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We study the variation in thermal parameters in two contrasting populations Yungas Redbelly Toads
(Melanophryniscus rubriventris) with different discrete color phenotypes comparing field body tempera-
tures, critical thermal maximum and heating rates. We found significant differences in field body
temperatures of the different morphs. Temperatures were higher in toads with a high extent of dorsal
melanization. No variation was registered in operative temperatures between the study locations at the
moment of capture and processing. Critical thermal maximum of toads was positively related with the
extent of dorsal melanization. Furthermore, we founded significant differences in heating rates between
morphs, where individuals with a high extent of dorsal melanization showed greater heating rates than
toads with lower dorsal melanization. The color pattern-thermal parameter relationship observed may
influence the activity patterns and body size of individuals. Body temperature is a modulator of
physiological and behavioral functions in amphibians, influencing daily and seasonal activity, locomotor
performance, digestion rate and growth rate. It is possible that some growth constraints may arise due to
the relationship of color pattern-metabolism allowing different morphs to attain similar sizes at different
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locations instead of body-size clines.

© 2014 Published by Elsevier Ltd.

1. Introduction

Many studies addressing the adaptive significance or ecological
implications of the coloration in amphibians have focused on how
the variation translates into predator avoidance (Hoffman and
Blouin, 2000; Rudh and Qvarnstrom, 2013; Toledo and Haddad,
2009). Aposematic anurans that are chemically defended by
sequestered alkaloids advertise their defenses to predators via
warning signals that are most often bright colors combined with
black patterns (Amézquita et al., 2013; Bonansea and Vaira, 2012;
Mochida, 2009). Empirical studies show that predators avoid
attacking such patterned models, implying that appearance pro-
motes the recognition of undesirable prey (Noonan and Comeault,
2009). However, positive results for the significance of particular
color patterns as warning signals do not rule out other functions of
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coloration (Stevens and Ruxton, 2012). If selection influences the
evolution of color traits, there may be conflicting pressures that
modulate color expression resulting in a compromise in the final
coloration pattern (Mochida, 2011). Conspicuousness of the col-
oration pattern is known to exhibit considerable phenotypic
variation in amphibians, suggesting that color expression may be
influenced by many selection pressures (Rudh and Qvarnstrom,
2013). In some cases, the coloration pattern may be a compromise
between several functions (i.e. warning signals, thermoregulat-
ion, crypsis, immune system function, mate recognition) although
the complexity of these interactions makes it difficult to fully
understand the functional significance of coloration (Stevens and
Ruxton, 2012).

The Yungas Redbelly Toad, Melanophryniscus rubriventris, is an
endemic anuran of the Yungas Andean forest, distributed in
northwestern Argentina and southern Bolivia. This species exhibits
a geographic color polymorphism with the presence of marked
variation in the extent of bright coloration. Populations vary from
uniform olive color to black dorsal patterns, while others exhibit a
vivid red dorsum (Bonansea and Vaira, 2012). Despite huge differences
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in bright coloration, all populations had similar amounts of skin
alkaloids and consequently were suspected to be equally distasteful,
constituting a case of aposematic polymorphism (Garraffo et al., 2012).
What maintains this discrete polymorphism in these aposematic
populations is an untested question in this species.

Identifying functional differences among color morphs seems
central to understand the ecological or evolutionary significance of
the maintenance of such discrete color polymorphisms in this
species. Physiological functions of coloration besides the visual
warning function should be further explored and might reveal
other mechanisms that are critical for understanding color pattern
variation (Hegna et al., 2013). Some frogs are known to vary in
their efficiency of thermoregulation depending on their coloration,
where darker individuals experimentally exposed to the sun reach
higher body temperatures than lighter individuals (Vences et al.,
2002). Therefore, two individuals with differences in dorsal
melanization, but with similar conditions (e.g. posture, microha-
bitat) can reach thermal equilibrium at different times (Porter and
Gates, 1969).

The aim of this study was to relate the observed color variation of
the brightest and darkest color morphs of M. rubriventris with their
thermoregulatory efficiency. Thus, we studied the variation in thermal
parameters in two contrasting populations of Yungas Redbelly Toad
with different discrete color phenotypes by comparing field body
temperatures, critical thermal maximum and heating rates.

