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Abstract. We analyzed data from 3,546 occurrence records of Fire Salamanders (Salamandra salamandra) from the terri-
tory of the Czech Republic where it has a heterogeneous distribution pattern. Its occurrence in terrestrial habitats adjacent
to breeding streams is characterized by a mean distance of 103 m, maximum 1,321 m, from the nearest stream. Based on a
logistic GLM (generalized linear model) analysis we determined the Fire Salamanders’ climatic and habitat associations
at landscape scale in the Czech Republic. The main limiting factors for its dispersal include the proximity of small shallow
streams in rolling landscapes, the pH of these streams, the presence of broad-leaf or mixed forests, humidity, solar irradia-
tion, and severity of winters. While the absence of suitable breeding habitats is the main limiting factor for their occur-
rence in more expansive lowlands, factors such as lower temperatures, lower humidity, and the absence of broad-leaf and
mixed forests begin to play a role with increasing altitude. Unlike cold temperatures, low amounts of precipitation and
higher temperatures do not act as limiters in the Czech Republic. Fire Salamanders respond to the colder climate of higher
altitudes with intensified summer activity and the purely bimodal nature of their activity (with spring and autumn peaks)
tends to fade at higher altitudes.
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Introduction

The terrestrial environment surrounding water bodies
plays a fundamental role in the ecology of terrestrial sala-
manders (e.g., TAYLOR & SCOTT 1997, SEMLITSCH 2003)
and the Fire Salamander, Salamandra salamandra, is no
exception in this regard (e.g., MANENTI et al. 2017). It is
a highly adaptable species of caudate amphibian, exhibit-
ing high variability in its survival strategy (e.g., BUCKLEY et
al. 2007, DENOEL 1996, VELO-ANTON & CORDERO-RIVERA
2017) across its vast distribution range (SILLERO et al. 2014,
SPARREBOOM 2014). Fire Salamanders are known to toler-
ate low temperatures (CATENAZZI 2016), but at the same
time are able to persist even in warm, arid areas (EGEA-
SERRANO et al. 2006). This species prefers moist broad-leaf
forests across most of its range (e.g., JOLY 1968, EGEA-SER-
RANO et al. 2006, BANI et al. 2015), however, Fire Salaman-
ders have also been documented from a pastoral landscape
with a network of hedges (ARNTZEN & VAN BELKOM 2020)
and are able to live in environments without woody cover
(VEITH 1997), or in scrublands and grasslands (SALvADOR

& GARciA-PARfs 2001). They only avoid dry forests, espe-
cially spruce monocultures (MANENTI et al. 2017).

In contrast to more western populations (WEITERE et al.
2004), their reproduction within the territory of the Czech
Republic is linked mostly with upper sections of small oligo-
trophic streams (THIESMEIER 1994, CASPERS et al. 2009),
often situated at the bottom of deeply carved and forest-
ed valleys (FICETOLA et al. 2011). For salamanders, this is
an attractive area because of the increased humidity levels
(GUSTAFSON et al. 2001). The occurrence of Fire Salaman-
ders in the Czech Republic is not homogeneous (Fig. 1). As
has been found in neighbouring Slovakia (BALoGOVA et al.
2015) or Austria (MEIKL et al. 2010), Fire Salamanders avoid
more expansive lowlands and high mountain locations here.
Without immediately obvious causes, however, they are ab-
sent also from many large areas with a low degree of anthro-
pogenization that match well the general scheme of habitat
and climatic requirements of this highly adaptable caudate.

Our research objective was to identify extrinsic abiotic
factors that significantly influence the occurrence of Fire
Salamanders in the Czech Republic, namely at landscape
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scale and by computing logistic regression models. The re-
sults enabled us to define an alternative hypotheses about
the significance of the effects of these explanatory variables
through several sets of a-priori models (see details in Ap-
pendix 1).

Materials and methods
Study area and salamander location data

Our study was focused on the Czech Republic, i.e., a terri-
tory in Central Europe covering 78,866 km?. Here, weath-
er conditions are determined by interpenetration and in-
termixing of oceanic and continental forces and are char-
acterized by westerly winds and intense cyclonal activity,
causing frequent exchanges of air masses and relatively
high amounts of precipitation. The weather is greatly af-
fected by the country’s altitude and the relief of the land-
scape. Most of the area consists of rugged terrain, with a
mean altitude of 450 m (115-1,602 m a.s.l.).

Data on Fire Salamander occurrences in the Czech Re-
public were adopted from the Species Occurrence Data-
base, managed by the governmental Nature Conservation
Agency of the Czech Republic (NCACR 2020). This data-
base stores records of animal and plant occurrences that
have been verified by NCACR experts. We obtained data
from 3,546 such occurrence records for the Fire Salaman-
der (larvae and salamanders in terrestrial habitats) from
the period 1980-2019 (Fig. 1).

According to GREENWALD et al. (2009) and ROMERO et
al. (2012), the initial choice of variables to be included in a
distribution model should be based mainly on the knowl-
edge of the biology of the species concerned. These explan-
atory variables should then be used to test a-priori hypo-
theses about the relationships between species and habitat
conditions. Therefore, our first step in selecting explana-

