Hearn, 1987; McMichael et al., 1997)
resulting in the partitioning of their habitats into
deeper, slow-current pools favored by Chinook versus
shallower, fast-current pools, glides, or riffles favored
by steelhead. Habitat selection in adults of some salmo-
nids has been analyzed using isodars (Huntsman
et al., 2017; Rodriguez, 1995), establishing the applica-
bility of theory to these study systems. Previous work
has shown that ELJs are effective in improving the
habitat capacity for the two species (Polivka &
Claeson, 2020; Polivka, 2020) in part by improving

85U8017 SUOWILLIOD BAITea.D 3[edldde ayy Aq peusenob ae Ssppiie YO ‘sh JO e[ 10} Ariqi]8uljuO AB|IA\ UO (SUONIPUOD-PUB-SLLIBILIOD™AB | 1M ARIq 1 BUI|UO//:SANL) SUORIPUOD PUe SWiB | 8U1 88S *[7202/2T/20] U0 Akeiqiaulluo A8|iM ‘A1IsIeAIuN feuoieusIu| epLOlH Aq EE0€ des/z00T OT/I0p/Wo A8 | 1M AeIq 1 pul|uo'S fuINo fess//sdny Wwoly pepeojumod ‘g ‘vZ0Z ‘Z8SS656T



40f17 |

POLIVKA ET AL.

growth of individuals (Polivka et al., 2020). An initial
isodar analysis in that study system showed that the
two species had similar preferences for ELJ-treated
habitat (Polivka, 2022), indicating that following up
with an isoleg analysis would help identify how compe-
tition shapes habitat partitioning between them.

Here, we combined isodars and isolegs with RSFs
and a movement experiment to ask whether habitat
selection in Chinook salmon and steelhead is driven
by competition and whether habitat restoration medi-
ates behavior. We did this first by updating the
isodars presented in Polivka (2022) with more com-
plete data, showing that there is a shared preference
for ELJ-treated habitat by Chinook salmon and steel-
head juveniles, thereby confirming that isolegs would
be useful for understanding habitat selection in these
species. We then used RSFs at the habitat scale to

Theories and statistical models of habitat selection

identify a physical gradient along which habitat selec-
tion could occur which formed the basis of a subse-
quent isoleg analysis. Next, we constructed isolegs
using a selectivity index (Abramsky et al., 1990) that
described selection for deep versus shallow ELJ-
treated pools and partitioning indicative of a ghost of
competition. Finally, we used an experiment to mea-
sure movement in and out of treated and untreated
pools to test the hypotheses that (1) interspecific com-
petition for space affects the short-term immigration
of at least one of the two species into a given habitat
type, and (2) these competitive effects on habitat
selection (movement into habitats) might be miti-
gated by habitat restoration with ELJs. This integra-
tion of theory, observation, and experimentation
allows us to describe the effects of restoration on
competition at multiple scales (Figure 2).
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restored and unrestored)

s

Isoleg
identifies interspecific density
dependent habitat selection

v

Sp2

+

Experiment ,-:w‘
identifies mechanisms of
habitat selection with shared
preference

. <=l
Resource Selection Function
identifies habitat characteristics
associated with species density

e

Multiple years
across stream
reaches

s

<<
Habitat Selectivity Index
----- quantifies association between
density and physical gradients

Multiple years
within treated
habitats

Individuals
between untreated
and treated habitats

FIGURE 2 Combination of behavioral ecology theory (green boxes) and statistical models (blue boxes) used in this study to
demonstrate how distribution and movement data can be analyzed to determine multispecies habitat selection at multiple scales. Isodars

incorporate intraspecific competition to identify broad-scale habitat preferences (e.g., restored vs. unrestored habitat). Resource selection
functions (RSFs) identify species associations with habitat characteristics. From the resultant statistical model, gradients in important
characteristics can be identified and used to determine habitat selectivity. Isolegs are then derived from habitat selectivity models. Isolegs,
combined with experiments at the habitat scale, describe both interspecific density-dependent habitat selection and dynamics related to

shared habitat preferences (Figure made using Biorender.com).
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MATERIALS AND METHODS
Data collection

We built on studies that documented the effects of ELJs
on Chinook and steelhead populations in the Entiat
River, WA, USA (Polivka, 2020; Polivka et al., 2015;
Polivka & Claeson, 2020). The Entiat is a sub-basin of
the Columbia River with its confluence at 49.657° N,
120.224° W. Sub-yearling Chinook spend 1 year in pools
in rivers and streams before emigrating to the ocean
(Hillman et al., 1987), whereas anadromous steelhead
spend 1-3 years in pools before emigrating to the ocean.
For this study, we focused on five reaches in the lower
valley segment of the Entiat River, in which ELJs were
installed beginning in 2008, but with most installations
being carried out in reaches in 2014 (Figure 3, and see
Appendix S1). Four untreated reaches provided a

Washington State

~J

Hatchery

Roaring Creek

Habitat types:
¢ ELJ restored
[1 control reach

Entiat River
(flow)

Harrison-S

2 kilometers
| ] ] ] ]

Harrison

comparison of behavior in untreated habitat in reaches
with no ELJ-enhanced habitat. Fish density varies con-
siderably across ELJ-enhanced pools, but unrestored
pools have similar fish density whether they occur in a
treated or untreated reach (Polivka & Claeson, 2020).

