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Abstract
1. Vertebrate communities in headwater streams are assumed to be regulated 

through competitive and predatory interactions. Although documented predation 
is rare, studies regularly report competitive dominance by fish that, as larger com-
petitors reliant on aquatic habitat, exclude semi-aquatic salamanders to marginal 
stream habitat. However, it is unclear whether fish interact with stream-breeding 
salamanders through indirect effects such as competition for resources (e.g. food 
or cover) or fear (i.e. threat of predation) nor is it known whether these interac-
tions are consistent through time.

2. This study used a novel caging approach to determine if competitive outcomes 
between a headwater fish and salamanders were regulated primarily through 
resource depletion (exploitative competition) or behavioural avoidance (interfer-
ence competition).

3. We paired banded sculpin (Cottus carolinae) and larval red salamanders 
(Pseudotriton ruber) of similar body size in independent flow through mesocosms 
with intra- and inter-specific pairs allowed to interact physically or non-physically. 
The experiment was repeated in the autumn and in the spring when stream sala-
mander larvae begin to transform into terrestrial juveniles.

4. Banded sculpin negatively influenced growth of red salamanders regardless of 
whether they were allowed to physically interact, suggesting interference com-
petition and behavioural avoidance. This asymmetrical effect was strongest in the 
spring when salamanders underwent metamorphosis at higher rates in the pres-
ence of fish. However, in the autumn, the effects were more balanced between the 
two species with salamanders impacting fish through exploitative competition.

5. By studying the temporal relationships between two competitors and using a cag-
ing method novel to competition studies, we established that the outcomes of 
competition are dependent on season and may vary in type relative to the tim-
ing of life-history events. For this community, these results suggest that out-
comes of competition are highly dependent on season and could indicate a biotic 
mechanism maintaining headwater salamander distributions through source–sink 
dynamics. Our results also suggest that, in this species interaction, it may be un-
warranted to assume that the outcomes of competition at one time represent the 
complex relationships regulating community interactions.
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1  | INTRODUC TION

Although a wide diversity of mechanisms are responsible for commu-
nity assembly in ecological communities (e.g. habitat heterogeneity, 
environmental filtering, priority effects; Vellend, 2016), biological 
interactions including consumptive effects and subsequent interac-
tions among predatory species can have wide-ranging consequences 
for community composition (Gibson, Ratajczak, & Grossman, 2004; 
Konishi, Nakano, & Iwata, 2001; Simon et al., 2019). Outcomes of 
predator–predator or intra-guild interactions for shared resources 
are regulated via indirect and direct mechanisms among members. 
Generally, exploitative competition indirectly regulates compet-
itive outcomes through exclusive consumption or use of a shared 
resource, whereas interference competition results from direct in-
teractions between species excluding or facilitating resource use 
(Vellend, 2016). Selection for traits including behaviours that off-
set resource use in these contexts reduces competitive strength 
among community members and facilitates their coexistence (Adler, 
Fajardo, Kleinhesselink, & Kraft, 2013; Resetarits, 1995; Vasseur, 
Amarasekare, Rudolf, & Levine, 2011; Werner & Peacor, 2003). 
However, in dynamic ecosystems such as headwater streams, co-
existence mechanisms minimising competition must be balanced 
with traits necessary to survive disturbance, may be constrained by 
evolution, and should remain plastic if competitive relationships are 
temporally variable.

Headwater streams and near-stream environments are inher-
ently dynamic ecosystems for which conditions rarely remain stable 
over short and long timescales (Arthington, Bunn, Poff, & Naiman, 
2006; Poff et al., 1997). Life-history timing, behavioural shifts, and 
morphological traits are all reinforced mechanisms that allow or-
ganisms to persist in ecosystems that are temporally and spatially 
heterogeneous (reviewed in Lytle & Poff, 2004). Concurrently, or-
ganisms must also modify these traits in response to the biotic in-
teractions they experience (Berg & Ellers, 2010; Pfennig, Rice, & 
Martin, 2006; Turcotte & Levine, 2016). In some instances, these 
environmental drivers may push for similar traits such as acceler-
ated maturation or shifted reproductive timing, but in others, these 
forces could be contradictory with the relative strength of each de-
termining the adaptive outcome of abiotic and biotic interactions 
(Bennett, Riibak, Tamme, Lewis, & Pärtel, 2016; Dunson & Travis, 
1991; Jackson, Peres-Neto, & Olden, 2001). However, the majority 
of studies investigating biotic interactions either exclude relevant 
abiotic conditions or assume that interactions at one time point 
represent consistent patterns. Although these may be necessary as-
sumptions in some cases, understanding how these interactions can 
change through time may help to resolve conflicts between expec-
tations associated exclusively with either abiotic or biotic variables 
(Anderson, 2016; Sinervo et al., 2010).

