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Abstract

The unprecedented increase in global temperatures might lead to phenotypical changes in
many species to account for increased thermoregulatory processes. This could be due to
increased selection pressures on traits such as colouration or body size. Using specimens
from the Natural History Museum in Vienna for a long-term series and recent data from an
ongoing fire salamander monitoring programme as a short-term series, we test the
hypotheses that increasing temperatures over time are associated with reduced amount of
black colouration of fire salamanders (yellower individuals), smaller body size and relatively
longer limbs. We found no relationship between environmental temperature and
proportion of yellow and black colouration at either time scale. In the long-term dataset,
differences in colouration were only explained by location, whereas in the short-term
dataset it was best predicted by body size, body condition and sex, with females being larger,
heavier and less yellow than males. Likewise, we did not detect any decrease in body size
or differences in limb length over time. The size and sex related patterns we observed are
consistent with ontogenetic colour change and with potentially greater predation pressure
on the smaller, more mobile males. Therefore, we conclude that yellow colouration is more
pronounced during early life stages, strengthening the aposematic signal when individuals
are most vulnerable towards predation. Yellow colouration is further influenced by resource
availability during early life, individual age, predator community composition and natural

selection, factors which cannot be resolved with our museum based and recent dataset.
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1. Introduction
The past few decades have shown a sharp rise in average temperatures. The period between
2011 and 2020 was ~1.09°C warmer than that between 1850 and 1900, and current
projections under different scenarios indicate that temperatures will continue to rise in the
coming years (IPCC 2023). This increase in global temperatures has affected, and will affect,
the physiology, morphology, life history and behaviour of life on Earth (Abrahms et al. 2023,
Bennet et al. 2021, Cavicchioli et al. 2019, Dillon et al. 2010, Masoero et al. 2024).
Ectotherms are particularly vulnerable to temperature fluctuations because their own body
temperature depends on that of their environment, and the steep temperature increases our
planet is experiencing may lead them to reach their critical thermal maximum (Deutsch et
al. 2008, Jorgensen et al. 2022, Pottier et al. 2025, Ruthsatz et al. 2024, Ujszegi et al. 2022).
Therefore, adaptive genetic changes, migration or behavioural adjustments are necessary for
ectotherms to avoid unfavourable temperatures and heat stress (Fuller et al. 2010, Muifioz

2022, Sunday et al. 2014).

Thermoregulation plays a pivotal role in the body's response to rising temperatures
(Seebacher 2009, Muioz 2022). One morphological feature crucial for thermoregulation is
colouration. Dark colours absorb heat and are therefore more prevalent at higher latitudes
and elevation, while lighter colours reflect radiation and are thus more common at lower
latitudes and elevations. This phenomenon is known as Bogert’s rule (Bogert 1949, Clusella-

Trullas et al. 2007, 2008). Data from 41% of known anuran species provide support for
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Bogert’s rule, showing that frog colouration tends to become darker in colder regions, with
thermoregulation being one of the main drivers of this pattern in temperate regions
(Laumeier et al. 2023). A darker colouration also provides better protection against UVBs
and the main pigments involved with the expression of dark colouration, melanins, are
known to enhance immunocompetence (Laumeier et al. 2023, Mackintosh 2001, Roulin

2014).

Other morphological features, such as body size and limb length relative to body length, are
also key for thermoregulation. Longer limbs help raise the body above the surface and
dissipate heat, which has led to the formulation of Allen's Rule, a macroecological pattern
whereby individuals in warmer climates have longer limbs relative to their body size than
their counterparts from colder regions (Allen 1877). Likewise, species in colder climates are
expected to be larger than those in warmer regions, a phenomenon known as Bergmann's
Rule (Bergmann 1847). While both Allen’s and Bergmann’s rules have their origins in
biogeography, they can also be used to predict potential responses to global warming (Tian
& Benton 2020). Therefore, under the current global upward trends in temperature, one
could expect a decrease in body size and an increase in limb length in relation to body
length. While these trends have been observed in multiple taxa, ectotherms and endotherms
alike (Alhajeri et al. 2020, Gardner et al. 2011, McQueen et al. 2024, Sheridan & Bickford
2011), the validity of these 'rules' is still under debate, as small-scale microhabitat conditions

might be more relevant predictors (Goldenberg et al. 2022). This is particularly true for
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amphibians, whose responses to warming temperatures appear to be less predictable than
for other taxa (Adams & Church 2008, Alho et al. 2008, Ashton 2002, Guo et al. 2024, Liu

et al. 2025).

Evolutionary changes require time and can only be observed over long periods, which limits
our possibilities of detecting them. The collections available at Natural History Museums
preserve the history of species over long periods of time, allowing us to have a glimpse of
the past, and to access valuable information for predicting future changes in response to
environmental pressures (Pyke & Ehrlich 2010, Sanders et al. 2023). Museum collections
have aided the discovery of colour changes in ground beetles in urban habitats (Keinath et
al. 2020), the detection of disease origins (Chytridiomycosis in frogs; Weldon et al. 2004),

and changes in plant phenology (Vitasse et al. 2022), among others.

