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• Drought is hypothesized to impact the
phenotypic variability of Rana temporaria.

• A new non-invasive method was
implemented to test such effect.

• Phenotypic variability decline was found
in frogs developing in drying habitats.
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In this study,we evaluated the diversity of skin coloration as a proxy for phenotypic diversity. The European com-
mon frog (Rana temporaria) populations from the Southern slope of central Pyrenees lie at the limit of the species
distribution in latitude and altitude. We analysed the relationship of skin color typology with different environ-
mental variables and found a large decrease in skin type variety in frogs developing in temporary water bodies
when compared to those developing in permanent water bodies. Our results show that our method can be
used as a non-invasiveway to study phenotypic diversity and suggest that adaptation to an earlymetamorphosis
in a rapidly-drying habitat can have negative effects on adult phenotypic diversity. In light of these results, we
argue that access to permanent water bodies is important to prevent loss of diversity in anuran populations
and reduce their vulnerability to environmental impacts as well as pathogens.
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1. Introduction

Amphibians have become a cause of great concern in the recent
years due to their sharply declining populations worldwide and their
high extinction rate. Someestimates suggest that current amphibian ex-
tinction rates aremuch higher than background rates (McCallum, 2007)
and that loss of currently threatened species will lead to mass-
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extinction levels of biodiversity loss (Barnosky et al., 2011). This fast de-
cline of amphibian populations is a consequence of the special vulnera-
bility of many amphibian species to environmental changes and
anthropogenic impacts (Wake and Vredenburg, 2008). Montane popu-
lations are especially sensitive to environmental disturbances. Their
habitat is naturally fragmented, and alpine populations are usually
adapted to a narrowmicroclimatic niche, which combinedwith the nat-
ural zonation that occurs with altitude means that plant and animal as-
semblages in high-altitude areas are more fragile than their lowland
equivalents. Alpine populations of anurans have been shown to be espe-
cially sensitive to the introduction of invasive species and epidemics
caused by environmental disturbances (Knapp and Matthews, 2000;
Bosch et al., 2007). The monitorization of vulnerable populations is an
important endeavour if we want to understand the factors that drive
amphibian decline. The European common frog, Rana temporaria, is
the most widespread anuran species of Europe (Gasc et al., 1997). The
research presented here deals with populations of R. temporaria from
the Southern Slope of central Pyrenees, which lie at the limit of the spe-
cies distribution in latitude and altitude. Studies of wild populations re-
quire the development of effective monitorization tools that can be
applied without harming them. We specifically aimed to develop and
test a method to study the skin color in R. temporaria as a proxy for phe-
notypic diversity.

Color and dorsal pattern polymorphism are widespread among an-
urans, and have been suggested before as a way to study phenotypic
variation in these animals (Hoffman and Blouin, 2000). These colors
and patterns are determined by integumentary pigment-bearing struc-
tures known as chromatophores (Duellman and Trueb, 1994). In am-
phibians there are three main types of chromatophores: the
outermost xantophores located below the basal lamella, iridophores lo-
cated beneath the xantophores and melanophores located directly
under the iridophores and extending processes upward around them
(Bagnara, 1976). When light strikes the surface of a frog, short wave-
lengths (blue-violet) are absorbed by the xantophore layer, which
serves as a filter, and scattered by the reflective platelets found inside
the iridophores. Long wavelengths (red-orange) are absorbed in the
melanin layer. As a result, intermediate wavelengths pass mostly unob-
structed and the animals tend to appear yellow-green (Bagnara and
Hadley, 1973). Factors such as skin morphology and the quantity and
distribution of the different chromatophore types determine the final
color of the animal. These factors can vary depending on genetics, phys-
iology and environment, and reflect the phenotypic variability of popu-
lations. In the present paper, we use a new analysis method to evaluate
and classify the coloration of frogs sampled from our study population.
The presence and relative quantity of the different skin types was used
as the independent variable in an exploratory study that testedwhether
there was any relationship between one or more environmental factors
and phenotypic variability as measured with our methods.