tory variables was to scour the literature for explanatory
variables affecting the presence of Fire Salamanders within
the chosen territory (see caption in Appendix 2) followed
by defining the land cover types that most likely do not
meet the requirements of Fire Salamanders. By overlap-
ping salamander records from the NCACR database with
the CORINE vector layer (Copernicus Land Monitoring
Service 2018), we effectively removed areas with these land
cover types. CORINE Land Cover is an inventory of Euro-
pean land cover and land use split up into 44 different land
cover classes, ranging from broadly forested areas to indi-
vidual vineyards. At the same time, this step filtered out
disputable records of salamanders (3% of the total num-
ber of sightings). As potentially suitable, we kept only the
sightings of larvae and salamanders after metamorphosis
found within the following CORINE (as of 2018) classes:
mixed forest (313), broad-leaf forest (311), coniferous for-
est (312), land principally used for agriculture, but includ-
ing significant areas with natural vegetation (243), discon-
tinuous urban fabric (112), non-irrigated arable land (211),
and pastures (231) (Table 1). Within the Czech Republic,
these CORINE classes cover 71,706 km? and include 3,446
Species Occurrence Database sightings of larvae and post-
metamorphic salamanders (97% of the total number of
sightings). We considered sightings logged in discarded
CORINE 2018 classes ‘water courses’ (511), ‘natural grass-
lands’ (321), fruit and berry plantations’ (222), ‘green urban
areas (141), ‘continuous urban fabric’ (111), ‘road and rail
networks and associated land’ (122), ‘water bodies’ (512),
‘industrial or commercial units’ (121), ‘sport and leisure
facilities’ (142), ‘complex cultivation patterns’ (242), and
‘transitional woodland-shrub’ (324) erroneous due to pos-
sible inaccuracies in the localization of salamander sight-
ings, inaccuracies in the spatial definition of the CORINE
2018 boundaries, or as a consequence of changes in land
use during the period from which these sightings originate.
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Figure 1. 1x1-km pixels with recorded occurrences of the Fire Salamander, Salamandra salamandra, (altitude range: 115-1,602 m)
based on the Species Occurrence Database maintained by the Nature Conservation Agency of the Czech Republic. The red dots mark

occurrences of Fire Salamanders.
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Table 1. Representation of CORINE 2018 land cover types with numbers of Fire Salamanders (Salamandra salamandra) found in the
total territory of the Czech Republic (CR) and in all salamander records.

Area in CR % of the whole ~ Number of salamanders % of salamanders
CORINE 2018 (km?) CR area found found
313 - Mixed forest 6,132.65 7.8 1,135 32.0
311 - Broad-leaf forest 2,750.59 3.5 738 20.8
312 - Coniferous forest 16,533.40 21.0 689 19.4
243 - Land principally used for agriculture 6,878.45 8.7 471 13.3
112 - Discontinuous urban fabric 3,703.34 4.7 161 4.5
211 - Non-irrigated arable land 28,038.20 35.6 145 4.1
231 - Pastures 7,669.51 9.7 107 3.1
other 7,159.86 9.0 100 2.8

Explanatory variables

DIBAVOD is a vector database of watercourses for the
territory of the Czech Republic (DIBAVOD 2019). It is a
national-reference geographic database, created and man-
aged by the governmental T. G. Masaryk Water Research
Institute. It contains the majority of watercourses in the
Czech Republic, including the smallest starting from their
springs. Although Fire Salamander larvae have developed
some predator-avoidance strategies with respect to fish
(ByLAK 2018), adult salamanders show a strong reproduc-
tive affinity to the uppermost parts of small streams, often

small tributaries of other streams, in a quest to pre-empt
larval predation (THIESMEIER 1994). Therefore, we selected
only the uppermost sections of streams, i.e., first- and sec-
ond-order streams (BAUMGARTNER et al. 1999, FICETOLA
et al. 2008, REINHARDT 2014). We chose the second conflu-
ence, amongst others, to take into account the fact that even
small streams can have two springs. Using the R function
“geosphere::dist2Line()” (HiyMANs et al. 2022), we calcu-
lated the shortest 2D distance of all sightings of postmeta-
morphic Fire Salamanders (n = 2498) from these sections
of streams (Fig. 2). We subsequently created a buffer zone
of 409 m along both sides along the uppermost sections of
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Figure 2. Distribution of Fire Salamanders (Salamandra salamandra, n = 2,498; excluding larvae) in terrestrial habitats adjacent to
breeding streams as estimated from sightings recorded in the NCACR Species Occurrence Database. Mean = 103 + 144 m, max =
1,321 m, median = 44 m, percentile 9 % = 409 m, percentile 7 % = 137 m.
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these streams. This distance encompasses 95% of all sight-
ings of postmetamorphic salamanders (n = 2377). Similar
distances were reported also by CRAWFORD & SEMLITSCH
(2007), SCHULTE et al. (2007), FICETOLA et al. (2009) and
TAaNADINT at al. (2011). Outside more expansive lowlands,
the network of small watercourses and their upper sections
is very dense within the territory of the Czech Republic
and the buffers thus covered 62% of it (49,067.8 km?). After
removing areas with unsuitable habitats and the areas out-
side of the buffers, we related our explanatory and depend-
ent variables to the remaining territory.

Explanatory variables for the creation of a-priori sala-
mander models are related either to the aquatic habitats of
larvae (e.g., MANENTI et al. 20093, TANADINI at al. 2011) or
to the sightings of salamanders in terrestrial habitats (e.g.,
DiLLARD et al. 2008, ROMERO et al. 2012). Primarily in the
case of land cover variables, some authors in their models
compare the areas of the given categories with sightings and
without sightings (e.g., EGEA-SERRANO et al. 2006, RYAN &
CALHOUN 2014), whereas others take into account the dis-
tances of sightings from individual land cover classes (e.g.,
BLANK & BLAUSTEIN 2012, OLIVERO et al. 2016), and yet
others quantify every land class as ‘present’ (1) or ‘absent’
(o) (e.g., GUERRY & HUNTER 2002, GREENWALD et al. 2009,
FARALLO et al. 2018). We used this last approach and the
only dependent variables were used to build our models
(considering both larvae and individuals in the surround-
ing terrestrial habitats) in 57,947 pixels of a 1x1 km grid,
regardless of the actual number of sightings within a given
pixel. In particular, their presence (1) means that at least
one Fire Salamander was found in the given pixel in at least
one year within the period 1980-2019. These were pixels
spreading over our stream buffers described above. Within
these stream buffers, salamanders were present in 3% of the
pixels and absent (or pseudo-absent) in 97%. One of the
advantages of the described aggregation and gridding pro-
cedure is that it reduces spatial autocorrelation to ‘present’
in raw sightings.

