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INTRODUCTION
Amphibians are pertinent model taxa with which to investigate the
effects of climate change as their physiological performance is highly
thermally dependent (Navas et al., 2008; Wilson and Franklin, 2000;
Wilson et al., 2000). Moreover, amphibians are among the most
endangered vertebrate taxa (Blaustein et al., 2010). Seventy percent
of the world’s 6300 described amphibian species are experiencing
significant species declines and 32% of amphibians have been
classified as threatened or extinct (Wake and Vredenburg, 2008).
Vertebrate ectotherms such as amphibians and reptiles are likely
sensitive to future climactic change as they have evolved temperature
optima that closely match environmental temperatures (van Berkum,
1986; Navas et al., 2008; Angilletta et al., 2010a). Moreover, adult
amphibians may show a limited capacity for acclimation, especially
if confronted with low seasonal fluctuations in temperature (Wilson
et al., 2000). Their permeable skin, limited dispersal capacity and
dependence on threatened aquatic habitats for reproduction and
development additionally contribute to a high sensitivity to global
environmental change (Blaustein et al., 2010; Lawler et al., 2010).

As global surface temperatures are predicted to change by
1.8–4.0°C in the next century, with the most extreme changes
predicted in the world’s biologically most diverse regions, it is
important to understand how temperature may affect ecologically
relevant performance traits (Beaumont et al., 2011). Indeed,
performance is often highly temperature dependent and many
species have evolved narrow performance breadths (the temperature
range for which they can still perform at, for example, 80 or 95%
of their maximal performance) (Navas et al., 2008; Pörtner and
Farrel, 2008; Angilletta, 2006; Angilletta et al., 2010a; Angilletta

et al., 2010b). Indeed, as a result of the need to produce multiple
enzymes that function at different temperatures for each reaction,
the biochemical constraints of a wide performance breadth make
thermal generalization costly (Pörtner and Farrell, 2008; Angilletta
et al., 2010b). Moreover, thermal optima may be different for
different performance traits (e.g. Van Damme et al., 1991), which
may limit the ability of a given species to respond to rapid changes
in environmental temperature. Indeed, if a species were to adapt to
changes in temperature through changes in function of one
performance trait, then this could negatively affect other
performance traits.

Here we use the tropical clawed frog, Xenopus tropicalis, to
explore effects of temperature on locomotor performance. Xenopus
tropicalis is distributed throughout the West African rainforest belt
(Rödel, 2000) and is fully aquatic, spending the rainy season in pools
and puddles of gallery forests and the dry season under rocks and
roots of riverbanks. However, during periods of heavy rain, overland
dispersal from the forests to nearby savannah ponds has been
observed (Rödel, 2000). The mature tropical rainforest habitat of
X. tropicalis represents a highly stable system with little seasonal
temperature fluctuation. Species in such stable environments are
predicted to exhibit narrow performance breadths and low
acclimation capacity (Navas et al., 2008; Wilson et al., 2000), likely
increasing their vulnerability to climate change. At the same time,
these habitats, which are among the most diverse on our planet, are
predicted to experience extreme climatic stress with average monthly
temperatures rising to more than two standard deviations above the
1961–1990 baseline by 2070 (Beaumont et al., 2011; Zelazowski
et al., 2011). These changes are likely to affect the distribution and
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abundance of tropical organisms globally, and thus a better
understanding of these effects on the potential of animals to cope
which such changes is paramount (Beaumont et al., 2011). In this
context, understanding the temperature sensitivity of locomotor
performance traits in a frog such as X. tropicalis may help us
understand whether this species might be able to respond to
predicted changes in climate. Locomotor performance is likely
particularly relevant in this context as it will affect the ability of an
organism to escape from predators, catch prey or disperse into novel
habitats. Thus, we decided to focus on both aquatic burst
performance capacity, which is likely relevant to predator escape
and prey capture, and endurance capacity, relevant to the ability of
animals to disperse and colonize novel habitats.

