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The body size of aquatic vertebrates is declining across populations and ecosys-
tems worldwide owing to warmer water temperature and changing
streamflow. In freshwaters, the effects of stream network position and
density-dependent factors on body size are less understood. We used an exten-
sive dataset spanning 41 stream sites over 7 years to evaluate how
density-dependent and density-independent factors influence the size of two
top predators in small watersheds, Coastal Cutthroat Trout Oncorhynchus
clarkii clarkii and Coastal Giant Salamanders Dicamptodon tenebrosus. We
tested three hypotheses of body-size variation for trout and salamanders,
including intraspecific density dependence, interspecific density dependence,
and resource availability, using empirical observations in hierarchical linear
mixed models in a model-selection framework. In our best-supported models,
the strongest predictors of size were conspecific negative density dependence,
as expected, suggesting greater intraspecific interactions probably owing to
conspecific individuals having similar requirements. We reveal a biogeo-
graphic pattern in which body size peaks in middle stream-network positions
and plateaus or declines at lower and upper locations, proposing that stream
network position also plays a role in determining body size in small water-
sheds. Salamander density also has a quadratic effect on adult trout size, with
salamanders having a greater overall effect on the body size of both species
than trout, suggesting that salamanders might be more dominant than trout in
some interactions. Collectively, we found that biotic interactions, mainly con-
specific but also interspecific, and stream-network position affect trout and sal-
amander body sizes in small watersheds.
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INTRODUCTION

Aquatic vertebrate body size is influenced by numerous
density-dependent (biotic) and density-independent
(abiotic) factors (Gardner et al.,, 2011; Winemiller &
Rose, 1992). The body size of an individual (measured
as length) can be critical for linking individual-level
processes of behavior (access to resources) and physiol-
ogy of metabolism and growth to higher-level popula-
tion processes that can explain broader ecological
patterns. Within a species, smaller body size leads to
reduced fecundity, survival, and competitive interac-
tions (McPhee et al., 2016). Recent work has marked a
resurgence in the topic of body size in the context of
warming water temperature and changing streamflow
(Al-Chokhachy et al., 2022; Arismendi, Gregory,
et al., 2024; Solokas et al., 2023), with body size for
many taxa declining owing to warming habitats
(Bergmann, 1847; Daufresne et al.,, 2009; Gardner
et al., 2011) and larger-bodied organisms showing the
greatest changes (Audzijonyte et al., 2020; Solokas
et al., 2023). Although variability in body size over time
has been shown to change (Al-Chokhachy et al., 2022;
Arismendi, Gregory, et al., 2024; Solokas et al., 2023),
interestingly, some fishes have also shown increases in
body size over recent decades (Audzijonyte et al., 2020;
Jeffrey et al, 2017, Solokas et al., 2023). However,
the effects of various density-dependent and density-
independent factors on body size, especially for
co-occurring species in freshwaters, are not fully
understood.

Relative to marine or terrestrial ecosystems, freshwater
habitats may limit body size because habitat loss and frag-
mentation are more common in freshwaters, and quality
habitat is more variable, limiting space and the develop-
ment of food webs (Clarke, 2021; Hurst, 2007). Accordingly,
local stream conditions also affect the body size of freshwa-
ter vertebrates (Arismendi, Gregory, et al., 2024; Solokas
et al., 2023), especially habitat size (Clarke, 2021). For
example, streams with deeper pools support larger fish
(Harvey & Stewart, 1991). Larger streams have been shown
to have larger stream-living trout, though there is a tenfold
difference in the strength of that relationship across trout
taxa (Al-Chokhachy et al., 2022). Long-lived headwater sal-
amanders Gyrinophilus porphyriticus are larger at metamor-
phosis in larger watersheds (Cochrane et al, 2024).
However, the links between habitat characteristics and the
body size of co-occurring species across varying densities in
stream networks are not as well understood.

Stream networks expand and contract seasonally with
changes in precipitation, which in turn affects stream size
and stream-network connectivity (Benda et al., 2004).
Although many organisms that live in or near the

