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Abstract Many temperate ectotherms undergo thermal
acclimation to remain functional over a wide range of body
temperatures, but few studies have investigated whether
populations of a single species have evolved differences in
the thermal plasticity of locomotor performance. Therefore,
we asked whether the thermal plasticity of locomotor per-
formance has diverged between northern and southern pop-
ulations of eastern newts (Notophthalmus viridescens). We
acclimated eastern newts from Florida and Maine to cold
(6 °C) or warm (28 °C) conditions for 12 weeks. Follow-
ing acclimation, we measured the burst speed of newts at 6,
11.5,17,22.5, 28, and 33.5 °C. We also measured the activ-
ities of creatine kinase (CK) and lactate dehydrogenase
(LDH) in skeletal muscle of newts. The newts from Maine
were better able to acclimate to low temperature compared
to newts from Florida. Regardless of acclimation, the ther-
mal sensitivity of burst speed was higher in the Florida
compared to the Maine population. In general, newts from
Maine performed better at low temperatures, whereas newts
from Florida performed better at high temperatures. The
activities of CK and LDH were lower in cold compared to
warm-acclimated newts in the Florida population, but accli-
mation did not affect the activities of these enzymes in the
Maine population. The activities of CK and LDH do not
explain differences in the thermal plasticity of locomotor
performance between populations. Our results demonstrate
that the thermal sensitivity and plasticity of locomotor per-
formance differ between northern and southern populations
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of eastern newts, suggesting that these traits readily adapt
to the thermal environment.
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Introduction

The rates of enzyme-mediated reactions depend on tem-
perature. As body temperature (7,) increases, the rates of
physiological processes (e.g., metabolism, growth, and
locomotion) increase before peaking at a thermal opti-
mum. However, these rate processes decrease rapidly if
T, rises above the thermal optimum (Huey and Steven-
son 1979). Consequently, the physiological performance
of ectotherms fluctuates with environmental temperature
(T,), unless behavior prevents 7, from changing, or physi-
ological mechanisms buffer the effects of temperature on
organismal function (Hochachka and Somero 2002). Given
that temperature affects traits directly related to fitness, it
is not surprising that the thermal environment exerts strong
selection on the thermal sensitivity of physiological perfor-
mance in ectotherms (Huey and Stevenson 1979).

Despite the effects of temperature on fitness, ectotherms
are found in diverse thermal environments across the globe.
Different species, or different populations of the same spe-
cies, adapt to local conditions over time so that performance
is matched to the range of 7 s experienced by the organism. At
the cellular level, modifications in the catalytic efficiencies of
metabolic enzymes and/or changes in the mitochondrial con-
tent of the tissues can counteract the effects of temperature on
metabolism (Hochachka and Somero 2002). For example, the
skeletal muscles of fish living at low temperatures have more
mitochondria than those of species living at high temperatures
(Guderley 2004). Additionally, the thermal sensitivity of sprint
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speed in several species of Anolis lizards matches the body
temperatures that these lizards experience in the field (Van
Berkum 1986), and species of tree frogs from high latitudes
jump further at low temperatures compared to species from
low latitudes (Alder-John et al. 1988). Whereas interspecific
comparisons have demonstrated that species adapt to the ther-
mal environment, earlier studies comparing closely related
species, or populations of the same species, suggested that
thermal adaptation is constrained within taxa. For instance, the
thermal sensitivity of locomotion does not differ between pop-
ulations of tree frogs from high and low latitudes (Alder-John
et al. 1989) or between agamid lizards living in different ther-
mal environments (Hertz et al. 1983). However, recent reports
show that jumping performance at low temperatures is higher
in populations of striped marsh frogs from cold climates com-
pared to those from warm climates, whereas populations from
warm climates perform better at high temperatures than those
from cold climates (Wilson 2001). Furthermore, Anolis lizards
introduced to Florida tolerate lower temperatures than native
populations from Puerto Rico (Gunderson and Leal 2012).
Thus, these data suggest that the thermal physiology of ecto-
therms evolves more readily than previously thought.