We estimated fish density by counting fish visually
while snorkeling, thereby avoiding the effects on behav-
ior that result from electrofishing (Mesa & Schreck,
1989). Underwater visibility in the Entiat River is 4-5 m,
so visual counts are very accurate and have been shown
to be comparable to capture-recapture methods (Polivka
et al., 2015). For the reach restored in 2008, we carried
out sampling in post-treatment years 2009, 2011-2016.
For the reaches restored in 2014 (Appendix S1), we car-
ried out sampling in post-treatment years 2014-2016,
with all surveys taking place in late July when river dis-
charge decreased to a level at which data collection was
feasible (<200 cfs).

Entiat River
watershed

Lower river
basin

PUD
(+11 unrestored/control pools)

Q
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@‘7,

/
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FIGURE 3 Map of Washington State (USA) showing the location of the Entiat River sub-basin (in gray) and its confluence with the
Columbia River (blue line on map). The sub-basin is shown with inset identifying the lower basin segment in which the study reaches occur.
The inset shows the study reaches in the Entiat River, all of which occur between river km 2.0 and 11.5 relative to the confluence with the
Columbia River. Reaches with an open square are control reaches untreated with engineered log jams (ELJs); those with diamonds are
treated with each diamond representing a separate ELJ. See Appendix S1 for site details including restoration dates and number of ELJs

present.
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In ELJ-treated pools, we calculated density (fish per
square meter) by dividing counts by the surface area of
the pool. For estimates of density in untreated habitat,
we used a spatial randomization procedure to select
15 untreated habitats in treated reaches (Polivka &
Claeson, 2020). Sub-yearlings of the two species are
uncommon in mid-channel habitats (Beechie et al.,
2005), and so our surveys were always carried out on the
stream margins, usually in pools or glides with moderate
current velocity. We standardized the survey area of each
untreated habitat to 15 m?; this area is somewhat smaller
than most ELJ-enhanced pools, but previous work in this
study system has shown that fish abundance increases
linearly with water surface area (Polivka et al., 2015). We
measured depth and current velocity at every survey and
we used the same method to sample untreated habitat in
untreated reaches. Because reaches are occupied by new
cohorts of sub-yearlings each year, in our analyses we
treated data for different years as independent. The few
(<5 per year) age 1+ steelhead that we observed were
omitted from our analyses.

In two reaches, we carried out mark-recapture studies
in late July, the time of peak fish density, in 2009, 2012,
2013, and 2016. Missing years resulted when we had to
avoid concurrent studies in the same reaches, when the
stream discharge in July was too high to allow us to snor-
kel safely or to capture fish efficiently, or when nearby for-
est fires led to sediment deposition that made it impossible
to see and capture the fish. In the mark-recapture study,
we used 11 ELJ-treated pools in the “Asher” reach and in
a set of 11 unrestored pools in the “PUD” reach (Figure 3,
Appendix S1: Table S1), but we did not include ELJ-treated
pools that were added to the “Asher” site in 2014.

We captured fish using a 3 X 1.5m seine with a 3-
mm mesh, again to avoid the known problems of electro-
fishing (Mesa & Schreck, 1989). Because the cobble and
rock substratum of the river makes pulling a seine inef-
fective, two field-crew members stood at the downstream
end of the pool and held the seine open as two other
members used large hand nets while snorkeling to either
capture fish individually or to chase fish into the seine.
As with the fish counts, the clarity of the water in the
Entiat made captures straightforward. Moreover, the
structural complexity of ELJs does not appear to affect
capture efficiency for behavioral (Polivka, 2020) or
growth (Polivka et al., 2020) studies.