2. Materials and methods

2.1. Animals and sampling

During the end of July and the beginning of August 2014, after the
breeding season that takes place between March and April in area 1
(mean altitude 1600 msl) and May through the beginning of June in
area 2 (mean altitude 2400 msl), we took data from 373 individuals of
R. temporaria, all of whom were older than one year, and from which
only 37were breeding adults. Neither themorphological (no visible sec-
ondary sexual characters) nor the genetic (sex reversal dependent on
temperature (Wallace et al., 1999)) sex of the other sub-adult frogs
could be determined. We sampled 30 locations distributed within two
geomorphological areas in the southern slope of the central Pyrenees
(Fig. 1). Among the 30 locations we found two different types of
waterbodies, permanent and temporary. The permanent waterbodies,
which are composed from lakes with a glacier origin, usually have
water supply all year round and are larger in size, whereas ponds with
awater fountain origin end to be smaller. These temporarywater bodies
are ponds that originate not only from melted snow patches forming
water bodies that usually last in the area 1 until the end of May, and
in area 2 until the beginning of August; but also from close neighbouring
meanders when water levels decrease in both study areas at the begin-
ning of August. The size range for the permanentwaterbodies is 6000 to
300m2, and for the temporarywaterbodies 5 to 300m2.When the tem-
porary waterbodies disappear the frogs do not migrate due to physical
barriers, instead they search humidity in abandoned galleries and
under the stones, awaiting the end of August rainfalls. This provides a
temporary sanctuary away from small mammals and other predators
and allows the frogs to prepare for the hibernation period that starts
at the beginning of September when the first snowfall arrives.

These frogs represent the total frog number found during our trek-
king surveys. Both in land and shoreline individuals were captured
with a fine net and processed in batches of 10–20 individuals. Because
humidity levels are known to influence coloration in R. temporaria
(Rowlands, 1952); they were kept constantly wet for 30–60 min in a
fine cloth bag before being photographed on top of a white portable
grid (for scale adjustment) with a Canon PowerShot SX260 HS digital
camera. All pictures were taken between 12:00 and 14:00 in full sun-
light on days with no overcast cloud cover and the camera was set to
auto-expose all images in order to minimize any effects of differing am-
bient illumination and to generate consistently exposed photographs.
Because R. temporaria shows dynamic dichromatism during the breed-
ing season (Bell and Zamudio, 2012), our pictures were taken at the
end of July and the beginning of August, well outside the breeding sea-
son of this population, which takes place at the beginning of June after
the snow cover melts. The resulting digital images were processed and
analysed using the GIMP 2.8 Open Source Image Editor. After photo-
graphs were taken, frogs were immediately released without further
manipulation.

2.2. Color analysis

A photographical area (200 × 200 pixels) was cropped starting from
the level of the frog's eyes going to the hind limbs using a cropping tool,
such that only the dorsal body surface of the frog was analysed (Fig. 2,
first column). This area was carefully selected to exclude dark dorsal
spots, asweweremore interested in the base skin color than in the dor-
salmelanin spot patterns. Several colormodels can be used to represent
the color of digital photographs (Montgomerie, 2006). We chose the
RGB color model for our color sampling. Although RGB color is designed
for the human visual system and may not explain the color of amphib-
ians (or predators) (see Endler, 1990) it allowed us to measure differ-
ences in color, which is all that is required for the purposes of
comparing different subsets of animals. We used the GIMP 2.8 histo-
gram tool to create a color histogram of the selected area of skin surface
that could help us with defining the coloration of each of the studied
frogs in a three-dimensional RGB space (Fig. 2, second column).