2. Methods
2.1. Study area and species

We conducted our study during February 2013, in two localities
from Jujuy province, northwestern Argentina (Fig. 1): Angosto de
Jaire (S 24.0097; W 65.3817; altitude: 1665 m a.s.l) and Abra Color-
ada (S 23.6812; W 64.9122; altitude: 1722 ma.s.l), in coincidence
with the reproductive period of the species. Both study areas support
well-structured montane forests with high vegetation species rich-
ness and vegetation density, but are slightly disturbed because of
former clearings and the occasional presence of livestock. The entire
distribution of this species is upland areas (1000 to 2000 m a.s.l) of a
typical subtropical humid montane forest (Ecoregion of Southern
Andean Yungas sensu Olson et al., 2001).
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Fig. 1. Location of the studied populations of Melanophryniscus rubriventris in Jujuy
province, NW Argentina. The larger gray shaded area is the Las Yungas Biosphere
Reserve; the small gray area is the National protected area (P.N.).

M. rubriventris is a small diurnal aposematic toad, that is
relatively common in primary and secondary montane forests of
NW Argentina and breeds after heavy rains from November to
February (Vaira, 2005). Breeding activities involve large aggrega-
tions with short and explosive reproductive events that vary
highly in numbers among years where toads use shallow tempor-
ary ponds to lay eggs (Vaira, 2005). This species shows marked
geographic variation in dorsal coloration with a variety of discrete
morphs, from bright orange coloration covering the head,
shoulders, and flanks over a black background; to a complete olive
to black dorsal coloration (see Bonansea and Vaira (2012) for more
detailed morph descriptions). We selected individuals from two
populations differing mainly in the extent of black patches (here-
after referred as dorsal melanism).

A total of 34 toads were captured by hand and measured during
a single day at each site (12 from Angosto de Jaire, and 22 from
Abra Colorada).

2.2. Determination of the extent of dorsal melanization

Before taking body temperature measurements (see below),
every specimen was photographed in the field from the dorsal
view with a digital camera (Nikon®™ D80, Japan) with normal lens
(Sigma® 50 mm, Japan). Those images were then imported into
the public domain image processing program Image] 1.47
(Rasband, 2012) to calculate the extent of black dorsal skin. Images
were converted to grayscale of 8 bits, and outlines of the entire
body area and black areas were drawn using manual threshold
settings. The extent of the dorsal melanization was then calculated
from outline areas and determined as percentages of the total area
of the dorsal view of toad. Individuals used in the study were well
within the range of variation observed in source populations
(Bonansea and Vaira, 2012). Individuals from Angosto de Jaire
were characterized as high dorsal melanization (HM), while the
individuals from Abra Colorada were characterized as low dorsal
melanization (LM) (Fig. 2).

2.3. Determination of field body temperature and environmental
parameters

Body temperature (T},) of free-ranging toads was measured at
the time of capture (catheter probes TES TP-KO1) with a digital
thermometer TES 1312 (TES Electrical Electronic Corp., Taipei,
Taiwan, + 0.1 °C). Toads were gripped by a forelimb to minimize
heat exchange during manipulations and a thermocouple was

B

Fig. 2. Two males of Melanophryniscus rubriventris showing different amount of
dorsal melanization. (A) Typical toad with a low dorsal melanization (LM) from
Abra Colorada, (B) Typical toad with a high dorsal melanization (HM) from Angosto
de Jaire, Jujuy, Argentina. Scale bar=1 cm.
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inserted 1 cm into the cloaca. At the same site of capture, we also
recorded the microenvironment temperature, the substrate tem-
perature (T;) (TES TP-KO3 substrate probe), and air temperature
(T,) at 1 cm above the soil surface (TES TP-K02 gas probe). Also, we
measured the snout-vent length of toads (SVL) to the nearest
0.1 mm using digital calliper, and weighed them to the nearest
0.001 g on an electronic weighing scale

In order to assess ambient temperature (°C) throughout the
sampled period, we deployed two data loggers at each sampling
site (iButton DS1922L, Maxim, USA) that record temperature
conditions every five minutes. We considered the ambient tem-
perature at the moment of capture as the average temperature
obtained from both loggers.