Our explanatory variables came from the following
sources: (1) 34 climatic variables 1x1 km (Fick & HijMANS
2017; here abbreviated as BIO), (2) 84 directly calculated
and derived climatic variables 1x1 km generated with the
ClimateEU v4.63 software package, (3) 87 directly calcu-
lated and derived climatic variables 1x1 km E-OBS (Coper-
nicus Climate Change Service 2018), (4) three geomorpho-
logical variables 1x1 km derived from the European Digital
Elevation Model (EU-DEM), version 1.1, (5) CORINE land
cover types (Copernicus Land Monitoring Service 2018),
(6) 11 soil variables (PANAGOS et al. 2012), (7) pH of surface
water (9 categories) (Czech Geological Survey 2020), and
(8) lithological variables (metamorphic, igneous and sedi-
mentary rocks) (Onegeology 2017).

The level of availability of suitable breeding habitats
is described as the length of the first- and second-order
streams calculated for each 1x1 km pixel of our grid. Such
a large number of explanatory variables would inflate the
number of a-priori models beyond the number that can be
reliably analyzed (BURNHAM & ANDERSON 2002) so that,
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besides CORINE filtering (CORINE classes potentially
suitable for the salamanders occurrence), we preselected
also the rest of the variables (see DILLARD et al. 2008). This
preliminary selection of explanatory variables, in accord-
ance with GUTHERY et al. (2005) and HEINZE & DUNKLER
(2017), was based on our previous experience with the
study species and a review of similar studies (e.g., EGEA-
SERRANO et al. 2006, BANI et al. 2015). This pre-selection
was also necessary because many of the explanatory vari-
ables were strongly collinear.

Models at coarse resolution may overestimate the expo-
sure to climate variation that a species experiences, owing
to the buffering effect of the microhabitat on temperature
(SCHEFFERS et al. 2014). We matched the geographic reso-
lution of all data at a 1x1-km resolution, which is a scale
often used in salamander habitat modelling (e.g., ROMERO
et al. 2012, OLIVERO et al. 2016). Our results thus reflect
Fire Salamanders” preferences at landscape scale. The mi-
crohabitat characteristics such as the presence of moist leaf
litter and coarse woody debris (BRAGG & KERSHNER 1999),
soil moisture and soil temperature (HANN et al. 2007), or
stream water characteristics (CLIPP & ANDERSON 2014) can
seriously influence the presence of Fire Salamanders, but
they cannot be studied with our data set.

Habitat suitability models

Regression models are a suitable tool to assess which en-
vironmental variables most accurately explain salamander
species distribution (ROMERO et al. 2012). We used logis-
tic regression analysis with an information theoretic ap-
proach (BURNHAM & ANDERSON 2002) to assess the effect
of extrinsic factors (explanatory variables) on Fire Sala-
mander occurrence and to develop a niche model from
these predictors. Using purposeful selection (HOSMER et
al. 2013) we thus set the most complex models, contain-
ing explanatory variables with acceptable multicollinear-
ity. Applying stepwise backward elimination (KLEINBAUM
et al. 1998), we subsequently searched for the most parsi-
monious model(s).

Using the R function “stats::glm()“ we computed gen-
eralized linear models (regressions) on binary (presence/
absence) data (e.g., MCCULLAGH & NELDER 1989). The ra-
tios “events-per-variable” (events = our pixels with sala-
mander sightings) of our a-priori variables (not variables
in final model) were between 154 and 1,849 in our models,
which seems to be more than sufficient (see HARRELL 2015,
HEINZE & DUNKLER 2017). Viewing such a high EPV ra-
tio, we set a significance level of 0.05 for deciding whether
or not to keep a given parameter in the model (HEINZE &
DUNKLER 2017).

Strong multicollinearity among variables may bias re-
gression analyses (BERRY & FELDMAN 1985). To avoid un-
acceptable levels of multicollinearity in our models, we
screened correlations between variables in R with the
function “car:vif()“ (Fox 2019) prior to model fitting. We
checked each of the variables in the model for its possible
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correlation with other variables to meet the assumptions
of logistic regression (HOSMER et al. 2013). Based on the
recommendation by ZURR et al. (2010), we sequentially re-
moved (or assessed in separate models) variables with high
multicollinearity until all remaining variables had a vari-
ance inflation factor (VIF) of < 4. This level seems to be
conservative enough (comp. MANENTI et al. 2009a, OLI-
VERO et al. 2016, MARQUARDT 1970, MONTGOMERY et al.
2012, ROMERO et al. 2012).