headwaters of stream networks are well adapted to seasonal
low flows (Banks et al., 2007; Frady et al., 2007), some
aquatic  vertebrates  experience reduced  growth
(Jensen, 2017) and survival (Berger & Gresswell, 2009;
Sheldon & Richardson, 2022) owing to reduced habitat
availability, especially in pools (Penaluna et al., 2021;
Sheldon & Richardson, 2022). Seasonal low flow, which
coincides with warmer stream temperatures in the Pacific
Northwest, can be a period of ecological crunch (Arismendi
et al., 2013). Lower water levels frequently lead to concen-
trated numbers of individuals in the remaining habitat of
streams at or near headwaters, which in turn can lead to
reductions in instream food and refugia and increased com-
petition and predation (Sheldon & Richardson, 2022). For
example, trout and salamanders might respond differently
to stream drying as they have different ecological niches
(e.g., constraints on habitat, feeding behaviors, and mobil-
ity), with salamanders able to inhabit areas that trout can-
not, including deeper interstitial refuges in streams, smaller
and/or more disconnected streams, or even leave the
stream to occupy terrestrial habitats. Both salamanders and
trout have been shown to differ in population responses to
extreme low flows, such as during a drought, with trout
declining in abundance and salamanders declining in con-
dition (Kaylor et al., 2019). Because amphibian distributions
can continue upstream of fish (Barr & Babbitt, 2007;
Olson & Weaver, 2007), it is possible that amphibians
might be larger in size above the upstream fish distribution
boundary owing to reduced interspecific competition,
including predation. Warmer temperatures and reduced
precipitation may further contract summer stream net-
works (Olson & Burton, 2019), potentially exacerbating
density-dependent and density-independent interactions
among vertebrates throughout the watershed. Accordingly,
evaluating the relationships between the stream network
position and body size of co-occurring top vertebrate preda-
tors in freshwater offers an improved understanding of pro-
cesses underlying their population dynamics.

Biotic factors influence the body size of species,
mainly conspecific density (Werner, 1977), but also
interspecific interactions. Conspecific negative density
dependence is the main factor affecting body size
across taxa and/or systems (Werner, 1977; Jenkins
et al., 1999). It is suggested that density dependence
operates on growth prior to survival to maintain
a population at the highest possible abundance
(Lobo6n-Cervid, 2007). For example, trout are smaller
with higher conspecific density (Al-Chokhachy
et al., 2022; Jenkins et al., 1999; Lobdén-Cervia, 2007),
potentially because space is progressively limited for
growing individuals (Lobodn-Cervia, 2007) and/or
food is reduced (Ward et al.,, 2006) and activity
increases with an increasing number of individuals
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(Guénard et al., 2012). However, variation in salmonid
population size is influenced by both within- and
between-species densities, such that body size may be
affected by both intraspecific and interspecific interactions
(Dochtermann & Peacock, 2013).

Here, we evaluate the importance of stream-network
position and co-occurring population densities on the
body size of Coastal Cutthroat Trout Oncorhynchus
clarkii  clarkii and Coastal Giant Salamanders
Dicamptodon tenebrosus. Trout and salamanders are the
dominant freshwater vertebrates in small streams and
co-occur across many areas of North America, including
in the Pacific Northwest and Appalachia regions, with
the two species we studied found in the Pacific
Northwest. Using empirical observations from surveys of
41 stream sites over 7 years in a model-selection frame-
work, we evaluated three hypotheses that could account
for variation in both the median and largest trout and sal-
amander body size, including intraspecific or conspecific
density dependence, interspecific density dependence,
and resource availability related to stream-network posi-
tion of gradient, elevation, stream order, drainage den-
sity, or upstream stream length. We expected that a
combination of factors, rather than a single factor, might
best explain the size distribution patterns of both species
(Dochtermann & Peacock, 2013). Specifically, we
assumed that population densities would drive responses
to the extent that they are key to population regulation
(Jenkins et al., 1999), and we aimed to understand the
importance of intraspecific (Dunham & Vinyard, 1997;
Lobén-Cervid, 2007) and interspecific (Dochtermann &
Peacock, 2013; Elliott, 1994; Wisz et al., 2013) densities
relative to body size. Intraspecific competition has been
shown to be more important for the growth of individuals
of the same species and size because they share similar
requirements (Werner, 1977) and, accordingly, we antici-
pated that conspecific densities would be most important
to body size for each species. We expected that trout
would be larger in larger stream reaches because produc-
tivity and food resources are typically greater
(Al-Chokhachy et al., 2022; Minshall et al., 1985;
Vannote et al., 1980), and that salamanders might be
larger above the upstream boundary of fish distributions
in the smallest streams owing to a lack of interactions
with trout. Ultimately, understanding the driving factors
that affect body size has been an important area of
research in ecology, as body size is often a predictor
of future survival and reproductive output, and variation
in body size within a population can facilitate population
resilience and resistance. Understanding the effect of
co-occurring species and stream-network position can
clarify the relative importance of density-dependent and
density-independent factors underlying these processes.

MATERIALS AND METHODS
Study sites

We sampled freshwater vertebrates across small streams
in the Willamette National Forest, western Cascade
Range, Oregon, with most stream sites located within the
H.J. Andrews Experimental Forest (Figure 1;
Appendix S1: Table S1). The climate in this area has a
strong contrast between cold, wet winters and warm, dry
summers. Most of the 2200 mm of precipitation falls
between November and April as rain (75%), with episodic
snow accumulation in winter at higher elevation sites.
Streamflows can be flashy during winter storms, whereas
seasonal low flow occurs between July and September.
Our stream sites are flanked by a mixture of riparian for-
est types that generally include second-growth or
old-growth stands of Douglas-fir Pseudotsuga menziesii,
western hemlock Tsuga heterophylla, red alder Alnus
rubra, and vine maple Acer circinatum. Stream-living
Coastal Cutthroat Trout and Coastal Giant Salamanders
co-occur at our stream sites, except for three headwater
sites that support salamanders only. Some stream sites
also support Coastal Tailed Frogs Ascaphus truei and
Paiute Sculpin Cottus beldingii.