Ectotherm species displaying large areas of melanisation, large body sizes and short limbs in
relation to their body length can be particularly vulnerable under increasing temperatures.
Such is the case with the fire salamander (Sa/amandra salamandra), a widespread amphibian
with the largest size among European urodeles (Sillero et al. 2014), short and sturdy limbs,
and a characteristic bright, contrasting colouration featuring yellow (or orange/red)
markings of various shapes and sizes on a black background (see Fig. 1A). Higher
proportions of yellow (and thus lower proportions of black) have been found to elicit fewer
predation attempts by avian predators (Caspers et al. 2020), highlighting potential trade-offs

between antipredator protection and thermoregulation as previously found in other taxa
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(Hegna et al. 2013, Lindstedt et al. 2009). Therefore, major changes in the proportion of
black and yellow may directly affect fire salamanders’ survival and ability to regulate their
temperature in a warming world. Here, using museum specimens collected in Austria
between 1862 and 2018, and individuals sampled in the field between 2016 and 2025, we
tested the hypothesis that fire salamanders are becoming less black (yellower) over time in
response to increasing temperatures. In agreement with Allen's and Bergmann's rules, we
further hypothesise that fire salamanders are evolving longer limbs and smaller body sizes

over time.

2. Methods

2.1 Data collection

2.1.1 Study species

The European fire salamander is widespread in Europe (Sillero et al. 2014) and inhabits
mixed deciduous forests (Kovar et al. 2024). Its characteristic black and yellow (or
orange/red) colouration (see Fig. 1A) becomes apparent upon metamorphosis (Sdnchez et al.
2018) and is coupled with noxious chemical defences (i.e., it is aposematic; Knepper et al.
2019, Liiddecke et al. 2018, Poulton 1890, Sillero et al. 2014). The yellow markings are
visible to avian and snake predators even under dim light conditions (Aguilar et al. 2023,
Sanchez et al. 2019), and previous studies have shown that they are, at least to some extent,
resource-dependent (Barzaghi et al. 2022, Caspers et al. 2020) and influenced by their

background’s albedo during development (Sanchez et al. 2019). Furthermore, the unique
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individual colour pattern can be used to identify individuals, as the pattern does not change
much during adulthood (Balogova et al 2016, Wisniewski & Wisniewski 1998). While the
function of their colouration is believed to be mainly deterring predators, other hypotheses
are frequently discussed, e.g. males are more yellow than females (Balogova & Uhrin 2015,
Miihlenhaupt et al. 2025, Preifiler et al. 2019), which could be related to sexual selection.
However, no behavioural studies exist that investigated mate choice in that species. Another
frequently discussed hypothesis is thermoregulatory function, although fire salamanders are
mainly active during dawn and during the night over most of their geographic range
(Thiesmeier 2004). We often observe them active during the day if the weather conditions
are favourable (mainly wet and with temperatures between 5 and 10°C; Catenazzi 2016).
Their peak activity times are spring (March-May when females deposit larvae into streams)
and autumn (Sept-Nov, when males are more active to search mating opportunities), with
this bimodal activity flattening to unimodal in higher elevations (Kovar et al. 2024).
Additionally, their larvae develop in small first or second order streams (and sometimes
ponds; Steinfartz et al. 2007) and are susceptible to increased temperatures as they develop
their colouration. Increasing temperatures could therefore influence the development of

larvae.

2.1.2 Museum specimens
We photographed the dorsal pattern of 92 adult fire salamanders (Sa/lamandra salamandra

salamandra) from the herpetological collection of the Natural History Museum in Vienna,
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Austria (hereon NHMW). The specimens were collected between 5 and 161 years ago (mean
+ SD =70.14 + 33.05 years) at 50 locations, primarily in central and eastern Austria (mean +
SD = 1.84 + 1.88 individuals per location; range = 1-10 individuals per location, Fig. 1B).
While the collection has a much larger number of specimens, we selected only those whose
dorsal patterns could be reliably photographed. The ethanol and formaldehyde used to
preserve amphibians dissolves the colour pigments in the skin (Juszczyk 1952), making it
impossible to characterise colouration beyond the pattern, i.e. proportions of yellow and
black. The other criteria to include specimens was a concise label with an approximate
location and year of collection. Most individuals had only broad location information, e.g.
the city nearby, or a district. We used Google Maps to get as close as possible to the actual

locations and extracted the coordinates in WGS84.

Photographs were taken with a Canon EOS 1200D camera (ISO 200, RAW, F4.5, 1/15,
standard), next to graph paper for scale. Due to the preservation, some of the salamanders
were crooked and it was therefore impossible to take a photograph from the whole dorsum.
We made sure to obtain the best view of their dorsum from the remaining specimens,
allowing for subsequent image processing. The images were analysed using the software
Image ] (Schneider et al. 2012). First, we measured the snout-vent length (SVL) of the
salamanders with the *straight* tool, using the mm-paper for calibration. We then selected
the dorsal area (excluding the tail and limbs) with help of the polygon selection tool. Images

were converted to RGB-stacks, and the “red” image stack was used for further analyses. All
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the patches were delimited and all instances caused by reflection on the skin were corrected
with the black brush tool. The “Auto Threshold” function was used and bright outliers with
aradius over 10 pixels and thresholds over 10 were removed. Finally, we analyse all particles
from 50 to Infinity pixel? size, with circularity ranging from 0 to 1. We extracted the total
proportion of yellow colouration on the dorsum (%), the number of patches (number) and
the mean area of patches in mm? (area). The proportion of black colouration was calculated

by subtracting the area with yellow colouration from the total dorsal area.