We ranked all candidate models according to (sample
size corrected) Akaike’s Information Criterion (AICc) val-
ues (HURVICH & TsAI1989, BURNHAM & ANDERSON 2002).
The most parsimonious model has the smallest AICc val-
ue. AICc can be used to compare two models even if they
are not hierarchically nested (HEINZE & DUNKLER 2017).
We calculated the difference between the AICc value of a
particular model and the lowest AICc value of all the mod-
els (AAICc). Following BURNHAM & ANDERSON (2002)
and GREENWALD et al. (2009), we considered a model with
AAICc < 2 as having a strong support for making infer-
ences. We considered models with AAICc > 7 being irrele-
vant (SUZUKI et al. 2008). We calculated the Akaike weight
w (normalizing exp(-A,AICc/2) across the set of all mod-
els to be compared), which can be roughly interpreted as
the probability at which that partial model is the best one.
Finally, we used two metrics of predictive values for each
model with AAICc < 2: McFadden’s pseudo R* (McFADDEN
1974) and AUC. The area beneath the receiver operating
characteristic (ROC) curve, known as the AUC, provides
a single-number discrimination value across all possible
ranges of variables and is independent of any favourability
threshold (HosMER et al. 2013). It indicates the degree to
which a species is restricted to part of the variation range of
the modelled predictors (ROMERO et al. 2012). We calculat-
ed McFadden’s pseudo R* and AUC using the R functions
“pscl::pRa()” (JackmaN 2017) and “ROCR::performance()“
(SING et al. 2015). Larger values of McFadden’s pseudo R*
point out models with better predictive values. Quality of
model-fitting ranging from o to 1 and values 0.2 to 0.4 in-
dicate a very good model fit. AUC value ranges between
o.5 and 1. AUC = o.5 suggest that the model accuracy is not
better than the accuracy obtained by random assignment.
AUC > o.y indicates useful performance, AUC > 0.8 indi-
cates good performance, and AUC > 0.9 indicates excellent
performance of the model (MANEL et al. 2001, BALDWIN
2009). We considered a model informative if the AUC val-
ue was > 0.7 (LoBo et al. 2007, SUTTON et al. 2015). Its rel-
evance as a general measurement of predictive accuracy of
distributional models derived from presence/absence spe-
cies data is debatable (LoBoO et al. 2007, JIMENEZ-VALVERDE
2012). However, it is an effective measure for the compari-
son of the discrimination capacity of models in cases where
they deal with the absence/presence of the focal species in
a part of its known range (LoBo et al. 2007, ROMERO et al.
2012). If variables are to be ranked, comparisons based on
AUC are recommended (FIELDING & BELL 1997).

After choosing the best model(s), we investigated the
relative relationship of each explanatory variable to each

dependent variable. The final evidence of support was
spread across more than one (sub)equally parsimonious
top-model (Tables 3, 4). For this reason, we applied sub-
set model averaging using the R function ,MuMIn::model.
avg“ (BARTON 2019). We weighted coefficients from dif-
ferent best-predictable models in each set by their AICc
weights (LUKACS et al. 2010). Because the support for our
top-one model was strong but not indisputable (AICc
weight < 0.90), we averaged (and weighted by their AICc
weights) parameter estimates for all variables from all four
top candidate models (LUKACs et al. 2010, BURNHAM et al.
2011, SYMONDS & MOUSSALLI 2011). Model-averaged es-
timates are more accurate than those generated from the
top model alone (HEDLIN & FRANKE 2017), and this meth-
od solves the problem of uninformative parameters, com-
monly present in the second-best model (BURNHAM & AN-
DERSON 2002).

We described model selection uncertainty by model-av-
eraged coefficients with 85% confidence intervals (ARNOLD
2010). From these model-averaged statistics, we calculat-
ed the odds ratio with 85% confidence intervals for each
variable (Table 2). We considered significant explanatory
variables whose model-averaged 85% confidence inter-
vals for the variable coeflicient did not include o or whose
model-averaged 85% confidence interval of odds ratio for
the variable did not include 1 to explain the occurrence of
salamanders. Besides the direction of association (+) of
explanatory variables in our top models with AAICc < 2,
we also briefly comment on the association of these vari-
ables in all other a-priori models with AAICc > 2 (ARNOLD
2010).

We obtained seasonal activity distribution profiles of
Fire Salamanders from a single, comprehensive Poisson
GAM model (HASTIE & TIBSHIRANI 1990, WOOD 2017) of
salamander presence as a function of altitude and position
of day within a year (seasonal component), based on all
available data.

We conducted all analyses in the R computing environ-
ment (Version 3.5.2) (R Core Team 2020); a CSV file with
the source data and two main R scripts used in the analysis
are available from the “Open Science Forum” at https://doi.
org/10.17605/OSEIO/M7NP4.

Results
Habitat suitability models

For model performance, see Table 3. The most strongly sup-
ported model was No. 55 (w = 0.28, McFadden R* = 0.202)
with CORINE land cover, terrain slope, terrain aspect, the
length of streams, pH of surface water, soil depth to rock,
absolute humidity, solar irradiation, number of warm day-
times, temperature seasonality, temperature difference be-
tween mean warmest and mean coldest month, precipita-
tion seasonality, precipitation due to extremely wet days.
Three other models with AAICc < 2 also had strong sup-
port: No. 54 (0 = 0.28, McFadden R* = 0.202) with CORINE
land cover, terrain slope, terrain aspect, the length of
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Table 2. Numbers of positive (+), negative (-) and non-significant responses of variables in all our a-priori models (AAICc = the dif-
ference between the AICc value of a particular model and the lowest AICc value of all models).

Variables All 59 models Only the top-four models (AAICc < 2)
P <0.01 P<0.05 insignif P <0.01 P <0.05 insignif