2.3. Statistical analysis

Histograms showing the RGB data were processed using MorphoJ
(Oracle Corporation) using the maximum point in the y-axis and left-
most point on the x-axis of each color's curve as landmarks. These land-
marks were used to perform a Procrustes analysis to determine the
principal components and their dimension of variation. This process
allowed us to determinate the main variables that can be used to
group our histograms into significantly different clusters. We found
that the main component of the Procrustes analysis of variance was
very highly correlated to the displacement of the red and blue curves
in relation to the green.

We used the distance between the medians of the green and red
peaks and the distance between the medians of the green and blue



Fig. 1. Map of the study area showing the different sampling sites located in the Southern slope of central Pyrenees. The small map on the bottom right corner shows the approximate
location of the study area. Triangles in the main picture mark each of the sampling locations. Red triangles belong to temporary water bodies and blue triangles belong to permanent
water bodies. Themedial dashed linemarks the border between Spain and France. Black ellipses mark the twomain study areas: Aguastuertas-Portalet (area 1) and Formigal-Bachimaña
(area 2). Altitude lines in blue and red correspond to 1600msl and 2400msl respectively. (For interpretation of the references to color in thisfigure legend, the reader is referred to theweb
version of this article.)

Fig. 2. Examples of skin types as defined in our analysis of dorsal coloration. The first column shows the picture used for color analysis, the second column its corresponding RGB histogram
and the third columna partial picture of the animal fromwhichwe took the data. (For interpretation of the references to color in thisfigure legend, the reader is referred to theweb version
of this article.)
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Fig. 4. Relationships between body size, color and water body permanence. Panel
(a) shows the percentage of animals with each skin type for temporary and permanent
water bodies. Panel (b) shows the average SVL in cm for different skin types. Error bars
represent standard deviation. Panel (c) shows, for each skin type, the percentage of
frogs with that skin type in temporary versus permanent water bodies.

Fig. 3. Principal component analysis of the final selected cases showing the clustering around
five distint skin types groups. Function 1 represents in a 0.985 the distance between blue and
green and Function 2 represents in a 0.947 the distance between green and red. Distances
refer to the distances of the RGB histograms (Fig. 2, second column).
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peaks in the intensity axis as variables for hierarchical conglomerate
analysis that grouped them into five distinct clusters (Fig. 2). We used
those five clusters as seed for a discriminant analysis using a matrix of
within-group covariance. This analysis was able to separate our cases
into the five clusters with a high degree of certainty (Wilks' Lambda =
0.022 p b 0.000). Cases that had less than a 90% of certainty of belonging
to any clusterwere discarded to avoid confounding factors in the subse-
quent analyses, like small, environmentally related color changes, thus
reducing the total cases to 173. Functions 1 and 2 of the discriminant
analysis were highly correlated with the blue-green (0.985) and
green-red (0.947) variables (Fig. 3). We used these groups to evaluate
the differences in coloration distribution between different R.
temporaria subpopulations based on several variables. The variables
we tested were: geology of the area dividing our specific locations
into two main sectors that represented different geomorphological
areas: one area predominantly calcareous and sandstones; and a second
one predominantly granitic, altitude (area 1 with a mean altitude of
1700 m, and area 2 with a mean altitude of 2500 m), frog size (snout-
vent length) andwhether the lake or pondwhere the frogwas captured
was temporary or permanent. Although in the map we see the ponds
and lakes close due to the severe fragmentation of the high mountain
habitats in our study area of the Southern slope of the Pyrenees, and
to the frequency of physical barriers (cliffs, rocky places, and snow
patches), the frogs have limits in their dispersion. In addition we did
not find any specimens far from a water body (mostly we find them
in a terrestrial range no longer than 10 m far from a water body
which is supported by thework of Vences et al., 1999); thereforewe as-
sume that the specimens collected in the boundaries of thewaterbodies
were mostly born in there.

