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ABSTRACT
Temperature mediates performance in ectotherms, affecting their ability to grow, survive, and reproduce. Aggression and eva-
sion are key examples of thermally dependent behaviors that can impact fitness. However, we know relatively little about how 
the thermal plasticity of such behaviors varies among close relatives and impacts competitive outcomes. Woodland salamanders 
(Genus: Plethodon) from the Appalachian Mountains are distributed across wide thermal gradients in accordance with latitude 
or elevation. These plethodontid (lungless) salamanders compete for space and develop hybrid zones where territories overlap 
among species. Plethodontids tend to exhibit increased aggression at warmer temperatures, suggesting that as temperatures 
rise, behavioral interactions may be altered in ways that impact hybrid zone dynamics. It is thus far unclear, however, how 
salamander hybrids, which may encroach on their parent populations and drive competitive exclusion, respond behaviorally to 
warming. Here, we used staged bouts to examine the effects of temperature on aggression and evasion in the Plethodon shermani 
and Plethodon teyahalee hybrid system from the southern Appalachians. The behavior of salamanders from parent populations, 
particularly P. shermani, appears to be more sensitive to thermal changes than that of hybrid individuals. Additionally, evasive 
behavior was significantly more plastic than aggressive behavior in response to warming. Our results suggest that rising tem-
peratures may increase competition for preferable microhabitats, but the effects on behavior among parental and hybrid sala-
manders will be asymmetric. Temperature may therefore alter the outcomes of competition, determining which populations can 
persist under rapid warming.

1   |   Introduction

Ambient temperature is a key determinant of an ectotherm's 
ability to perform fitness-related activities, such as foraging 
and competing for resources (Angilletta Jr. 2009). The sensi-
tivity of performance follows a unimodal curve: performance 
is optimized over a relatively narrow range of temperatures, 
and then declines at higher and lower temperatures until 
organismal function is impaired (Huey and Stevenson  1979; 

Angilletta Jr. 2009; Meza-Parral et al. 2020). Given this tight 
relationship between temperature and fitness-based activities, 
temperature correspondingly exerts a strong influence on how 
species are distributed across space and time. Species' thermal 
limits (maximum and minimum temperatures for activity), 
for example, are strongly associated with the thermal features 
of their geographic ranges (Sexton et  al.  2009; Gaston  2009; 
Bozinovic, Calosi, and Spicer  2011). As temperatures rise 
or fall, mobile ectotherms alter their activity patterns and 
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microhabitat use to track their preferred thermal microcli-
mates (Parmesan and Yohe  2003; Kearney and Porter  2009; 
Sears, Raskin, and Angilletta Jr.  2011; Sears et  al.  2019; 
Taylor et  al.  2014; Dallalio, Brand, and Grant  2017; Muñoz 
and Losos  2018; Feldmeier et  al.  2020; Hedrick et  al.  2023). 
Concurrently, temperature fluctuations may increase or de-
crease an organism's metabolic rate; as metabolism mediates 
energy availability, temperature fluctuations may therefore 
affect the performance of behaviors such as sprinting or for-
aging (Huey and Stevenson 1979; Hertz, Huey, and Nevo 1982; 
Huey and Kingsolver  1989; Ratnasabapathi, Burns, and 
Souchek 1992; Herrel, James, and Van Damme 2007; Havird 
et  al.  2020). Rapidly warming temperatures thus impose 
ecological constraints that demand an organism to respond 
behaviorally (Bogert  1949; Huey, Hertz, and Sinervo  2003; 
Muñoz 2022), while also mediating an individual's ability to 
perform these behaviors. These effects reflect the thermal 
plasticity of behavior, or predictable changes in behavior in 
response to changes in ambient temperature.

Prior studies have demonstrated that temperature changes can 
alter the outcomes of competition among ectotherms; if some 
taxa exhibit more thermal plasticity than their competitors, then 
they may gain or lose a competitive edge when the ambient tem-
perature fluctuates (Gvoždík 2022; Carvalho et al. 2022; Costaz 
et al. 2023). In systems with intense competition for space, even 
subtle variations in plasticity may improve or reduce the com-
petitive ability of an individual, affecting whether and how pop-
ulations persist over time. Thus, temperature fluctuation may 
mediate the outcomes of bouts by affecting individuals' compet-
itive ability.