East aspect of slopes 57- 4-

South aspect of slopes 57 4

West aspect of slopes 57 4

Slope 58+ 4+

CORINE112 - Discontinuous urban fabric 1- 20- 38 4-

CORINE211 - Non-irrigated arable land 59- 4-

CORINE231 - Pastures 59- 4-

CORINE243 - Land principally used for agriculture 59 4

CORINE311 - Broad-leaf forest 59+ 4+

CORINE312 - Coniferous forest 27- 15- 17 4

CORINE313 - Mixed forest 59+ 4+

Soil depth to rock 1+ 5+ 48 4

Volume of stones in soil 1

Sedimentary rock 1+

Igneous rock 1+

Metamorphosed sedimentary rock 1

Sedimentary and metamorphic rock 1+

Igneous and metamorphic rock 1

Length of first- and second-order streams in each 1x1-km pixel 56+ 4+

pH of surface water 56+ 4+

Mean annual temperature 7+

Autumn, mean temperature 2+

Summer, mean temperature 2+

Spring, mean temperature 2+

Autumn, maximum mean temperature 1+

Summer, maximum mean temperature 1+

Spring, maximum mean temperature 1+

Autumn minimum mean temperature 1+

Summer minimum mean temperature 1+

Spring minimum mean temperature 1+

No. of warm nights 1

No. of warm daytimes 17+ 4+

Days with temperatures below 0°C 1

Days with temperatures above 5°C 1+

Frost-free period 1+

Julian date on the which frost-free period ends 3+

Julian date on which the frost-free period begins 1-

Temperature seasonality 14+ 1+ 5 2

Temperature difference between mean warmest month and 17+ 4+

mean coldest month

Mean annual precipitation 2+, 2- 1- 1

Autumn precipitation 1+

Summer precipitation 1+

Spring precipitation 1+

Precipitation in wettest quarter 1+

Precipitation in driest quarter 3- 3- 1 2-

Precipitation in coldest quarter 4-

No. of wet days (21 mm) (autumn) 2+
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Table 2 continued

Variables

All 59 models Only the top-four models (AAICc < 2)

No. of wet days (21 mm) (spring)

No. of wet days (21 mm) (summer)

Total precipitation from wet days (>1 mm)

Precipitation total due to moderately wet days (>75th percentile)
Precipitation total due to very wet days (>95th percentile)
Precipitation total due to extremely wet days (>99th percentile)
Precipitation seasonality

Absolute humidity

Solar irradiation (annual mean)

P <0.01 P<0.05 insignif P <0.01 P <0.05 insignif
2+
2+
1+
1+
1+
18+ 4+
11+ 3+ 2 2+
13+ 4+
9- 4-

Table 3. Characteristics of selected regression models of Fire Sala-
mander presence. For descriptions of the models see Appendix
Table 1. Only models with w > 0.02 are presented. K = number of
explanatory variables; logLik = log likelihood, which is a measure
of how well the model fits the data; AICc = Akaike’s Information
Criterion correlated to sample size; AAICc = difference between
the AICc value of a particular model and the lowest AICc value
of all models; w = Akaike weight can be interpreted as the prob-
ability that a particular model is the best one; McFadden pseudo
R* = quality of model fitting ranging from 0 to 1, with values
0.2 to 0.4 indicating a very good model fit; AUC = area under
the curve calculated using the function “ROCR::performance()*
(SING et al. 2015).

Model K logLik AICc AAICc w AUC McFad-
den R?
55 13 -7,428.73 14,907.48 0.00 0.30 0.886 0.202
54 13 -7,428.86 14,907.72 0.24 0.26 0.886 0.202
57 12 -7,429.95 14,907.91 0.43 0.24 0.886 0.202
56 12 -7,430.51 14,909.03 1.55 0.14 0.887 0.202
59 13 -7,430.86 14,911.73 4.25 0.04 0.885 0.202
58 12 -7,431.94 14,911.90 4.41 0.03 0.886 0.202

streams, pH of surface water, soil depth to rock, absolute
humidity, solar irradiation, number of warm daytimes,
temperature seasonality, temperature difference between
mean warmest and mean coldest month, precipitation of
driest quarter, precipitation due to extremely wet days; No.
57 (w = 0.24, McFadden R* = 0.202) with CORINE land
cover, terrain slope, terrain aspect, the length of streams,
pH of surface water, soil depth to rock, absolute humid-
ity, solar irradiation, number of warm daytimes, tempera-
ture difference between mean warmest and mean coldest
month, precipitation of driest quarter, precipitation due to
extremely wet days); and No. 56 (w = 0.12, McFadden R* =
0.202) with CORINE land cover, terrain slope, terrain as-
pect, the length of streams, pH of surface water, soil depth
to rock, absolute humidity, solar irradiation, No. of warm
daytimes, temperature difference between mean warmest
and coldest month, precipitation seasonality, precipitation
due to extremely wet days.

In addition, model No. 59 (w = 0.04, McFadden R?
0.202) had an AAICc = 3,94 with CORINE land cover, ter-
rain slope, terrain aspect, the length of streams, pH of sur-
face water, soil depth to rock, absolute humidity, solar ir-
radiation, No. of warm daytimes, temperature seasonality,
temperature difference between mean warmest and mean
coldest month, precipitation of coldest quarter, precipita-
tion due to extremely wet days; and model No. 58 (w = 0.03,
McFadden R? = 0.202) had an AAICc = 4.23 with CORINE
land cover, terrain slope, terrain aspect, the length of
streams, pH of surface water, soil depth to rock, absolute
humidity, solar irradiation, No. of warm day-times, tem-
perature difference between mean warmest and mean
coldest month, precipitation of coldest quarter, precipita-
tion due to extremely wet days.

Beyond that, there was a sharp drop in model success.
Within our a-priori models, these were the most complex,
encompassing (a) climatic as well as (b) geomorphologi-
cal and (c) habitat-related explanatory variables. Models
made up of fewer explanatory variables, or those that did
not contain some of these three groups, always scored sig-
nificantly worse in terms of the metrics used (AUC and
McFadden R?). The discrimination capacity (AUC, rang-
ing from 0.5 to 1) of our top four models was always higher
than 0.885, and thus excellent according to HOSMER et al.
(2013).

Leaving aside a few probably erroneous located sight-
ings, sightings of Fire Salamanders come from the follow-
ing CORINE land cover types: mixed forest > broad-leaf
forest > coniferous forest > land principally used for agri-
culture > discontinuous urban fabric > non-irrigated arable
land > pastures. Based on the averaged top-four models,
Fire Salamanders were positively associated with broad-
leaf forest (CORINE311) and mixed forest (CORINE313)
and negatively associated with non-irrigated arable land
(CORINE211), pastures (CORINE231), and discontinuous
urban fabric (CORINE112) in all our top-four models. As-
sociations with coniferous forest (CORINE312) and land
principally used for agriculture (CORINE243) were not
obvious in any direction. They were positively associated
also with terrain slope, the length of the hydrographic net-
work, pH of these streams, humidity, seasonality of pre-
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Table 4. Effects of explanatory variables on the occurrence of Fire Salamanders based on averaging the top four models with AAICc < 2
(AAICc = difference between the AICc value of a particular model and the lowest AICc value of all models, CI = confidence interval).