3. Results

During our analysis we found significant differences in geology
(Pearson's chi-squared, p b 0.001, Cramer's V = 0.880), altitude (one-
way ANOVA, p b 0.001, F = 74.734), temporality of water bodies
(Pearson's chi-squared, p b 0.001, Cramer's V= 0.292) and distribution
of skin types (Pearson's chi-squared, p b 0.001, Cramer's V= 0.328) be-
tween our twomain areas. In order to avoid areas acting as a confound-
ing factor in our analyses we analysed the dependency between our
variables for each area separately. Area 1 (Aguastuertas-Portalet) and
2′s (Formigal-Bachimaña) geographical location can be seen in Fig. 1.
It is important to note that snout-vent length (SVL) showed no
significant differences between areas (one-way ANOVA, p = 0.748,
F = 0.103). Skin color distribution in our studied individuals was con-
sistently dependent on the temporality of the water bodies in the sam-
pling area (area 1: Pearson's chi-squared, p b 0.001, Cramer's V=0.494;
area 2: Pearson's chi-squared, p b 0.001, Cramer's V= 0.549). For some
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other variables it showed dependency within one of the areas
but not the other as was the case with SVL (area 1: one-way ANOVA,
p = 0.053, F = 2.453; area 2: one-way ANOVA, p b 0.001, F = 7.250)
and altitude (area 1: one-way ANOVA, p b 0.001, F = 6.120; area 2:
one-way ANOVA, p = 0.061, F = 2.344). In area two, the only area to
present variation on geological substrate across sites, therewas no rela-
tionship between geology and skin color distribution (Pearson's chi-
squared, p b 0.188, Cramer's V = 0.260).

On the other hand, our sampled frogs were mainly sub-adults but
we could analyse the SVL between sexes in 37 adult individuals within
both main areas (representing 9.91% of the total frog number studied).
We did not find any SVL significant differences between males and fe-
males (male SVL mean 6.16 cm, Standard deviation 0.63 cm; female
SVL mean 5.67 cm, Standard deviation 1.24 cm). Frog body size (mea-
sured as SVL) showed a consistent dependency across sectors for alti-
tude (area 1: one-way ANOVA, p = 0.001, F = 3.007; area 2: one-way
ANOVA, p b 0.001, F = 10.778) and water body temporality (area 1:
one-way ANOVA, p = 0.041, F = 4.331; area 2: one-way ANOVA, p b

0.001, F = 44.494). There was no dependency of frog body size with
geological substrate in area 2 (one-way ANOVA, p= 0.097, F = 2.815).

Lastly, there was a significant and consistent dependency between
altitude and temporality of the water bodies (area 1: one-way ANOVA,
p b 0.001, F = 38.098; area 2: one-way ANOVA, p b 0.001, F = 19.820).

Of all the tested factors, the one that had the largest andmost consis-
tent effect on the variety and distribution of skin types was the tempo-
rality of the water bodies (Fig. 4a). Frogs found nearby or inside the
permanent water bodies had all five skin types, with a majority of
type 1 (29.82%) and a small proportion of 2 and 3 (11.40% and 14.04%
respectively)with 4 and five in between (24.56% and 20.18% respective-
ly). On the other hand, frogs found nearby or inside the temporary
water bodies had only types 1, 2 and 3, with types 4 and 5 missing en-
tirely (Fig. 4a). A largemajority of frogs (75%) had type 1 skins, followed
by type 2 (20.34%) and a very small proportion of type 3 (5.08%).

4. Discussion

Our results show that skin color within the studied R. temporaria
populations can be measured, that it is diverse enough to be divided
into specific types, and that the presence and abundance of those
types show variations across different areas and environments. This
opens the possibility of using these color variations as a way to evaluate
phenotypic diversity with non-invasive methods. Most notably, we
found that skin type distribution and body sizewere both highly depen-
dent onwhether thewater bodies where the individuals were captured
were temporary or permanent.