Interactions between temperature and competitive ability may 
be particularly relevant for predicting hybrid zone dynam-
ics (Engler et al.  2013; Hunter et al.  2017; Burger et al.  2024). 
Hybridization has been observed extensively across ectothermic 
taxa (Hubbs  1955; Montanucci  1983; Parris  1999; Walls  2009; 
Scott, Glenn, and Rissler  2019), often occurring between two 
adjacent populations. This phenomenon can lead to persistent 
hybrid zones, characterized by regular interbreeding between 
hybrid and parent populations over multiple generations. As 
such, hybrid individuals may compete for space with other hy-
brids, with individuals from parent populations, or both. Several 
recent studies have found that hybrid morphology and physiology 
are more sensitive to environmental parameters, including tem-
perature, than their parent taxa (Trotta et al. 2010; Bernatowicz, 
Dawidowicz, and Pijanowska 2021; Singh et al. 2022). Under ris-
ing temperatures, then, hybrids may experience altered fitness 
compared to their parent taxa. The thermal plasticity of hybrid 
behavior, however, which may mediate competitive ability in 
densely packed populations, has been comparatively less well 
studied.

Lungless salamanders (Family: Plethodontidae) offer a com-
pelling system with which to examine the effects of tem-
perature on agonistic behavior across a hybrid zone. As 
ectotherms, plethodontids exhibit thermally-plastic per-
formance. Moreover, as lungless amphibians, they rely on 
cutaneous respiration, so the thermal plasticity of behav-
ior is also relevant for hydric balance and gas exchange 
(Tattersall  2007; Riddell et  al.  2024), in turn influencing 

activity patterns (Farallo et al. 2020). With more than 500 spe-
cies (AmphibiaWeb 2024), plethodontids comprise the largest 
family of Caudata. The Appalachian Mountains, particularly 
the southern Appalachians, are a global biodiversity hotspot 
for lungless salamanders (AmphibiaWeb  2024), where they 
form adjacent populations along elevational gradients, in turn 
generating hybrid zones that can persist for decades and blur 
the lines between previously distinct taxa. Previous research 
has shown clear examples of thermal plasticity in social be-
havior in lungless salamanders; specifically, warmer tempera-
tures are associated with heightened aggression in competitive 
bouts (Clay and Gifford 2016; Bissell and Cecala 2019). Hybrid 
zones exist between populations competing for resources, but 
to our knowledge, no research has compared the thermal plas-
ticity of hybrid salamanders to that of their parent taxa. In 
the Nantahala Mountains of North Carolina, a stable hybrid 
zone of woodland salamanders (Genus: Plethodon) comprised 
of low-elevation Plethodon teyahalee and high-elevation 
Plethodon shermani has persisted for decades (Walls  2009; 
Gade, Zhao, and Peterman  2022). As ambient temperatures 
have risen in response to anthropogenic climate change, the 
hybrid zone has gradually expanded upwards, shrinking 
the size of the P. shermani population (Hairston et  al.  1992; 
Walls  2009). The geographic limits on this hybrid zone are 
fluctuating with warming temperatures, affecting the space 
available for neighboring populations. Variation in the ther-
mal plasticity of agonistic behavior may be influencing hybrid 
zone dynamics in response to changing temperatures, but this 
idea remains unexplored.

Here, we investigate the thermal plasticity of behavior in hy-
brid and parental populations of P. teyahalee and P. shermani. 
We used staged bouts to simulate interspecific competition 
under two different temperature regimes, observing the be-
havior of individuals from different populations at both warm 
and cool temperatures. We scored social behaviors, namely ag-
gression and evasion, as these are key determinants of the out-
come of competition for salamander bouts (Wrobell, Gergits, 
and Jaeger 1980; Tanner 2006; Rillich and Stevenson 2019). We 
measured thermal plasticity by quantifying an individual's ag-
gressive and evasive behavior at warm and cool temperatures. 
Following prior studies on hybrid thermal plasticity (Trotta 
et al. 2010; Bernatowicz, Dawidowicz, and Pijanowska 2021; 
Singh et al. 2022), we hypothesized that hybrid social behav-
ior may be more plastic to temperature change than that of 
parent populations; aggression and evasion of hybrids should 
be much higher in the warmer treatment, while parent indi-
viduals should show minimal change across treatments. Given 
that aggressive intensity is correlated with competitive ability 
in salamanders (Wrobell, Gergits, and Jaeger 1980), individu-
als that increase aggression at warmer temperatures may win 
more bouts for food or territory and experience greater fitness 
than their competitors. Conversely, some populations may 
exhibit little to no thermal plasticity; aggression and evasion 
would not be affected by temperature. Individuals that are 
less thermally plastic may be better equipped to maintain ho-
meostasis when experiencing warmer temperatures, though 
they may be poorly equipped to acquire food and maintain 
territory (Biro and Stamps 2010; Metcalfe, Van Leeuwen, and 
Killen 2016). The competitive landscape is subject to change 
with increasing temperature, and identifying population-level 
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variation in thermal plasticity is crucial for understanding 
population persistence or extinction.