Many eurythermal ectotherms in temperate climates rely
on phenotypic plasticity to contend with seasonal fluctua-
tions in 7y during their lifetime. Thermal acclimatization
occurs in response to predictable cues (e.g., photoperiod
or temperature) and is characterized by biochemical modi-
fications that compensate for thermodynamic effects on
physiological performance. Thermal acclimation often
results in changes in the oxidative capacity of muscle tissue
(Berner and Bessay 2006; Berner and Puckett 2010; Gud-
erley 2004). As a result, metabolic capacity is maintained
despite seasonal fluctuations in 7}, Thermal acclimation
also affects locomotor performance, as animals acclimated
to a particular temperature perform better at that tempera-
ture compared to animals acclimated to other temperatures
(Glanville and Seebacher 2006; Gvozdik et al. 2007; Wil-
son and Franklin 1999; Wilson et al. 2000).

In species with broad geographic distributions, differ-
ent thermal environments may cause thermal plasticity to
diverge among populations (Seebacher 2005). If thermal
acclimatization is beneficial in environments where tem-
perature fluctuates on a seasonal basis, species or popula-
tions from environments with greater seasonal temperature
variation may have a greater capacity for thermal acclimati-
zation compared to those from environments with less sea-
sonal variation. Furthermore, populations that experience
differences in minimum and maximum temperatures may
differ in their capacity to acclimatize to low or high tem-
peratures, respectively. In general, tropical ectotherms lack
the capacity for thermal acclimation compared to temperate
species (Feder and Lynch 1982; Rogowitz 1996). As inter-
specific comparisons may be confounded by phylogenetic
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differences, intraspecific comparisons are better suited for
determining whether the thermal environment affects the
capacity for thermal acclimatization. Few studies have
investigated within-species differences in thermal plasticity
in ectotherms. However, evidence for intraspecific variation
in thermal plasticity was shown in mosquito fish, although
variation between populations was not explained by envi-
ronmental conditions (Seebacher et al. 2012). Also, cold
acclimation increases the aerobic capacity of populations
of killifish from high latitudes to a greater extent than those
from low latitudes (Dhillon and Schulte 2011; Fangue et al.
2009), suggesting that thermal plasticity is labile. Because
locomotion is a predictor of fitness (Husak et al. 2006),
selection is expected to favor thermal plasticity of locomo-
tor performance in variable thermal environments. How-
ever, studies comparing within-species differences in the
thermal plasticity of locomotor performance are needed to
elucidate how the thermal environment influences this trait.

The geographic distribution of the eastern newt (Notoph-
thalmus viridescens) ranges from Canada (49°N) south to
Florida (25°N). Adults of this species are aquatic, and ther-
mal acclimation of metabolic rate and metabolic enzymes
in muscle (Berner and Bessay 2006; Berner and Puckett
2010) appear to be partly responsible for allowing these
animals to remain active throughout the year. Surface tem-
peratures of ponds in Florida are ~15 °C in winter and can
exceed 30 °C in summer (Escobar et al. 2009; Kushlan
1979; waterdata.usgs.gov). In Maine, the ponds freeze over
in the winter and rarely rise above ~25 °C in the summer
(waterdata.usgs.gov). Since northern and southern popula-
tions experience differences in the variability of seasonal
temperatures, as well as differences in minimum and maxi-
mum temperatures, these animals allow us to investigate
whether the plasticity of performance has diverged among
populations from different thermal environments. There-
fore, we compared the thermal plasticity of locomotor per-
formance and the biochemical properties of skeletal mus-
cle between populations of eastern newts from northern
(Maine) and southern (Florida) latitudes.