Although outcomes of competition often depend on the environ-
ment, morphological and physiological traits can confer a consistent 
advantage for one species over another within a particular environ-
ment (Poff, 1997; Start, McCauley, & Gilbert, 2018). For many com-
munities, body size determines competitive outcomes (Hoffacker, 
Cecala, Ennen, Mitchell, & Davenport, 2018; Persson, 1985). 
Physical interactions among individuals may drive antagonism or 
even intraguild predation in size-structured communities thus con-
tributing to variation in resource use (Miller & Rudolf, 2011; Rudolf, 
2006, 2008). Although it has been assumed that these physical in-
teractions are the principle mechanism driving resource partitioning, 
indirect non-physical effects may also play a large role in reinforc-
ing differential resource use and coexistence among competitors 
(Orrock et al., 2010; Woodward & Hildrew, 2002). Understanding 
the relative influence of direct and indirect interactions is important 
to describe how biotic factors contribute to limiting the distributions 
and success of competitors particularly if they respond differently 
to exogenous threats (Davenport, Hossack, & Lowe, 2014; Preisser, 
Bolnick, & Bernard, 2005; Sinervo et al., 2010).

Headwater stream predator assemblages are typically controlled 
by the geomorphology and hydroperiod of different reaches of the 
stream network (Covich, Crowl, Hein, Townsend, & McDowell, 2009; 
Creed, 2006; Fortino & Creed, 2006). In the southern Appalachians, 
the smaller, steeper, and more ephemeral streams are dominated by 
stream-breeding salamanders, whereas the larger, more permanent 
streams are dominated by stream fishes (Creed, 2006; Petranka, 
1998). The biphasic life history of stream-breeding salamanders 
allows some species to thrive despite stream intermittency, yet 
some species have multi-year larval phases requiring long-term per-
manency where they may interact with stream fish (Bruce, 1972; 
Cecala, Price, & Dorcas, 2013; Johnson, Fritz, Blocksom, & Walters, 
2009). It is still unclear what limits the downstream distribution of 
stream-breeding salamanders, though both abiotic factors such as 
high flood velocities as well as biotic factors like interactions with 
fish are proposed mechanisms (Bruce, 2008; Cecala et al., 2018; 
Lowe & Bolger, 2002; Sepulveda & Lowe, 2011). Indeed, seasonal 
changes in abiotic factors could dictate the magnitude of species 
interactions in stream communities (Hoffacker et al., 2018). Stream 
fish are known to readily prey upon larval and adult stream-breeding 
salamanders (Huang & Sih, 1991; Kuhajda, Alford, & Hazzard, 2015; 
Resetarits, 1997), and when interactions occur between similarly 
sized fish and stream salamanders, fish are typically the dominant 
competitor (Ennen, Davenport, & Alford, 2016; Resetarits, 1995, 
1997; Sih, Kats, & Moore, 1992). However, it is unclear if season 
plays a role in how stream salamanders and fish interact, such as 
through exploitative use of shared prey, or if stream salamanders 
are capable of coexisting with stream fishes (Siepielski & McPeek, 
2010).
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Extensive literature documents how the presence of fish neg-
atively impacts pond-breeding amphibians via shifts in habitat use 
(Buxon, Ward, & Sperry, 2016; Resetarits & Wilbur, 1989), declines in 
growth (Relyea & Werner, 1999), and smaller sizes at metamorphosis 
(Skelly & Werner, 1990), but similar studies are largely lacking for 
these interactions in streams (but see Ennen et al., 2016; Resetarits, 
1995; Sih et al., 1992). Existing literature indicates that the presence 
of stream fish typically results in lower survival and growth and 
higher dispersal rates of stream-breeding salamanders (Lowe, Addis, 
Smith, & Davenport, 2018; Resetarits, 1995, 1997; Sih et al., 1992). 
When interactions occurred between similarly sized fish and sala-
mander individuals, competition was asymmetrical favouring stream 
fish (Davenport & Lowe, 2018; Ennen et al., 2016). Surprisingly, the 
focus on interactions between stream fish and stream-breeding sal-
amanders has been primarily predatory with little consideration of 
competition (but see Ennen et al., 2016; Resetarits, 1995). Similarly 
sized headwater stream fish and salamanders do share similar re-
sources including large rock refugia and both prey upon benthic 
animals smaller than themselves (Cecala, Price, & Dorcas, 2007; 
Gibson et al., 2004; Mondelli, Davenport, & Lowe, 2014; Sepulveda 
& Lowe, 2011). Describing the mechanism governing competitive 
outcomes—exploitative or interference—will begin to develop an 
understanding of the role that this interaction plays in structuring 
stream communities.