2   |   Methods

2.1   |   Salamander Collection and Husbandry

All data were collected by observing a colony of 27 lungless 
salamanders housed at Yale University. This sample included 
ten individuals of P. shermani, seven individuals of P. teya-
halee, and ten individuals of P. shermani–P. teyahalee hybrids. 
We collected salamanders by hand from Macon County, North 
Carolina between May 10–12, 2022, from the hours of 9:00 pm to 
12:00 am (Figure 1). Individuals of P. shermani were identified 
visually by the red pigmentation of their legs and comparatively 
smaller body size, while individuals of P. teyahalee were iden-
tified by white spots along their backs and sides, as well as a 
comparatively larger body size. Hybrids exhibited intermediary 

characteristics of both, with reduced red pigmentation along 
the legs and limited white spots (Hairston et al. 1992). Prior to 
experiments, we held individuals in Darwin Environmental 
Chambers over a period of four months at approximately 15°C 
and 75% relative humidity. Chambers were set to a 12:12 h light 
schedule. Each salamander was individually housed in its own 
plastic translucent enclosure (Tupperware brand), in which 
they were provided with wetted paper towels so they could stay 
moist and hide. Enclosures were misted once daily with spring 
water and changed weekly for cleanliness. We fed each sala-
mander 5–10 live Drosophila melanogaster flies twice weekly. 
Individuals were isolated and did not encounter another indi-
vidual prior to behavioral experiments.

To analyze how behavior changes with temperature, we ob-
served interspecific interactions at 15°C and 23°C. When indi-
viduals were first collected, air temperature at collection points 
ranged from 14.8°C to 21.0°C. As salamanders were acclimated 
to 15°C and as this temperature fell within the range observed 

FIGURE 1    |    Illustration of the “bite with hold” aggressive behavior and a map indicating the collection site. The map shows the location of the 
Nantahala National Forest (indicated by the star) in the Southeastern United States, from which all study individuals were collected. Salamanders 
illustrated by Emmy James in Procreate, map created in Datawrapper, and images compiled using BioRender.
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while collecting individuals in the wild, we elected to use 15°C 
as our control temperature. Under the most extreme Shared 
Socioeconomic Pathway (SSP) outlined by the Intergovernmental 
Panel on Climate Change (IPCC), we expect 4.4°C of warming by 
2100 (IPCC 2021). The average air temperature recorded at col-
lection sites was 18.3°C, so we added 4.4°C to this value to obtain 
our high temperature, approximately 23°C. Higher temperatures 
are known to increase water loss rate, even during relatively short 
experimental periods, introducing potential confounding effects 
of moisture loss on behavior (Spotila  1972). Competitive out-
comes among lungless salamanders are not sensitive to changes 
in ambient humidity (at least within the range of 60%–100% rel-
ative humidity) (Dallalio, Brand, and Grant 2017). Therefore, to 
prevent desiccation due to higher temperatures and rates of water 
loss, we increased the relative humidity setpoint of the Darwin 
Environmental Chambers from 75% to 90% when individuals 
were placed in the 23°C chamber. Likewise, we misted salaman-
ders twice daily when moved to the warmer chamber. Individuals 
received a seven-day break between trials, as well as seven days 
to acclimate to the increase from 15°C to 23°C before trials began. 
We kept competitors on the same feeding schedule, feeding them 
five days before their trial, to ensure that differences in feeding 
state would not affect behavior. To monitor health, we weighed 
salamanders periodically between trials. Body mass did not sig-
nificantly vary during 15°C trials (~2.71% decrease in mass) but 
mass decreased slightly during 23°C trials (~7.38% decrease in 
body mass), likely due to increased water loss at warmer tempera-
tures (Spotila 1972).

2.2   |   Behavioral Experiments

We conducted all trials between September 12, 2022 and October 
17, 2022. We constructed arenas using square Tupperware con-
tainers of approximately 23.5 cm L by 23.5 cm W by 11.5 cm H. 
We paired salamanders randomly for trials. Opponent identity 
does not affect competitive behavior in this system (Drummond 
Jr  2015). Given that interspecific encounters are integral to 
range shifts and the creation of hybrid zones, we elected to focus 
on interspecific bouts; all pairings included an individual of P. 
teyahalee and an individual of P. shermani, P. teyahalee and a 
hybrid of both parent species, or P. shermani and a hybrid of 
both parent species. Notably, the extent of hybridization in sam-
pled individuals is unclear. The population likely experiences 
backcrossing, making it difficult to determine the extent of the 
genomic contribution of either parent species to the hybrid pop-
ulation. Therefore, until further genetic testing may be done, we 
classified all hybrid individuals into a single category.