Materials and methods

In spring 2012, eastern newts were collected in Florida
(Marion and Putnam counties) and Maine (Brunswick
County) and transported to the animal facility at Miami
University. Newts were held at 17 °C (12:12 LD) for a
minimum of 6 weeks in order to habituate to captivity. The
newts were housed in groups of 8—10 individuals per 76-L
aquarium located inside a temperature-controlled environ-
mental chamber (Thermolinear, Cincinnati, OH, USA).
The aquaria contained dechlorinated water at a depth of
15 cm. Each aquarium was equipped with a water filter
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(ReptoFilter, Tetrafauna, Blacksburg, VA, USA) and con-
tained rocks and plastic plants for refuge. The newts were
fed bloodworms ad libitum (Sally’s, San Francisco Bay
Brand, Newark, CA, USA), and the water in the aquaria
was changed every other day.

Each population was separated into one of two acclima-
tion regimes: cold (6 °C, 10:14 LD) or warm (28 °C, 14:10
LD). The temperature was changed from 17 °C to the appro-
priate acclimation temperature over a period of 2 weeks.
The newts were held at their acclimation temperature for
12 weeks. After 12 weeks, a subset of these animals was sac-
rificed by cervical severing, and trunk and tail muscle was
collected and immediately frozen in liquid nitrogen. The
muscle tissue was stored at —80 °C for enzyme analysis. The
rest of the animals were used for locomotion experiments (as
described below). Following the completion of the locomo-
tor performance experiments, we measured the body mass,
snout-vent length, and vent-tail length of each newt before
sacrifice. Permission to collect eastern newts was granted
by the Florida Fish and Wildlife Conservation Commission
(permit no LSSC-12-00018) and the Maine Department of
Inland Fisheries and Wildlife (permit no 2012-365). All ani-
mal experimentation was approved by the Institutional Ani-
mal Care and Use Committee of Miami University (protocol
no 830) and complied with the “Principles of Animal Care,”
publication no. 86-23, revised 1985, of the National Insti-
tutes of Health as well as the laws of the USA.

Locomotor performance assays

We measured the burst swimming performance of cold-
and warm-acclimated newts from Maine (cold acclimated,
n = 20; warm acclimated, n = 19) and Florida (cold accli-
mated, n = 18; warm acclimated, n = 21) at 6, 11.5, 17,
22.5, 28, and 33.5 °Cina 70 cm x 10 cm x 5 cm plexi-
glass track. The track was filled with 3 cm of water to
limit the newts from swimming vertically. The bottom of
the track was marked at 1 cm increments. The track was
equipped with a water jacket that connected to a tempera-
ture-controlled circulating water bath (model F12, Julabo,
Allentown, PA, USA). Prior to the burst swimming tri-
als, the body temperature of the newts was changed to the
experimental temperature at a rate of 5 °C/h. To change
body temperature, newts were placed in small plastic con-
tainers filled with 1 cm of water, and the water in the con-
tainers was changed to the experimental temperature in a
biological incubator (model I-30VL, Percival, Perry, 1A,
USA). All animals remained at the test temperature for
30 min prior to the experiments. Locomotor performance
experiments were performed in an environmental chamber
set to within £1 °C of the desired test temperature. Burst
swimming trials were performed at one test temperature
per day, with 1 day in between test temperatures.

Individuals were prompted to swim by touching the tail
with a small paintbrush, and the ensuing escape response
was filmed (30 frames/s) with a video camera (Sony DCR-
SX65) positioned 90° above the track. Because newts do
not achieve maximal escape responses every trial (previ-
ous experiments indicate that the standard error of the
three responses ranges from 1 to 20 % of the mean of the
responses across the experiment), three escape responses
were filmed for each individual. The time required to
swim 10 cm during the escape response was calculated
by Tracker Video Motion Analysis and Modeling Tool
software (Open Source Physics, www.opensourcephysi
cs.org) and used to calculate the burst swimming speed
of each individual. We used the highest burst swimming
speeds from the three escape responses filmed. Individu-
als that failed to swim were omitted from the analysis (2
individuals from the warm-acclimated Florida group at
6 °C, 1 individual from the cold-acclimated Maine group
at 11.5 °C, 2 individuals from the warm-acclimated Maine
group at 22.5 °C, 3 individuals from the warm-acclimated
Maine group at 28 °C, 1 individual from the warm-accli-
mated Florida group at 33.5 °C, and 3 individuals from the
cold-acclimated Florida group at 33.5 °C). Burst swimming
speed was measured in the order of 17, 22.5, 6, 33.5, 11.5,
and 28 °C. To demonstrate that our results are repeatable
and that these experiments did not influence locomotor per-
formance, we re-tested the burst swimming speed of each
individual at 17 °C (Wilson et al. 2000). There was no dif-
ference between the initial and final measurements of burst
speed at 17 °C for either population or acclimation group.
To determine the thermal sensitivity of burst speed, we cal-
culated temperature coefficients (Q,, values) for the burst
speed of each individual as: Q,, = (Ry/R))'"" ">, where
R, is the burst speed at the higher temperature (7)), and R,
is the burst speed at the lower temperature (7).