Captured fish were anesthetized using MS-222
(<0.1 g/L) for 2-3 min; this level of anesthetic exposure
has only a mild effect on the fish. We marked anesthe-
tized fish with a subcutaneous injection of visible implant
elastomer (VIE; Northwest Marine Inc.). To ensure that
only sub-yearlings were considered, we measured the
standard length (SL) of all fish (all Chinook were
sub-yearlings; steelhead less than 70 mm SL were

considered  sub-yearlings, following Everest &
Chapman, 1972). Following measurement and marking,
fish were then moved to insulated, aerated buckets and
allowed to recover from anesthesia for at least 10 min, or
until they righted themselves and became alert and
responsive. Following recovery, fish were released into
the capture pool. We then resampled the pool 24 h later,
recording the number of recaptured, marked fish and
newly captured, unmarked fish. The marks can last for at
least 60-65 days (Polivka et al., 2020), and it therefore
seems likely that mark loss did not affect recapture
numbers.

Habitat selection theory: Isodars, resource
selection functions, and isolegs

We generated updated isodars using all years of post-
treatment density data from all treated reaches in the
Entiat River (Figure 3). The previous isodar study in this
system (Polivka, 2022) generated isodars from only a sin-
gle set of ELJ-treated pools in the “Asher” reach com-
pared with a single set of untreated pools in the “PUD”
reach (see Appendix S1) over time. To calculate the
isodar for each species, we first calculated the average
density of that species within each habitat type (treated
vs. untreated) within each treated reach, with data for
untreated habitats coming from the randomly selected
set of surveys in the treated reaches and data for the
treated habitats coming from ELJ-treated pools. This cal-
culation produced a set of average densities in treated
vs. untreated habitats within each reach (N = 4 reaches
X 2years of post-treatment data; plus 1 site, “Asher,”
with 8years of post-treatment data). These values were
then used as the coordinates of the points plotted in the
density phase plane. We then fit a regression line to
the paired habitat densities (treated vs. untreated) for
each species, such that each data point represents a dif-
ferent reach in a different year, again with independence
following from the fact that, in each year, each site
contained different cohorts of sub-yearlings. The isodars
are thus the regression lines through the data.

To calculate regression lines, we used Deming regres-
sion, which allows for measurement error on both axes
(Linnet, 1990). We performed the analysis using the
default assumption that the error ratio was A = 1. Follow-
ing Polivka et al. (2020) and Polivka (2022), who showed
that there is little difference in habitat selection when
either species is at low density, and after confirming that
y-intercepts were not meaningfully different from zero
(Polivka, 2022), we set the intercepts in our regression
models to zero. If the slope of the regression line for a
given species was greater than 1, we concluded that the
fixed proportional use of habitat favored ELIJ-treated
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habitat over untreated habitat (Figure 1A). To allow for
uncertainty in our estimates of the slope, we only consid-
ered a slope to be meaningfully greater than 1 if the
lower value of its 95% credible interval was greater than
1. We also allowed for the unlikely possibility that fish
prefer untreated habitat, which would have led to slopes
less than 1, but in practice both slopes were indeed
greater than 1 (see Results).

Because the isodars show shared species preferences
(Polivka, 2022, and see Results below), and because we
wanted to identify physical characteristics of restored and
unrestored habitats that are associated with habitat selec-
tion, we used Bayesian GLMs as RSFs. Specifically, we
quantified the density of each species in terms of pool
depths (D) and current velocities (C), which were shown
to be the key covariates in previous studies (Polivka
et al., 2015; Polivka & Claeson, 2020), and heterospecific
density (H) to determine whether competition was evi-
dent. Explicitly, the model structure is then:

Density = o9 + 0y D + o, C + oz H. (1)

To understand how fish choose habitat in the absence of
restoration, we first analyzed data from the reaches with-
out ELJ-enhanced pools (Figure 3, Appendix S1). To
understand the effects of restoration, we performed a sec-
ond, identical analysis of data from ELJ-enhanced pools.

To fit the GLMs to the data, we used the Bayesian
software stan and the brms package in the R programing
language (R Core Team, 2017; Stan Development
Team, 2017a, 2017b). We used weakly informative priors,
in the form of the defaults provided by brms, and a
Gaussian error structure. For each model we ran four
chains for 2000 iterations, using the first 1000 iterations
as a warm-up and thinning by one iteration, giving a total
of 4000 samples (1000 per chain). In all cases, the
Gelman-Rubin statistic R < 1.1 (Gelman, 2008), indicat-
ing that the chains had converged.

Because we found that the two species differ in the
extent to which they use treated habitats at different
depths (see Results), we built isolegs for the two species
based on the species’ habitat selectivity for deep and shal-
low ELJ-treated pools in restored reaches. Chinook and
steelhead post-treatment density data collected during
2014 and 2015 were used for analysis because total num-
ber of deep and shallow treated pools with fish present in
those years best allowed for the calculation of habitat
selectivity. To categorize a pool as deep or shallow in
each year, we used the median pool depth for that year
(2014, median = 36.5 cm; 2015, median = 38.7 cm; see
Appendix S1 for variation in depth among sites and
years). All pools deeper than the median were classified
as “deep.” We then calculated the habitat selectivity
index for each species using the ratio of species density in

deep habitat to the total species density in both deep and
shallow habitat (e.g., Chinook selectivity = [density Chi-
nook deep]/[total density Chinook]).

