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Correlates and consequences of injury in a large, predatory stream
salamander (Dicamptodon tenebrosus)

Robin G. Munshaw∗, W.I. Atlas, W.J. Palen, Danielle M. Courcelles, Zachary L. Monteith

Abstract. Conspecific aggression is an important factor structuring population dynamics through intra- and interspecific
interactions, but is rarely studied in un-manipulated populations. In this study, we evaluated rates of injury as a proxy
for conspecific aggression using a depletion survey of predatory coastal giant salamanders (Dicamptodon tenebrosus) in
a tributary of the South Fork Eel River, California. We tested a range of hypotheses including a suite of environmental and
biotic factors for the rate of injury in a population by using an AIC model-selection approach that examined the weight of
evidence for individual models. We examined both the probability of a given individual being injured, and the proportion
of individuals within a given study pool being injured. We found strong support for models including salamander size,
density of young-of-the-year steelhead, and density of the largest size-class of salamander as factors positively influencing
the rate of injury at both the individual and habitat levels. We also found that density of older steelhead (1+ steelhead) had a
strong, but highly variable positive impact on frequency of injury. This study shows that both conspecific and heterospecific
factors influence intraspecific aggression for the dominant salamander throughout coastal Pacific Northwest streams. Our
methodology demonstrates a non-manipulative approach to identifying correlates of natural injury in a cryptic species of
amphibian. More work is needed to determine how these factors directly and indirectly influence the spatial distribution,
individual fitness, and dynamics of salamander populations within streams.
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Introduction

Intraspecific aggression in animal populations
is a complex process that is often influenced
by environmental and demographic factors, and
has the potential to influence individual be-
haviour, movement, population dynamics, and
food web interactions. Competition between
conspecifics for habitat and forage resources
can drive the frequency and severity of conspe-
cific aggression (Slaney and Northcote, 1974;
da Silva Nunes and Jaeger, 1989; Wildy et al.,
2001), as can population size-class structure and
ontogeny (Brunkow and Collins, 1998; Mott
and Sparling, 2009). In addition to intraspecific
influences, interspecific interactions, such as
predation or competition for common resources,
can also play a role in the pattern of aggres-
sive behaviour among conspecifics (Resetarits
Jr., 1991; Beachy, 1994; Brodman, 1996, 2004).
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Individual fitness has been shown to be both di-
rectly and indirectly influenced by aggressive
behaviours between conspecifics. The direct ef-
fects of aggression include loss of young during
brooding (Tornick, 2010) and increased preda-
tion risk (Semlitsch, 1990), while indirect ef-
fects can include loss of energy reserves as
stores are put towards somatic repair (Sepulveda
et al., 2008). Aggression can also indirectly
affect smaller individuals through interference
competition over prime resource areas (Hahn
and Peter, 2003). As a result of these varying in-
teractions between individual conspecifics, ag-
gression can play a fundamental role in medi-
ating the spatial distribution of organisms and
dynamics at the population level. Determining
the biotic and environmental factors influenc-
ing conspecific aggression is therefore crucial to
developing an understanding of population dy-
namics, but it can be difficult to identify these
factors, and time consuming to test each one
individually as they can be very complex and
species-specific (Rudolf, 2008).
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In species that are difficult to observe directly,
levels of aggression must often be inferred by
the rate of observed injury in a given popu-
lation (Schoener and Schoener, 1980; Crockett
and Pope, 1988). Many amphibian species ex-
hibit conspecific aggression, but studies have
generally been performed in artificial settings
(laboratory or manipulated environment) due to
the difficulty of observing aggressive behaviour
in situ (Semlitsch and Reichling, 1989; Wildy et
al., 2001; Tornick, 2010). Direct observation be-
comes especially difficult in dynamic environ-
ments such as stream ecosystems. For example,
aggression in terrestrial plethodontid salaman-
ders is a well-documented phenomenon (e.g.
Jaeger, 1981, 1984; Marvin, 1998), but stream
species are difficult to find or observe with-
out direct manipulation, and so data on these
species remains sparse. The paedomorphic form
of the coastal giant salamander (Dicamptodon
tenebrosus; Good, 1989) is the largest stream
salamander in the US Pacific Northwest and
is highly predatory, though little is known re-
garding its population dynamics. Dicamptodon
tenebrosus is found in high densities in streams
from southern British Columbia to central Cal-
ifornia (Nussbaum, Brodie and Storm, 1983). It
occurs from steep headwater streams to main-
stem rivers, often in sympatry with predatory ju-
venile steelhead or resident rainbow trout (On-
corhynchus mykiss), hereafter steelhead trout.
As a result of overlapping habitat and forag-
ing niches, these two predators may compete for
common resources, such as drifting invertebrate
prey and refugia habitats (Antonelli, Nassbaum
and Smith, 1972; Parker, 1994).