Enzyme assays

The activities of lactate dehydrogenase (LDH) and cre-
atine kinase (CK) in skeletal muscle of cold and warm-
acclimated Florida and Maine newts were measured at
6, 17, and 28 °C. Tissue homogenates were prepared fol-
lowing the methods of Berner and Puckett (2010). Trunk
and tail muscle were weighed and homogenized at 4 °C in
nine volumes of homogenization buffer (50 mM imidazole,
2 mM MgC12, 5 mM EDTA, 1 mM glutathione, and 0.1 %
Triton X 100, pH = 7.5). Homogenized tissue was centri-
fuged at 300g, and the resultant supernatant was collected
for enzyme analysis.

Enzyme activities were calculated from the change in
absorbance using a temperature-controlled spectropho-
tometer (Lambda 35, PerkinElmer, Waltham, MA, USA).
LDH activity was measured at 340 nm in assay medium
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Table 1 Body mass, snout-vent length (SVL), and vent-tail length (VTL) of eastern newts acclimated to 6 °C (Maine, n = 20; Florida, n = 18)

or 28 °C (Maine, n = 19; Florida, n = 21) for 12 weeks

Florida

Maine

Warm acclimated

Cold acclimated

Warm acclimated Cold acclimated

Body mass (g) 2.56 £0.17 2.66 £0.17 2.69 £0.12 248 £0.11
SVL (cm) 43.92 +£0.84 42.83 £ 1.20 46.0 £0.65 43.74 + 0.66
VTL (cm)*? 54.11 +£ 1.37 50.68 + 1.43 49.58 £ 1.12 47.50 £ 0.83
Data are presented as mean + SEM, and significance was determined whether P < 0.05

 Significant effect of population

® Significant effect of acclimation

containing 100 mM potassium phosphate (pH = 7.0), 45 e FL warm :
0.16 mM NADH, and 04 mM pyruvate. The condi- 40 { —h—FLcold d---- i
tions for the CK activity assay were adapted from Dalzeil 35 | ~®"MEwam //: -~_

et al. (2012) and optimized for newt muscle. CK activity —&—ME cold {

was measured at 340 nm in reaction medium containing
100 mM Tris—HCI (pH = 7.4), 25 mM PCr, 3 mM ADP,
5 mM AMP, | mM NADP, 5 mM glucose, 2 U/ml hexoki-
nase, 1 U/ml G6PDH, 5 mM MgCl,, and 3.25 mM DTT.
All assays were performed in duplicate. Enzyme activity is
expressed as units g~ ! of tissue, where one unit is equal to
1 pmol of substrate modified per minute.