We conducted 52 trials, with 26 trials occurring at 15°C and 
26 occurring at 23°C. All trials were conducted in Darwin 
Environmental Chambers (total area 2.5m2), in a dark space lit 
minimally by a red LED bulb that was suspended approximately 
1 m above the arena. The trials occurred between the hours of 
20:00 to 00:00, taking place within the first 4 h of the scotophase. 
We placed individuals on opposite sides of the arena and sepa-
rated them with an opaque divider. We covered the arena with 
a thin sheet of glass to both prevent escape and permit observa-
tion. After a 10-min habituation period, the divider was removed. 
Recording began at the onset of the first aggressive behavior 
demonstrated by one individual toward another. This occurred 

anywhere from 1 to 10 min after removing the barrier, and usually 
occurred by physical touch or by one individual rapidly approach-
ing the other. If no aggressive behaviors occurred after 10 min 
(which occurred four times during trials at 15°C and not at all at 
23°C), then trials were ended. These trials were scored as contain-
ing no social behaviors and were included in the analysis.

We recorded encounters with a Canon T6i Rebel DSLR camera 
for 15 min. Following each trial, salamanders were returned to 
their original enclosures. In total, trials took place on 12 nights 
over 4 weeks, with a week-long pause in the middle to allow ac-
climation to the warmer temperature treatment. We conducted 
all low temperature trials followed by high temperature trials. We 
did not randomize the order of temperature conditions because of 
the extended time needed to acclimate the large walk-in cham-
bers to different temperature settings. Individuals competed two 
to four times throughout the experiment. Individuals were never 
paired with the same partner twice to avoid the confounding ef-
fects of prior encounter outcomes. During the experiment, three 
individuals in separate trials crossed the barrier before the 10 min 
acclimation period elapsed, and all instances occurred across 
different temperatures and by individuals from different popu-
lations. When this occurred, recording began immediately upon 
the first sign of acknowledgement. All procedures were reviewed 
and approved by Yale University's IACUC, Protocol 2022–20,297.

2.3   |   Behavior Scoring

Aggressive and evasive behaviors were categorized and de-
fined with reference to established plethodontid ethograms 
(Jaeger 1984; Davis 2002; Tornick 2010; Clay and Gifford 2016), 
and personal observation. Continuous focal sampling was done 
for both individuals in each trial. Each observed social behav-
ior was noted. We described the behaviors observed throughout 
the experiment, ranking them according to their relative level 
of intensity (S1). Ranking behaviors to generate an aggressive 
index is a well-established technique in ectotherm literature 
(Losey 1982; Hoffmaster 1986; Grover et al. 2007; Abhinandini 
and Venkatesha  2015) and was previously applied to lungless 
salamanders by Clay and Gifford  (2016). Here, we extend this 
metric to include evasion. By multiplying the frequency of each 
behavior by its rank (its relative intensity) and then summing 
the behaviors together, we generated weighted sums of aggres-
sion (Total Aggressive Index, TAI) and evasion (Total Evasive 
Index, TEI). Thus, each data point reports the behavior of one 
individual in a single trial.

2.4   |   Statistical Analysis

We employed linear mixed effects models to investigate the ef-
fects of temperature and taxon on performance. Hybrid status 
(which classified individuals as “hybrid” or “parental”), body 
mass, and temperature were used as predictor variables and TAI 
or TEI (log-transformed to meet model assumptions) were re-
sponse variables. As repeated measures were used, bout order 
(the number of bouts in which an individual had previously been 
involved) was included as a fixed effect. Likewise, individual 
identity was included as a random effect. Combining P. sher-
mani and P. teyahalee into the single “parental” category may 
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mask any taxon-specific trends. Therefore, we also examined 
the thermal plasticity of each population separately.

First, we investigated the relationship between hybrid status, 
temperature, body size, and performance (TAI or TEI) across 
all individuals. These models included our full sample size, with 
the variable of “group” denoting whether an individual was from 
the hybrid population (“hybrid”), P. shermani (“parental”), or P. 
teyahalee (“parental”). These models tested for the interaction 
between temperature and hybrid status; if thermal plasticity dif-
fers between hybrids and non-hybrids, then we expect to find a 
significant interaction between temperature and hybrid status. We 
ranked models according to AICc, Akaike's Information Criterion 
for small sample sizes (ΔAICc < 2) (Kuznetsova, Brockhoff, and 
Christensen 2017; Mazerolle 2023). We also calculated the model-
averaged estimate of temperature on TAI or TEI.

It is possible that combining P. shermani and P. teyahalee into 
the single category of “parental” may mask any trends in ther-
mal plasticity. To account for this possibility, we built linear 
models for each population, thus subdividing our dataset. With 
these models, we compared the effects of temperature on behav-
ior within each taxon.