Here we evaluated the level of support for a
range of biotic and environmental factors that
are hypothesized to influence the frequency and
pattern of intraspecific aggression. We used ob-
served injuries in a population of D. tenebro-
sus as a proxy for intraspecific aggression, and
evaluated the potential impact of aggression on
individual fitness. We tested whether natural
variation in the density and size structure of
coastal giant salamanders, presence of steelhead

competitors, individual body size, and location
within a watershed influence the occurrence of
aggression in a population of stream dwelling
D. tenebrosus. We hypothesized that higher
densities of co-occurring salamanders and steel-
head would be correlated with a higher rate of
injury as a result of increased competition for
habitat and resources. We also sought to un-
derstand the potential for intraspecific aggres-
sion to influence individual fitness in coastal gi-
ant salamanders. We chose individual mass as a
proxy for reproductive fitness as much of sala-
mander mass is attributable to lipid stores in the
tail, which is essential for reproductive invest-
ment (Fitzpatrick, 1976) and post-metamorphic
survival (Scott et al., 2007). We predicted that
salamanders with injuries would have reduced
body mass at a given length compared to unin-
jured individuals of the same size.

Methods

To examine the factors affecting injury rates among stream
salamanders, we surveyed D. tenebrosus in a small tribu-
tary stream (Fox Creek, South Fork Eel river watershed,
UTM: 10S 445880E, 4399070N, 2.6 km2 drainage area) in
the Northern California coast range. We collected data on
D. tenebrosus abundance, frequency and type of injury (e.g.
tail bitten, limb missing), the size and mass of salamanders
within each habitat unit (a single stream reach including an
upstream riffle and a downstream pool) as well as the lo-
cal density of steelhead trout. Fox Cr. is a perennial stream
that experiences high winter discharge and very low summer
base-flow (Parker, 1994) resulting in a step-pool channel
form during low flow. The stream is located entirely within
the University of California Angelo Coast Range Reserve,
where it runs through a mature forest of Douglas fir (Pseu-
dotsuga menziesii), Coast redwood (Sequoia sempervirens),
and mixed conifer-deciduous vegetation. The stream allu-
vium is comprised of a large proportion of boulders and cob-
bles embedded in a matrix of sand and pebbles. Fox Cr. is
inhabited by two species of vertebrate predators: steelhead
trout (O. mykiss) and coastal giant salamander (D. tenebro-
sus), both of which are present year-round. Steelhead are
numerically dominated by juvenile age classes, young of
the year (YOY) and 1-2 year old (1+ steelhead), with a
few adults that have adopted a resident life history (remain-
ing in natal streams) instead of anadromy (migration to sea;
Nehlsen, 1997; Shapovalov and Taft, 1954). Dicamptodon
tenebrosus also exhibit divergent life-histories at reproduc-
tive maturity (∼2-3 yrs. of age; Nussbaum and Clothier,
1973); salamanders will either metamorphose into terrestrial
adults or remain aquatic as paedomorphic adults.
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To determine the factors contributing to injuries among
salamanders, we performed a depletion survey of all indi-
viduals of both species across a subset of habitat units in
Fox Cr. We surveyed 32 units in a 1.3 km section of Fox
Cr. where both species co-occur. Each reach was isolated
using block-nets at the top of the upstream riffle and the
bottom of each pool, then serially depleted using a com-
bination of snorkel surveys, hand capture, and electrofish-
ing. Captured individuals were anaesthetised (MS-222; Stu-
art et al., 2007), weighed (g), measured for snout-vent length
(SVL; mm) for salamanders and standard length (SL; mm)
for steelhead, examined for injuries, and then released at
their location of capture. Fish were classified as either 1+
steelhead (�60 mm SL) or as YOY (<60 mm SL). The
wetted area of each habitat unit was measured in order to
calculate density estimates for both predators.

To examine how injuries affect individual salamanders,
we regressed log-transformed mass on SVL for uninjured
individuals and used the relationship to predict the mass of
injured individuals. For each size-class (size-class 1: SVL <

45 mm, size class 2: 45 � SVL < 75 mm, size class 3:
SVL � 75 mm; Parker, 1994), we constructed a mass-length
regression for uninjured individuals, then used the relation-
ship to predict the mass of injured individuals. We exam-
ined the distribution of residuals from these predictions, and
used deviations from the derived relationship to test size-
class-specific models of how general body condition varied
with injury. We applied Grubbs’ Test (Grubbs, 1950) to each
size class to identify and remove outliers (n = 5), and used
a two-tailed t-test to determine whether the distribution of
residuals for each size class significantly differed from 0.

We constructed models to predict two different response
variables, the probability of injury at the level of the indi-
vidual, and the proportion of individuals with injuries ag-
gregated within each sampled habitat unit. For each model,
we used binomial logistic regression (weighted by the num-
ber of individuals in each pool for habitat-level analysis),
as both of our response variables were constrained between
0 and 1 (proportion of individuals injured and probability
of injury). Our explanatory variables represented a suite of
biotic and environmental factors: pool-specific salamander
density (both mass/m2 and individuals/m2; D), square root
transformed distance from the tributary confluence (m; d),
standard deviation of SVL of salamanders within a habi-
tat unit (SDSVL), density of the largest size-class of in-
dividuals (>70 mm SVL; individuals/m2; DSC3), density
of YOY steelhead (g/m2; DYOY ), density of 1+ steelhead
(individuals/m2; D1+), and individual coastal giant sala-
mander SVL (mm; SVL; only included in the individual-
level analysis). At the individual level, we included the pool
in which each salamander was found as a random factor
in the model to account for pseudo-replication. We exam-
ined all combinations of explanatory variables to test for
co-variation, resulting in pool-specific salamander density
(mass/m2) being excluded from further analysis. Because
we only had 31 data points at the habitat level, we limited
the number of parameters in our models to n/10 ≈ 3 (in-
cluding intercept; Burnham and Anderson, 2002) for that
analysis. We used Akaike’s Information Criterion (Akaike,
1974) adjusted for small sample sizes (AICc) to compare

the degree of support for all combinations of explanatory
variables at each level given that no a priori hypothesis was
considered more or less probable (Anderson and Burnham,
2002). Such an approach is an acceptable way to explore be-
havioural data when relatively little is known of the system
(Symonds and Moussalli, 2011). The results of this method
can then be used to inform more traditional hypothesis tests
in future studies, which are a more appropriate way to check
for interactions among parameters.