Amphibian larvae are known to have a high phenotypic plasticity in
response to habitat desiccation, undergoing metamorphosis at an earli-
er time and at a smaller size when they develop in temporary water
bodies than in more permanent ones (Newman, 1989). This plasticity
is under a heavy selective pressure, since failing to undergo metamor-
phosis before the habitat desiccation results in death, while undergoing
Fig. 5. Comparison of permanent (right hand side) and temporary (left hand sid
metamorphosis at a larger body size results in higher fitness. Indeed,
this environmental factor has been suggested to shape the genetic
make-up of populations that need to face this trade-off (Palo et al.,
2003; Lind et al., 2011; Lind and Johansson, 2011), and populations
that become specialized in rapid development and an early metamor-
phosis at low metamorphic size show a lower degree of phenotypic
plasticity (Lind and Johansson, 2007).We can confirm that this is also
the case in our populations, since we found a significant size difference
between frogs from temporary and permanent water bodies (Fig. 4a
and b) consistent with a smaller size at metamorphosis. In our sampled
locations there are physical barriers between permanent and temporary
lakes and ponds that do not allow the frogs to reach a different water
body (Fig. 5).

Water body temporality also had a significant effect on skin color
distribution. Although there was some relationship between body size
and skin color distribution, it was only in one of our study areas, where-
as the relationship between skin color distribution andwater body tem-
porality wasmore consistent across both areas. This makes it very likely
that the relationship between SVL and skin color distribution in area 2 is
a consequence of the effect of water body temporality on both variables
rather than a direct consequence of larger frogs having morphological
differences (e.g. thicker skin). Another possibility is the existence of a
previously undescribed non-systematic ontogenetic color variation in
R. temporaria tied to older populations in permanent lakes but the
early differentiation of color morphotypes and the presence of all
color types across all frog sizes make this possibility unlikely.

We suggest that the observed differences in skin type presence and
variety between temporary and permanent lakes are a consequence of a
relationship between phenotypes in which skin types 4 and 5 (and 3 to
a lesser extent) are much less common or completely absent among
frogs that show an early metamorphosis at a small size (Fig. 4c). To
the best of our knowledge, this is the first report in anurans of such a
drastic decrease in adult phenotypic variability in response to environ-
mental pressures on the larval stage.We believe this is especially signif-
icant because the studied trait does not have a direct relation to life
history as other traits such as juvenile size. If adaptation to reproduction
in more temporary water bodies can reduce phenotypic diversity in
multiple traits, it could have significant consequences for conservation
and population viability. In addition, given that skin color is determined
in large measure by the structure of the skin as well as the quantity and
distribution of the different chromatophores; it is very likely that there
is a link between genotypic diversity and skin color diversity. This is also
suggested by the geographical differences in skin type distribution
found in this study. However, it is impossible to unequivocally deter-
mine the presence and extent of this link, something that will be the
subject of further studies. Determining this link is relevant because phe-
notypic and genotypic diversity are important for the persistence of de-
clining populations and resistance against invasive species and
pathogens (Forsman, 2014), both of which represent significant threats
to anuran populations (Knapp and Matthews, 2000; Bosch et al., 2007).
Thus, factors that affect the availability of safe permanent water bodies
e) water bodies from our study area in the Southern slope of the Pyrenees.
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such as the introduction of non-native fish for recreational purposes or
rising temperatures as a consequence of climate change will have a di-
rect impact on the capacity of R. temporaria and other anurans to cope
with further environmental change and will reduce the viability of vul-
nerable populations.

5. Conclusions

In conclusion, our study shows that the distribution of different skin
colors in populations of R. temporaria is a non-random factor that can
vary with geography and environmental conditions. The differences
found between permanent and temporary water bodies suggest that
skin color distribution is a suitable proxy to study phenotypical variabil-
ity, and the variation encountered between separate geographical areas
suggests a link to genetic variability that requires further study. The
method presented in this paper allows for an objective measurement
of frog skin color and the subsequent analysis of skin color distribution
within and between populations. This method is easy to perform in the
field along with other types of data sampling and can provide informa-
tion about phenotypic diversity, which makes it a valuable tool for
conservation-relatedmonitorization of R. temporaria and other anurans.
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