The present study seeks to evaluate competitive relationships 
between stream-dwelling fish and larval salamanders. We evaluated 
reciprocal effects of salamanders on fish and fish on salamanders in 
two different seasons corresponding to different points in the life 
history of larval salamanders. In the spring, larval salamanders begin 
the process of metamorphosis whereas in the autumn, they are 
unlikely to transform and more likely to prioritise growth (Beachy, 
Ryan, & Bonnett, 2017; Bruce, 1972; Wilbur & Collins, 1972). 
Therefore, these seasonal variations in life-histories may similarly 
lead to variation in the importance and strength of different forms 
of competition, but it can be difficult to separate these competitive 
relationships in the field. To overcome this challenge, we followed 
an approach from experimental studies of the non-consumptive 
effects of predators on prey—namely the use of caged individuals 
that mimic predation risk without allowing the direct consumption 
of prey (Davenport et al., 2014; Relyea, 2007). Cages allow for trans-
mission of visual and chemical cues that in predator–prey systems 
can contribute to reduced prey foraging rates, activity levels, and 
movement in the absence of physical interactions (Dill, 1987; Kats, 
Petranka, & Sih, 1988; Turner, Bernot, & Boes, 2000). However, few 
studies have used cages in studies of competition despite their po-
tential utility for disentangling competitive strategies. In one of the 
few such studies, researchers found that interference competition 
from late-instar mosquito larvae was the main factor reducing devel-
opmental rates of first-instar larvae (Silberbush, Tsurim, Margalith, 
& Blaustein, 2014). Broader use of cages in competitive studies may 
provide a means to estimate the non-exploitative indirect effects of 
competition by preventing direct interference. Thus, we controlled 
the type of competition via caging to allow for transmission of 

visual and chemical cues but prevent physical interactions and con-
sumptive use of available resources (Cecala, Price, & Dorcas, 2015; 
Hickman, Stone, & Mathis, 2004). We hypothesised that larval sala-
manders would grow less in the presence of fish, and that this effect 
would be strongest when salamanders physically interacted with 
fish. We also expected salamanders to exhibit the largest differences 
among treatments in the autumn when they prioritise growth. Due 
to competitive asymmetry, we expected that fish growth would be 
unaffected by the presence of larval salamanders, regardless of the 
type of interaction allowed between them.

2  | METHODS

This study evaluated the banded sculpin (Cottus carolinae) and the 
red salamander (Pseudotriton ruber) as commonly co-occurring fish 
and salamander species that prefer headwater streams (Bruce, 
2003; Frisch et al., 2016; Kirsch & Peterson, 2014). Both species 
use similar stream refugia including submerged rocks and vegeta-
tion and both use suction feeding to consume an overlapping diet 
of stream macroinvertebrates and even other salamanders (Cecala 
et al., 2007; Deban & Marks, 2002; Gibson et al., 2004). Although 
adult P. ruber can move into the terrestrial environment, removing 
them from interactions with the aquatic headwater assemblage, lar-
val P. ruber hatch in early spring and spend multiple years in their 
larval stage before transforming into a juvenile life stage capable 
of leaving the stream (Bruce, 1972; Cecala et al., 2013; Petranka, 
1998). Due to multiple years of cohorts in streams, larval P. ruber 
vary in size. Thus, intraguild interactions involving larval P. ruber 
with other stream salamanders and fish are likely to be size-de-
pendent (Rudolf, 2006). Larval P. ruber exhibit a range of sizes and 
probably serve as both prey and competitor to co-occurring fish as 
observed in other systems (Bruce, 1972; Ennen et al., 2016; Kuhajda 
et al., 2015; Sepulveda, Lowe, & Marra, 2012). Large larval P. ruber 
individuals can exceed 50 mm in snout–vent length (SVL) before 
metamorphosis making them comparable in size to C. carolinae 
(Bruce, 1972; Cecala et al., 2013; Etnier & Starnes, 1993; Grossman, 
McDaniel, & Ratajczak, 2002; Petranka, 1998). Similarly, although 
it is possible that larval P. ruber consume hatchling C. carolinae, it is 
unlikely because these fry hatch at similar lengths as P. ruber in late 
summer when stream flow is typically lowest (<15 mm total length; 
Etnier & Starnes, 1993).