A high selectivity score indicates that a species pre-
fers deep habitats, whereas a low score indicates that
the species prefers shallow habitats. Selectivity scores
of 1 indicate densities at which a species prefers deep
habitat. Low selectivity scores indicate densities at
which a species uses shallow and deep pools opportu-
nistically. We quantified the relationship between each
species’ habitat selectivity index and the total density
of Chinook and steelhead via generalized linear regres-
sion, using the glm function in the lme4 package in R
(Bates et al., 2007). Selectivity for each species was
modeled separately as a function of both species’
density:

Selectivity = B, + B, C + B, S, (2)

where C is Chinook density and S is steelhead density.
To allow for the overdispersion that is often present in
proportional data, we used a quasibinomial error
structure.

To generate the isolegs for each species, we obtained
the selectivity equations from the generalized linear
regression models using the extract_eq function in the
package equatiomatic in R (Anderson et al., 2021).
Coefficients for the isoleg equations consisted of signifi-
cant f; and B, values in the GLM results from analyzing
the selectivity index as described in Equation (2). We
then set each species’ habitat selectivity at ~1 (the dis-
tinction between selectivity on deep habitats and oppor-
tunistic habitat selection) and algebraically solved for the
isolegs of each species by rearranging the selectivity equa-
tions (see Results).

Immigration and emigration models for
understanding mark-recapture data

The goal of our mark-recapture experiment was to test
whether density-dependent movement into and out of
different habitat types identified space competition as a
mechanism behind the patterns apparent in the isoleg
analysis. To analyze the mark-recapture data, we
constructed models that described small-scale movement
into pools (immigration) and out of pools (emigration),
which are built upon the model described in Polivka
et al. (2020). Our immigration model is

I=ap+a;Re™ "R, (3)

where I is the density of immigrating fish and R is the
initial (log) density of fish in a pool calculated from
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the number of recaptured individuals. Our emigration
model is

E =, +p,Re P, (4)

where E is the number of fish marked but not recaptured,
and thus assumed to be emigrants (predation is negligible
in this system on the 24 h time scale of the experiments),
and R is again the total density of fish recaptured in a
pool on Day 2. In these models, when initial density is
low, so that R is zero or close to it, the baseline density-
independent immigration and emigration rates are g
and B, respectively. Immigration and emigration in the
models increase with increasing recapture density R; at
very high densities, however, immigration and emigra-
tion again approach their respective baseline values of ay
and B,. The parameters oy and f, then represent the rate
at which immigration and emigration rise with increas-
ing density, while a, and p, represent the rate at which
density-dependence reduces immigration and emigration.
Immigration and emigration are thus maximized at inter-
mediate values of recapture density R. The maximum
levels of immigration and emigration, and the densities
at which these maxima occur, can then be calculated
using elementary calculus, for example, for the immigra-
tion model the peak immigration level is I =%, which
occurs at R = .

We fit the models to immigration and emigration data
for both Chinook and steelhead. To allow for the possibil-
ity that immigration or emigration may depend on either
the density of conspecifics or the density of heterospecifics,
for each species we first fit the models assuming that R
represents conspecifics, and second that R represents
heterospecifics. To similarly allow for the possibility that
immigration depends on habitat type, first, we fit the
models to data from restored habitat, and second, we fit
the models to data from unrestored habitat.

In fitting the immigration and emigration models, we
again used a Bayesian statistical approach. In this case,
we used Gibbs sampling as implemented in the JAGS
software package (Plummer, 2003). We used a Poisson
likelihood, as is appropriate for count data. As in our
GLMs, the Gelman-Rubin statistic R< 1.1, indicating
that the chains had converged in all cases.

RESULTS

Isodars, resource selection functions, and
isolegs

The isodars show that both species had higher density in
ELJ-treated habitats across sites and years (Figure 4). The
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FIGURE 4 Isodars for juvenile Chinook salmon (black circles,
solid line) and steelhead (open circles, dashed line) in restored
versus unrestored habitat. The 95% CIs of the slopes overlap, thus
showing a shared preference for restored habitat.

Chinook isodar has slope 3.96, with 95% credible interval
2.38-5.54, whereas the steelhead isodar has slope 2.07
and credible interval 1.13-3.00. The slopes for the isodars
and lower bounds on the credible intervals for both spe-
cies are thus >1, indicating a shared preference for ELIJ-
treated habitat.