Analyses were performed using R (v 2.15.3; R Core
Team, 2013), with the AIC analysis package AICcmodavg
(Mazerolle, 2013). We calculated Akaike weights (wAk) for
each model (weight of support between 0 and 1, all wAk sum
to 1), which can be interpreted as the probability that a given
model is the best approximation (Symonds and Moussalli,
2011). To estimate a 95% confidence set of models (a subset
of candidate models that we are 95% sure contains the
best model in the original set), we selected the top models
whose cumulative wAk just surpassed 0.95 (Burnham and
Anderson, 2002). To compare the relative importance of
individual variables, wAk for all models containing each
variable were summed, resulting in a relative ranking of
variable importance. The wAk was also used to calculate the
weighted mean of variable coefficients across all models in
which each variable was included.

Amphibians heal quickly (Yannas, Colt and Wai, 1996)
and generate little scar tissue (Seifert et al., 2012, but see
Ferguson and O’Kane, 2004), so the injuries we observed
can be attributed to a narrow temporal window in each in-
dividual’s ontogeny. If injuries or injury relics persisted for
long periods, it could confound our analysis by attributing
injuries to larger body-sizes when they may have been in-
curred at smaller body-sizes, or in other locations within ar-
eas we sampled. However, our estimates of injury could also
be biased low if injuries inflicted are severe enough to re-
sult in death. However, we performed our analysis under the
assumption that injury-induced morality is low due to the
lack of conspicuously unhealthy or dead salamanders in our
study system. Both of these assumptions bear careful con-
sideration if this methodology is used for other organisms.

Our response variables, proportion of salamanders in-
jured per pool and probability that an individual would be
injured, included only the 2 larger size-classes of salaman-
ders. Salamanders in the smallest size-class of D. tenebro-
sus showed no intra- or inter-specific aggression, suggest-
ing that only larger D. tenebrosus and O. mykiss individuals
injured the smallest size class (personal observation). Large
individuals of both species predate on the smallest size-class
of D. tenebrosus (Parker, 1993, 1994; Munshaw, unpub-
lished data) and as both species are gape-limited predators,
predation on larger individuals is not a viable feeding strat-
egy. We therefore argue that injuries caused by aggressive
interactions between larger individuals are due to resource
competition or territorialism and not failed predation at-
tempts. Additionally, the observed frequency of injury may
be reduced in small individuals if predation attempts (by ei-
ther large salamanders or steelhead) result in a higher rate of
mortality or decreases the likelihood of escaping future pre-
dation attempts. Due to the proposed alternate mechanisms
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Figure 1. Histogram of salamander snout to vent length (SVL, mm) from Fox Cr. (n = 354). Vertical lines indicate divisions
between size-classes as established in the literature.

of injury between the small and larger size-classes, size-
class 1 salamanders were only included in the total sala-
mander density estimates for each pool. Although we have
ecologically-derived arguments for not including the small-
est size-class in our main analysis, we have included the
smallest size class in an otherwise identical parallel anal-
ysis and included the results in the online Supplementary
Material.

Results

We captured a total of 354 D. tenebrosus in-
dividuals and 594 O. mykiss individuals in our
census of 32 habitat units in Fox Cr. Over 85%
of the steelhead individuals were YOYs (n =
509), and the distribution of salamander SVLs
was heavily skewed towards smaller individu-
als (fig. 1). We captured 115 size-class 1 sala-
manders (4 injuries), 144 size-class 2 individu-
als (25 injuries), and 95 size-class 3 individu-
als (30 injuries). We removed one habitat unit
from our analysis due to a lack of data; we
found only a single salamander and were there-
fore unable to calculate SDSVL for the unit. We
found a significant relationship between natural
log-transformed length and mass of uninjured
individuals (n = 296; ln[Mass] = −9.66 +
2.88 ∗ ln[SVL]; intercept SE = 0.10, SVL co-
efficient SE = 0.03, P � 0.05, r2 = 0.98).
Using this regression, we predicted the mass of
injured individuals (n = 59) of each size class,
and then examined the distribution of residuals
for each size-class. One outlier was found and

Figure 2. Predicted mass residuals (g) for each size-class
of injured salamander based on a mass-length regression
for uninjured individuals. Stars indicate size classes with
residuals that differ significantly from 0.

removed from the analysis of size-class 2 in-
dividuals (one-sided Grubbs’ test; G = 3.23,
P < 0.05). We found that injuries only reduced
mass in the largest size class (3). The distribu-
tions of residuals for injured size-class 1 and 2
individuals were not significantly different from
0 (n = 4 and 23, t = 0.49 and 1.16, P = 0.66
and 0.26, x̄ = −0.07 and 0.2 respectively), but
injured size-class 3 individuals were an average
of 3.73 g lighter than expected (fig. 2; n = 27,
t = −2.49, P < 0.05, x̄ = −3.73).