2.1.3 Historical temperatures
We connected QGIS (QGIS Development Team 2024) to the Geosphere Austria data hub

(https://data.hub.geosphere.at/dataset/histalp-v1-1y) using the Austria weather API plugin

(Matzl 2024). Then, we mapped the approximate locations of the museum specimens
included in the study and identified the closest weather station for which temperature data
was available (Fig. 1B). We extracted the average annual temperature data for the 12 closest
weather stations in the years of salamander collection. Additionally, we used the elevation
of the weather stations as a proxy for the elevation at which the salamanders were found to
test for a correlation between elevation and proportion of yellow colouration. The elevation
range of the weather stations is 209 m to 855 m. We used the HISTALP homogenised long-
term dataset (Auer et al. 2007) for the temperature database. This approach aimed to
minimise the inherent uncertainty in museum data collection in cases where exact locations

were unavailable.
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Fig. 1. (A) Fire salamander (Salamandra salamandra) in the Vienna Woods with typical
dorsal pattern (Photo: Kristin R. Szydlik) and (B) approximate locations of fire salamanders
from the herpetological collection (round dots) and the closest weather station (diamonds).
Each colour corresponds to a fire salamander location and the respective weather station as
the source for annual temperature data and elevation. Source map: Geoland Basemap Austria

(http://open.data.gv.at). (C) Example of how the limb measurements were obtained using

the program Image J and the “segmented line” tool (Photo: Kristin R. Szydlik).

2.1.4 Field sampling

Since 2016, the Vienna Zoo has led a salamander monitoring program in which photographs
of fire salamanders have been taken in three locations in the Viennese part of the Biosphere
Reserve Vienna Woods: Neuwaldegg, Waldandacht and Moosgraben. Up to 50 individuals

were sampled per year in each locality, all of which were weighed and photographed on
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graph paper for further measurement of body size and limb length. Limb length was
measured as the length from the axilla to the wrist (Fig. 1C).

For our colour pattern analyses we randomly chose up to 20 individuals, 10 females and 10
males, from each location and year (total n = 555, females = 270, males = 285). The images
were analysed using the software Image ] (Schneider at el. 2012). The size of each individual
was measured on a photo after calibrating using the reference lines on the graph paper. To
minimise optical distortion, four reference lines were used to set the mean number of pixels
per centimetre as the scale (two horizontal and two vertical lines, one at each end of the
salamander). Then, we measured the snout-vent length (SVL) of the salamanders along the
spine using the “segmented line” tool. Using the “polygon selection” tool we selected the
dorsal area (excluding the tail and the limbs). If the photo was taken from a different angle
than 90°, we excluded the flanks to account for differences in body shape (e.g. bloated
individuals). The images were then converted into RGB-stacks, and the red image stack was
used for further analyses. All reflections on the skin were corrected using the black brush
tool. We used the “Auto Threshold” function to remove bright outliers with a radius over
10 pixels and thresholds over 10. Finally, we analysed all particles with an area from 50 to
Infinity pixel? size and with circularity ranging from 0 to 1. We extracted the total
proportion of yellow colouration on the dorsum (%), the number of patches (number) and

the mean area of patches in mm? (area).
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We calculated body condition using the Scaled Mass Index (Peig & Green 2009), but we
used a non-linear power function to calculate the scaling exponent instead of the standard
major axis regression (Brodeur et al. 2020). This reduced the correlation between Scaled
Mass Index and SVL (Brodeur et al. 2020). The scaling exponent was 2.29 and the mean SVL

of salamanders was 11.3 cm.

2.1.5 Recent temperature

The recent temperature data were extracted with the Austria weather API plugin (Matzl
2024) to connect QGIS to the Geosphere Austria data hub. We used the historical time series
Spartacus v2.1 as base for the temperature data

(https://data.hub.geosphere.at/dataset/spartacus-v2-1y-1km) and extracted yearly annual

mean temperature for the years 2016 — 2025. The 1 km grid cell was based on sample
location, Neuwaldegg (N 48.249014, E 16.264597), Waldandacht (N 48.214128, E

16.202622) and Moosgraben (N 48.227256, E 16.258833, all W(GS84).

2.2 Statistics

The NHMW specimens were grouped based on the location of the nearest weather station.
In the case of samples from Styria, they were grouped based on biome similarities and
elevation. This approach was adopted to minimise the number of singletons in the data (Fig.
S1, Appendix A) and to account for differences in elevation, given that exact locations could

not be identified.
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We used pairwise Pearson correlations to check for autocorrelation among the variables.
We then used the variance inflation factor from the car package (version 3.1-3; Fox &
Weisberg 2019) to reduce the number of autocorrelated variables in our models. The full
linear model used to analyse the (log-transformed) proportion of yellow colouration in the
museum's dataset included mean annual temperature, scaled snout-vent length (SVL) in cm,
weather station and year of collection as predictors. The full linear model used to analyse
the proportion of yellow colouration (log-transformed) in the recent dataset included mean
annual temperature, scaled snout-vent length (SVL) in cm, location, body condition, sex,
and year of collection. The dredge function (MuMIN, version 1.48.11; Barton 2025) was
used for backward selection to determine the optimal model based on the Akaike
information criterion for small samples (AICc) (Burnham et al. 2011). We calculated relative
limb length as the residuals from linear models of limb length as a function of body size,
with values above 0 indicating that the limbs are longer than expected based on the model.
All analyses were conducted using R (version 4.4.1, R Core Team 2024) in the RStudio
environment (version 2024.9.1.394, Posit Team 2024). The packages ggplot2 (version 3.5.1,
Wickham 2016) and gridExtra (version 2.3, Augie 2017) were used for visualisation; dplyr
(version 1.1.4, Wickham et al. 2023) for data manipulation; DHARMa (version 0.4.7, Hartig
2024) for model validation; and GGally (version 2.4.0, Schloerke et al. 2025) for visual data
exploration (correlation matrix). The R script for conducting the analyses has been made

available alongside the data (Dittrich et al. 2026).
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3. Results