RSFs show that depth influences habitat distribution
in both untreated and treated habitat. In untreated
reaches, steelhead density did not vary much with depth,
whereas Chinook densities increased with depth
(Table 1). In ELJ-treated reaches, densities of both species
were correlated with depth, with steelhead being associ-
ated with shallower ELJ pools, and Chinook with deeper
ELJ-treated habitats (Table 2). RSFs thus provide initial
evidence for distinct preferences within ELJ-treated habi-
tats, with partitioning occurring along a depth gradient.

Within treated habitats, the calculated selectivity
index for Chinook indicated a preference for deeper
pools (Table 3A, Figure 5). Chinook selectivity for
deeper ELJ pools was thus consistent with the depth
gradient indicated by the RSF (Table 2). The general-
ized linear regression model analyzing selectivity
within ELJ-treated habitats (Table 3A) resulted in the
following equation describing the relationship between
Chinook selectivity and the densities of Chinook and
steelhead:
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TABLE 1 Resource selection functions (generalized linear
models [GLMs] fitted using a Gaussian error structure) for (A)
Chinook density and (B) steelhead density in untreated habitat.

Posterior Lower Upper

Effect mean Error 95% 95%
(A) Chinook salmon

Intercept 0.019 0.061 —0.099 0.139

Steelhead density —0.106 0.098  —0.297 0.086

Depth 0.537 0.127 0.283 0.776

Current velocity —0.198 0.072 —-0.335 —0.055
(B) Steelhead

Intercept 0.266 0.057 0.151 0.381

Chinook density —0.122 0.114 —0.343 0.101

Depth —0.030 0.149  —0.323 0.265

Current velocity —0.219 0.081 —0.378 —0.054

Note: Depth, current velocity, and heterospecific density were modeled as
effects on habitat selection. Posterior distribution for GLM coefficients and
95% credible interval indicate that both species overlap with respect to
current velocity. Chinook occupy deeper untreated habitat, whereas
steelhead do not show habitat selection with respect to depth.

TABLE 2 Resource selection functions (generalized linear
models [GLMs] fitted using a Gaussian error structure) for (A)
Chinook density and (B) steelhead density in ELJ-treated habitat.

Posterior Lower Upper

Effect mean Error 95% 95%
(A) Chinook salmon

Intercept 0.130 0.168 —0.203 0.459

Steelhead density —0.020 0.079 -0.179 0.134

Depth 1.025 0.354 0.343 1.735

Current velocity —0.445 0.280 —0.991 —0.102
(B) Steelhead

Intercept 0.783 0.178 0.442 1.122

Chinook density —0.028 0.111  —0.247 0.193

Depth —0.865 0.413 —1.664 —0.048

Current velocity —0.322 0.334  —0.978 0.323

Note: Depth, current velocity, and heterospecific density were modeled as
effects on habitat selection. Posterior distribution for GLM coefficients and
95% credible interval demonstrate meaningful separation along the depth
gradient, with steelhead occupying shallower ELJ pools (B) and Chinook
occupying deeper ELJ pools (A).

log [1 I_JCPJ = —0.9+0.8(C) +0.05(S), (5)

where P, is the Chinook selectivity index, C is Chinook
density, and S is steelhead density.

The isoleg is obtained by solving algebraically the
equation for P, =0.999, that is, effective 100% preference

TABLE 3 Results from generalized linear regression model
with quasibinomial error structure assessing the relationship
between Chinook selectivity for deep habitat (A), steelhead
selectivity for deep habitat (B), and total densities of Chinook and
steelhead in 2014 and 2015 (n = 76, Chinook; n = 75, steelhead).

Effect i} SE t value p
(A) Chinook salmon
Intercept —0.8986 0.3722 —2.414 0.018
Chinook density 0.7970  0.2569 3.103 0.003
Steelhead density 0.0468  0.2548 0.184 0.855
(B) Steelhead
Intercept 0.4133 0.3684 —1.122 0.121
Chinook density 0.5360 0.2343 2.288 0.025
Steelhead density —0.0912 0.2611 0.349 0.141

Note: Species density with significant effect on species selectivity shown
in bold.

for deep habitat due to the logistic nature of our selectiv-
ity model (Equation 5). The Chinook behavioral isoleg
is then:

C= —0.0625(S) +4.874. (6)

The Chinook isoleg is therefore a straight line with nega-
tive slope with y-intercept = 4.874 (Figure 6). Above the
isoleg, Chinook are predicted to be selective for deep
ELJ pools; below the isoleg, Chinook are predicted
to occupy shallow ELJ pools opportunistically (see
Appendix S2).