We evaluated freshwater vertebrates from 41 stream
reaches during the seasonal low-flow period (July to early
September) from 2013 to 2019 (Figure 1; Appendix S1:
Tables S2 and S3; database Johnson & Penaluna, 2020).
Stream site sampling events occurred in Lookout (10),
McRae (17), Mack (8), Chucksney (2), and Loon
(2) Creeks, and an unnamed tributary on the east side of
McRae Creek (2). Sampled stream sites ranged in eleva-
tion between 555 and 1155 m above sea level (asl), with
upstream watershed areas ranging from 51 to 1552 ha
(Appendix S1: Table S1). Most study stream sites were
located in third- and fourth-order streams, but four sites
were in fifth-order streams, one site was in a
second-order stream, and one site was in a first-order
stream. Stream gradients of sampled stream sites ranged
from 3% to 17% and varied in geospatial position in the
stream network (Figure 1; Appendix S1: Table S1).

Field methods

We used standard backpack electrofishing (Smith-Root
model LR-20B) techniques to capture fishes (Bohlin
et al., 1989) and stream-living amphibians (Cossel
et al.,, 2012). Stream reaches were temporarily blocked
with nets to prevent movement in and out of reaches dur-
ing the sampling. Surveys occurred annually during sea-
sonal low flow, with an average of 4 years across study
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FIGURE 1

Forty-one sites in five streams in the western Cascade Range of Oregon, including Mack Creek (dark blue), McRae Creek

and tributaries (yellow), and Lookout Creek (red) in the H.J. Andrews Experimental Forest, and Loon (gray) and Chucksney (light blue)

Creeks; all five streams are in the Willamette National Forest. Photo credit: Allison Swartz, Lauren Zatkos, and Lina DiGregorio.

sites, but up to 7 years at some of our sites (Appendix S1:
Table S1-S3). Captured animals were anesthetized using
buffered MS-222, except in Chucksney and Loon Creeks
and the east tributary to McRae Creek, where we used
Aqui-S. Animals were identified to species and measured
to total length (in millimeters). In Mack Creek, trout total
length and fork lengths (in millimeters) were measured
in 2018 and 2019, and fork length was measured in all

other years (note length conversion in the data analyses
section). In addition to total length, trout fork length was
also measured at most other sites beginning in 2017.
Salamanders were measured to snout-vent length (SVL;
in millimeters) at most sites, often in addition to total
length measurements. We included only neotenic sala-
manders in our data, which we determined by the pres-
ence of gills.
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Data preparation

We focused our analyses on age-1+ and older trout and
used a cutoff of 70 mm total length for trout to focus on
adults and to minimize handling and stress for fragile
young-of-year (age-0) individuals. A cutoff of 70 mm was
decided based on over 35 years of length distributions for
trout (Arismendi, Gregory, et al., 2024). During some sur-
veys, only one length measurement (fork or total) was
recorded for an individual trout. We calculated relation-
ships between total length and fork length for trout and
total length and SVL for salamanders using individuals
that had both measurements recorded. These linear
regressions for length had an R? value of 0.99 for trout
and 0.95 for salamanders (Appendix S1: Figure S1), so we
used values predicted by the linear model to fill in miss-
ing length values when needed. For salamanders, we
used SVL measurements and did not establish a size cut-
off because there was no distinct size class for
young-of-year, as was also done in Arismendi, Gregory,
et al. (2024). Salamander and trout densities were calcu-
lated as the total number of captured individuals per spe-
cies at a site divided by the number of electrofishing
passes performed, divided by survey stream reach length
(in meters). The stream reach length is a standardized
way to measure relative abundance for electrofishing
(Hubert & Fabrizio, 2007; Reynolds, 1996), allowing us to
account for slight differences in sampling effort.

We measured various aspects of stream-network char-
acteristics to evaluate different characteristics of stream
size, including more commonly used metrics of elevation,
Strahler stream order (Strahler, 1957), and drainage den-
sity (Appendix S1: Table S2). Gradient (slope) is an impor-
tant predictor of fish distributions (Fransen et al., 2006;
Penaluna et al., 2022), along with upstream stream length,
the sum of the channel length upstream from a site, which
captures aspects of the spatial layout of a stream network,
stream size, and proximity to headwaters (Penaluna
et al., 2022). For all streams, we used light detection and
ranging (LiDAR) data (1-m) to calculate elevation. We
used LiDAR-derived National Hydrologic Data (NHD) for
Lookout, McRae, and Mack Creeks to calculate percent
gradient, Strahler stream order, drainage density
(in kilometers per square kilometer), and upstream stream
length (in kilometers, wetted) in ArcGIS. For Chucksney
and Loon Creeks, we did not have LiDAR-derived NHD
layers and used high-resolution NHD.