Model averaged coefficient

Variable Estimate 85% CI Odds ratio 85% CI of odds ratio P

aspect_east -0.303 -0.409 -0.198 0.738 0.665 0.820 < 0.001
aspect_south 0.094 -0.007 0.195 1.099 0.993 1.216 0.179
aspect_west 0.021 -0.074 0.117 1.022 0.928 1.124 0.757
BIO04 0.003 0.000 0.006 1.003 1.000 1.006 0.092
BIO15 0.014 0.007 0.021 1.014 1.007 1.021 0.003
BIO17 -0.004 -0.006 -0.002 0.996 0.995 0.998 0.002
CORINE112 -0.007 -0.011 -0.002 0.993 0.989 0.998 0.027
CORINE211 -0.029 -0.032 -0.026 0.971 0.968 0975 <0.001
CORINE231 -0.028 -0.032 -0.023 0.972 0.968 0.977 < 0.001
CORINE243 -0.004 -0.008 0.000 0.996 0.992 1.000 0.118
CORINE311 0.016 0.013 0.019 1.016 1.013 1.019 < 0.001
CORINE312 -0.003 -0.005 0.000 0.997 0.995 1.000 0.084
CORINE313 0.011 0.008 0.013 1.011 1.008 1.013 < 0.001
pH 0.625 0.526 0.724 1.868 1.691 2.063 < 0.001
r99ptot_yr 0.028 0.023 0.033 1.029 1.024 1.034 < 0.001
slope 0.202 0.183 0.222 1.224 1.201 1.248 < 0.001
s0il02 0.184 0.010 0.358 1.202 1.010 1.431 0.132
SRADyear -0.001 -0.001 -0.001 0.999 0.999 0.999 < 0.001
TD 0.622 0.528 0.716 1.863 1.696 2.047 < 0.001
tx90p_yr 0.802 0.698 0.906 2.229 2.009 2474 < 0.001
humidity 1.364 1.101 1.626 3911 3.007 5.086 < 0.001
water 22.226 15.909 28.544 4.4e+09 8.1e+06  2.5e+12 < 0.001

cipitation or, more precisely, the amount of precipitation
on extremely wet days, the temperature difference between
the warmest and coldest months, and the numbers of
warm daytimes. They were negatively associated with so-
lar irradiation, the eastern aspect of slopes, the amount of
precipitation during the driest quarter (winter), and with
the presence of the following land cover types: discontinu-
ous urban fabric, non-irrigated arable land, and pastures
(Table 4). Despite the negative association with these three
types of habitat, Fire Salamanders occur there to a limited
extent.

All the above explanatory variables scored in the same
direction also in models that did not rank in the top four
with AAICc < 2 (Table 2), oftentimes due to collinearity of
the explanatory variables. Humidity, distance to small shal-
low streams, and the presence of broad-leaf and mixed for-
ests were the explanatory variables most significantly in-
creasing the discrimination capacity of all our models in
terms of used metrics (AUC and McFadden R?).

We tested for an association of the distribution of
broad-leaf, mixed, and coniferous forests with altitude.
Within forested areas, the proportions of broad-leaf (-o0.25,
P < o0.01 and mixed (-0.20, P < 0.01) forests, which were
positively associated with Fire Salamander presence in our
models, declined with rising altitude. On the other hand,
there is an increasing proportion of coniferous forest (o.29,

136

P < 0.01), which was otherwise negatively associated with
Fire Salamander presence in our models. We also tested for
an association of temperature (MAT), precipitation (MAP)
and humidity (humid) with altitude. With rising altitude,
there is a decline in air temperature (r = -0.93, P < 0.01) and
absolute humidity (r = -0.97, P < 0.01), while the quantity
of precipitation increases (e.g., BIO16: r = 0.63, P < 0.01,
BIO17: r = 0.64, P < 0.01, BIO18: r = 0.63, P < 0.01, MAP:
r = 0.78, P < o0.01). Ninety-five percent of locations with
salamander sightings, equal to 95% of the Czech Republic’s
territory, show an identical mean annual precipitation of
> 531 mm and a mean non-snow precipitation of > 493 mm,
respectively. Therefore, the lack of precipitation does not
seem to be a limiting factor here.

Using the function “WRS2::qcomhd()“ (MAIR & WIL-
cox 2020) we compared the lower (5%) and upper (95%)
quantiles (WiLcox & ERCEG-HURN 2012, WILCOX et al.
2014) of mean annual temperatures (MAT) at the locations
with salamander sightings and in all the areas within the
409-m buffer zones along streams. While the values of the
lower quantiles were significantly different in favour of lo-
cations with salamander sightings (5.68 vs. 5.40, P < 0.001),
this was not the case for the upper quantiles (8.52 vs. 8.50,
P = 0.299). Thus, high temperatures do not seem to be a
limiting factor for salamander presence in the Czech Re-
public either.
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Seasonal salamander activity profile