Statistical analysis

The effects of population and acclimation on burst speed
were tested with a mixed model ANOVA (Verbeke and
Molenberghs 2009), with sex, temperature, acclimation
condition, and population as fixed effects, and individual
as a random effect. Body mass and snout-vent length did
not differ between populations or treatment groups, but the
Florida population had longer tails than the Maine popula-
tion (Table 1; Fi,= 9.8, P < 0.01), and within each popu-
lation, the warm-acclimated newts had longer tails com-
pared to the cold-acclimated newts (F;; = 5.0, P < 0.05).
Therefore, vent-tail length was also included in the model.
Bonferroni-adjusted tests were used to compare mean burst
speeds between populations and acclimation conditions.
For the enzyme experiments, the effects of population and
acclimation on the activities of CK and LDH were tested
with a mixed model ANOVA, with temperature, acclima-
tion, and population as fixed effects, and individual as a
random effect. In the case of a population x acclimation
interaction, the effects of acclimation on the activities of
CK and LDH were analyzed separately for each population
using a mixed effect model, with temperature and accli-
mation as fixed effects, and individual as a random effect.
The effects of population and acclimation conditions on
body mass, snout-vent length, vent-tail length, and Q,,
values were tested using a factorial ANOVA. Data that did
not meet parametric assumptions of normality and equal
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Fig. 1 Effect of temperature on the burst speed of eastern news accli-
mated to 6 °C (Maine, n = 20; Florida, n = 18) or 28 °C (Maine,
n = 19; Florida, n = 21) for 12 weeks. *Significant differences
between acclimation groups in the Maine population. *Significant dif-
ference between acclimation groups in the Florida population. TSig—
nificant difference between cold-acclimated Maine and Florida newts.
#Significant difference between warm-acclimated Maine and Florida
newts. Data are presented as mean £ SEM. Significance was deter-
mined whether P < 0.05

variance were log-transformed prior to the analysis. All
statistical tests were performed in JMP Pro (version 10.0).
Data are presented as mean £ SEM. Significance was
determined whether P < 0.05.

Results
Locomotor performance

There was no effect of vent-tail length or sex on the burst
speed of eastern newts. Thermal acclimation affected
the thermal sensitivity of burst speed (Fig. 1; tempera-
ture X acclimation interaction, Fs 35, = 48.7, P < 0.0001) of
both populations (temperature x acclimation x population
interaction, Fs3so = 2.1, P = 0.07). In both populations,
0, values for burst speed were higher in warm-acclimated
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Table 2 Q,, values for burst speed of eastern newts acclimated to 6 °C (
n = 21) for 12 weeks

Maine, n = 20; Florida, n = 18) or 28 °C (Maine, n = 19; Florida,

Florida Maine
Warm acclimated Cold acclimated Warm acclimated Cold acclimated
Range (°C)

6-17"" 3.10 £ 0.15 2.41 4+ 0.09 247 +0.14 1.73 + 0.09
11.5-22.5% 1.95 £ 0.09* 1.69 £ 0.10* 2.01 +0.10* 1.33 £ 0.10°
17-28%* 1.60 + 0.08 1.27 £ 0.10 1.63 £ 0.11 1.10 + 0.05
22.5-33.5% 1.28 +0.05 0.90 + 0.07 1.11 &£ 0.07 0.84 +0.07
6-33.5"" 1.85 4 0.04 1.42 + 0.04 1.62 + 0.04 1.17 + 0.04

0, values were calculated for the whole temperature range (6-33.5 °C)

, as well as over intermediate temperature ranges (6-17, 11.5-22.5,

17-28, and 22.5-33.5 °C). Data are presented as mean + SEM. Significance was determined whether P < 0.05

* Significant effect of acclimation on Q,
T Significant effect of population on Q;,

# Significant population x acclimation interaction

Superscripted letters indicate significant differences found by Bonferroni-adjusted comparisons

newts compared to cold-acclimated newts (Table 2;
Fy;=122.9, P <0.001). The effect of thermal acclimation
on burst speed differed between populations (Fig. 1; popula-
tion X acclimation interaction, F 10=44,P< 0.05). In the
Maine population, the burst speed of the cold-acclimated
newts was 66 % higher than that of the warm-acclimated
newts at 6 °C (¢ = 7.6, P < 0.05) and 37 % higher than that
of the warm-acclimated newts at 11.5 °C (r = 5.4, P <0.05).
In the Florida population, the burst speed of the cold-accli-
mated newts was 30 % higher than the warm-acclimated
newts at 6 °C (t = 4.7, P < 0.0001). Within the cold-accli-
mated newts, the Maine population performed better at low
temperatures compared to the Florida population, as the
burst swimming speed of the cold-acclimated Maine newts
was higher than the cold-acclimated Florida newts at 6 °C
(t=6.4,P<0.05) and 11.5 °C (r =4.5, P <0.05).