MATERIALS AND METHODS
Animals

Xenopus tropicalis (Wagler 1827) were caught in the wild in
December 2009 in Cameroon, brought back to France and housed
at the Station d’Ecologie Experimentale du CNRS at Moulis.
Animals were housed in groups of eight to 10 individuals in aquaria
of 60�30�30cm and kept at a temperature of 24°C. This
temperature is similar to temperatures measured in the field and
close to the optimal and preferred body temperature in Xenopus
frogs (Miller, 1982). Animals were fed every other day with beef
heart, earthworms or mosquito larvae. All individuals were pit-
tagged (Nonatec, Rodange, Luxembourg) before the onset of the
experiments, allowing unambiguous identification of each
individual. Animals were kept in the laboratory for 3months before
the onset of the performance trials. Performance capacity at 24°C
did not decline with time spent in captivity, as frogs measured
9months later did not differ in their maximal exertion or burst
performance capacity. Moreover, burst performance traits measured
in the laboratory did not differ from measurements on animals in
the field.

Critical temperatures
Critical thermal maximal and minimal temperatures were measured
on 18 adult individuals (10 females, eight males) derived from a
single population. Animals were placed individually in plastic
containers with water in an incubator of which the temperature was
changed gradually (1°C10min–1). Animals were checked every
10min for a lack of righting response and their body temperatures
were measured. Below 15°C and above 30°C animals were checked
every minute. Temperatures were considered to be critical if animals
were no longer able to right themselves after having been placed
on their back. After the experiments, animals were returned to their
aquaria, fed, and allowed to rest for at least 1week.

Performance
Performance traits (burst performance and maximal exertion
capacity) were measured for the same 18 individuals at six different
temperatures (15, 20, 24, 27, 30 and 32°C). Before the onset of
performance measurements, animals were placed for 1h in
individual containers with water in an incubator set at the target
temperature. All performance measurements were repeated three
times for each individual with an inter-trial interval of at least 1h
during which animals were returned to the incubator and allowed
to rest. Immediately after the trials we checked body temperature
of the animals to make sure it did not deviate more than 1°C from
the test temperature. At the end of the performance trials, animals
were weighed, their pit tag numbers were recorded and they were
returned to their home aquaria and fed ad libitum. Animals were
given at least 1week to rest between measurement of different
performance parameters (burst performance capacity versus
endurance) and at least 1day between trials at different temperatures.
The order of the trial temperatures was assigned using a random
table.

Maximal exertion capacity was measured by chasing each
individual down a 3m long circular track until exhaustion.
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Fig.1. Analysis of videos used to quantify burst performance.
(A)Displacement of the snout in Xenopus tropicalis. A period of
two complete swim strokes was tracked on digitized videos.
Images were taken from the sequence illustrated.
(B)Instantaneous velocity calculated based on the smoothed
displacement profile. (C)Instantaneous acceleration calculated
based on the velocity profile. The single highest instantaneous
velocity and acceleration values were extracted for each
individual for further analysis.
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Animals were considered exhausted if they were no longer able
to right themselves after having been placed on their back. The
floor of the endurance track was covered with cork to improve
traction. For each individual, we recorded both the total distance
covered and the time spent moving until exhaustion. Note that
we were unable to record exertion capacity at 15°C because we
were unable to cool down the room enough, causing the animals
to heat up during the trials. Consequently, results at 15°C were
discarded from the analysis.

Burst performance capacity was quantified by measuring maximal
instantaneous swimming speed and acceleration. Animals were
filmed in dorsal view using a Redlake MotionPro high-speed camera
(Tallahassee, FL, USA) set at 500Hz (Fig.1). Illumination was
provided by two custom-made arrays of eight ultra bright red LEDs.
A scale was filmed at the onset of each trial and used to scale
measurements in pixels to metric units. Only video clips of good
contrast and where the frog swam continuously and in a straight
line were retained. Next, video clips were saved, cropped to include
at least two locomotor cycles and analyzed using ProAnalyst
software (Xcitex, Cambridge, MA, USA). For each frame, the snout
tip was digitized either manually or using the auto-tracking routine
implemented in ProAnalyst. Raw coordinates were exported to Excel
(Microsoft, Redmond, WA, USA) and the displacement of the
individual along its path was calculated. Next, the raw displacement
profile was smoothed using a zero phase shift low-pass Butterworth
filter (Winter, 2004) with the cutoff frequency set at 30Hz (Fig.1).
Velocities and accelerations were calculated by numerical
differentiation of the smoothed displacement profiles. For each
individual, we extracted the single highest instantaneous velocity
and acceleration across all swimming sequences recorded (i.e. the
fastest velocity and acceleration may thus come from different
sequences).