We collected C. carolinae from Falling Water Creek, a tributary 
of Chickamauga Creek, and larval P. ruber from Rattlesnake Springs 
in southeastern Tennessee (Hamilton and Franklin Counties, respec-
tively). We collected individuals from different sites because neither 
site had high population abundances of the other species. We note 
that these two species have widely overlapping ranges and habitat 
preferences that probably cause them to interact within streams 
(Cecala, Price, & Dorcas, 2009; Frisch et al., 2016; Kirsch & Peterson, 
2014). Because larval P. ruber undergo metamorphosis in late spring 
to summer (Bruce, 1972; Petranka, 1998), we began the spring ex-
periment in May 2017 and the autumn experiment in September 
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2018. Because of differences in time since hatching for both species, 
individuals captured in the spring were larger in size than those cap-
tured in the autumn (spring: P. ruber SVL 36–50 mm, C. carolinae total 
length 56–89 mm; autumn: P. ruber SVL 31–44 mm, C. carolinae total 
length 34–53 mm). Upon capture, all individuals were measured and 
uniquely marked with a visible implant elastomer for identification 
at the end of the experiment (Northwest Marine Technology, Shaw 
Island, WA, USA; Grant, 2008). To prevent skewed results based on 
body size differences and to prevent predation during our study, we 
ranked individuals of each species by size and then randomly as-
signed individuals to similarly sized pairs with initial differences in 
length of <5 mm. Individuals were introduced to stream mesocosms 
within 7 days of capture.

We implemented the following study design for 45 days begin-
ning 5 May 2017 and for 41 days beginning 24 September 2018. 
Our experimental factors included intra- and inter-specific pairings 
with and without physical interactions (i.e. caged individuals) result-
ing in five treatments: (1) two non-caged fish; (2) two non-caged 
salamanders; (3) one non-caged fish and one caged salamander; 
(4) one caged fish and one non-caged salamander; and (5) one non-
caged fish and one non-caged salamander (Supplementary Figure 
S1). These densities were comparable to observed in situ densities 
(Cecala et al., 2013; Petty, 1998). We randomly assigned intra- and 
inter-specific pairs to an independently recirculating stream meso-
cosm at the Tennessee Aquarium Conservation Institute until four 
replicates were reached for each treatment in each season. Caged 
individuals were not included in analyses, and we randomly deter-
mined which individual of an intra-specific pair would represent the 
response variable to maintain equal sample sizes among treatments. 
However, both individuals in the inter-specific non-caged treatments 
were used as response individuals.

To feed animals in this experiment, each individual in a meso-
cosm was allocated four larval mayflies resulting in eight larval may-
flies being introduced to each mesocosm weekly. These quantities 
were determined from prior experiments and Tennessee Aquarium 
feeding protocols (Ennen et al., 2016). Furthermore, these feeding 
rates were determined not to be limiting because surviving may-
flies were regularly observed during weekly feedings. To maintain 
per individual consistency in feeding rates, treatments with caged 
individuals received four larval mayflies while the remaining four 
were introduced to the caged individual and were unavailable to the 
free-swimming individual. Cages described below were introduced 
to all treatments, but animals were only placed into the cage if the 
treatment called for it. Our cages were created by using a 10.16-cm 
diameter PVC pipe of 15.24 cm in length covered with black fiber-
glass window screen secured with a metal clamp and silicone. This 
1 × 1 mm screen prevented physical interaction and prey exchange 
but allowed for transmission of visual and chemical cues (Cecala 
et al., 2015; Hickman et al., 2004). Each cage also held 5 fabric leaves 
to serve as refugia for caged individuals.

Each of the 20 stream mesocosms housed a single treatment 
and were 1.20 × 0.60 × 0.53 m as in previous studies (Ennen et al., 
2016; Hoffacker et al., 2018; Liles, Cecala, Ennen, & Davenport, 

2017; Mitchell, Ennen, Cecala, & Davenport, 2017). The stream me-
socosms were located in an open-air building to provide temperature 
regimes, shade, and photoperiod similar to the natural conditions 
where and when these animals were collected. The stream meso-
cosms drained to their own sump with circulatory pumps to maintain 
independence among treatments and mimic natural stream flow. We 
used a flow rate of 40.5 L/min, which is within the range (30–60 L/
min) used in other stream vertebrate interaction experiments and 
resulted in a water depth of approximately 0.08 m and velocity of 
0.016 m/s (Ennen et al., 2016; Resetarits, 1997). Each mesocosm had 
sand and gravel substrate with two 250-cm2 rock cover objects to 
mimic natural stream habitat. A mesh screen held tight by binder 
clips prevented the salamanders from climbing out of the tanks.