2.4. Determination of critical thermal maximum

Captured toads were transferred to the laboratory to measure
their thermal tolerances. We measured the critical thermal max-
imum of 26 toads (12 from Angosto de Jaire, and 14 from Abra
Colorada) that were acclimated for two days at 25 °C within their
natural photoperiod. Critical thermal maximum (CTpax) was
determined following Hutchison (1961). Individual toads were
placed in glass containers (15 x 20 cm) with wet paper towels at
ambient temperature (25 + 2 °C). An infrared lamp (150 w, Yinko,
China) was placed at 45 cm above the toads, and the temperature
was raised at a constant rate of ~1 °C min~!. When toads showed
muscle spasms, we measured the cloacal temperature as an
estimator of the CT.x. Toads were then placed in a water-filled
container at ambient temperature immediately following CTyax to
enable recovery. Toads used to determine the CT,,.x were used
only for these tests.

2.5. Determination of heating rate

The heating rate comparison between toads with a different
extent of dorsal melanization was conducted in pairs (six pairs was
analyzed). For each test we selected a toad from each population
(HM and LM) and of similar body weights (less than 05¢g
difference). We anesthetized the animals in a solution of benzocaine
20%. We then fixed the thermocouple in the cloaca of each toad that
was connected to a data logger (PP 222; Pico logic, UK). An infrared
lamp (150 w, Yinko, China) was placed at 45 cm above the toads
and the temperature was raised at a rate of ~1 °C min~'. The tests
started at ambient temperature (~20 °C) and heating rate was
measured at 1-second intervals ending when toads reached the
CTmax- All toads recovered at the end of trials.

Warming rate (WR) was calculated as: HR (°Cs~! cm?~ 1) =(T,-
To/t)/A; Where: HR=heating rate; T,=temperature at the end of
test; To=initial temperature of the test (~20°C); t=time in
seconds to reach T,; A=extent of dorsal melanization.

2.6. Data analysis

We tested the null hypothesis that there is no effect of the extent of
dorsal melanization on the variations of field body temperatures,
critical thermal maximum and heating rates of tested individuals.
We found that some variables departed from normality, and could not
be transformed to achieve normality. Therefore, to compare all
statistical relationships, we ran non-parametric tests. Spearman rank
correlations were run to test for associations between thermal
parameters. We applied the Mann-Whitney U-test to compare
thermal parameters between populations. We relativized the variables,
dividing each variable into their co-variables. We show the covariates
used to relativize the variable when informing the statistical test
applied. All data exploration and analysis was performed using the
statistical software PAST version 9.4 (Hammer, 2001).

3. Results

The dorsal melanism of M. rubriventris between populations
showed significant differences (Mann-Whitney: U= —3.9; p < 0.001).
HM toads presented a mean extent of dorsal melanization of 93%
+ 1.3%, whereas LH toads presented a mean of 71% + 2.1% (Fig. 2).

The T, of the toads from both populations was significantly
different (Mann-Whitney: U=54; p <0.01; Cov: T, and Ts). The
HM toads presented a T, mean value of 22 + 0.4 °C and the LM
toads presented a T, mean value of 19.8 + 0.3 °C. The environ-
mental temperatures at the moment of capture in both popula-
tions did not show significant differences (Mann-Whitney test:
U=1357; p=0.76). Mean temperature from Jaire was 19.2 + 0.4 °C
and Abra Colorada was 18.4 + 0.4 °C (Fig. 3).

The CTnhax was significantly different between HM and LM
toads (Mann-Whitney: U=6; p < 0.001, Cov: dorsal melanization).
The HM toads presented a CT,,x mean value of 35.5 + 0.4 °C and
the LH toads presented a CT,,x mean value of 33.0 + 0.4%. Also, we
found a positive correlation between the CTy.x and extent of
dorsal melanization of toads (r;=0.55, p < 0.004) (Fig. 4).

Finally, the WR showed differences between morphs (Wilcoxon
pairs test: Z=2.20, p <0.02). The HM individuals increased their
body temperature at a rate of 0.0048 +0.0006 °Cs~'cm~2,
whereas LM toads increased their body temperatures at a rate of
0.0036 + 0.0006 °Cs~ " cm ™2

4. Discussion

We found significant differences in field body temperatures of
the different morphs. Toads with a high extent of dorsal melaniza-
tion had higher field body temperatures and no variation in
optimal temperature was registered between study locations at
the moment of capture and measurement. Also, critical thermal
maximum of toads was positively related with the extent of dorsal
melanization. Furthermore, we showed significant differences in
heating rates between morphs, where individuals with a high
extent of dorsal melanization showed greater heating rates than
toads with lower dorsal melanization.