Analyses
All data were log10-transformed before analyses. A repeated-
measures ANOVA was used to test the effect of temperature and
the interaction between temperature and sex on each of the four
performance traits. Next, thermal performance curves were plotted
for each individual using the minimum convex polygon method (van
Berkum, 1986). Relative performance (the percent of maximal
performance achieved at a given temperature) was plotted against
temperature and adjacent points were connected using a minimum
convex polygon. This approach assumes that the relationship
between performance and temperature is gradual and continuous.
Note, however, that other methods including Gaussian curve fitting
may provide improved estimates of thermal performance curves
(Angilletta, 2006). Here we decided to use the minimum convex
polygon method as most previously published data have used this
method and we wanted to compare results from our study with these
data. The use of relative performance measures normalizes
differences in absolute performance differences across individuals.
From the performance curves, temperature optima and performance
breadths for 80% (Tpb80) and 95% (Tpb95) of maximal performance
capacity were calculated for each individual. A multivariate
ANOVA (MANOVA) was used to test whether temperature optima
and performance breadths differed for each performance trait.
Subsequent ANOVAs were used to explore how each measure of
thermal sensitivity differed for the four performance traits.
Bonferroni post hoc multiple comparisons tests were used to
examine how temperature dependence differed among performance
traits. All analyses were performed using SPSS v. 15.0 (IBM,
Armonk, NY, USA).

RESULTS
The critical thermal minimum (i.e. the temperature at which animals
were no longer able to right themselves after being placed on their
back) was 12°C; the critical thermal maximum was 34°C. A
repeated-measures MANOVA indicated that temperature had a
significant effect on three of the four performance traits measured
(Figs2, 3, Table1). Temperature significantly affected the time
jumped until exhaustion (Wilks’ lambda0.14, F4,1116.40,
P<0.001). Moreover, although no interaction was found between
temperature and sex (Wilks’ lambda0.68, F4,111.30, P0.33), a
significant sex difference in the time jumped until exhaustion was
observed, with males displaying a greater time until exhaustion than
females (F1,145.27, P0.04). Temperature did not, however, have
a significant effect on the distance jumped until exhaustion (Wilks’
lambda0.48, F4,113.00, P0.07), nor on the interaction between
temperature and sex (Wilks’ lambda0.69, F4,111.21, P0.36).
However, the distance jumped until exhaustion differed significantly
between sexes, with males again outperforming females
(F1,1410.80, P0.01). Although temperature significantly affected
maximal velocity (Wilks’ lambda0.12, F5,1218.18, P<0.001), no
significant interaction between temperature and sex was detected
(Wilks’ lambda0.78, F5,120.67, P0.65). Sexes also did not differ
in maximal swimming velocity (F1,160.70, P0.42). Temperature
significantly affected maximal acceleration capacity (Wilks’
lambda0.21, F5,128.84, P0.001); however, no significant
interaction was detected between temperature and sex (Wilks’
lambda0.87, F5,120.36, P0.87), nor was there a significant
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Fig.2. Mean (±s.e.m.; N16 individuals) percentage of maximum
performance for the burst speed measures (A) peak velocity and (B) peak
acceleration. The horizontal dotted line represents the 80% performance
breadth, a measure of the temperature range for which frogs can still
achieve 80% of their maximal performance. Note that
temperature–performance curves are bound by the critical thermal
minimum and maximum temperatures (vertical dotted lines) as determined
experimentally.
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difference in maximal acceleration capacity between the two sexes
(F1,161.25, P0.28).