Thermal acclimation also affected the locomotor performance
of the newts at high temperatures. In the Maine population, the
burst speed of the warm-acclimated newts was 33 % higher than
that of the cold-acclimated newts at 28 °C (t =4.3, P <0.05) and
47 % higher than that of the cold-acclimated newts at 33.5 °C
(t = 4.0, P < 0.05). In the Florida population, burst speed did
not differ between warm- and cold-acclimated newts at 25 °C,
but the burst speed of the warm-acclimated newts was 60 %
higher than that of the cold-acclimated newts at 33.5 °C (t= 5.9,
P <0.05). At high temperature, the Florida population performed
better than the Maine population, as the warm-acclimated Flor-
ida newts had a higher burst speed than the warm-acclimated
Maine newts at 33.5 °C (r = 3.5, P < 0.05).

The thermal sensitivity of burst speed also differed
between populations (Fig. 1; population x temperature
interaction, Fs 35, = 14.2, P < 0.0001). To determine how
the thermal sensitivity of locomotor performance differed

600 7 -~ FL warm

300 4 -@ - ME warm

—&— ME cold Ve

—4&— FL cold
4

400 4
300 4

200 4

LDH activity (units g!)

100 4

Temperature (°C)

Fig. 2 Effect of temperature on the LDH activity of eastern newts
acclimated to either 6 °C (Maine, n = 6; Florida, n = 6) or 28 °C
(Maine, n = 5; Florida, n = 6) for 12 weeks. Data are presented as
mean + SEM. Significance was determined whether P < 0.05

between populations, we calculated Q;, values of burst
speed (Table 1). When calculated over the whole tempera-
ture range (6-33.5 °C), O, values were higher in the Florida
population than in the Maine population when compared at
similar acclimation temperatures (F; | = 36.7, P < 0.0001).
At 6-17 °C, Q,, values were higher in the Florida popu-
lation compared to the Maine population (F;; = 29.5,
P <0.0001), but Q,, values were not affected by population
when calculated over other temperature ranges.

Enzyme activities
The effect of thermal acclimation on LDH activity differed

between populations (Fig. 2; population x acclimation
interaction, F 1o = 7.8, P < 0.05). Therefore, the effect of
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Fig. 3 Effect of temperature on the CK activity of eastern newts
acclimated to either 6 °C (Maine, n = 6; Florida, n = 6) or 28 °C
(Maine, n = 5; Florida, n = 6) for 12 weeks. Data are presented as
mean £+ SEM. Significance was determined whether P < 0.05

acclimation on LDH activity was analyzed separately for
each population. Whereas acclimation had no affect on LDH
activity in the Maine population, LDH activity was higher in
warm-acclimated Florida newts compared to the cold-accli-
mated Florida newts (F; ;o = 14.9, P < 0.01). Because the
effect of acclimation on CK activity also differed between
populations (Fig. 3; population x acclimation interaction,
Fy 19 = 104, P < 0.05), the effect of acclimation on CK
activity was analyzed separately for each population. Accli-
mation did not affect CK activity in the Maine population,
but CK activity was higher in the warm compared to cold-
acclimated Florida newts (F ;o = 5.3, P <0.05).