We used linear mixed-effect models to compare performance 
across populations within the 15°C treatment. Additionally, we 
used chi-square analysis to examine the relationship between 
experiment temperature and boldness, or the proportion of en-
counters initiated by an individual. We used R version 4.2.2 (R 
Core Team 2022) and the following R packages: AICcmodavg v. 
2.3.3 (Mazerolle 2023), car v. 3.1.2 (Fox and Weisberg 2019), gg-
plot2 v. 3.5.1 (Wickham 2016), ggpubr v. 0.6.0 (Kassambar 2023), 
ggtext v. 0.1.2 (Wilke and Wiernik 2022), grateful (Rodriguez-
Sanchez and Jackson 2023), kableExtra v. 1.4.0 (Zhu 2017), knitr 
v. 1.45 (Xie  2014, 2015, 2024), lmerTest v. 3.1.3 (Kuznetsova, 
Brockhoff, and Christensen  2017), rmarkdown v. 2.25 (Xie, 
Allaire, and Grolemund 2018; Xie, Dervieux, and Riederer 2020; 
Allaire et al. 2024), systemfonts v. 1.1.0 (Pedersen, Ooms, and 
Govett 2024), and xtable v. 1.8.4 (Dahl et al. 2019). All data and 
code are available on GitHub at https://​github.​com/​emmyl​ia18/​
salam​ander_​hybrid_​behavior.

3   |   Results

3.1   |   Evasive Behavior Was More Thermally 
Variable Than Aggressive Behavior

Evasive behavior exhibited greater variation in response to tem-
perature than aggressive behavior in the models that included all 
individuals (Figure 2). The best model for TAI included bout-order 
and mass as predictors (S2). Four other models for TAI had suf-
ficiently small AICc to be considered (ΔAICc < 2), including the 
temperature-only model. However, temperature was not a signifi-
cant predictor in the temperature-only model, suggesting that ag-
gression was not sensitive to warming (Table 1). The best model 
for TEI included temperature as the only predictor, followed by 
the interaction of hybrid status and temperature (S3). After model 
averaging, the estimated effect size of temperature was 0.68 ± 0.3, 
meaning that for each 1°C increase, an individual's TEI (or inten-
sity of evasion behavior) increased by 0.68. Significance testing on 

the best-fit model showed a significantly higher intensity of eva-
sion at the warmer temperature, regardless of taxon.

3.2   |   Predictors of Behavioral Variation Differed 
Between Models

In our models that included all individuals, we found no evi-
dence that thermal plasticity varies with hybrid status. The 
interaction between temperature and hybrid status was not in-
cluded in either of our best-fitting models for TEI or TAI, though 
it was included in the second-best model for TEI. Next, we sub-
divided the dataset to assess the thermal plasticity of each popu-
lation separately (Figure 3).

We found evidence suggesting that evasion increased in intensity 
in response to warming in P. shermani. The best-fit model included 

FIGURE 2    |    The relationship between temperature and aggression 
(TAI) (top panel) and evasion (TEI) (lower panel) for all individuals. (***) 
indicate p < 0.001. Each point denotes the TAI or TEI of a single individual 
in a single trial. Data were collected across 52 trials, with 26 trials at each 
temperature treatment. We scored the behavior of 27 individuals, of which 
26 were exposed to both temperature treatments. As each trial required 
two participants, most salamanders underwent four trials (two at each 
temperature treatment) (See section 2). Figure constructed in BioRender.
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temperature as the only predictor and no other models had suf-
ficiently small AICc to be considered. In the best-fit model, tem-
perature was a statistically significant predictor (Table 1). For TAI 
in P. shermani, temperature was only marginally correlated with 
aggression. The temperature-only model was the best-fit model. 
However, the null model, the mass-only model, and the model in-
cluding temperature and mass were also considered (ΔAICc < 2). 
In the temperature-only model, temperature was not correlated 
with TAI. Thus, in P. shermani, evasive behavior varied more with 
temperature than did aggressive behavior.

In P. teyahalee, evasion marginally increased with tempera-
ture and aggression was not correlated with temperature. The 
best-fit model predicting TEI was the temperature-only model 
followed by the null model. In the best-fit model, a warmer tem-
perature corresponded with a marginal increase in evasion in 
P. teyahalee, but this relationship was not significant (Table 1). 
Additionally, temperature was not associated with TAI. The 
best-fit model was the null model. Therefore, TAI does not ap-
pear to be sensitive to temperature in P. teyahalee.

In the hybrids of P. teyahalee and P. shermani, aggressive and 
evasive behavior were largely unaffected by temperature change. 
For TEI, the best-fit model was the null model followed by the 
mass-only and temperature-only models. In the temperature-
only model, temperature was not a significant predictor of TEI 
(Table  1). Therefore, temperature was not related to evasive 
behavior. The best-fit model for TAI was the temperature-only 
model, followed by the null model, but the relationship between 

TAI and temperature was not significant. Therefore, we are un-
able to reject the null hypothesis that temperature is unrelated 
to aggressive or evasive behavior.

3.3   |   Performance Was Relatively Similar 
Across Taxa

We found no differences in performance across taxa in the mod-
els (p > 0.05) (Figure 3).