3.1 Museum specimens

The NHMW dataset included 92 individuals (35 females, 55 males and two individuals of
unknown sex). There was a difference in body size between the sexes, with females being
slightly larger on average (female SVL = 97.33 + 7.75 mm; male SVL = 92.8 + 8.06 mm; t-
test, £=2.65, p< 0.01). We could not detect a difference between females and males in the
proportion of yellow colouration. The body size of all individuals shows a trend to increase
over time (Pearson's r= 0.2, p=0.054, n = 92), which might be due to a couple of specimens
(Fig. S2, Appendix A) as the linear model shows a poor support (£=1.95, p=0.054, adj. R?

=0.03).

Variables quantifying dorsal colour patterns exhibited strong correlations with one another.
For instance, the average patch size is strongly and positively correlated with the overall
proportion of yellow (Pearson's r=0.84, p< 0.001, n = 92). Conversely, the number of yellow
patches is negatively correlated with the average patch size (Pearson's r=-0.63, p < 0.001,
n = 92). In other words, salamanders with more patches on their dorsal area had smaller
patches. Consequently, there was also a negative correlation between the number of patches
and the proportion of yellow (Pearson's r=-0.46, p < 0.001, n = 92). Due to these inherent

correlations, we only used the proportion of yellow as the response variable.

The annual mean temperature and elevation of weather stations showed a strong negative

correlation (Pearson's r=-0.79, p< 0.001, n = 12, Fig. S3, Appendix A). Therefore, we used
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either annual mean temperature or elevation as a variable in our models to reduce

autocorrelation.

The automated model selection process to predict the proportion of yellow colouration

indicated that location (i.e., weather station) was the best predictor of colouration

differences, regardless of mean annual temperature, SVL, year or elevation (p < 0.001, adj.

R?=0.31; Fig. 2). When we ran the model with elevation as a predictor variable, the

automated model selection gave two models with the same AICc and weights that included

location and elevation as predictors. Using the model average function, we found that only

location (the same final model as above) showed a significant effect, not elevation.
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Fig. 2. Given is the proportion of yellow colouration on the dorsum in percent for each
individual (dots). Colours represent the locations on the map given in Fig 1B. The
salamanders in the collection have been grouped to the nearest weather station as a proxy

for population (boxplots with median, and whiskers showing the 1.5 interquartile range).

3.2 Field sampling

We observed sex differences in body size (all Welsh two sample t-test; £=7.91, p< 0.001),
body condition (¢ = 9.05, p < 0.001), and proportion of yellow colouration (= -4.65, p <
0.001). Females were larger, heavier and less yellow than males. The body size increases
slightly over time (Pearson's r= 0.1, p=0.016, n = 553, Fig. S4, Appendix A), but the linear
model shows a poor support (z=2.41, p=0.016, adj. R?= 0.009). The body size shows no
trend with temperature per se. The proportion of yellow colouration on the dorsal area
varied considerably within the dataset, ranging from 5.7% to 37.5% (mean + SD: 20.2 +

5.3%), and correlated positively with mean patch size (Pearson's r=0.69, p< 0.001, n = 553)

and negatively with patch number (Pearson's r= —0.23, p< 0.001, n = 553). Therefore, the

number of patches and the mean patch size show a strong negative correlation (Pearson's r
=-0.62, p< 0.001, n = 553): the more patches, the smaller the mean size of the patches. This

is the same pattern observed in the historical dataset.
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313  The best linear model for explaining variability in the proportion of yellow colouration
314  included body size, body condition, and sex as informative variables. Larger, heavier females
315  displaying lower proportions of yellow colouration (p < 0.001, adj. R?=0.09, Fig. 3, model
316  details in Appendix A). We observed an increase in mean annual temperature in all three
317  locations over the ten-year period, with Waldandacht being the warmest location (Fig. S5,
318  Appendix A). However, temperature was not retained as an informative variable in any
319  model.
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322  Fig. 3. Linear model of body size (SVL) in cm (left) and body condition as Scaled Mass Index

323  (right) from a non-linear regression on proportion of yellow colouration of salamanders
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dorsum (orange = female, purple = male). The grey shading corresponds to the 95%
confidence interval. Both variables were retained in the best models to explain the

proportion of yellow colouration on the dorsal area of the salamanders (n = 555).

3.3 Limb length in relation to body size

Due to differences in the angles at which the photos were taken or blurred pictures due to
the motion of salamanders, we were unable to measure all four limbs of each individual.
Therefore, we have a maximum of two measurements per individual. We measured the right
and left forelimbs of 200 and 196 individuals, respectively. Likewise, we measured the right
and left hindlimbs of 181 and 204 individuals, respectively.