Data analyses

We used two analytical methods to evaluate the spatial
structure of our data. First, to compare the size of

salamanders that were collected upstream of the upper
extent of fish distributions (three salamander-only sites)
with those that co-occurred with fish immediately down-
stream, we performed two-sample ¢-tests (significance
level a = 0.05) on salamander SVL in Lookout, Mack,
and McRae Creeks. Second, we modeled trout and sala-
mander body size using hierarchical linear mixed models
implemented in the package “Ime4” using R statistical
software, version 4.2.0 (Bates et al, 2014; R Core
Team, 2022). Stream-living salamanders and trout may
have distinct populations owing to limited dispersal dis-
tances (Berger & Gresswell, 2009; Blaustein et al., 1994). To
account for potential population differences and the struc-
ture of our data, we delineated sites by stream and used the
multi-level capabilities of hierarchical linear mixed models
to nest sampling sites within streams. We examined the
proportion of variation in body size attributable to sites and
streams to assess possible population-level effects.

We constructed four separate model sets to evaluate
(1) trout 95th-percentile total length, (2) trout
50th-percentile total length, (3) salamander 95th-percentile
SVL, and (4) salamander 50th-percentile SVL. We used both
the 95th-percentile and 50th-percentile lengths for each spe-
cies to assess factors influencing the largest and
median-sized animals, including determining whether large
individuals had different relationships with stream-network
characteristics compared to moderate-sized individuals. We
selected these metrics because the median is not skewed by
outliers, unlike the mean, and the 95th-percentile can pro-
vide a reasonable measurement for large individuals while
being less variable than the maximum.

We included density-dependent and density-
independent factors as fixed effects to understand rela-
tionships with trout or salamander body size within
each model set. The density-dependent fixed effects
were trout catch-per-unit-effort (CPUE) density and sal-
amander CPUE density, and the density-independent
fixed effects consisted of percent gradient, Strahler
stream order, drainage density, and upstream stream
length. We standardized these predictor variables
(mean = 0, SD = 1) to allow for comparisons of effect
size among them. Then, we constructed hierarchical lin-
ear mixed models with predictors as linear or quadratic
terms, or a combination of both. We explored models
with additive components or two-way interactions
between density-independent and density-dependent
variables but did not allow three-way interactions. To
account for sample size, we used the number of trout or
salamanders captured as an offset term. Linear mixed
models were fit using maximum likelihood, which
allowed us to compare models that differed in fixed
effects. We included site and stream as random inter-
cepts, with site nested within stream.
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We compared models with different predictors using
corrected Akaike’s information criterion with the small
sample adjustment (AIC. Hurvich & Tsai, 1989) so
models could represent competing hypotheses (Burnham
et al., 2011) regarding which predictors were most likely
to influence trout or salamander length. We tested for
multicollinearity among predictor variables by using
Pearson’s correlation coefficient and only included
uncorrelated variables (|r| < 0.6) within the same model
(Dormann et al., 2013). To evaluate the relative plausibil-
ity of correlated variables, we compared separate models.
For example, Strahler stream order and elevation exhibit
strong negative correlations because larger Strahler-order
streams are typically associated with lower elevations.
Therefore, in our model sets we did not include Strahler
stream order and elevation in the same model, but
instead we created separate models, one containing
Strahler stream order and another containing elevation
as a fixed effect. We could then compare AIC, scores and
effect sizes between these competing models.

For each model set, we used the “AIlCcmodavg” pack-
age (Mazerolle, 2023) to construct a model selection table
that included all models within the set. We identified the
model with the smallest AIC, score as the top-supported
model in each set and examined the fixed-effect estimates.
Additionally, we reviewed estimates from models within
2 AIC. of this top-supported model. We compared
fixed-effect estimates, or effect sizes, between models to
evaluate the relative strength of relationships for describ-
ing trout or salamander length. To assess precision, we
created 90% and 95% CIs for each fixed-effect estimate. We
then determined the significance of a predictor variable by
whether the 95% CI contained 0, comparable with a 0.05
alpha value. To graphically visualize the top-supported
model results, we estimated fixed effects by allowing one
predictor to vary while using mean values for the
remaining predictors. We created 95% Cls around these
visualized estimates through bootstrapping, with 999 simu-
lations run for each top model. We used the “MuMIn”
package (Barton, 2023) to calculate marginal and condi-
tional coefficients, or R? values, for the top models in each
model set. The marginal R? represents variance explained
by fixed effects, whereas the conditional R* value repre-
sents variance explained by the entire model.

RESULTS

In evaluating pairwise correlations among the
density-independent predictors, elevation was negatively
associated with both Strahler stream order and upstream
stream length. Upstream stream length was negatively
associated with gradient and positively associated with

Strahler stream order (Appendix S1: Figure S2).
Consequently, we created separate models for upstream
stream length, gradient, and Strahler stream order to
evaluate the relative plausibility of these predictors.
Density-dependent predictors did not display strong asso-
ciations with any other predictor (|r| < 0.6), and accord-
ingly, these predictors were included in models with
density-independent predictors.