Discussion

Our results demonstrate that the thermal plasticity of loco-
motor performance differs between northern and southern
populations of eastern newts (N. viridescens). Cold accli-
mation benefits locomotion at low temperatures in both
populations, but the Maine population is better able to
acclimate to low temperatures. Regardless of thermal plas-
ticity, the thermal sensitivity of locomotor performance is
higher in the Florida population. As a result of these dif-
ferences in thermal plasticity and thermal sensitivity, the
Maine population performs better at low temperatures,
whereas the Florida newts perform better at high tempera-
tures. These results indicate that the thermal sensitivity and
plasticity of locomotor performance can diverge between
populations from different thermal environments.
Traditionally, the thermal physiology of amphibians and
reptiles has been viewed as conservative, as early studies
found geographic variation in the thermal sensitivity of
performance among closely related species, and different
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populations of the same species, to be limited (Hertz et al.
1983; Alder-John et al. 1989). However, the thermal toler-
ance of Anolis lizards introduced to Florida has diverged
in the past 35 years (Gunderson and Leal 2012), suggest-
ing that the thermal physiology of ectotherms can undergo
rapid differentiation. Furthermore, the thermal sensitivity of
jumping performance has diverged among different popula-
tions of striped marsh frogs (Wilson 2001), and our results
suggest that the thermal sensitivity of performance has also
diverged between northern and southern populations of
eastern newts, regardless of thermal plasticity. Geographic
variation in the thermal plasticity of aerobic capacity in kil-
lifish (Fangue et al. 2009; Dhillon and Schulte 2011) sug-
gests that thermal plasticity may also differentiate among
populations, and our study extends these observations by
demonstrating that the thermal plasticity of locomotor per-
formance is also labile in an amphibian.

In ectotherms that use behavioral thermoregulation to
avoid temperatures that negatively affect performance, the
capacity for thermoregulation should impact selection on
the thermal sensitivity and plasticity of performance. Previ-
ous studies in Anolis lizards indicate that they adapt to low
temperature more readily than high temperature, perhaps
because these animals can avoid high temperature more
effectively than low temperature (Gunderson and Leal
2012; Munoz et al. 2014). However, aquatic environments
offer less opportunity for behavioral thermoregulation than
terrestrial environments, and selection may be stronger on
the thermal sensitivity and thermal plasticity of perfor-
mance at both low and high temperature in aquatic ecto-
therms. While we do not have data on how the body tem-
peratures of eastern newts vary seasonally, the results of our
study are consistent with the predicted environmental tem-
peratures of these populations. The surface temperatures of
ponds in Florida are ~15 °C during winter (waterdata.usgs.
gov; Kushlan 1979; Escobar et al. 2009), whereas the
ponds in Maine are covered with ice. Therefore, the Maine
population experiences near freezing temperatures dur-
ing winter, necessitating physiological adjustments that
compensate for the effects of temperature. In summer, the
surface temperatures of ponds in Florida exceed 30 °C
(waterdata.usgs.gov; Kushlan 1979; Escobar et al. 2009),
but rarely rise above ~25 °C in Maine (waterdata.usgs.gov).
In deep lakes, thermal stratification may allow animals to
avoid high temperature in summer, but eastern newts are
common in shallow bodies of water. Escobar et al. (2009)
recorded water temperatures of 27 °C at ~3 m deep in a
large Florida pond (17.5 m deep) during the warmest part
of the year, and newts were located in areas where water
temperature was ~28 °C in April 2012 (Mineo and Schaef-
fer, unpublished observations). Therefore, the Florida
population likely cannot avoid high temperature as effec-
tively as the Maine population, perhaps explaining why
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performance at high temperature has diverged between
populations.

Regardless of acclimation conditions, the difference in
the thermal sensitivity of burst speed between the Maine
and Florida populations indicates differences between these
populations that are not explained by phenotypic plastic-
ity. Due to the interaction between population and thermal
acclimation, we cannot completely separate the effects of
plasticity and population on locomotor performance. How-
ever, O, values indicate that the thermal sensitivity of
locomotor performance was higher in the Florida popula-
tion than that of the Maine population, and this difference
between populations was similar across acclimation con-
ditions. Therefore, regardless of plasticity, the locomotor
performance of the Florida population is more sensitive to
temperature compared to the Maine population. Whereas
the high thermal sensitivity negatively affects the perfor-
mance of the Florida population at low temperatures, the
high thermal sensitivity results in better performance at
high temperatures relative to the Maine population.