We found a significant effect of sex in all models, with males having comparably longer
limbs than females (forelimb left, r = 3.93, p < 0.001; forelimb right, ¢ = 2.78, p < 0.01;
hindlimb left, = 2.92, p < 0.01), except for the right hindlimb (Fig. 4; detailed models in
Appendix A). Annual mean temperature was not retained as an informative variable in any

of the models.
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Fig. 4. The residuals of the left and right forelimbs (upper panels) and the hindlimbs length
(lower panels) are related to SVL. They are separated by sex (orange = females; purple =
males) and location, where males mostly show positive residuals (longer limbs in relation to
body size). The small circles represent individual values, and the larger circles represent

mean values with bootstrapped 95% confidence intervals per sex and location.

4. Discussion

Museum collections and long-term series sampling have been recognised as meaningful
sources of information to investigate phenotypic changes in response to climate change
(Koskenpato et al. 2023, MacLean et al. 2019, Ozgo et al. 2017, Sanders et al. 2023, Zipkin
& Williams 2025). Contrary to our expectations, we observed neither a reduction in body

size nor an increase in proportion of yellow colouration over time at any of the time scales
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studied. Hence, we found no support for Bergmann's rule in either time scale. Moreover,
we did not observe increases in limb length over time in the recent dataset, thereby failing
to support Allen's rule. Instead, we found that body size did only slightly increase over time
at both time scales, and that the proportion of yellow colouration was best explained by
location in the historical dataset, and by body size, body condition and sex in the recent

dataset, regardless of annual mean temperature for the year of collection.

4.1 Museum data

4.1.1 Colouration

We found no evidence that temperature influenced the proportion of yellow colouration of
fire salamanders from the NHMW herpetological collection across the years studied. In fact,
we could not detect any trend in the proportion of yellow over time. Instead, and consistent
with Bogert’s rule, location was the best predictor of the yellow proportion, which might
be related to local and elevational differences (less yellow at higher elevations, although not
significant in our model). Other confounding factors that could contribute to differences in
the proportion of yellow among locations are resource availability (Barzaghi et al. 2022,
Caspers et al. 2020), thermal microhabitats (Sears & Angilletta 2015) and/or predator
communities (Hagnier & Dittrich et al. 2025, Ronka et al. 2020, Valkonen et al. 2012).
However, several limitations prevent us from drawing any evidence-based conclusions
about the true effects of location. First, the sample size used for the analyses is too small

considering the time span. Second, because the exact locations of where the specimens were
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found are unknown, we approximated each locality to a 20 km radius around the location
mentioned on the specimen label or in the collection books. Due to the topography of many
mountain valleys, significant elevational differences exist on a small spatial scale. This is
why we used weather stations as a proxy for elevation; however, the true elevation of the
specimens may differ considerably. This could explain why we do not observe a significant
influence of elevation on the proportion of yellow, despite a trend in the data.

Food availability during larval development has been shown to affect the proportion of
yellow in post metamorphic individuals in some studies (Caspers et al. 2020), but not in
others which, instead, show an effect on yellow colouration hue and saturation (Barzaghi
et al. 2022). These contradictory but complementary findings point at yellow colouration as
a plastic trait. This environmental plasticity makes it more difficult to attribute adaptive
effects based on natural or sexual selection, particularly given that heritability of yellow
colouration between parents and their offspring appears weak, based on neutral genomic
markers (Sanchez et al. 2019, Burgeon et al. 2020). Nevertheless, differential expression of
colour genes is associated with colour morphs (Burgon et al. 2020) and might be influenced
by epitranscriptomic RNA-methylation (Strowbridge et al. 2026), indicating a
multimolecular mechanism of colour variation, potentially influenced by environmental
effects, besides pure genetic heritability. Given the nature of museum data, it is practically
impossible to estimate the availability of resources during early life stages of the sampled

individuals if their exact locations are unknown. Landsat data or historical information
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could offer a rough proxy of resource availability at the time of collection, but this approach
requires further investigation.

Historical habitat characteristics could also improve predictions of habitat heterogeneity
which is a key buffer against thermal stress (Angilletta 2009, Suggit et al. 2011). Variable
thermal environments could mitigate thermal heat stress by providing suitable
microhabitats (Sears & Angilletta 2015). Through such thermoregulatory behaviour,
organisms can reduce evolutionary pressures by seeking out thermally preferred
microhabitats, decreasing the potential evolutionary rate, known as the Bogert effect
(Mufioz 2022). If salamanders can thermoregulate through behavioural adaptations in a
suitable heterogeneous habitat, the selective pressure to adapt morphologically would be
greatly reduced, providing an alternative explanation for the lack of any relationship
between temperature and proportion of yellow over time. This could also be true for the
lack of changes in body size (Bergmann's rule) and limb length (Allen's rule) we
hypothesised.