Endurance performance measures had relatively lower
temperature optima and narrower performance breadths than
measures of burst speed (Table2, Figs2, 3). A MANOVA showed
that the overall temperature effect was significant (Wilks’
lambda0.39, F9,1608.50, P<0.001). Subsequent univariate analyses
showed that optimal temperature, 80% performance breadth and
95% performance breadth were each significantly different for the
four performance traits (Topt: F3,6811.76, P<0.001; Tpb80:
F3,6813.90, P<0.001; Tpb95: F3,685.00, P0.003). Post hoc tests
showed that the optimal temperature for the time until exhaustion
was significantly different from that for maximal velocity (P<0.001)
and maximal acceleration (P<0.001). Moreover, the optimal

temperature for the distance jumped until exhaustion was
significantly different from that for maximal velocity (P0.01). The
performance breadth at 80% of maximal capacity was significantly
different between the time jumped until exhaustion and all other
performance traits (P<0.001 for all comparisons). The performance
breadth at 95% of maximal capacity was significantly different
between the time jumped until exhaustion and maximal swimming
acceleration (P0.004) and between the time and distance jumped
until exhaustion (P0.02).

DISCUSSION
Our analyses show that locomotion is thermally sensitive in X.
tropicalis, as illustrated by significant effects of temperature on one
measure of maximal exertion capacity (time jumped until
exhaustion) and two measures of burst speed (maximal swimming
velocity and maximal swimming acceleration). The absence of a
temperature effect on the distance jumped until exhaustion may be
an artifact of the limited number of temperatures that were tested
(we were unable to obtain data for exertion capacity at 15°C) and
the resulting narrow peak in performance measures. Indeed, similar
to the other performance traits investigated, this measure showed a
trend towards a decrease in performance at high and low
temperatures (Fig.3). No evidence of a significant interaction
between temperature and sex was found, indicating that the effect
of temperature was sex independent for all locomotor traits. Yet
males showed greater maximal exertion capacity than females for
the subset of animals included in this study. However, an analysis
of a larger number of animals tested at a single temperature (24°C)
showed that, overall, no absolute differences in performance between
the sexes exist. Yet, males do show greater relative performance,
which may be related to their relatively longer hindlimbs (Herrel
et al., 2012). The optimal temperature for performance and
performance breadths for 80 and 95% of maximal capacity were
different for each performance trait. Exertion performance measures
had relatively lower temperature optima (21.8–24.1°C) than
measures of burst performance capacity (26.6–27.6°C; Tables1, 2).
Note, however, that these results may potentially be biased by the
absence of data at 15°C, thus artificially skewing the optimum to
the left. However, even raw data suggest an optimum for measures
of exertion capacity that is lower than that for burst performance
measures (Table1).

Interestingly, an analysis of the effects of temperature on burst
performance and sustained activity at the muscular level indicated
that for both types of measures, hotter was better, with performance
increasing with temperature up to 32°C (James et al., 2012). The
discrepancy between the effects of temperature on muscle
contraction (hotter is better) versus the whole-organismal
performance (lower optimum for exertion compared with burst
performance) illustrates the importance of measuring whole-

The Journal of Experimental Biology 215 (14)

Table1. Raw mean performance data across all individual Xenopus tropicalis at different temperatures

Max. velocity Max. acceleration Max. time jumped Max. distance jumped 
Temperature (ms–1) (ms–2) until exhaustion (min) until exhaustion (m)

15°C 0.85±0.05 28.70±2.15 n/a n/a
20°C 1.19±0.04 40.98±2.18 3.32±0.76 17.44±2.87
24°C 1.34±0.07 51.94±2.54 2.95±0.75 19.04±5.13
27°C 1.36±0.06 42.79±2.44 1.37±0.09 14.57±1.20
30°C 1.20±0.05 40.16±2.61 1.19±0.11 13.24±1.08
32°C 1.28±0.07 42.16±3.26 1.05±0.06 12.69±0.75