Extent of melanization in adult frogs and toads has been linked to
thermoregulation, but also to predator avoidance (Clusella-Trullas
et al.,, 2007; Stevens and Ruxton, 2012; Rudh and Qvarnstrém, 2013).
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Fig. 3. Distribution of frequencies of environmental temperatures during study
period, both distributions did not show significant differences between Abra
Colorada (Grey bars) and Angosto de Jaire (Black bars). T, mean values for toads
from LM (grey dotted line) and HM (black dotted line) showed significant
differences, as well as the CTy.x from HM (head arrow black) and LM (head
arrow grey).
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Fig. 4. Correlation between CTp,.x and extent of dorsal melanization on individuals
of Melanophryniscus rubriventris from Jujuy, Argentina.

A body with increased melanistic pattern is more efficiently heated
by solar radiation, while a lighter body may aid to avoid overheating
(Clusella-Trullas et al., 2007). Moreover, disruptive patterns in the
form of contrasting color patches conceal the outlines of the body
reducing detection by potential predators (Stevens and Cuthill, 2006).
Warning signals in poison frogs are commonly dominated by a
pattern of bright colors (usually red and black) (Stevens and Ruxton,
2012). Therefore, it is possible to consider these factors as non-
mutually exclusive when explaining the intraspecific color variation
in M. rubriventris. Multiple selection pressures may be acting on the
coloration patterns of different populations and trading off among
signaling, concealing, and thermoregulatory roles. So, intraspecific
phenotypic color variation could be a consequence of differences in
environmental and ecological factors (e.g. climatic conditions and
predation pressures) at a geographical scale.

Color pattern-thermal parameter relationships observed in the
studied populations of M. rubriventris can also influence the
activity patterns and body size of individuals. Body temperature
is a modulator of physiological and behavioral functions in
amphibians, influencing daily and seasonal activity, locomotor
performance, digestion rate, and growth rate (Lillywhite et al.,
1973; Marvin, 2003; Haramura, 2007). Since increased amount of
dorsal melanization in Yungas Redbelly Toads may allow them not
only to warm faster but also maintain higher body temperatures
(Tanaka, 2009), they can achieve longer daily activity periods and
therefore explore more areas or extend time in search of potential
couplings and/or food. On the other hand, warming faster may
prevent increased exposure time to predation in less conspicuous
morphs. M. rubriventris is considered mainly diurnal and very
mobile with most of their reproductive activity taking place during
daylight over the entire breeding season (Vaira, 2005). However,
we repeatedly registered events of breeding activity at night in
several populations (unpublished data). Feeding patterns and
prey-searching behavior is virtually unknown for this species.
However, diet composition studies showed that this species can
be considered an active forager searching for food (Bonansea and
Vaira, 2007; Quiroga et al., 2011) and possible differences in length
of daily foraging cycle and extent of area of foraging were also
noticed (Garraffo et al., 2012).

Body size clines were observed among 21 species of the genus
Melanophryniscus at a large spatial scale, showing a Bergmannian
pattern where larger toads were associated with cooler environ-
ments. However, the same analysis at the intraspecific level
showed some inconsistencies suggesting that other factors might

influence Bergmannian-like clines at the species level (Bidau et al.
2011). Individuals of M. rubriventris from HM and LM populations
tested in our study were of similar body sizes, but showed
significant differences in field body temperatures, heating rates,
and critical thermal maximum. It is possible that some growth
constraints may arise due to the relationship of color pattern-
metabolism allowing different morphs to attain similar sizes at
different locations instead of body-size clines due to temperature.

Our findings, showing that morphs of aposematic toads differ
in the amount of dorsal melanization and differ substantially on
their thermoregulatory efficiency emphasizes the need for better
comprehension of the complex role of coloration (see Hegna et al.
(2013)). Understanding how variation in coloration relates to
whole-organism performance in an integrated manner (i.e. under
multiple selection pressures) is key to understanding the role and
maintenance of discrete colour morphs in a species or population.
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