Geographic variation in colour patterns may reflect differences in the composition of
predator communities among localities, with predators exerting stronger selection on
certain colour patterns in one location than in others (Nokelainen et al. 2014, Ronka et al.
2020, Valkonen et al. 2012). Such differences in predation pressure are shaped by habitat
characteristics themselves (Van Tran & Nishikawa 2023). Fire salamanders, for example,
have been suggested to experience higher predation pressure in forest patches with greater

tree diversity and evenness (Hagnier & Dittrich et al. 2025), although this selective pressure
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is unlikely to act uniformly across life stages. While adult fire salamanders appear well
protected from predators, with only a few known bird and mammal predators (e.g., birds of
prey: Bustamante 1985; Laciak 2022; rats: Velo-Antén 2024; wild boars: Thiesmeier &
Grossenbacher 2004), juveniles seem to be more vulnerable (Thiesmeier 2004). Rats,
chickens and ducks have all been reported to prey on them (Horter & Greven 1981), likely
because metamorphs are very conspicuously displaying a large proportion of yellow
colouration, but not necessarily a large amount of toxins (Preifdler et al. 2019, Sanchez et al.

2019, Burgon et al. 2020).

4.1.2 Caveats of using museum specimens

Although museum collections have proven valuable to investigate the effects of global
change (Sanders et al. 2023), offering spatio-temporal biodiversity records of a depth
unavailable from other sources, they come with inherent caveats such as poor spatial and
temporal resolutions that vary with the species and historical collection efforts. In our case,
many localities were represented by single observations which we assigned to the next
available weather station. This may not accurately reflect temperatures at specific locations,
but it allows us to model the data with a consistent and reliable bias across all samples. This
underscores the importance of metadata in museum collections, a resource with great
potential and ongoing refinements (Hedrick et al. 2020, Schindel & Cook 2018, Skevakis et
al. 2014). A further source of error is collector bias: because more conspicuous individuals

are easier to detect, sampling may have favoured individuals with a larger proportion of
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yellow. The individuals from Kremsmiinster, for example, were the most yellow, with
values well above average, and contributed substantially to the significant effect of location
in our dataset.

Beyond sampling, the preservation and storage of specimens introduce their own challenges
(Pierson et al. 2020). Preservation treatments have been shown to induce the shrinkage or
enlargement of specimens in different magnitudes depending on the time elapsed since
fixation, reducing the accuracy of morphological measurements (Lee 1982). Studies on
anurans, for example, have shown a shrinkage of nearly 6%, with larger species suffering
greater absolute shrinkage than smaller ones (Deichman et al. 2009). Preservation also alters
colouration, as fixatives lead to a loss of natural colours present in the living animals
(Juszczyk 1952). This makes it impossible to assess whether there are changes in the colours
themselves over time. However, because fire salamanders bear characteristic yellow
markings on a black background, the proportions of both colours can be calculated despite
the dull appearance of the preserved specimens.

A more fundamental limitation concerns timing. Because yellow colouration develops early
in life, shortly before metamorphosis (Sanchez et al. 2018), the temperatures experienced
during development may matter more than the temperature experienced at the time when
the animal was found. However, the true age of the preserved specimens cannot be reliably
determined. Some studies suggest that averaging temperatures over the 5-8 years prior to

the year of collection is more informative and avoids the influence of temperature extreme
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years (Miihlenhaupt et al. 2025). Even so, we expect this bias to remain stable, and the

overall warming trend should still be represented in our dataset.

4.2 Field data

4.2.1 Body size, condition and sex

We found no evidence that temperature affected the proportion of yellow colouration of
fire salamanders sampled over the last 10 years, consistent with the broader absence of
empirical support for “thermal melanism” in this species (Burgon et al. 2020, Miithlenhaupt
et al. 2025). Instead, the best predictors of yellow proportion in our recent dataset were
body size, body condition and sex. Females were larger and in better body condition but
displayed a significantly smaller proportion of yellow. This sexual dimorphism echoes
previous studies (Balogova & Uhrin 2015, Preifiler et al. 2019, Miihlenhaupt el al. 2025,
Alarcén-Rios et al. 2026), in which males consistently show a larger proportion of yellow
than females. Likewise, and confirming previous findings, (Barzaghi et al. 2022, Caspers et
al. 2020), larger individuals of both sexes had lower proportions of yellow.

These sex and size related patterns are likely intertwined. Fire salamander colour patterns
change during ontogeny, particularly in the first year after metamorphosis, as markings
shrink in area and/or split into two or more (Wisniewski & Wisniewski 1998, Balogova et
al. 2016, K. Szydlik's own observation). This could gradually reduce the proportion of yellow
towards adulthood. Because body size serves as a proxy for age in this continuously growing

species (Barzaghi et al. 2022), and yellow proportion decreases with body size, the apparent
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sex specific patterns observed may stem partly from body size per se, given that males are
usually smaller than females (Labus et al. 2013).

Differences in mobility and predation risk may further reinforce this pattern, although
through contrasting routes in each sex. Males are smaller and lighter, but are also more
mobile when searching for mates during their main activity peaks in spring and summer
(Kovar et al. 2024) and occupy larger home ranges (Burgstaller et al. 2021). This higher
activity increases their exposure to potential predators, making a larger proportion of yellow
advantageous as a warning signal (Caspers et al. 2020), a pattern observed in other
aposematic species, where the more mobile and presumably more vulnerable sex is the more
conspicuously coloured (Rojas & Endler 2013; Rojas et al. 2026). Females, by contrast,
become highly visible when depositing their larvae in streams, as the background changes
from mainly leaf-coloured soils to bare rocks or sand of first-order streams. Yet, their narrow
home ranges, situated close to water (Burgstaller et al. 2021), keep their overall mobility,

and thus their predation exposure, to a minimum.