Across streams, the longest observed adult trout
(age-1") were found in McRae Creek, followed by Mack,
Lookout, Chucksney, and Loon Creeks, respectively
(Appendix S1: Figure S3). Similarly, the longest observed
neotenic salamander (SVL) was also found in McRae
Creek, followed by Mack, Chucksney, Lookout, and Loon
Creeks, respectively (Appendix S1: Figure S3). Observed
trout ranged in total length from 70 to 249 mm, whereas
salamanders ranged in SVL from 11 to 177 mm. Both spe-
cies occupied all stream sites, except for three sites with
only salamanders. Trout upstream presence was limited
in Mack and Lookout Creeks by physical barriers or
obstacles of cascade falls, but McRae Creek did not have
an apparent physical barrier to trout dispersal. There was
no evidence for observed differences in salamander
length (p-values >0.05) between stream sites immedi-
ately upstream of the upper extent of fish distributions
versus at downstream sites co-occupied by both species
(Appendix S1: Figure S4).

The top-supported model for the largest adult trout
(95th-percentile) showed trout density as a strongly nega-
tive linear fixed effect (f = —21.90), though the second
and third models in this set included additional predictors
and had similar AIC, scores (<1 AAIC,; Table 1, Figures 2
and 3; Appendix S1: Figure S4 and S5, Table S4). For
example, the second best-supported model included a mar-
ginal positive linear fixed effect for elevation (p = 3.10);
however, both the 95% and 90% ClIs for this estimate
contained 0, suggesting uncertainty in the direction of this
effect and reduced precision in the estimate (Table 1). The
other models <2 AAIC, contained additional terms with
smaller effect sizes than trout CPUE and quadratic terms
(CT CPUE? or upstream stream length?) that also included
0 in their 95% CIs. Strahler stream order was an uninfor-
mative parameter because it contained 0 in its 95% CI, and
this model was only slightly less than 2 AAIC. from the
top model, meaning the additional parameter contributed
nothing to the model to overcome the 2 AIC. penalty
(Arnold, 2010). The top-supported model for median-sized
trout was driven by a strongly negative effect of conspecific
density (B = —31.43); although a positive quadratic term
was also included (B = 4.44), creating a predominately
decreasing relationship with slight curvature (Figures 2
and 3; Appendix S1: Table S5). Quadratic effects were also
present for upstream stream length and salamander
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TABLE 1 Model selection results for models within two AIC, units of the top linear mixed model for each model set.

Model and fixed effects in model K AIC, AAIC, AIC. weight LL

Coastal Cutthroat Trout 95th percentile total length
CT CPUE 5 1262.685 0.000 0.109 —626.14
CT CPUE + elevation 6 1263.103 0.418 0.089 —625.27
CT CPUE + CT CPUE? + upstream stream length + upstream 8 1263.405 0.720 0.076 —623.21
stream length®
CT CPUE + upstream stream length + upstream stream length? 7 1263.813 1.128 0.062 —624.53
CT CPUE + CT CPUE? 6 1263.877 1.192 0.060 —625.66
CT CPUE + upstream stream length® 6 1264.169 1.484 0.052 —625.80
CT CPUE + Strahler 6 1264.667 1.982 0.041 —626.05

Coastal Cutthroat Trout median total length
CT CPUE + CT CPUE? + GS CPUE + GS CPUE? + upstream stream 10 1239.777 0.000 0.457 —609.13
length + upstream stream length®
CT CPUE + CT CPUE? + GS CPUE + upstream stream length 9 1240.450 0.673 0.326 —610.61
+ upstream stream length?

Coastal Giant Salamander 95th percentile snout-vent length
GS CPUE + GS CPUE? + upstream stream length + upstream 8 1394.558 0.000 0.834 —688.81
stream length®

Coastal Giant Salamander median snout-vent length
GS CPUE + GS CPUE? + upstream stream length + upstream 8 1292.686 0.000 0.956 —637.88

stream length?

Note: The model name lists fixed variables used in the model, although all models also included an intercept, an offset term for the number of individuals

captured, and a nested random intercept consisting of site nested within stream. CT is Coastal Cutthroat Trout Oncorhynchus clarkii clarkii and GS is Coastal
Giant Salamander Dicamptodon tenebrosus density measured as catch per unit effort (CPUE). K is the number of parameters, AIC, is the Akaike information
criterion with small sample size adjustment, AAIC, is the difference between the selected model and the best model in the set, the AIC. weight is the Akaike
model weight, and LL is the log-likelihood of the model. We tested for potential multicollinearity and removed factors with strong correlations in each model

using Pearson’s correlation analyses (see Materials and methods for more details).