Altitudes in the Czech Republic range from 115 to 1,602
m. Of the total area of the country, 67% lie at altitudes
below 500 m and 32% between 500 and 1,000 m a.s.l..
Only 1% rises to altitudes higher than 1,000 m. Sala-
manders occur at altitudes ranging from 145 to 1,098
m (mean = 433 + 147). Ninety-five percent of sightings
come from altitudes above 254 and below 726 m, and 75%
from above 321 and below 514 m (Fig. 3). While the aver-
age altitude of spring (< April) and autumn (> August)
sightings was not significantly different (ANOVA, F =
0.49044, df = 1061.9, P = 0.4839), the average altitude of
summer sightings (April-August) was significantly high-
er (ANOVA, F = 15.552, df = 870.45, P < 0.001) than that
of sightings from the rest of the year. Figure 4 illustrates
clearly that the seasonal (within-year) salamander activ-
ity profile is not the same for all altitudes. On the con-
trary, the within-year activity distribution shape changes
relatively smoothly from low to higher altitudes. In fact,
altitude modifies the activity distribution in several dif-
ferent ways. Firstly, the period when activity is non-neg-
ligible (when the normalized intensity exceeds some low
threshold, e.g., 0.001, marked by the horizontal dotted

line) is clearly uniformly longer for lower altitudes. The
shortening of that period with altitude occurs at both
ends: a later beginning and an earlier end of the main
activity season. Another view of this phenomenon is that
for a fixed time position (obtained as, say, 2.5™ and 97.5™
percentiles of salamander presence times - day positions
91 and 299, respectively), activity is much higher for low-
er elevations. Next, for a given altitude, the season start
is more abrupt than the season’s ending (steepness, or the
profile curve derivative absolute value is generally higher
on the left than on the right slope), but the difference
decreases with altitude. Secondly, the seasonal distribu-
tion of activity is bimodal, expressing itself in spring and
autumn activity peaks being interrupted by a summer
depression. Proportions of the spring and autumn peaks
differs systematically with altitude, however. For low alti-
tudes, there is a complete dominance of the spring peak,
but as altitudes increase, the proportion (and even local
maximum) of the spring peak decreases. Moreover, the
summer depression tends to be less pronounced, so that
at higher altitudes there is a tendency towards unimodal-
ity (with the spring and autumn peaks joined by a some-
what flatter curve at the period of peak activity at higher
altitudes).
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Figure 3. Altitudinal distribution of Fire Salamanders (Salamandra salamandra, n = 3,546; larvae and postmetamorphic salamanders
in terrestrial habitats) as directly estimated from data in the Species Occurrence Database NCACR without reference to seasonality.

Mean = 433 + 147 m, max = 1,098 m, median = 400 m.
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Discussion
Habitat suitability models

Our explanatory variables take into account the landscape
scale (MACKEY & LINDENMAYER 2001). In the area studied
here, salamanders very often inhabit deeply carved, shad-
ed valleys, where locally specific microbiotope conditions
prevail, and the microhabitat preferences of salamanders
may therefore differ somewhat from landscape scale pref-
erences (ROMERO et al. 2012, SUTTON et al. 2015, FICETOLA
et al. 2018).

While in the southern parts of the species range, high
summer temperatures and lack of precipitation, or the du-
ration of the warm period, act as factors limiting the pres-
ence of Fire Salamanders (EGEA-SERRANO et al. 2006), in
the area covered by this study the length of the winter pe-
riod constitutes the limiting factor, which is demonstrated
by its association with explanatory variables: Frost-free pe-
riod, the Julian date on which the frost-free period begins,
the Julian date on which the frost-free period ends, and
days with temperatures above 5°C. However, compared
with humidity (with which they are collinear) none of
these explanatory variables were strong enough to be used
in our top four models.

The Fire Salamander is generally considered a species
that will prefer lower temperatures (CATENAZZI 2016).
Results from our models suggest that in the climatic
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normalised intensity

0.002

0.000
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conditions of the Czech Republic, higher temperatures
do not constitute a limiting factor for the occurrence of
Fire Salamanders, however. The presence of Fire Sala-
manders was positively associated with all our temper-
ature variables in all our 22 a-priori models containing
these variables. The only exception is the variable “num-
ber of warm nights” (tngop_yr), which had no associa-
tion with the presence of Fire Salamanders. Alternation
of individual seasonal temperature variables in our mod-
els did not have much affect the scoring of these models
in terms of the metrics used (AUC and McFadden R?).
Temperature is also strongly correlated with the humidity
variable (e.g. MAT vs. humid, r = 0.92, P < 0.01), which
was strongly positively associated with Fire Salamander
presence in all of our top-four models. In unfavourable
weather, salamanders hide underground, with at least
some species retreating deeply underground (RIBERON &
MIAUD 2000, ROMANO & RUGIERRO 2008). Fire Salaman-
ders also spend only a very small part of their lives above
ground, living most of their time underground (REBE-
LO & LECLAIR 2003). In these underground spaces, tem-
perature conditions are very different from those above
ground (BURDA et al. 2007), and Fire Salamanders live
there within a temperature range of 8-12°C, even during
summer (CATENAZzI 2016). The fact that they are not ac-
tive above ground does not necessarily mean that they are
inactive underground.

200

300

day within a year

Figure 4. Seasonal salamander activity distribution profiles at different altitudes. Profiles are derived from a single comprehensive
Poisson GAM model fitted to presence data from all locations. Estimated profile curves at selected altitudes are normalized to have
unit integers to provide information on the seasonal distribution for a given altitude.
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Fire Salamander presence was positively associated with
the temperature difference between the mean warmest and
the mean coldest month (TD) in all our 17 a-priori models
containing these variables and in all our top-four models as
well. The association with temperature seasonality (BIO4)
was not so unambiguous, even though positive association
prevailed or was not significant in some models. However,
these associations are not a consequence of a preference for
the continental climate, but reflect the fact that salaman-
ders avoid higher cold altitudes, with temperature differ-
ences between the warmest and coldest months (TD) de-
creasing with increasing altitude (r = -0.63, P < 0.01), and
the same applies to temperature seasonality (BIO4) (r =
-0.70, P < 0.01).