4.2.2 Limb length

Males also had longer limbs than females, a common pattern observed in this species and
family (Altumisik 2017, Labus et al. 2013, Reinhard et al. 2015). This dimorphism likely
reflects the demands of male reproductive behaviour. Males engage in rival combats with
other males (Altunigtk 2017), perform “scouting” behaviour by pushing up on their

forelimbs to survey their surroundings from a higher position, and they wrap their forelimbs
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around the females’ legs during courtship (ventral amplexus, Arnold 1987). Such
behaviourally driven selection on the forelimbs is consistent with broader evidence that
male locomotor and grasping traits are often under stronger selection to increase relative to
body size, enabling males to outcompete rivals (Howard & Kluge 1985, Petrovi¢ et al. 2017,
Altumisik 2017). As with the proportion of yellow, we found no evidence of an increase in

limb length with rising temperature, and therefore no support for Allen's rule in this case.

5. Conclusion

Our findings do not support the hypothesis that rising temperatures have influenced the
amount of yellow/black colouration in fire salamanders over time. Additionally, individual
size did not decrease as postulated in our initial hypothesis. Instead, the proportion of yellow
was best predicted by location in the historical dataset, and by size, body condition and sex
in the recent dataset. Males display more yellow than the larger females, a pattern likely
shaped by ontogenetic colour change and sex differences in mobility and predation risk.
Future work integrating fine-scale historical data on resources, microhabitats and predator
communities will be key to disentangle the plastic, behavioural and selective pressures

underlying colour variation in fire salamanders.
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Appendix A: Supplementary material

Historic dataset (NHM Vienna)
Proportion of yellow colouration over time in the NHM dataset. We see many singletons
per location and year, no clear pattern regarding the proportion of yellow over time. In

order to be able to run models, we summarized locations per nearest weather station (n =

12).

404 station
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year
Fig. S1. Proportion of yellow colouration in % (y-axis) and year of collection (x-axis).

Colouration based on weather stations presented in Fig. 1B.
Body size

Changes in body size of specimens in the collection over time (Pearson, r=0.2, p= 0.054,

n = 92), linear model (z=1.95, p=0.054, adj. R?=0.03).
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575  Fig. S2. Body size (SVL cm) over time (year as an integer). There is a trend towards bigger

576  body size in the collected specimens.

577

578  Environmental correlations

579  Elevation of weather stations and average mean annual temperature when salamanders

580  have been collected. Strong correlation of both variables Pearson, r=-0.79, p < 0.001.
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Fig. S3. Weather station data from the HistAlp dataset, dots represent temperature data
from that station at a given year (when salamanders have been collected). The x-axis gives
annual mean temperature in °C, y-axis the elevation in metres above NN. Colours for each

station (n=12) according to Fig 1B and linear model regression line in blue.

Recent dataset (2016 - 2025, three locations in the Biosphere reserve Wienerwald)

Body size increase over time

15 ,
(o) 9
= . * |2
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©
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Fig. S4 Body size in SVL (cm) over time (Year as integer variable). Slight increase of body
size over time (Pearson, r= 0.1, p=0.017, n = 553), but poor model support for a linear

model (estimate = 0.037, p=0.016, 2= 0.009).
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Temperature data

Recent data set
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Fig. S5 Mean temperature per year for the three locations in the Biosphere reserve Vienna

Woods where salamanders have been sampled. Increase in temperature over time

Detailed output of the best model predicting the proportion of yellow colouration in the

recent data set

1. Model of proportion of yellow, recent data

Full model: Im(log(perc_yellow) ™ Temp_annual_mean + SVL_cm + location + year_f + sex +

smi_nls, data = rec)

Best model: Im(formula = log(perc_yellow) ~ location + SVL_cm + sex + smi_nls + 1, data = rec)

Residuals: Min 1Q Median 3Q Max

-1.2796 -0.1695 0.0212 0.1786 0.6137
Coefficients: Estimate Std. Error t value Pr(>|t|)
(Intercept) 3.745054 0.178112 21.026 < 2e-16**
SVL_cm -0.046789 0.011625 -4.025 6.51e-05 **
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619  smi nls -0.009022 0.002682 -3.364 0.000823 ***
620  sexM 0.054976 0.025401 2.164 0.030873 *

621  locationNeuwaldegg 0.001994 0.027311 0.073 0.941826
622  locationWaldandacht 0.049206 0.027347 1.799 0.072524 .
623  ---

624  Signif. codes: 0 *** 0.001 ** 0.01 *’ 0.05°°0.1 1

625  Residual standard error: 0.2605 on 549 degrees of freedom
626  Multiple R-squared: 0.09752, Adjusted R-squared: 0.0893
627 F-statistic: 11.86 on 5 and 549 DF, p-value: 6.456e-11

628

629  Model validation with DHARMa

DHARMa residual

DHARMa residual vs. predicted

QQ plot residuals No significant problems detected

o _ 8
- KS test: p= 0.12592 -
) Deviation n.s.
T - L w
© © 2 e
5} )~ a
o ¢
8 . g 3
8 o @
<
~ g g
e tlier test: p= 0.46484
o | eviation n.s. 8
S Yo W 0 )
00 02 04 06 08 1.0 0.0 02 04 06 08 10
Expected Model predictions (rank transformed)