density in the best-fitting model for median trout length.
Upstream stream length was the second strongest predic-
tor in the top-supported model explaining median trout
length, with a positive linear component (f = 10.51) and a
negative quadratic term (p = —6.35) producing a concave
downward curve. Accordingly, median trout length
increased initially as upstream stream length increased,
reached an apex at 37.7 upstream stream km, then
decreased as upstream stream length continued increas-
ing, analogous to moving further downstream in the
stream network. Median trout length initially increased
with increasing salamander density, then plateaued near
2 salamander CPUE (2 salamanders per pass per meter)
and began decreasing slightly. The quadratic effect for sal-
amander density was weaker, and the 95% CI contained
0, although the 90% CI did not (Appendix S1: Table S6),
which reflects that AIC model selection is similar to a
more liberal threshold of o =0.157 (Sutherland
et al., 2023). The second best-supported model predicting
median trout length reflected this uncertainty in the sala-
mander relationship shape because it contained the same
structure as the top model but excluded the quadratic term

for salamander density (Table 1). When combined, the top
two models for median trout length garnered most of the
AIC, weight with a total of 0.783, providing strong evi-
dence for the effects of trout density, salamander density,
and upstream stream length (Appendix S1: Table S5).
Top-supported models for salamanders, both the larg-
est (95th-percentile) and median salamander size,
consisted of quadratic effects for both salamander density
and upstream stream length (Table 1, Figure 2;
Appendix S1: Tables S7 and S8). In each model set, the
density-dependent variable of salamander CPUE was
the strongest predictor, with a predominantly negative lin-
ear term (95th-percentile p = —42.17, median § = —41.76)
and a smaller positive quadratic term (95th-percentile
f = 3.42, median f = 3.09). This resulted in a strong nega-
tive relationship between salamander length and conspe-
cific density (Figures 2 and 3). Upstream stream length
had a curved relationship with salamander length, with
salamander length positively increasing with upstream
stream length and then plateauing near 62.1 km for larger
salamanders (95th-percentile) or reaching an apex at
455km and then declining for median salamanders
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FIGURE 2 Fixed-effect predictors in the top-performing models for body size of Coastal Cutthroat Trout Oncorhynchus clarkii clarkii
and Coastal Giant Salamanders Dicamptodon tenebrosus Solid lines represent fixed effects from the top-supported model, calculated by
allowing a predictor to vary while using mean values for the other predictors. The shaded ribbons represent 95% CIs created through
bootstrapping. CPUE is catch-per-unit effort, or the number of individuals captured per pass per meter. Trout and salamander silhouettes
credit: Kathryn Ronnenberg. TL, total length and SVL, snout-vent length.
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FIGURE 3 Modeled estimates for upstream stream length (in kilometers), catch-per-unit effort (CPUE; number of individuals per pass
per meter) of Coastal Giant Salamanders Dicamptodon tenebrosus, and catch-per-unit effort (CPUE; number of individuals per pass per
meter) of Coastal Cutthroat Trout Oncorhynchus clarkii clarkii predictors in the top-supported linear mixed models (Table 1; Appendix S1:
Table S2) for size of trout and salamanders. The whiskers represent 95% CIs. Trout and salamander silhouettes credit: Kathryn
Ronnenberg.
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(Figure 2). Variability in body size was also reduced
upstream; the median and largest salamanders were more
similar in size near headwaters compared to downstream
(Figure 2). The top-supported models for the largest
(95th-percentile) and median salamanders received the
majority of the AIC. model weight, with values of 0.834
and 0.956, respectively (Table 1; Appendix S1: Tables S7
and S8). The top-supported model for the largest salaman-
der was 5.2 times more likely than the next best model,
whereas the median salamander top-supported model was
33 times more likely than the second-best model in that
set, providing substantial evidence for relationships
between salamander body size and both upstream stream
length and salamander density. We found little to no sup-
port for two-way interactions between density-dependent
and density-independent factors across all model sets.
Fixed effects explained the majority of variance in all
top models (range = 0.645-0.872; Appendix Sl:
Figure S9), highlighting the importance of trout CPUE,
salamander CPUE, and upstream stream length on
stream vertebrate body size. The conditional variance
values were also high (R? > 0.8), particularly for sala-
mander top models (Appendix S1: Table S9). These
values represent variance explained by the entire model
(both fixed and random effects), which supports top
models as being effective in explaining most of the vari-
ability observed in our data. Stream and site also had
notable effects on trout and salamander length, account-
ing for 52.8% of the random effect variance on average
(range = 49.8%-58.1%) in the top-supported models
(Figure 4; Appendix S1: Table S10). Stream had a greater
influence on the random-effect variation in

Model set

Trout
95th Site
percentile

Trout
50th
percentile

Salamander
95th
percentile

Salamander
50th
percentile

T T T [ T T T [ T T T T [ T T 17T

0.00 0.25 0.50 0.75 1.00
Proportion of Variance

FIGURE 4 Proportion of variation in body size of Coastal
Cutthroat Trout Oncorhynchus clarkii clarkii and Coastal Giant
Salamanders Dicamptodon tenebrosus explained by stream and site.