3.4   |   Temperature Marginally Affected Hybrid 
Boldness

Across the three taxa, hybrid salamanders exhibited the great-
est increase in boldness following a temperature increase, 
measured by the proportion of encounters initiated by the in-
dividual (an increase from 40% of encounters initiated to 60%) 
(Figure 4). However, this increase was not statistically signifi-
cant (p = 0.343). P. shermani and P. teyahalee showed negligible 
changes in boldness following temperature increase.

4   |   Discussion

In ectotherms like the salamanders studied here, temperature 
is a key determinant of fitness-based processes, affecting behav-
ior (Liles et  al.  2017; Bissell and Cecala  2019; Giacometti and 

TABLE 1    |    (A) Outputs for models that included temperature as the only predictor variable, for models including all individuals as well as 
population-specific models. (B) Outputs for model-averaged estimate of temperature on behavior, for models including all individuals as well as 
population-specific models.

(A) Response Population Model estimate Model SE DF t p

TAI All 0.51 0.27 104.00 1.90 0.06

TEI All 0.71 0.21 80.79 3.43 0.00

TAI P. shermani 0.75 0.43 28.94 1.76 0.09

TEI P. shermani 1.10 0.38 29.81 2.92 0.01

TAI P. teyahalee −0.19 0.47 28.00 −0.41 0.69

TEI P. teyahalee 0.81 0.40 21.00 2.05 0.05

TAI Hybrids 0.81 0.43 40.00 1.89 0.07

TEI Hybrids 0.29 0.29 30.00 0.99 0.33

(B) Response Population
Model-averaged 

estimate Model-averaged SE Confidence level Lower CI Upper CI

TAI All −0.04 0.93 0.95 −1.85 1.77

TEI All 0.68 0.30 0.95 0.10 1.27

TAI P. shermani 0.56 0.68 0.95 −0.77 1.89

TEI P. shermani 1.08 0.42 0.95 0.25 1.91

TAI P. teyahalee −0.15 0.51 0.95 −1.15 0.85

TEI P. teyahalee 0.80 0.42 0.95 −0.01 1.61

TAI Hybrids 0.85 0.46 0.95 −0.05 1.76

TEI Hybrids 0.34 0.33 0.95 −0.30 0.98
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Tattersall 2024) and physiology (Muñoz et al. 2022; Moldowan, 
Tattersall, and Rollinson  2022; Messerman, Turrell, and 
Leal 2022; Burger et al. 2024). While we did observe increases in 
certain behaviors, the magnitude of behavioral plasticity to tem-
perature varied among populations. The high-elevation species, 
P. shermani, exhibited the clearest evidence of thermal plasticity; 
warming significantly increased evasive behavior and marginally 
increased aggressive behavior. The low-elevation species, P. teya-
halee, also exhibited some variation in evasive behavior among 
temperature treatments, though this trend was not significant. 
The behavior of hybrid salamanders, however, showed no thermal 

plasticity; we observed no variation in evasive behavior and only 
marginal evidence of changes in aggression among temperature 
treatments. Given that the P. shermani–P. teyahalee hybrid zone 
occupies an intermediate temperature range to both parent popu-
lations, this difference is probably not due to a different preferred 
thermal range. Thus, P. teyahalee and P. shermani appear to be 
more similar to each other in the thermal plasticity of their ag-
gressive and evasive behaviors than either is to the hybrids.

Our full-sample models and our population-specific models gave 
mixed evidence for behavioral differences among temperature 

FIGURE 3    |    The relationship between temperature and aggression (TAI) (top panel) and evasion (TEI) (lower panel), separated by population 
and temperature treatment (see legend). (**) indicate p < 0.01. Each point denotes the TAI or TEI of a single individual in a single trial. Data were 
collected across 52 trials, with 26 trials at each temperature treatment. We scored the behavior of 27 individuals, of which 26 were exposed to both 
temperature treatments. As each trial required two participants, most salamanders underwent four trials (two at each temperature treatment) (See 
section 2). Figure constructed in BioRender.
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treatments. In our full-sample models, the interaction between 
temperature and hybrid status was not significant, suggesting that 
hybrid status did not affect behavior between cooler and warmer 
temperature treatments. However, our population-specific mod-
els revealed across-population differences in thermal plasticity 
that might vary with hybridization. Interestingly, our hybrid-only 
model provided little evidence for behavioral variation, except 
for a slight correlation between temperature and aggression; this 
contradicts the pattern observed in both parent taxa, which ex-
hibited thermal plasticity in evasive behavior. These findings con-
flict with previous studies that observed greater morphological 
or physiological plasticity in hybrids than in parent taxa (Trotta 
et al. 2010; Bernatowicz, Dawidowicz, and Pijanowska 2021; Singh 
et al. 2022). Our findings may be due to a high degree of variation 
in the category of “hybrid”, with different degrees of backcross-
ing potentially affecting the extent of plasticity. Alternatively, it 
is possible that combining P. shermani and P. teyahalee into one 
category, “parental”, to compare against hybrids, may be mask-
ing population-specific variation in thermal plasticity in our all-
individual models. Regardless of the mechanism underlying these 
contrasting results, it is clear that thermal plasticity in social be-
havior varies among populations in this hybrid zone.