Our AICc model selection produced a set of
57 models at the individual level, and 14 mod-
els at the habitat level. Neither level of analysis
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Table 1. Top and bottom ranked models for the set of models including 95% of all model support, at the individual (Injury)
and habitat (Proportion Injured) levels of analysis. SDSVL = standard deviation of salamander snout-vent lengths in a given
pool, DSC3 = density of size-class 3 salamanders in a given pool (#/m2), SVL = snout-vent of the focal salamander (mm),
DYOY = density of young-of-the-year steelhead in a given pool (#/m2), D1+ = density of 1+ steelhead in a given pool
(#/m2), d = square root of distance upstream (m), and D = salamander biomass density (g/m2).

Level Rank AICc Model �AICc wAk

Individual 1 245.3 Injury ∼ SDSVL + DYOY + DSC3 + SVL + (1|Pool) 0 0.195
2 246.9 Injury ∼ D1+ + SDSVL + DYOY + DSC3 + SVL + (1|Pool) 1.6 0.089
3 247.1 Injury ∼ d + SDSVL + DYOY + DSC3 + SVL + (1|Pool) 1.8 0.080
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

55 253.8 Injury ∼ D + D1+ + d + SDSVL + DSC3 + SVL + (1|Pool) 8.5 0.003
56 253.8 Injury ∼ D + d + SDSVL + DYOY + SVL + (1|Pool) 8.5 0.003
57 253.9 Injury ∼ D + SDSVL + DYOY + DSC3 + (1|Pool) 8.5 0.003

Habitat 1 92.6 Proportion Injured ∼ DYOY + DSC3 0 0.527
2 96.6 Proportion Injured ∼ D1+ + DSC3 4.0 0.071
3 97.0 Proportion Injured ∼ d + DSC3 4.4 0.058
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

12 99 Proportion Injured ∼ d 6.4 0.022
13 99.4 Proportion Injured ∼ D + DYOY 6.8 0.017
14 100.1 Proportion Injured ∼ D + D1+ 7.5 0.013

Figure 3. Model-averaged variable importance scores (sum of Akaike weights;
∑

wAk) for individual-level (light bars) and
habitat-level (dark bars) analyses. Importance computed by summing Akaike weights for every model in which each variable
was present. SDSVL = standard deviation of salamander snout-vent lengths in a given pool, DSC3 = density of size-class 3
salamanders in a given pool (#/m2), SVL = snout-vent of the focal salamander (mm), DYOY = density of young-of-the-year
steelhead in a given pool (#/m2), D1+ = density of 1+ steelhead in a given pool (#/m2), d = square root of distance upstream
(m), and D = salamander biomass density (g/m2).

supported a single top model: �AICcmax = 8.5
and 7.5, and maximum wAk = 0.2 and 0.53
at the individual and habitat levels respectively
(table 1). Individual size (SVL), density of size-
class 3 individuals (DSC3), and density of YOY
steelhead (DYOY ) had the greatest variable im-
portance at the individual level, and the latter
two parameters had the greatest importance at

the habitat level (fig. 3). These variables were
the only parameters whose coefficient estimates
did not have confidence intervals including 0
(table 2). All 3 parameters had positive effects
on injury probability (individual level; logit co-
efficients = 0.02, 3.46, and 1.68 respectively)
and proportion of individuals injured (habitat
level; excluding SVL, logit coefficients = 2.9
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Table 2. Model averaged coefficients and 95% confidence intervals for factors predicting injury at the individual and habitat
unit levels. Variable codes are defined in table 1. Stars indicate variables with confidence intervals that do not bound 0.

Level Variable Model-averaged estimate (95% CI) Unconditional SE

Individual Intercept∗ −5.51 (−9.04, −1.98) 1.80
D 0 (−0.04, 0.04) 0.02
D1+ 1.48 (−1.22, 4.18) 1.38
D 0.05 (−0.03, 0.12) 0.04
SDSVL −0.07 (−0.14, 0.01) 0.04
DYOY

∗ 1.68 (0.33, 3.04) 0.69
DSC3

∗ 3.46 (0.49, 6.44) 1.52
SVL∗ 0.02 (0.01, 0.03) 0.01

Habitat Intercept∗ −3.84 (−6.69, −0.99) 1.45
D −0.01 (−0.05, 0.03) 0.02
D1+ 2.02 (−0.26, 4.3) 1.38
d 0.05 (−0.01, 0.1) 0.03
SDSVL −0.03 (−0.08, 0.03) 0.03
DYOY

∗ 1.47 (0.33, 2.62) 0.59
DSC3

∗ 2.9 (0.49, 5.32) 1.23

and 1.47 respectively) and had among the high-
est influences on injury in both analyses.

Discussion

Our results suggest that both density- and size-
structured aggressive interactions are important
in the coastal giant salamander population we
studied. We found that only the largest size-
class of injured individuals exhibited reductions
in mass relative to uninjured individuals. We
also found that densities of the largest size-
class of salamander and YOY steelhead were
good predictors of salamander injury at both
the individual and the habitat scale, as well as
individual size at the individual level (table 2).
We found little support for models containing
watershed position, and this parameter had little
effect on the observed rate of injury at either
level of analysis (fig. 3, table 2).