All individuals had morphometric measurements taken at the 
beginning and end of the experiment to evaluate changes in body 
condition in response to our treatments. This approach aggregates 
individual changes in both length and mass, and body condition is 
better associated with fitness and energy reserves than either mea-
surement alone (MacCracken & Stebbings, 2012; Peig & Green, 
2009, 2010). Furthermore, individuals may shift allocations of en-
ergy to growth in length or mass depending on the context, which 
can lead to conflicting conclusions about the effect of treatments 
in an experimental set-up (Liles et al. 2017). Briefly, body condi-
tion is calculated from the linear relationship between body mass 
and length, and the residuals of this relationship are used to assess 
condition among individuals. We used the scaled mass index to pa-
rameterise this relationship because it has been found to be a more 
accurate index of body fat content in small vertebrates than other 
parameterisations (MacCracken & Stebbings, 2012; Peig & Green, 
2009, 2010). Our response variable was change in body condition 
evaluated as size-corrected change in residual body condition be-
tween the beginning and end of the experiment.

To prevent overrepresentation of intra-specific treatments 
with two non-caged individuals of the same species, we randomly 
selected an individual from the pair to include in all analyses. 
Individuals whose paired individual had died over the course of the 
experiment (autumn n = 1 C. carolinae from each inter-specific treat-
ment) and individuals housed in cages were excluded from the anal-
yses. We evaluated fish and salamanders in separate analyses that 
excluded intra-specific treatments of the other species. To evaluate 
if body condition changes varied among treatments, we performed 
two linear mixed models using mesocosm ID as a random effect and 
treatment and season (i.e. spring and autumn) as fixed effects. We 
used the Satterthwaite approximation implemented in Program R 
using package lme4 (Bates, Maechler, & Bolker, 2011; Kuznetsova, 
Brockhoff, & Christensen, 2017; R Core Team, 2018). Post hoc com-
parisons for significant effects were evaluated using package em-
means using a Tukey correction for multiple comparisons (Lenth, 
2018). Post hoc results were evaluated using both a Tukey corrected 
p-value as well as the effect size. Because of small sample sizes per 
treatment (n = 4), we also investigated effect sizes and assumed 
that effects for which 95% confidence intervals did not overlap 
zero indicated variables important to the outcome of interactions. 
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Salamander individuals undergoing metamorphosis were retained in 
this analysis because we did not have any statistical indication that 
the relationship between their length and mass differed from sim-
ilarly sized individuals that remained larvae. A secondary post hoc 
analysis was run following observations of salamanders undergoing 
metamorphosis in spring 2017. We used a χ2 test to determine if the 
frequency of transformation was different among our treatments. 
We used all salamanders except those in cages from spring 2017 for 
this analysis.

3  | RESULTS

Overall, C. carolinae gained in both length (mean: 1.64 ± 0.52 mm, 
[±1 SE]) and mass (0.28 ± 0.09 g) in our experiment. Two individu-
als perished during the experiment in the autumn, and their partner 
individual was removed from the analyses presented below. Cottus 
carolinae did not exhibit differences in body condition change among 
treatments (Fdf = 2,28 = 0.16, p = 0.853) but exhibited a marginal re-
sponse to season (Fdf = 1,28 = 4.17, p = 0.051) although the interaction 
between treatment and season was not significant (Fdf = 2,28 = 1.96, 
p = 0.160; Figure 1a and Supplementary Table S1). Post hoc analyses 
indicate that the only two treatments with an effect size that did not 
include zero were the inter-specific non-caged treatment between 
autumn and spring (0.67 ± 0.29; t = 2.269, p = 0.262) indicating that 
C. carolinae improved their body condition in the spring while it de-
clined in the autumn (Figure 1a).

In contrast, the salamander, P. ruber, grew in length during these ex-
periments (1.52 ± 0.54 mm) but exhibited variation in changes in mass 
with some individuals gaining and others losing mass (−0.04 ± 0.13 g). 
No salamanders perished during the experiment. Pseudotriton ruber 
difference in body condition was significantly affected by treatment 
(Fdf = 2,26 = 37.46, p < 0.001) but not season (Fdf = 1,26 = 2.71, p = 0.112), 
but the interaction between treatment and season was significant 
(Fdf = 2,26 = 5.42, p = 0.011; Figure 1b and Supplementary Table S1). In 
the autumn, we observed significant differences between intra-spe-
cific and both inter-specific treatments (caged: 0.626 ± 0.094 [±1 SE]; 
t = 6.630, p = 0.0271; non-caged: −0.973 ± 0.271; t = 3.589, p = 0.026; 
Figure 1b), and observed a marginal difference between the caged 