Steelhead habitat selectivity is also dependent on Chi-
nook densities (Table 3B) such that steelhead preference
for deep habitat increases with increased Chinook densi-
ties. The generalized linear regression model results in
the following equation describing the relationship
between steelhead selectivity and the densities of Chi-
nook and steelhead:

log Ll_)SPJ = —0.440.54(C) —0.09(S), (7)

where P; is steelhead selectivity index, S is steelhead den-
sity, and C is Chinook density. Solving as before gives the
steelhead behavioral isoleg:

C=0.1667(S) + 6.294. (8)

The steelhead isoleg is thus a straight line with positive
slope. Above the species isoleg, we predict habitat selec-
tion for deep ELJ pools, while below the species isoleg
there is increasing selection for shallow ELJ pools with
increasing steelhead density (see Appendix S2).
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FIGURE 5 Habitat selectivity graphs depicting the relationship between Chinook selectivity for deep habitat as a function of Chinook
density (A) and steelhead densities (B). Chinook habitat selectivity is impacted by Chinook density, but not steelhead density. Steelhead
habitat selectivity graphs depicting the relationship between steelhead habitat selectivity and Chinook (C) and steelhead densities (D). Blue

lines represent logistic regression model with 95% CIs.

The two isolegs plotted in state space create a behav-
ioral map, dividing the density state space into three
regions of habitat selection for Chinook and steelhead
(Figure 6). When Chinook density is low, the isolegs indi-
cate that the two species behave opportunistically (lower
region). The negative slope of the Chinook isoleg indi-
cates that Chinook are the competitively subordinate spe-
cies so that Chinook density decreases as steelhead
density increases in the shallower pools. This result is
consistent with the RSF for ELJ-treated habitat (Table 2).
At high Chinook densities (top region), the isolegs show
that Chinook and steelhead have a shared preference for
deep habitats. At these densities, the positive slope of the
steelhead isoleg indicates that steelhead are the dominant
competitors in treated habitats. As Chinook density

increases, steelhead at these densities increasingly select
deep pools as their density increases. Finally, when
Chinook are at moderate densities we expect habitat
partitioning to occur as a strategy to reduce the effects of
competition (middle region). Above the Chinook isoleg,
Chinook will increasingly select deep pools, and below
the steelhead isoleg, steelhead will increasingly select
shallow pools, effectively creating a “ghost of competi-
tion” region of the behavioral map.

Immigration model

Our immigration model provides a mechanistic explana-
tion for the habitat partitioning evident from the RSFs
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FIGURE 6 Isolegs for Chinook salmon (solid line) and
steelhead (dashed line) in density state space. Isolegs were
calculated using 2014 and 2015 density data in deep and shallow
engineered log jam (ELJ)-treated pools. Chinook and steelhead
isolegs indicate a shared preference for deep pools. Above the
isolegs, each species prefers deep pools, and below the isolegs, each
species behaves as a habitat opportunist and will increasingly prefer
shallow pools. Regions of habitat selection are indicated by Roman
numerals). Region II represents a region where habitat preferences
diverge from one another. In that region, steelhead are progressively
more likely to be found in shallow pools while Chinook are more
likely to be found in deep pools, indicating a “ghost of competition.”

and suggests a ghost of competition at the scale of treated
and untreated habitats. First, in untreated habitat,
Chinook immigration into pools falls strongly as steel-
head density increases (Figure 7, bottom left panel).
Chinook densities are thus low in untreated pools with
high steelhead densities because high steelhead densities
discourage Chinook immigration into pools. This conclu-
sion is strengthened by the result that, in untreated habi-
tats, Chinook immigration increases sharply with
increasing conspecific density (Figure 7, top left panel);
the main reason why Chinook avoid untreated pools is
thus because of high steelhead densities rather than
because of an inherent bias against untreated pools.
Within treated pools, this result is also consistent with
the Chinook isoleg that has a negative slope implying
that Chinook are less likely to use shallow pools as steel-
head density increases (Figure 6).

In treated habitats, in contrast, Chinook immigration
is unaffected by steelhead density, and is also largely
unaffected by conspecific density (Figure 7, right panels).

Accordingly, when Chinook are at high density, they are
very likely to colonize treated pools even if the treated
pools have high densities of steelhead, again consistent
with the isolegs. ELJs, therefore, greatly reduce the
response of Chinook immigration to high densities of
steelhead, helping to explain why treated pools often have
high densities of both species, as indicated by the isodars
(Figure 4) and by the top region of the isoleg map
(Figure 6). Total levels of Chinook immigration were higher
in treated pools than in untreated pools (difference in
means 114, 95% HDI [—17.3,—5.51]; Appendix S3:
Figure S1; means comparisons estimated by Bayesian
Estimation Supercedes the T-test; Kruschke, 2013). Log-
jam-treated pools thus enabled higher levels of density-
dependent immigration by Chinook, which may partially
explain the overlapping isodars.