We found a strong relationship between in-
jury on individual body condition for the largest
size class, but found no relationship among size-
class 1 and 2 individuals (fig. 2). This pattern
suggests that injuries incurred at smaller sizes
may not be severe enough to influence energy
reserves and overall body condition, and so our
results suggest that the negative fitness conse-
quences of injury (as indexed by body condi-
tion) likely increase with body size. Alterna-

tively, it is possible that smaller individuals ex-
perience a higher rate of injury-induced mortal-
ity and thus we observe a lower rate of injury
in smaller individuals. However, this scenario
is unlikely in our system due to a low occur-
rence of deceased individuals, and no signifi-
cant effect of injury on mass of smaller indi-
viduals when we would expect to see a greater
loss of mass if injury had particularly severe im-
pacts on survival. It is also unlikely that we wit-
nessed a low rate of injury among the smallest
individuals due to high rates of successful pre-
dation upon them, as the occurrence of small in-
dividuals in the diets of large salamanders was
low (1.8%; Munshaw, unpublished data). An-
other possibility is that individuals with lower
body mass at a given length may be more prone
to sustaining injuries, such as increased frequent
foraging behaviour (in an effort to compensate
for lower mass) leading to a higher frequency
of intra-specific encounters. Injuries may im-
pact fitness at two different time-scales. In the
short term, fresh injuries may cause debilitation
(e.g. loss of tail or limbs, infection), by decreas-
ing a salamander’s ability to compete for food
resources, mates, or refugia to avoid predation
(Krause, Steinfartz and Caspers, 2011). In the
longer term, repair of injured tissues requires
extra energy that likely represents a trade-off
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with maintaining structures necessary for sur-
vival or reproduction (Fitzpatrick, 1976; Scott
et al., 2007), which may be further exacerbated
if debilitation reduces a salamander’s ability to
catch prey (e.g. damage to sensory organs).

Interactions between salamanders and trout
are thought to be asymmetric, with trout neg-
atively affecting salamander growth and sur-
vival through both competition and predation,
the latter of which is expected to be uncom-
mon (Rundio, Olson and Guyer, 2003; personal
observation). The presence of multiple compet-
ing species has been shown to alter the dis-
tribution of salamanders within refugia (Klee-
berger, 1984; Roudebush and Taylor, 1987), and
negatively impact salamander populations by
decreasing available resources within a habi-
tat (Figiel and Semlitsch, 1990). We found that
the density of YOY steelhead was positively
correlated with rate of injury observed at both
the individual and at the habitat level, suggest-
ing that heterospecific interactions are likely to
be important drivers of injuries in coastal gi-
ant salamanders. For example, a YOY density
of 1.5/m2 (observed range: 1.16-2.53) increases
the probability of injury from the baseline of
0.004 to 0.05 at the individual level, and in-
creases the proportion of salamanders injured
in a habitat unit from the baseline of 0.02 to
0.16 holding all other factors constant. This pos-
itive effect may be driven by behavioural re-
sponses between YOY steelhead and salaman-
ders if they compete non-aggressively for refu-
gia, or common food resources. Because D.
tenebrosus reach large sizes relative to trout
(Munshaw et al., 2013), there is no documented
evidence of agonistic behaviour between steel-
head and coastal giant salamanders, with the
exception of relatively uncommon direct mu-
tual predation (Parker, 1993, 1994; Munshaw
et al., 2013). This suggests that the injuries we
observed were not accrued through interspe-
cific aggression with higher YOY densities, but
most likely due to higher frequency intraspe-
cific salamander interactions that in turn gen-
erate injuries. Larval coastal giant salamanders

have been shown to increase their use of refugia
in the presence of chemical cues from predatory
cutthroat trout (Rundio et al., 2003), which may
lead to an increase in intraspecific encounters.
We found a strong positive effect of 1+ steel-
head on rates of injury, but our confidence in-
tervals for the coefficients at both levels of anal-
ysis marginally bounded zero. This suggests a
generally strong, but variable relationship of 1+
steelhead density and rate of injury where an in-
crease of a single 1+ steelhead per square meter
results in a 339% increase in the mean odds of
injury at the individual level, and 654% increase
at the habitat level. Although the density of both
YOY and 1+ steelhead were positively linked to
the probability of salamander injury, the large
differences in body size and behaviour between
the two size classes of steelhead likely result
in different mechanisms of salamander injury.
As with many stream-dwelling salmonids, juve-
nile steelhead feed primarily on drifting aquatic
and terrestrial invertebrate prey, and 1+ steel-
head are known to have a high degree of di-
etary overlap with giant salamanders (Atlas et
al., 2013; Munshaw et al., 2013). Consequently,
high densities of 1+ steelhead may intensify di-
rect exploitation competition for prey with sala-
manders, leading to more aggressive encoun-
ters between individuals, or a higher frequency
of salamander cannibalism attempts under prey-
limited conditions (Wildy et al., 2001). Simi-
larly, while it is unlikely that YOY steelhead
represent a major exploitative competitor for
larger giant salamanders, they do provide an
abundant and energetically lucrative prey re-
source. If larger, more aggressive salamanders
congregate in areas of locally high YOY abun-
dance, the likelihood of aggression among sala-
manders may increase.