and non-caged inter-specific treatments (−0.812 ± 0.274; t = −2.972, 
p = 0.082). Larval P. ruber gained body condition in intra-specific treat-
ments and lost body condition in both inter-specific treatments, but 
their body condition declined less in the non-caged treatment relative 
to the caged treatment (Figure 1b). In the spring, none of the treat-
ments exhibited significant differences or effect sizes that excluded 
zero. Season did not affect outcomes of intra-specific (0.355 ± 0.269) 
or interference inter-specific treatments (−0.186 ± 0.273; t < 2.28, 
p < 0.260). Season did exhibit an effect size that excluded zero for 
the non-caged inter-specific treatment (−0.631 ± 0.277; t = −2.277, 
p = 0.259). Salamander larvae lost less body condition in the autumn 
relative to in the spring (Figure 1b).

We observed a seasonal difference in salamander responses in our 
experiment. In the spring of 2017, 9 out of 16 larval P. ruber underwent 
metamorphosis during the trials whereas none of the individuals in the 
autumn of 2018 transformed. The frequency of transformation was 
marginally different among treatments (χ2 = 5.80, df = 2, p = 0.055) 
with 37.5% of salamanders transforming in intra-specific treatments, 
50% of salamanders transforming in caged inter-specific treatments, 
and 100% of salamanders transforming in inter-specific treatments 
when they were allowed to physically interact with C. carolinae (non-
caged; Figure 2). Transformed animals irrespective of competitive 
treatment declined 31.8 ± 8.2% in body condition whereas untrans-
formed individuals increased 7.1 ± 2.0% in body condition though 
individuals that underwent metamorphosis began the experiment at 
longer lengths (5.84 ± 0.02 mm SVL) and in better body condition 
(11.5 ± 0.02% better SMI; Figure 2).

4  | DISCUSSION

Although asymmetrical competition favoured fish in our ex-
periment, our results did not support the hypothesis that larval 
salamanders would be most adversely affected when physically 
interacting with fish. Instead, the presence of caged fish was suf-
ficient to negatively affect larval salamander growth similarly to 
non-caged fish (Figure 1). Cages prevented physical interactions 
but allowed for transmission of chemical and visual cues. Although 
free-swimming food was reduced in the caged treatments, 

F I G U R E  1   Mean changes in body 
condition (±1 SE) of (a) banded sculpin 
(Cottus carolinae) and (b) larval red 
salamanders (Pseudotriton ruber) from 
the beginning to the end of ex situ 
competition experiments. Individuals were 
tested against a conspecific (intra-specific) 
and the other species (inter-specific). 
Individuals were either allowed to interact 
freely (non-caged) or the other species 
was caged (caged) to prevent consumptive 
use of resources and direct, physical 
interference in stream mesocosms
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per-capita food availability was preserved. Therefore, similarity 
in salamander results between caged and non-caged inter-spe-
cific treatments is indicative of continued behavioural avoidance 
of physical conflict found during interference competition. 
Alternatively, seasonal differences in fish and salamander results 
in non-caged treatments suggest that the strength of exploitative 
competition varies seasonally. The novel use of caged competitors 
allowed the disentangling of indirect effects of interference and 
exploitative competition (Preisser et al., 2005; Werner & Peacor, 
2003). Our results demonstrate that interference competition 
among intraguild members may play a larger role in determining 
the outcomes of competition among fish and salamanders than ex-
ploitative competition. Therefore, even low densities of fish may 
be sufficient to have adverse effects on salamanders. Although 
fish were largely unaffected by the presence of larval salaman-
ders, the strength of the interaction varied among seasons, but 
the variance was counter to our hypothesis. In the spring, fish per-
formed better, and larval salamanders performed worse and yet 
were more probably to transform from their aquatic larval stage 
into their terrestrial life stage. In the autumn, fish tended to ex-
perience greater losses in body condition in treatments, allowing 
exploitative competition, although we observed large inter-indi-
vidual variability while salamanders in the same treatments exhib-
ited smaller declines in body condition.