Steelhead immigration similarly declined with
increasing Chinook density, while increasing with
increasing steelhead density (Figure 8). In the case of
steelhead, however, these effects were similar in treated
and untreated habitat; steelhead immigration was gener-
ally higher in restored than unrestored pools, but the dif-
ference was much smaller than it was in Chinook
(difference in means —2.41, 95% HDI [—4.83, —0.173],
Appendix S3: Figure S2). The bottom panels of Figure 8
show that there was a weakly negative effect of higher
Chinook density on steelhead immigration, an effect that
was qualitatively similar in treated and untreated pools.
These results suggest that steelhead immigration is unaf-
fected by Chinook density, suggesting, in turn, that the
effects of the ghost of competition are manifest exclu-
sively through constraints on Chinook immigration.

We report the details of the analysis of movement out
of the pools (emigration) in Appendix S3. In general,
Chinook emigration was not affected by steelhead den-
sity, but saturated as Chinook density increased
(Appendix S3: Figure S3). Chinook emigration did not
differ with the presence or absence of ELJ treatments,
suggesting that competitive pressure has no effect on
Chinook emigration. Steelhead emigration rates were
also unaffected by Chinook densities, nor were they
affected by steelhead densities in untreated pools
(Appendix S3: Figure S4). There was, however, a clear
positive relationship between steelhead density and
steelhead emigration from treated pools.

DISCUSSION

Isodars and isolegs are theories used to assess habitat
selection within and between species as a strategy to miti-
gate competitive interactions. Here, we showed that these
theories, combined with correlative analyses and
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FIGURE 7 Chinook salmon immigration movements into untreated (left) and engineered log jam (ELJ)-treated (right) pools as a
function of conspecific (top) and heterospecific (bottom) density (log scale) in restored (right) and unrestored (left) study pools, with mean

immigration (red line) and 95% CIs (black lines).

experiments, are useful in restoration ecology for compar-
ing both selection of restored versus unrestored habitat and
partitioning of restored habitat. In this specific application,
isodars showed that two ecologically similar fish species
preferred restored habitat. That shared preference moti-
vated further analysis of density-dependent habitat selection
using isolegs applied to a physical habitat gradient—
specifically stream pool depth—identified by RSFs. The
experiment and isolegs ultimately showed that a “ghost of
competition” arises in restored habitat and is derived from
the competition that occurs in unrestored habitat. There-
fore, we have shown how habitat selection theory informs
restoration ecology, despite its rare use in this context
(Morris, 2003a), especially in fish conservation studies
(Malone & Polivka, 2022). Our application of theory to a
fish restoration system is novel and provides a concrete
example of the usefulness of theory in that context.

There are two major implications of isodar theory as
applied in this study. First, restoration that targets ecolog-
ically similar species may result in each species showing
increased use of the restored habitat type (Santos et al.,
2018). Previously (Polivka, 2022), isodars indicated that
steelhead had equal preference for treated and untreated
habitat (isodar slope not different from 1), but the multi-
ple treated reaches over multiple years that we included
here strengthened the analysis and showed that steelhead
share a preference for restored habitat with Chinook.
This is despite the apparent superiority of steelhead in
competing for space in unrestored habitat indicated by
the experiment. Second, isodars enabled analysis of the
effects on the two fish species of restoration across stream
reaches, as opposed to previous studies that only showed
the effect at the scale of habitat units (Polivka et al., 2015;
Polivka & Claeson, 2020). The application of isodar
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FIGURE 8 Steelhead immigration movements into untreated (left) and engineered log jam (ELJ)-treated (right) pools as a function of
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theory thereby represents a novel approach to an elusive
question in salmonid restoration ecology in the Pacific
Northwest, USA—that of detecting effects at larger spa-
tial scales (Roni, Jordan, & Pess, 2015).

Fish select habitats along a depth gradient in ELJ-
treated habitat, as indicated by both the RSFs (Table 2)
and behavioral isolegs (Figure 6). Together, these results
suggest that while both species have similar preferred
habitats, steelhead are the competitive superior and a
range of deep and shallow pools can facilitate coexistence
between the two species at a larger spatial scale (i.e.,
whole reach vs. habitat units). On average, steelhead
were associated with shallow pools whereas Chinook
were associated with deeper pools. In contrast with the
selectivity analysis that generated the isolegs (Table 3),
the RSFs did not show the effect of one species on the
density of the other. The RSFs show density correlations

with shallow (steelhead) versus deep (Chinook) pools,
resulting from habitat partitioning. Use of the selectivity
analysis generates isolegs showing densities at which
those associations are likely to occur and lead to a ghost
of competition (region II of Figure 6).