We also observed thermal plasticity in population boldness, or 
the frequency of bouts initiated by an individual from a given 
population. Hybrid initiation frequency increased with warm-
ing from 40% initiation to 60%. In contrast, parent initiation 
frequency was not sensitive to temperature, remaining rela-
tively unchanged in response to warming. Some studies on 
ectotherms have provided evidence that initiators win bouts 
more frequently (Guderley and Couture  2005; Hsu, Earley, 
and Wolf  2006; Stapley and Whiting  2006; Garcia et  al.  2012; 
Umbers, Osborne, and Keogh  2012), though this trend may 
disappear in long-lasting bouts (Breed and Rasmussen  1980; 
Moretz 2003) or when comparing across taxa (Wrobell, Gergits, 

and Jaeger 1980). If hybrid boldness is sensitive to temperature, 
then it may improve competitive ability, especially when consid-
ering that evasion behavior increases with temperature in both 
parental species. Future studies should continue to explore this 
trend in amphibians, examining the outcomes of interspecific 
bouts in relation to temperature and initiation frequencies.

Because population-level differences exist in the thermal plas-
ticity of social behaviors, our findings suggest a connection be-
tween temperature and competitive ability. Recent studies of 
climate-induced range shifts have emphasized the importance 
of including species interactions in predictive models, namely 
competition (Urban, Tewksbury, and Sheldon  2012; Urban, 
Zarnetske, and Skelly 2013; HilleRisLambers et al. 2013; Legault 
et al. 2020; Freeman, Strimas-Mackey, and Miller 2022). Here, 
we provide empirical evidence that social behaviors are sensi-
tive to thermal variation and that plasticity varies by population, 
raising questions about how salamander behavior might shift as 
the environment continues to warm. Temperature increases can 
lead to range shifts toward more favorable thermal conditions 
(Parmesan and Yohe 2003), which are often upslope in salaman-
ders (Hairston et al. 1992; Walls 2009), although their mobility is 
generally low (Buckley, Tewksbury, and Deutsch 2013). Though 
the lower boundaries of salamander populations may continue to 
climb, upper boundaries are limited by the elevational extremes 
of their habitats. Climate-induced range shifts may therefore 
decrease space availability, creating greater demand for favor-
able microclimates (Kelly and Goulden 2008; Urban 2018). The 
shermani-teyahalee hybrid zone itself is moving upslope, a trend 
that may be in response, at least in part, to environmental warm-
ing (Walls 2009). Similarly, some ectotherm defensive behaviors 
are more sensitive to temperature than others. Many species rely 
on evasion for predator avoidance (Domenici, Blagburn, and 
Bacon 2011; Grovenburg et al. 2012; Samia et al. 2016), but some 
studies have argued that thermal plasticity can prompt shifts 
between evasive and aggressive strategies (Hertz, Huey, and 
Nevo 1982; Crowley and Pietruszka 1983; Ratnasabapathi, Burns, 
and Souchek 1992). For example, sprint speed (an evasive strat-
egy) in Trapelus lizards is thermally dependent while bite force 
(an aggressive strategy) is largely independent of temperature 
(Herrel, James, and Van Damme 2007). Other studies of evasive 
behavior have examined flight initiation distance (FID), which 
is the closest distance a potential predator can approach an indi-
vidual before it flees (Ydenberg and Dill 1986). Small increases 
in ambient temperature are sometimes linked to decreased FID, 
in which an individual can afford to wait a little longer before 
fleeing because its improved performance can increase its odds 
of survival (Braun, Baird, and LeBeau 2010; Boronow, Shields, 
and Muñoz 2018; Gutiérrez et al. 2023). Similarly, exposure to 
cold temperatures should increase FID because of the decre-
ment in performance, like sprint speed (Rand 1964). However, 
other taxa have exhibited no thermal plasticity of FID (Smith 
and Lemos-Espinal 2005; Samia et al. 2016; Lemos-Espinal and 
Smith  2021; Krenhardt et  al.  2024). Despite its importance in 
both competitive bouts and predator avoidance, the potential for 
thermal plasticity in evasive behavior remains unclear.