Our observations of interference competition between fish 
and salamanders represent a narrow range of the interactions 
likely to occur between these two species. We purposefully used 
individuals of similar sizes yet C. carolinae can attain larger sizes 
than those used in this experiment (Grossman et al., 2002), and 
P. ruber individuals were of the largest size-cohorts available 
during our sampling periods (Bruce, 1972; Cecala et al., 2013). 
This means that larval salamanders of all sizes could be exposed to 

larger fish as potential predators in addition to their role as a com-
petitor at similar sizes. The potential for predation by stream fish 
may drive behaviours of larval salamanders to reveal patterns of 
habitat use or foraging that mimic interference competition even 
when the risk of predation is low (Bayoumy & Ramadan, 2018; 
Cecala et al., 2015; Rudolf, 2008), but the spatial and temporal 
scale of these effects is still unknown (Orrock et al., 2010). In 
some instances, the impact of intimidation by potential predators 
can be as strong as the effects of direct predation (Preisser et al., 
2005). These behavioural adaptations may ultimately facilitate co-
existence between the two species by reducing competition for 
resources (Toscano, Rombado, & Rudolf, 2016). Previous research 
on anti-predator behaviour of another larval salamander species 
suggests the capability to distinguish among size-dependent pre-
dation threat by other larval salamanders (Cecala et al., 2015). To 
date, no similar study has been performed to evaluate size-depen-
dent predation threats by fish on larval salamanders.

Despite a low density of mayfly larvae in mesocosms, we did not 
observe strong exploitative competition between stream predators. 
Our treatments used commonly encountered densities of fish and 
large larval salamanders in low to mid order headwater streams (Cecala 
et al., 2013; Petty, 1998), which suggests that these vertebrate pred-
ators are unlikely to be limited by prey resources. In the absence of 
competition for prey, it is possible that these species also interact by 
competing for refuge from high flows experienced in streams (Davic 
& Orr, 1987). High flow events have the potential to displace indi-
viduals downstream if they cannot find a suitable refuge from high 
flows (Barrett, Helms, Guyer, & Schoonover, 2010). If these refuges 
are limited, it is likely that the more dominant competitor may secure 
access to these locations leaving larval stream salamanders subject to 
downstream displacement during flood events (Barrett et al., 2010; 
Bruce, 1986; Cecala et al., 2009). Alternatively, these refuges may be 
particularly important if an additional predatory species such as brook 
trout (Salvelinus fontinalis) are present that could further mediate the 
interactions between these two taxa (Wallach, Ripple, & Carroll, 2015). 
In our experiment, we did not limit the number of available refuges, so 
competition for space cannot be excluded as a potential mechanism 
regulating their interactions in situ. However, release from limitation 
by prey or refuge does not appear to explain seasonal variation in out-
comes of competition.

Metamorphosis by plethodontid salamanders appears to exhibit 
little plasticity relative to other amphibian taxa (Beachy et al., 2017) 
but represents a significant life-history event that could contribute to 
seasonal variation in how they interact with other species. Amphibian 
metamorphosis is predicted to occur once individuals achieve a min-
imum size and begin to experience stress or slower growth rates 
(Newman, 1992; Werner, 1986; Wilbur & Collins, 1972). Although 
temperature (Smith-Gill & Berven, 1979), prey resources (Travis, 1984), 
density (Eitam, Blaustein, & Mangel, 2005), and predator presence (re-
viewed in Relyea, 2007) have all been documented to accelerate devel-
opment and metamorphosis of many larval anurans and salamanders, 
similar studies on plethodontid larvae have not yet elicited similar lev-
els of plasticity in time to metamorphosis (Beachy, 2018; Beachy et al., 

F I G U R E  2   Percentage of larval red salamanders (Pseudotriton 
ruber) transforming from larval to adult life stages in the spring in 
response to the absence, presence, and type of interaction with a 
similarly sized banded sculpin (Cottus carolinae). Individuals were 
tested against a conspecific (intra-specific) and the other species 
(inter-specific). Individuals were either allowed to interact freely 
(non-caged) or the other species was caged (caged) to prevent 
consumptive use of resources and direct, physical interference in 
stream mesocosms
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2017). However, we observed higher rates of metamorphosis in larval 
salamanders reared with fish relative to intra-specific treatments re-
gardless of whether individuals physically interacted with one another, 
which is the opposite of a similar study of intra-taxon interactions 
between intraguild predators (Beachy, 1997). While individuals that 
transformed also began at larger sizes, they also lost mass and body 
condition that could indicate stress or the absence of foraging in the 
presence of a fish competitor. Alternatively, they may have achieved 
minimum body sizes for metamorphosis, and the process of metamor-
phosis and associated changes in jaw morphology may have adversely 
affected foraging success (Cecala et al., 2007). As individuals trans-
form, their jaw morphology and feeding mechanisms shift from gulp, 
or negative pressure feeding, in the aquatic environment to lunge feed-
ing in the terrestrial environment (Deban & Marks, 2002). Therefore, 
they may be unable to feed efficiently on aquatic prey during the pro-
cess of metamorphosis. More research is needed to elucidate whether 
interactions, and their underlying mechanisms, with other stream 
vertebrates can negatively affect life-history development of stream 
plethodontid salamanders.