The size-structure of a population has the
potential to directly influence rates aggressive
interactions, as aggression among size-classes
is well-documented in salamanders (Mathis,
1990; Formanowicz and Brodie, 1993; Wildy et
al., 2001) and can influence individual activity
and spatial distribution (Roudebush and Taylor,
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1987; Brunkow and Collins, 1998). Previous
work examining aggression between salaman-
ders has found that larger salamanders exhibit
agonistic behaviour towards both smaller and
equal size individuals (Wiltenmuth, 1997), sug-
gesting that the injuries observed in this study
may be attributable to increasing aggression
within size-classes as size increases. Our results
support this hypothesis, as we found that injury
rate is strongly linked to the density of sala-
manders in the largest size-class (size-class 3),
but less so to overall salamander density (fig. 3,
table 2). A density of the largest size-class of
0.3/m2 (observed range: 0 to 0.61) results in an
increase at the individual level from the baseline
probability of 0.004 to 0.01 (a 180% increase),
and an increase at the habitat level from 0.02
to 0.05 (a 132% increase). In Fox Creek, the
smaller size-classes (1 and 2) make up a large
portion (73% numerically) of the D. tenebro-
sus population (fig. 1). Consequently, salaman-
der density within a given habitat unit is largely
driven by numerous small salamanders, which
the literature suggests are not as likely to initi-
ate aggressive encounters with larger sized in-
dividuals. This numerical bias towards smaller
salamanders may also be driven by factors such
as differences in predation risk, rate of sur-
vival, detectability, or resilience to injury, all
of which merit further investigation. We recog-
nize that the distribution of salamanders within
a given stream likely exhibits temporal variabil-
ity over years, seasons, potentially even days,
and so our study represents a single snapshot of
the overall variability of this system. However,
the between-pool spatial variability in individ-
ual density among our 32 stream reaches likely
captures some portion of that variability, mak-
ing our findings more robust to the fluid nature
of population dynamics within a stream.

Using a field-based census of a population
of coastal giant salamanders, we identified cor-
relates of injury as a potential proxy for ag-
gressive behaviour among D. tenebrosus indi-
viduals. Our results suggest that YOY steelhead
(and to a lesser degree 1+ steelhead) are posi-

tively linked to the frequency of injury in giant
salamanders, despite low rates of mutual preda-
tion (Parker, 1993, 1994). Similarly, we suggest
that aggressive encounters among salamanders
within the largest size-class also drive injury fre-
quency higher. If aggressive encounters among
salamanders and the resulting injuries have fit-
ness impacts at the individual level, aggression
among D. tenebrosus may scale to affect local
population growth rates. For example, a mean
sized salamander from this study (59 mm SVL)
in a pool of average YOY, 1+ steelhead, and
size-class 3 densities (as observed in this study)
has a 32% chance of being injured. As salaman-
der size and density of both predators increase,
the probability of injury increases and the cu-
mulative impacts to individual fitness may man-
ifest at the population level. Given these rates,
our study suggests that aggressive encounters
could be an important component of density-
dependent population growth. Although our re-
sults suggest strong correlates of aggression-
induced injury in a cryptic stream salamander
species, the specific mechanisms of aggression
remain untested. Injuries of the nature observed
in this study may be attributable to random en-
counters between salamanders when foraging
or to purposeful contests for resources, as well
as rare aggressive heterospecific encounters or
environmentally inflicted injuries (e.g. shifting
river stream alluvium). Game theory predicts
that a wide range of factors including motiva-
tion to engage in conflict (Hofmann and Schild-
berger, 2001), previous history of aggression
(Hsu, Earley and Wolf, 2007), length territo-
rial ownership (Johnsson, Nöbbelin and Bohlin,
1999), and habitat resource quality (Hugie and
Dill, 1994) may influence an individual’s like-
lihood of engaging in aggressive interactions,
all of which may influence the rates and corre-
lates of injury we examined in this study. Addi-
tional work is needed to address both the mech-
anisms driving aggressive interactions between
conspecifics, but also the influence of heterospe-
cific interactions with steelhead. In this way, fu-
ture work can determine whether direct causal-
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ity or common environmental drivers result in
the correlated population metrics we observed.
We have also demonstrated a useful method for
determining environmental correlates of injury
in a cryptic species, a potentially useful tool for
pilot-studies or preliminary investigations into
the more detailed mechanisms and factors af-
fecting injury and aggression among and within
species.

Acknowledgements. We thank Peter Steel and Mary Power
for facilitating access to the University of California Angelo
Coast Range Reserve. This work was conducted under
California Department of Fish and Game (#11077), NOAA
(#14904), and Simon Fraser University Animal Care (920B-
09) permits, and was supported by the National Science and
Engineering Research Council of Canada, and the Canada
Research Chairs program.

References

Akaike, H. (1974): A new look at the statistical model
identification. IEEE Transactions on Automatic Control
19: 716-723.

Anderson, D.R., Burnham, K.P. (2002): Avoiding pitfalls
when using information-theoretic methods. The Journal
of Wildlife Management 66: 912-918.

Antonelli, A.L., Nassbaum, R., Smith, S.D. (1972): Com-
parative food habits of four species of stream-dwelling
vertebrates (Dicamptodon ensatis, D. copei, Cottus
tenuis, Salmo gairdneri). Northwest Scientist 46: 277-
289.