Our findings reveal a connection between warming and com-
petitive ability in lungless salamanders. Our full-sample mod-
els identified temperature as a significant predictor of TEI, but 
not TAI, suggesting that salamander evasive behaviors (such as 

FIGURE 4    |    The relative effect of temperature on boldness, or ini-
tiation frequency, separated by population and temperature treatment 
(see legend). Data were collected across 52 trials, with 26 trials at each 
temperature treatment. We scored the behavior of 27 individuals, of 
which 26 were exposed to both temperature treatments. As each trial 
required two participants, most salamanders underwent four trials (two 
at each temperature treatment) (See section 2). Figure constructed in 
BioRender.
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fleeing or tail twitching) may be more thermally plastic than 
those associated with aggression (such as bites or nose taps). 
Thus, elevated temperatures may disprortionately increase the 
frequency of evasive behaviors compared to aggressive behav-
iors. Therefore, we can infer that temperature increases may 
alter both the frequency and intensity of competition; warming 
adjusts the rate at which bouts occur by increasing competition 
for preferred microclimates, as well as the performance of those 
involved. Biotic interactions such as ecological competition are 
known to affect range shifts under climate change (Pigot and 
Tobias 2013; HilleRisLambers et al. 2013; Tingley et al. 2014). As 
different taxa may have different degrees of plasticity, even min-
ute changes in temperature may have the capacity to reshape 
how competition unfolds.

Notably, our dataset did not include the sex of individuals. 
Though some sex-based differences in behavior have been docu-
mented, they are sometimes attributed to reproductive behavior 
and territoriality (Tornick 2010; Lynn, Dalton, and Mathis 2019). 
Other studies of plethodontids have described no relationship 
between aggression and sex (Thurow  1976; Jaeger, Kalvarsky, 
and Shimizu  1982; Keen and Sharp  1984; Nishikawa  1985). 
Correspondingly, recent literature on salamander aggression 
has varied in its inclusion of sex as a behavior-determinant 
(Cunningham and Rissler 2013; Clay and Gifford 2016; Dallalio, 
Brand, and Grant  2017; Bissell and Cecala  2019). Sexing live 
salamanders is difficult and often species-specific. Neither P. 
shermani nor P. teyahalee exhibit any external recorded sexual 
dimorphism (Bruce 2000; Rucker et al. 2021) beyond reproduc-
tive characteristics, such as enlarged ova or mental glands, which 
were not present in our sample individuals (Nishikawa  1990; 
Palmer and Houck 2005). Our dataset also did not include the 
degree of hybridization of individuals. Given that our analysis 
focuses on differences in thermal plasticity between populations 
rather than individual variation, we elected to rely on categori-
cal descriptions of home population rather than establish degree 
of hybridization as a continuous feature. Future examinations 
of hybridization should incorporate salamander population ge-
nomics as they become more accessible, but the extraordinarily 
large genome sizes of salamanders have posed a significant chal-
lenge to genetic analyses (Gregory 2024). We suggest that future 
studies combine physiology, genomics, and behavior as a frame-
work for understanding interspecific variation.

This is one of the first investigations to explore evasive behavior 
in lungless salamanders. We observed that individuals devoted 
a considerable portion of time and energy to evasive behavior, 
flinging themselves away from the aggressor, or jerking back 
to avoid contact. Thus, examining aggression alone does not 
provide the full picture of behavioral diversity in lungless sala-
manders. Additionally, this is one of the first studies examining 
the relationship between hybridization and thermal plasticity. 
Taxon-level differences between hybrid and parent individuals 
have previously been taken as evidence of hybrid vigor (Trotta 
et  al.  2010; Bernatowicz, Dawidowicz, and Pijanowska  2021; 
Singh et al. 2022), which supposes a fitness benefit for hybrid indi-
viduals relative to their parent taxa. Our study suggests that ther-
mal plasticity, or lack thereof, may underlie fitness differences 
across populations. The exact direction of this fitness change, 
however, remains unclear. Increased aggression in salamanders 
corresponds to improved competitive ability (Wrobell, Gergits, 

and Jaeger 1980), suggesting that thermally plastic taxa that can 
fine-tune performance with respect to temperature, such as P. 
shermani, may win interspecific bouts more often when paired 
with competitors that cannot. Furthermore, aggression is not par-
ticularly taxing for salamanders—energy expenditure is largely 
unchanged by aggressive intensity (Bennett and Houck  1983). 
This seems to support the strategy of extreme aggression, and 
thus extreme thermal plasticity. These outcomes, however, may 
be tempered when individuals are faced with multiple compet-
ing demands; hydroregulation, for example, may take prece-
dence over thermoregulation (Brattstrom  1979; Anderson and 
Andrade  2017). Both behavior and physiology are intrinsically 
tied to environmental temperature (Riddell et  al.  2018, 2024; 
Novarro et  al.  2018), and these trait-environment relationships 
influence how ranges will shift under climate change (Riddell 
et al. 2023). Some populations may be more plastic to temperature 
than others, altering the competitive landscape and determining 
persistence under warming, but many of the tradeoffs associated 
with plasticity have yet to be identified.
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