If competition with stream fish can accelerate metamorphosis 
in stream salamanders, this could have significant consequences for 
population and metapopulation dynamics of stream salamanders. 
Size at metamorphosis is often positively associated with survival 
and higher fecundity in amphibians including stream amphibians 
(Beck & Congdon, 1999; Earl & Whiteman, 2015; Tilley, 1968). 
Therefore, if fish induce metamorphosis at smaller sizes, they could 
drive lower intrinsic growth rates of populations coexisting with 
stream fishes even though adult life stages can move away from 
these interactions into the terrestrial environment. Accelerated 
metamorphosis at smaller sizes could also interact with movement 
dynamics of stream vertebrates to compound this issue. Stream sal-
amanders have upstream biased dispersal with the longest move-
ments performed by those in better body condition (Bruce, 1986; 
Cecala et al., 2009; Lowe, Likens, & Cosentino, 2006). Downstream 
displacement is also more likely to occur in the smallest individu-
als (Barrett et al., 2010; Bruce, 1986; Lowe et al., 2006). Therefore, 
downstream populations of stream salamanders are most likely to 
receive smaller immigrants and lose larger emigrants, resulting in lo-
cally smaller body sizes. Although upstream movements may occur 
throughout the year, downstream displacement is most likely during 
large rain events that happen in the winter and spring potentially 
contributing to poorer performance in the presence of fish (Cecala 
et al., 2009). Researchers have documented body size in response 
to climate and elevation (Caruso, Sears, Adams, & Lips, 2015; Olalla-
Tárraga, Bini, Diniz-Filho, & Rodríguez, 2010; Peterman, Crawford, & 
Hocking, 2016), but we are unaware of any in situ study documenting 
stream salamander body size or demography with respect to com-
petitor assemblages. We recommend this for consideration in future 
studies. In particular, identifying the relative impact of local versus 
remote effects of particular community members may contribute 
to a greater understanding of spatial population dynamics and in-
tra-specific trait variation in these systems (Miner, Sultan, Morgan, 
Padilla, & Relyea, 2005; Orrock et al., 2010; Uriarte & Menge, 2018). 

Ultimately, if interactions with fish in downstream populations re-
sult in smaller, slower growing populations, these habitat areas may 
represent population sinks (but see Sepulveda & Lowe, 2011), and 
this biotic factor may be another mechanism maintaining the head-
water distribution of stream salamanders even if they require the 
high water permanency of higher-order streams to support multi-
year larval phases.

Biotic interactions are important for regulation of multiple as-
pects of species and community ecology and are known to be 
highly dependent on the environmental context in which they occur 
(Hutchinson, 1961; Tilman, 1982). Therefore, it should not be sur-
prising that these interactions vary in space and time, yet studies 
investigating species interactions rarely explicitly evaluate these 
patterns, which may change our interpretations of how these spe-
cies coexist. Fish are dominant competitors with stream-breeding 
salamanders (Ennen et al., 2016; Resetarits, 1995, 1997), but we 
observed that this effect was minimised when stream amphibians 
prioritise growth in the autumn. By evaluating the potential for 
temporally varying outcomes of competition, we also were able to 
determine that the negative effects of fish on stream amphibians 
may have larger consequences for their ecology and spatial distri-
bution if accelerated metamorphosis contributes to reduced adult 
fitness. Ultimately, interactions at the downstream edge of stream 
salamander distributions during the period of metamorphosis may 
be an additional forcing factor maintaining headwater distributions 
of stream salamanders.

By using caging techniques typically employed in studies in-
vestigating predator–prey interactions, we identified that fish and 
salamanders may have different effects on one another. While fish 
affect salamanders through interference competition, salamanders 
do not have a reciprocal effect and may be more likely to affect fish 
through exploitative interactions. High prey and refuge availability 
may minimise exploitative competition in situ, but low densities of 
fish have the potential to negatively impact stream salamander pop-
ulations through interference competition and possibly the threat 
of predation even if it is infrequent (Polis, Meyers, & Holt, 1989; 
Toscano et al., 2016). Our study highlights the highly variable nature 
of biotic interactions and underscores the need for more studies to 
determine the types, timing, and relative strengths of asymmetrical 
interactions.
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