Atlas, W.I., Palen, W.J., Courcelles, D.M., Munshaw, R.G.,
Monteith, Z.L. (2013): Dependence of stream predators
on terrestrial prey fluxes: food web responses to subsi-
dized predation. Ecosphere 4: art69.

Beachy, C.K. (1994): Community ecology in streams: ef-
fects of two species of predatory salamanders on a prey
species of salamander. Herpetologica 50: 129-136.

Brodman, R. (1996): Effects of intraguild interactions on
fitness and microhabitat use of larval Ambystoma sala-
manders. Copeia 1996: 372-378.

Brodman, R. (2004): Intraguild predation on congeners
affects size, aggression, and survival among Ambystoma
salamander larvae. Journal of Herpetology 38: 21-26.

Brunkow, P.E., Collins, J.P. (1998): Group size structure
affects patterns of aggression in larval salamanders.
Behavioral Ecology 9: 508-514.

Burnham, K.P., Anderson, D.R. (2002): Model Selection
and Multi-Model Inference: A Practical Information-
Theoretic Approach. Springer.

Crockett, C.M., Pope, T. (1988): Inferring patterns of ag-
gression from red howler monkey injuries. American
Journal of Primatology 15: 289-308.

Da Silva Nunes, V., Jaeger, R.G. (1989): Salamander ag-
gressiveness increases with length of territorial owner-
ship. Copeia 1989: 712-718.

Ferguson, M.W.J., O’Kane, S. (2004): Scar-free healing:
from embryonic mechanisms to adult therapeutic inter-
vention. Phil. Trans. R. Soc. Lond. B 359: 839-850.

Figiel, C.R., Semlitsch, R.D. (1990): Population variation
in survival and metamorphosis of larval salamanders
(Ambystoma maculatum) in the presence and absence of
fish predation. Copeia 1990: 818-826.

Fitzpatrick, L.C. (1976): Life history patterns of storage
and utilization of lipids for energy in amphibians. Amer.
Zool. 16: 725-732.

Formanowicz, D.R., Brodie, E.D. (1993): Size-mediated
predation pressure in a salamander community. Herpeto-
logica 49: 265-270.

Good, D.A. (1989): Hybridization and cryptic species in
Dicamptodon (Caudata: Dicamptodontidae). Evolution
43: 728-744.

Grubbs, F.E. (1950): Sample criteria for testing outlying
observations. Ann. Math. Statist. 21: 27-58.

Hahn, S., Peter, H.-U. (2003): Feeding territoriality and the
reproductive consequences in brown skuas Catharacta
antarctica lonnbergi. Polar. Biol. 26: 552-559.

Hofmann, H.A., Schildberger, K. (2001): Assessment of
strength and willingness to fight during aggressive en-
counters in crickets. Animal Behaviour 62: 337-348.

Hsu, Y., Earley, R.L., Wolf, L.L. (2007): Modulation of ag-
gressive behaviour by fighting experience: mechanisms
and contest outcomes. Biological Reviews 81: 33-74.

Hugie, D.M., Dill, L.M. (1994): Fish and game: a game
theoretic approach to habitat selection by predators and
prey. Journal of Fish Biology 45: 151-169.

Jaeger, R.G. (1981): Dear enemy recognition and the costs
of aggression between salamanders. American Natural-
ist 117: 962-974.

Jaeger, R.G. (1984): Agonistic behavior of the red-backed
salamander. Copeia 1984: 309-314.

Johnsson, J.I., Nöbbelin, F., Bohlin, T. (1999): Territorial
competition among wild brown trout fry: effects of
ownership and body size. Journal of Fish Biology 54:
469-472.

Kleeberger, S.R. (1984): A test of competition in two sym-
patric populations of desmognathine salamanders. Ecol-
ogy 65: 1846-1856.

Krause, E.T., Steinfartz, S., Caspers, B.A. (2011): Poor nu-
tritional conditions during the early larval stage reduce
risk-taking activities of fire salamander larvae (Salaman-
dra salamandra). Ethology 117: 416-421.

Marvin, G.A. (1998): Territorial behavior of the plethodon-
tid salamander Plethodon kentucki: influence of habitat
structure and population density. Oecologia 114: 133-
144.

Mathis, A. (1990): Territoriality in a terrestrial salaman-
der: the influence of resource quality and body size. Be-
haviour 112: 162-175.

Mazerolle, M.J. (2013): AICcmodavg: Model selec-
tion and multimodel inference based on (Q)AIC(c).
Retrieved from http://CRAN.R-project.org/package=
AICcmodavg

http://CRAN.R-project.org/package=AICcmodavg
http://CRAN.R-project.org/package=AICcmodavg


116 R.G. Munshaw et al.

Mott, C.L., Sparling, D.W. (2009): Ontogenetic patterns of
agonistic behavior in a guild of larval ambystomatid
salamanders. Journal of Herpetology 43: 532-540.

Munshaw, R.G., Palen, W.J., Courcelles, D.M., Finlay, J.C.
(2013): Predator-driven nutrient recycling in California
stream ecosystems. PLoS ONE 8: e58542.