95th-percentile lengths for both trout (19.2%) and sala-
manders (5.2%) compared with median lengths for each
species (7.8% and 2.1%, respectively).

DISCUSSION

We evaluated hypotheses related to intraspecific density
dependence, interspecific density dependence, and
resource availability in explaining the median and largest
sizes of two sympatric freshwater vertebrates in small, for-
ested watersheds using empirical observations in a
model-selection framework. The best-supported models
for body size consistently included density of the same spe-
cies (conspecific negative density dependence) followed by
a metric that collectively captures stream network position
incorporating the spatial layout of a stream, stream size,
and proximity to headwaters (upstream stream length) as
main predictors. Trout were not largest in the biggest
streams as expected; rather, median trout body size peaked
in middle stream-network positions and declined at lower
and upper locations. Upstream stream length was not
included in the top model for 95th-percentile trout,
suggesting little effect of network position on the largest
trout sizes. Conversely, upstream stream length was
included in top models for both the largest
(95th-percentile) and median salamanders, suggesting a
more consistent influence of stream-network position on
salamander body size. Salamander density also affected
median trout size, though trout did not have the same
effect on salamanders, suggesting salamanders might be
more dominant than trout in some interactions, but this
effect could also result from co-occurring in high quality
habitats. Collectively, we demonstrated the complex inter-
play of dynamic and interdependent drivers of intraspe-
cific density dependence, interspecific density dependence,
and resource availability for the body size of both taxa in
small watersheds.

The combination of factors affecting the body size of
aquatic taxa supports the intricate roles of biotic interac-
tions and stream-network position. In addition, we pre-
sent evidence for non-linear relationships between top
aquatic predator body size and both density-dependent
and density-independent predictors. This highlights the
need to take multiple factors into account and consider
complex relationships to understand trout and salaman-
der body sizes. A combination of density-dependent and
density-independent factors affecting body size has been
observed in long-term studies of trout and salamanders
from Mack Creek (Arismendi, Gregory, et al., 2024;
Arismendi, Penaluna, & Gregory, 2024), in other trout
populations (Al-Chokhachy et al., 2022), and in salmon
returning from the ocean in western North America
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(Helle et al.,, 2007; Jeffrey et al., 2017; Ohlberger
et al., 2023).

Density-dependent effects on size

Conspecific negative density dependence is the most
important predictor of body size for both trout and sala-
manders, whereby body size declines owing to biotic
feedbacks from individuals of the same species, probably
because they have similar requirements (Arismendi,
Gregory, et al, 2024; Arismendi, Penaluna, &
Gregory, 2024; Bohlin et al, 1994; Chapman, 1966;
Zaradic, 2003). Larger trout and salamanders are found
where conspecifics are fewer, so individuals are likely
released from intraspecific interactions, such as competi-
tion and predation, allowing them the opportunity to
grow larger. This circumstance can lead to population
self-thinning, as larger individuals require greater
amounts of space or food, leading to lower population
densities (Dunham & Vinyard, 1997). Populations that
frequently display negative density dependence typically
are considered to be at or near carrying capacity, with
increased growth or survivorship proposed to occur in
response to environmental disturbances (Grossman &
Simon, 2020). Our results suggest that intraspecific inter-
actions have the greatest influence on body size in these
mostly second- to fourth-order streams.

Salamander density appears to influence median trout
size, but trout density does not appear to influence sala-
mander size, collective evidence for an overall greater rel-
ative effect of salamanders on both species than trout.
Our findings suggest that salamanders might be more
dominant than trout in some interactions; however, the
literature recognizes very little competition owing to diet
differences and/or diurnal habitat partitioning (Li
et al., 2016; Parker, 1994). Accordingly, if there is domi-
nance by salamanders over trout in some interactions, it
is likely small, which is reflected by the smaller effect
sizes for salamander CPUE in the top model for trout
median total length. In an experimental study, larval sal-
amanders increased their use of refuge in response to
trout chemical cues (Rundio & Olson, 2003), which is a
behavior that would likely further reduce the probability
of encounters between species. Alternatively, these spe-
cies could be co-occurring in high-quality habitat
patches, which inherently allows both taxa to increase in
numbers and/or size. In addition, we only consider age
1+ trout in this study, so it is possible that young-of-year
trout could affect the body size of salamanders, given that
salamanders occasionally consume young trout as prey
(Parker, 1994). However, we did not find evidence for sal-
amander size differences in sites upstream of trout

distribution, and previous studies did not find associa-
tions between young-of-year trout abundance and sala-
mander body size (Arismendi, Gregory, et al., 2024).
Although we expected to see larger salamander sizes
where trout are not present in uppermost reaches owing
to concepts of ecological release, we did not find evidence
that trout presence affects salamander body size, and no
relationships were revealed in our modeling results.