632  Detailed output of the best models predicting the limb length in the recent data set
633 2. Limb length

634  Models for limb length, separated by limb

635

636  Fore limb right: Final model and validation

637  Im(formula = m1$residuals ~ sex + year_f + location, data = df fl right)

638 Residuals: Min 1Q Median 3Q Max

639 -0.65275 -0.09955 0.00460 0.12386 0.45430

640



641  Coefficients: Estimate Std. Error t value Pr(>|t|)

642  (Intercept) -0.012613 0.056798 -0.222 0.82450

643  sexM 0.070718 0.025449 2.779 0.00601 **

644  year_f2017 0.153899 0.070871 2.172 0.03115*
645  year 2018 -0.007535 0.063745 -0.118 0.90604
646  year_f2019 -0.008849 0.065878 -0.134 0.89329
647  year_f2020 0.001908 0.062915 0.030 0.97584

648  year 2021 0.009628 0.065396 0.147 0.88311

649  year_f2022 0.004368 0.065208 0.067 0.94667

650  year_f2023 0.039337 0.065372 0.602 0.54808

651  year_f2024 0.016369 0.064054 0.256 0.79857

652  year_f2025 -0.021728 0.062848 -0.346 0.72994
653  locationNeuwaldegg -0.077270 0.031756 -2.433 0.01590 *
654  locationWaldandacht -0.038601 0.031233 -1.236 0.21805
655 ---

656  Signif. codes: 0 ** 0.001 ** 0.01 *’0.05°° 0.1’ 1

657  Residual standard error: 0.1783 on 187 degrees of freedom
658  Multiple R-squared: 0.1148, Adjusted R-squared: 0.05794
659 F-statistic: 2.02 on 12 and 187 DF, p-value: 0.02457

660

661  Model Validation with DHARMa

DHARMa residual

DHARMa residual vs. predicted

QQ plot residuals No significant problems detected

e g
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663

664  Fore limb left

665 lm(formula = m2$residuals ~ sex + year_f, data = df_fl_left)
666  Residuals: Min  1Q Median 3Q  Max

667 -0.35112 -0.11949 -0.00132 0.11279 0.39148
668
669  Coefficients: Estimate Std. Error t value Pr(>|t|)

670  (Intercept) 0.08280 0.03466 2.389 0.017898 *

671  sexM 0.09419 0.02397 3.929 0.000120 ***
672  Year_f2017 -0.04051 0.05014 -0.808 0.420191

673  Year {2018 -0.14678 0.05176 -2.836 0.005082 **
674  Year_f2019 -0.27085 0.05176 -5.233 4.5e-07 ***
675  Year £2020 -0.14951 0.04599 -3.251 0.001366 **
676  Year f2021 -0.12009 0.04868 -2.467 0.014537 *
677  Year £2022 -0.12278 0.06414 -1.914 0.057131 .
678  Year £2023 -0.17252  0.04607 -3.745 0.000241 ***
679  Year {2024 -0.18567 0.05172 -3.590 0.000424 ***
680  Year {2025 -0.16654 0.05086 -3.275 0.001263 **
681 ---

682  Signif. codes: 0 ** 0.001 ** 0.01 **0.05°°0.1 "1

683  Residual standard error: 0.1658 on 185 degrees of freedom
684  Multiple R-squared: 0.2246, Adjusted R-squared: 0.1827
685 F-statistic: 5.359 on 10 and 185 DF, p-value: 6.078e-07
686

687  Model Validation with DHARMa
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DHARMa residual

DHARMa residual vs. predicted
No significant problems detected

QQ plot residuals
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Hind limb left

Im(formula = m4$residuals ~ sex, data = df_hl_left)
Residuals: Min 1Q Median 3Q Max
-0.65230 -0.09464 -0.00558 0.10297 0.43100

Coefficients: Estimate Std. Error t value Pr(>|t|)

(Intercept) -0.03555 0.01700 -2.091 0.03775*

sexM 0.06906 0.02369 2.915 0.00396 **

Signif. codes: 0 “** 0.001 ** 0.01 *0.05°”0.1 1

Residual standard error: 0.1691 on 202 degrees of freedom
Multiple R-squared: 0.04037, Adjusted R-squared: 0.03562
F-statistic: 8.497 on 1 and 202 DF, p-value: 0.003958

Model Validation with DHARMa
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DHARMa residual

QQ plot residuals Within-group deviation from uniformity n.s.

Leygne Test for homogeneity of variance n.s.
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Im(formula = m3$residuals ~ location, data = df hl right)

Residuals: Min 1Q Median 3Q  Max
-0.67904 -0.13056 -0.00057 0.12221 0.45075

Coefficients:  Estimate Std. Error t value Pr(>|t|)
(Intercept) 0.04446 0.02439 1.823 0.0700 .
locationNeuwaldegg -0.07219 0.03419 -2.111 0.0361 *
locationWaldandacht -0.05826 0.03341 -1.744 0.0829 .
Signif. codes: 0 *** 0.001 ** 0.01 *>0.05°°0.1 "1

Residual standard error: 0.1841 on 178 degrees of freedom
Multiple R-squared: 0.02747, Adjusted R-squared: 0.01654
F-statistic: 2.514 on 2 and 178 DF, p-value: 0.08382
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