The disadvantages of RSFs is that they tend to be
nonmechanistic (Moorcroft & Barnett, 2008), and do not
always allow for density dependence (McLoughlin
et al., 2010). Consideration of deep versus shallow ELJ
pools through isoleg analysis addressed these disadvan-
tages by showing that habitat selection is density-
dependent, meaning that some densities lead to the exis-
tence of a ghost of competition, that is, each species being
selective on one habitat type. Ultimately, the isolegs help
explain the shared preferences indicated by the isodars in
showing that although both Chinook and steelhead pre-
fer ELJ-treated pools, variation in pool depth facilitates
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coexistence. Use of the two years (2014 and 2015) with all
available study sites led to a selectivity analysis with an
approximately consistent median for the classification of
pools as “deep” or “shallow.” Although depth variation
among sites and years can be higher (Appendix S1), our
isoleg results were not affected by excessive variation in
depth in those two years. It is possible that years with
higher discharge or management strategies that create
deeper ELJ pools might result in higher habitat diversity
which further promotes species coexistence.

Isoleg theory has previously shown its usefulness in
salmonid systems (Young, 2004) in which it was demon-
strated that Coho salmon (Oncorhynchus kisutch), behave
similarly to Chinook, by specializing on deeper pools
compared with steelhead. One important contrast with
that study is that our isolegs are based on observational
data, whereas Young (2004) based the isolegs on experi-
ments in an artificial stream system. Isolegs based on
observational data have higher uncertainty than those
based on experimental data (Rosenzweig & Abramsky,
1997). Another issue with using field observations is that
the range of observed densities in our study may still be
below the carrying capacity of the environment so that
the extent of actual partitioning is underrepresented in
the data. Higher observed densities of both species may
therefore lead to the expansion of region II in the
isoleg plot.

A given study system may also consist of more than
two isolegs, particularly if a centrifugal pattern of habitat
selection can be identified (Brown, 1996; Wasserberg
et al., 2006) where there is a shared preferred habitat and
two alternative habitats. In our case, it may be possible to
introduce selection of unrestored habitats into the behav-
ioral map, to possibly show circumstances under which
steelhead are selective and Chinook are opportunistic on
that habitat. More than two habitat alternatives can also
lead to “partial” ghosts where there is stable coexistence
owing to one species using two or more habitats
(Wasserberg et al., 2006). However, an exploratory selec-
tivity analysis did not show density dependence in the
selectivity at the scale of ELIJ-treated versus untreated
habitat (unpublished data), therefore additional isolegs
including unrestored habitat would be overly speculative,
pending more data.

The joint mark-recapture experiment at the scale of
individuals within habitats provided the most definitive
evidence that competition was mitigated by restoration.
Restored habitat had a higher capacity for immigration
by Chinook and settlement by new individuals even
when high density of steelhead was present, whereas
unrestored habitat showed that space competition is the
mechanism behind habitat selection at the scale of
treated versus untreated habitat. Combined with the

isoleg analysis, the experiment therefore shows that
the competition observed in untreated habitat vanished
in ELJ-treated habitat, becoming a ghost, caught or
“busted” by the experiment (Schmidt et al., 2000). Fur-
thermore, the potential for competition verified by the
experiment at the scale of individuals within habitats can
be extended to the reach scale by the isoleg analysis.

Mark-recapture methods have only rarely been used
to estimate the effect of interspecific competition on habi-
tat selection in fishes (Yackulic et al., 2018). We improved
upon standard approaches by constructing a model of
density-dependent immigration. Crucially, Bayesian
model fitting techniques were found to be useful, despite
relatively low sample size, even allowing estimation of a
heterospecific density parameter. Another advance was
that we observed a positive effect on immigration into
pools, and therefore on total habitat capacity, for both
species instead of only for Chinook, as was previously
indicated (Polivka, 2020). This capacity increase is quan-
tifiable by comparing the oy term across restored and
unrestored habitat in Equation (3).

We show that the combination of experiments with
habitat selection theory expands the inferences that can
be made from long-term, habitat-specific data typically
collected in post-restoration monitoring studies
(Polivka, 2022). Few fish habitat restoration efficacy stud-
ies rely on mechanistic approaches that explicitly incor-
porate habitat selection theory, density dependence, or
experimental evidence to evaluate efficacy as we applied
them in this study (Malone & Polivka, 2022; Polivka,
2022; Roni et al., 2010). We highlight the potential for
these approaches to be applied to observational data com-
monly collected in post-restoration monitoring studies,
simply by analyzing such data in new ways. More
broadly, this study supports the conclusion that habitat
selection theory can have substantial explanatory power
in restoration ecology despite only sometimes being
applied in this way (Morris, 2003a).
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