Density-independent effects on size

Density-independent factors can be important in account-
ing for variation in the size of trout and salamanders
across stream networks, and we found that upstream
stream length is a key predictor of size for these top
aquatic predators. Greater upstream stream length corre-
sponds with stream network position and captures the
spatial structure of the stream network, stream size, and
proximity to headwaters, which aligns with major ecosys-
tem changes including energy sources, ecosystem metabo-
lism, habitat characteristics, and biodiversity (Minshall
et al., 1985; Vannote et al., 1980). Headwaters are areas
from which water originates in a stream network, charac-
terized by hydrologic, geomorphic, and biological pro-
cesses (Gomi et al., 2002), and though the conditions can
be harsh, individuals in these habitats are likely to experi-
ence fewer interactions with other biota. Sites furthest
away from headwaters (with greater upstream stream
length) would be expected to have the largest salamanders;
however, the median sizes of trout and salamanders are
the largest in mid-stream sites of stream networks. Larger
streams offer greater opportunities for some taxa to grow,
providing more space and greater diversity of habitats, but
that relationship seems to dissipate when streams become
too big, at least for the stream-living trout considered here
and likely also eventually for salamanders. In larger rivers,
trout sizes are larger than for stream-living trout in smaller
streams (Al-Chokhachy et al., 2022). Larger trout are fre-
quently associated with larger, deeper pools or more ref-
uges in streams (Bisson et al., 1988; Heggenes &
Metcalfe, 1991, Latterell et al., 2003; Penaluna et al., 2021),
and larger salamanders are found in pools compared to
other habitat types (Roni, 2002). The median and largest
salamanders are more similar in size near headwaters
compared to downstream sites, likely because larger and
more diverse habitat patches downstream lead to a greater
range of body sizes as seen for mammals (Brown &
Nicoletto, 1991). Unfortunately, we do not have the
fine-scale habitat data to evaluate habitat differences
among streams and sites, such as the size of pools and
available food resources, that would have the potential to
further account for differences across sites. In another
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study of 110 stream reaches in temperate systems in New
Zealand, stream-network spatial factors explained the
majority of the variance in trophic position across fish spe-
cies (Fraley et al., 2020).

Stream and site were also important to the body size
of trout and salamanders, with the site having a greater
influence than stream for top models in each set,
suggesting local conditions such as pools, food resources,
and stream-network position were more influential than
stream-scale differences. Across model sets, stream differ-
ences had a greater influence on larger individuals than
median-sized ones, for both trout and salamanders.
Stream differences also had a more pronounced effect on
trout compared to salamanders, possibly because Coastal
Giant Salamanders can transition to the terrestrial envi-
ronment if conditions make that strategy more favorable.
Local environmental conditions at each stream comprise
a unique combination of biotic and abiotic characteris-
tics, even though there are general patterns across
streams for the responses.

There was no distinct size class for young-of-year sal-
amanders, and accordingly, we included small salaman-
ders in our analyses. However, this may have influenced
results by altering relationships between body size and
predictor variables, particularly density-dependent fac-
tors. Including small salamanders would increase esti-
mates of salamander density at sites, whereas excluding
small trout would decrease estimates of trout density. As
a result, the effect of salamander density on trout may
have been altered, or the effect of trout density on trout
body size could be stronger than we report here.
However, the overall conspecific density relationships we
observed were negative as we expected and as reported
elsewhere (Arismendi, Gregory, et al., 2024; Jenkins
et al.,, 1999). In addition, the effect of upstream stream
length on salamander body size seems unlikely to be sub-
stantially altered by including small salamanders in the
analyses because we found upstream stream length to be
consistently important for both median and large sala-
manders, and it has also been found to be important to
the upstream distribution of fish (Penaluna et al., 2022).

Longer-term studies might discover patterns related
to multi-year temperature and precipitation cycles and
periodic disturbance events, such as wildfire, that might
not be captured in a span of less than a decade. We
encourage further annual sampling to compare responses
across a range of climatic conditions and to determine
the influence of other key factors, including temperature
and flow, on modifying biotic interactions. Controlled
experiments using varying animal densities and
density-independent factors may improve our under-
standing of interactions and cause-and-effect. Although
we find compelling relationships with stream-network

position, more work is needed to test mechanisms under-
lying these patterns to understand which component is
limiting the body size of top predators, including the spa-
tial structure of streams, stream size, or proximity to
headwaters. Salamanders affected both species, and more
work needs to be done to understand whether salaman-
ders have a dominant role in survival and population
dynamics for both species.

CONCLUSIONS

Our study enhances the biogeographic understanding of
the size of trout and salamanders in forested watersheds,
providing evidence to support the hypothesis that size is
linked to a combination of density-dependent and
density-independent factors. Managers may consider
both types of factors as affecting populations in these
mostly second- to fourth-order streams, with intraspecific
interactions being stronger influences than interspecific.
Given our results, it is plausible that intraspecific compe-
tition may be stronger downstream and that space or
food may be limiting upstream, but this hypothesis
remains to be tested.
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