Note that we were unable to record exertion capacity at 15°C.
Data are means ± s.e.m. (N18 for exertion capacity, N=16 for burst performance capacity).
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Fig.3. Mean (±s.e.m.; N18 individuals) percentage of maximum
performance achieved for the endurance capacity measures (A) time
jumped until exhaustion and (B) distance jumped until exhaustion. The
horizontal dotted line represents the 80% performance breadth, a measure
of the temperature range for which frogs can still achieve 80% of their
maximal performance. Note that temperature–performance curves are
bound by the critical thermal minimum and maximum temperatures (vertical
dotted lines) as determined experimentally.
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organism performance traits when trying to understand the responses
of organisms to variation in temperature. Moreover, the difference
between the effects observed at these two levels suggests that
exertion capacity at the organismal level is limited by the circulatory
system rather than by the muscle contractile elements. Finally,
optimal temperatures for maximal exertion capacity are close to the
operative temperatures measured in the field (approximately 24°C),
suggesting that an increase in environmental temperature as a result
of global change or local deforestation may significantly affect the
overland dispersal capacity of animals such as X. tropicalis.

Performance traits related to endurance capacity also had narrower
performance breadths than burst performance. Interestingly, thermal
performance breadths for X. tropicalis are narrower than those
reported for hylid tree frogs, which span a wide spectrum of
geographic ranges (John-Alder et al., 1988). Moreover, the optimum
for swim speed in X. tropicalis as measured here was lower than
that measured for the subtropical X. laevis [27°C (Miller, 1982)].
Yet X. tropicalis does follow the general trend among amphibians,
with tropical species having narrower performance breadths than
temperate species (Navas et al., 2008; John-Alder et al., 1988).
Ectotherm performance is highly temperature dependent and several
studies have found evidence of direct selection on thermal
physiology and significant thermal specialization (van Berkum,
1986; Marvin, 2003). For example, jumping performance in the frog
Limnodynastes peronii is optimized over its geographic range:
populations from cooler climates outperformed those from warmer
climatic zones at cooler experimental temperatures, and vice versa
(Wilson, 2001).

Characterizing the thermal sensitivity of locomotor performance,
and thus understanding how physiological traits may limit
distributions and ranges of species, may help identify species at the
greatest risk when faced with rapid human-induced climate changes
(Pörtner and Farrell, 2008; Chown et al., 2010). Amphibians and
reptiles are generally considered to have a conservative thermal
ecology, making adaptive shifts in thermal preference potentially
difficult (Sinervo et al., 2010). Additionally, aquatic frogs do not
have the ability to thermoregulate to the extent that lizards do.
Coupled with their lack in physiological plasticity, adult amphibians
are likely more sensitive to variation and changes in environmental
temperature (Navas et al., 2008). Among ectotherms, those from
environments with large daily temperature variation are
characterized by a reduced thermal sensitivity. In contrast,
ectotherms from highly stable environments (such as tropical
regions with little seasonal variation, or aquatic environments in
which temperature fluctuations are suppressed by the high thermal
conductance of water) are generally more sensitive to changes in
temperature (Wilson and Franklin, 2000; Navas et al., 2008), as
demonstrated here for X. tropicalis.

Our results for X. tropicalis confirm predictions that animals from
stable environments should show a high thermal sensitivity. The
narrow performance breadths, combined with the divergent

temperature optima for endurance and burst speed, which may result
in a trade-off when adapting to changes in temperature (i.e.
adaptation to a temperature that improves burst performance may
negatively affect exertion capacity), underscore the vulnerability of
X. tropicalis. Indeed, temperature changes of even a few degrees
could potentially push this species outside its 80% performance
breadth, thus significantly affecting its locomotor capacity and
survival. Despite the fact that aquatic frog larvae from fluctuating
environments may be able to acclimate to changes in temperature
(Wilson and Franklin, 1999), aquatic adult frogs with narrow
performance breadths such as Xenopus may also be limited in their
ability to acclimate, as has been shown for X. laevis (Miller, 1982).
The ability of X. tropicalis to thermally acclimate was not tested in
the present study, but will provide an important next step in
understanding the ability of this species to respond to changes in
temperature that are due to global change or local deforestation.
Although our results are limited in the number of traits measured,
they add to the growing body of literature documenting how
temperature affects locomotor performance. Given the importance
of locomotion to survival and overall fitness, our data suggest that
changes in temperature may have strong affects on the survival of
tropical aquatic amphibians. Yet similar data for other species are
needed to test the generality of these observations.
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