The differences in the thermal sensitivity and thermal
plasticity of locomotor performance between Florida and
Maine newts could be the result of either genetic adaptation
or developmental plasticity. To our knowledge, no studies
have investigated how thermal conditions during develop-
ment influence the thermal plasticity of locomotor perfor-
mance of adult amphibians, but recent work has shown that
temperature experienced during development may affect
the capacity for thermal acclimation in fish (Schnurr et al.
2014). Furthermore, the thermal sensitivity of burst speed
is affected by temperature during development in lizards
(Elphick and Shine 1998; Downes and Shine 1999). The
incubation period of eastern newts is ~35 days, and because
southern populations of eastern newts oviposit in early win-
ter, and northern populations oviposit from March to July
(Petranka 2010), these populations may experience simi-
lar temperatures during development. Nonetheless, future
studies are needed to determine whether thermal condi-
tions during development affect the thermal plasticity of
adult amphibians. Also, because we varied photoperiod and
acclimation temperature in order to simulate summer and
winter conditions, we cannot eliminate the effect that pho-
toperiod may have had on the performance of newts.

The mechanisms responsible for the differences in the
thermal sensitivity and plasticity of locomotor perfor-
mance between the Maine and Florida populations are not
known. The activities of the metabolic enzymes (CK and
LDH) were not upregulated in cold-acclimated newts, and
the activities of these enzymes do not explain differences
in locomotor performance between populations or accli-
mation groups. Because locomotion is the result of neural,
metabolic, and mechanical properties, compensation at
any of these levels of organization may be responsible for

acclimation of whole-animal performance in ectotherms.
As metabolic properties of skeletal muscle do not explain
differences in performance, future studies are required
to determine whether neural or whole-muscle properties
underlie differences in these properties.

The lower activity of CK and LDH in the cold compared
to warm-acclimated newts in the Florida population could
be due to a shift in the composition of the muscle from an
anaerobic to aerobic phenotype. Cold acclimation is asso-
ciated with upregulation of aerobic enzymes in eastern
newts from Tennessee, but the activity of LDH in muscle
was not affected by thermal acclimation in those studies
(Berner and Bessay 2006; Berner and Puckett 2010). The
higher activities of CS and CCO in cold-acclimated newts
from Tennessee were not associated with a higher amount
of mitochondria in skeletal muscle, suggesting that the
other mechanisms, such as changes in membrane composi-
tion, are responsible for the higher levels of enzyme activ-
ity (Berner et al. 2012). It is possible that cold acclimation
results in a shift from a glycolytic to oxidative phenotype
in the Florida population, explaining the lower activities of
CK and LDH in the cold-acclimated newts from Florida.
In contrast, upregulation of aerobic enzymes in the Ten-
nessee population (Berner and Bessay 2006; Berner and
Puckett 2010) may be due to other mechanisms, such as
changes in membrane composition, allowing LDH activity
to be maintained despite upregulation of aerobic capacity
in cold-acclimated newts. Nevertheless, the activity of CK
and LDH in skeletal muscle responds to thermal acclima-
tion differently between populations, suggesting that the
thermal plasticity of the anaerobic capacity of skeletal mus-
cle has diverged between populations.

In conclusion, the thermal sensitivity and plasticity
of locomotor performance differs between northern and
southern populations of eastern newts. In conjunction with
previous work (Wilson 2001), these results suggest that the
thermal sensitivity of locomotor performance can diverge
in amphibian populations from different thermal environ-
ments. Furthermore, our results demonstrate the ther-
mal plasticity of locomotor performance is labile and can
undergo differentiation among populations of the same spe-
cies. The ability for thermal sensitivity and plasticity to dif-
ferentiate among populations suggests that ectotherms may
be better able to adapt to climate change than previously
thought.
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