Nehlsen, W. (1997): Pacific Salmon Their Ecosystems: Sta-
tus and Future Options. Stouder, D.J., Bisson, P.A.,
Naiman, R.J., Eds, Springer.

Nussbaum, R.A., Brodie, E.D., Storm, R.M. (1983): Am-
phibians and reptiles of the Pacific northwest. University
Press of Idaho.

Nussbaum, R.A., Clothier, G.W. (1973): Population struc-
ture, growth, and size of larval Dicamptodon ensatus
(Eschscholtz). Northwest Science 47: 218-277.

Parker, M.S. (1993): Predation by Pacific giant salamander
larvae on juvenile steelhead trout. Northwestern Natu-
ralist 74: 77-81.

Parker, M.S. (1994): Feeding ecology of stream-dwelling
Pacific giant salamander larvae (Dicamptodon tenebro-
sus). Copeia 1994: 705-718.

R Core Team (2013): R: A Language and Environment for
Statistical Computing. Vienna, Austria. Retrieved from
http://www.R-project.org/

Resetarits Jr., W.J. (1991): Ecological interactions among
predators in experimental stream communities. Ecology
72: 1782-1793.

Roudebush, R.E., Taylor, D.H. (1987): Behavioral interac-
tions between two desmognathine salamander species:
importance of competition and predation. Ecology 68:
1453-1458.

Rudolf, V.H.W. (2008): Impact of cannibalism on predator-
prey dynamics: Size-structured interactions and appar-
ent mutualism. Ecology 89: 1650-1660.

Rundio, D.E., Olson, D.H., Guyer, C. (2003): An-
tipredator defenses of larval Pacific giant salamanders
(Dicamptodon tenebrosus) against cutthroat trout (On-
corhynchus clarki). Copeia 2003: 402-407.

Schoener, T.W., Schoener, A. (1980): Ecological and demo-
graphic correlates of injury rates in some Bahamian Ano-
lis lizards. Copeia 1980: 839-850.

Scott, D.E., Casey, E.D., Donovan, M.F., Lynch, T.K.
(2007): Amphibian lipid levels at metamorphosis corre-
late to post-metamorphic terrestrial survival. Oecologia
153: 521-532.

Seifert, A.W., Monaghan, J.R., Voss, S.R., Maden, M.
(2012): Skin regeneration in adult axolotls: a blueprint
for scar-free healing in vertebrates. PLoS ONE 7:
e32875.

Semlitsch, R.D. (1990): Effects of body size, sibship, and
tail injury on the susceptibility of tadpoles to dragonfly
predation. Canadian Journal of Zoology 68: 1027-1030.

Semlitsch, R.D., Reichling, S.B. (1989): Density-dependent
injury in larval salamanders. Oecologia 81 (1): 100-103.

Sepulveda, S., Shojaeian, P., Rauser, C.L., Jafari, M.,
Mueller, L.D., Rose, M.R. (2008): Interactions be-
tween injury, stress resistance, reproduction, and aging
in Drosophila melanogaster. Experimental Gerontology
43: 136-145.

Shapovalov, L., Taft, A.C. (1954): Fish Bulletin No. 98.
The life histories of the steelhead rainbow trout (Salmo
gairdneri gairdneri) and silver salmon (Oncorhynchus
kisutch) with special reference to Waddell Creek, Cal-
ifornia, and recommendations regarding their manage-
ment. Fish Bulletin. Retrieved from http://escholarship.
org/uc/item/2v45f61k

Slaney, P.A., Northcote, T.G. (1974): Effects of prey abun-
dance on density and territorial behavior of young rain-
bow trout (Salmo gairdneri) in Laboratory Stream Chan-
nels. Journal of the Fisheries Research Board of Canada
31: 1201-1209.

Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Ro-
drigues, A.S.L. (2007): A comparison of the effective-
ness of recommended doses of MS-222 (tricaine meth-
anesulfonate) and Orajel® (benzocaine) for amphibian
anesthesia. Herpetological Review 38: 63-66.

Symonds, M.R.E., Moussalli, A. (2011): A brief guide to
model selection, multimodel inference and model aver-
aging in behavioural ecology using Akaike’s informa-
tion criterion. Behav. Ecol. Sociobiol. 65: 13-21.

Tornick, J.K. (2010): Factors affecting aggression during
nest guarding in the eastern red-backed salamander
(Plethodon cinereus). Herpetologica 66: 385-392.

Wildy, E.L., Chivers, D.P., Kiesecker, J.M., Blaustein, A.R.
(2001): The effects of food level and conspecific density
on biting and cannibalism in larval long-toed salaman-
ders, Ambystoma macrodactylum. Oecologia 128: 202-
209.

Wiltenmuth, E.B. (1997): Agonistic behavior and use of
cover by stream-dwelling larval salamanders (Eurycea
wilderae). Copeia 1997: 439-443.

Yannas, I.V., Colt, J., Wai, Y.C. (1996): Wound contraction
and scar synthesis during development of the amphibian
Rana catesbeiana. Wound Repair and Regeneration 4:
29-39.

Submitted: May 23, 2013. Final revision received: Novem-
ber 11, 2013. Accepted: December 4, 2013.
Associated Editor: Caitlin Gabor.

http://www.R-project.org/
http://escholarship.org/uc/item/2v45f61k
http://escholarship.org/uc/item/2v45f61k