The preference for broad-leaf and mixed forest we have
found is in accordance with the general habitat preferenc-
es of Fire Salamanders from other parts of temperate Eu-
rope (e.g., LANZA et al. 2009, BANI et al. 2015). Arable land
and pastures in any case are strong drivers of isolation for
salamander populations (GREENWALD et al. 2009, ROME-
RO et al. 2012). However, Fire Salamanders can persist in a
high-intensity agricultural landscape (BAUMGARTNER et al.
1999, MEIKL et al. 2010, TANADINI et al. 2011), which is con-
firmed also by our results. In our models, they were nega-
tively associated with discontinuous urban fabric, non-ir-
rigated arable land, and pastures, but they can survive in
some of those areas.
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Slope 1
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CORINE211 - Non-irrigated arable land §
CORINE231 - Pastures

CORINE311 - Broad-leaved forest -
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Due to the low willingness of most adult salamanders
to move too far away from their breeding streams and the
vulnerability of their larvae to fish predation, the presence
of small, oligotrophic and heterogeneous streams with
scarce periphyton, surrounded by woodlands, constitutes a
generally appicable prerequisite for their occurrence (Ma-
NENTI et al. 2009a), which is confirmed by the results from
our models. As was found by FICETOLA et al. (2008), the
length of the hydrographic network ranked amongst the
most important explanatory variables in all our top-four
models. Topography and slope influence the amount of so-
lar exposure and thus temperature, humidity and moisture
of the substrate (LOOKINGBILL & URBAN 2004). Fire Sala-
manders were also positively associated with the slope of
terrain in all our 58 a-priori models containing this varia-
ble. Their presence was negatively associated with the east-
ern aspect of slopes in all our 57 a-priori models containing
this variable, and this negative association was significant
in all our top-four models as well. Their association with
the other aspects was not obvious. According to WERNER
et al. (2014), Fire Salamanders generally make use of sites
with inclinations lower than 35°. BANI et al. (2015) men-
tioned that optimal slopes were angled at between 5 and
20°, while presence probability was close to zero for slopes
steeper than 40°, where the runoff of water should be too
strong to permit the formation of slow-flowing pools. Es-
pecially in mountainous landscapes, salamanders are ac-
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Figure 5. Numbers of positive and negative significant (P < 0.05) responses of explanatory variables in all our a priori models.
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tive on paths with shallower inclinations (DENOEL 1996,
MANENTI et al. 2017). These sightings are not in contra-
diction with the results of our models, though, because
they describe microhabitat preferences. At the mesoscale,
our models reveal an association of Fire Salamanders with
small streams, flowing through rolling landscapes. Such
aquatic and terrestrial habitats are missing in more expan-
sive lowlands, which may explain the absence of Fire Sala-
manders in the lowlands of the Czech Republic. This is the
main limiting factor for their occurrence in these areas.

Stream acidification (POUGH & WILSON 1977) and low
pH of forest soil (CLIP & ANDERSON 2014, ANDERSON &
JOHNSON 2018) can restrict the distributions of salaman-
ders. Fire Salamander presence was positively associated
with water pH values in all our 56 a-priori models contain-
ing this variable and in all our top-four models as well.

Water vapour pressure (VAPRyear), or more precisely
the absolute humidity of the air calculated from it, was a
variable with a significant effect on the quality of model
fit. Fire salamander presence was positively associated with
water vapour pressure in all our 13 a-priori models con-
taining this variable and in all our top-four models (comp.
VELO-ANTON & CORDERO-RIVERA 2017).

The amounts of precipitation and their even distribu-
tion throughout the year were variables, for which we ex-
pected a strong positive association with the presence of
Fire Salamanders. However, this a-priori expectation was
only partly fulfilled. The variables describing the amount
of precipitation (the number of wet days in spring, sum-
mer and autumn, the amount of precipitation in spring,
summer and autumn) mostly scored positively in our a-
priori models. However, their manifestation was not strong
enough for them to be used in our top four models. The
alternation of individual seasonal precipitation variables in
our models (rimm: models 24, 25, 26 and PPT: models 28,
29, 30) did not have much effect on the scoring of these
models in terms of the metrics used (AUC and McFadden
R?). All variables related to the amount of precipitation are
strongly correlated with altitude, which from a certain level
begin to act as a limiting factor for Fire Salamander oc-
currence because of decreasing temperatures, even if the
amount of precipitation remains high. The association with
the amount of precipitation in the driest quarter (winter)
was negative, and this relationship was manifest also in our
top-four models. The variable “precipitation of the coldest
quarter” scored in the same direction. The negative asso-
ciation with winter precipitation (which falls in the shape
of snow across most of the Czech Republic’s territory and
is an attribute of the harshness of winter) is reflected also
in an ambiguous association of Fire Salamander pres-
ence with the variable of mean annual precipitation; it is
an expected trend. The association with uneven distribu-
tion of precipitation, both in the course of a year (BIO15),
as well as in the form of a smaller number of heavy rain
events (rggptot_yr) was always positive in our models in-
cluding our top-four models. Although both variables are
not so strongly dependent on altitude as temperature or
the amount of precipitation, their values still depend on
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altitude, although each in a different direction. With in-
creasing altitude, the differences between the amount of
winter and summer precipitation narrow (BIO15: r = -0.50,
P < 0.01), but on the other hand, the amount of precipita-
tion (rain, snow) falling in torrential events (rggptot_yr:
r = 0.57, P < 0.01) increases. As is the case in other parts of
the species’ range (e.g., JoLY 1968), Fire Salamanders in the
Czech Republic prefer areas with abundant precipitation
or with a lot of precipitation falling at once, albeit in less
frequent events, but not areas with abundant precipitation
that are at the same time cold (mountain areas).

Seasonal salamander activity profile

Fire Salamanders avoid more expansive lowlands and
higher altitudes in the Czech Republic. Nevertheless, their
absence there is not caused by the higher altitudes them-
selves, but rather by the environmental conditions pre-
vailing in these situations. In the southern parts of their
range, Fire Salamanders prefer higher altitudes than in the
northern parts (e.g., EGEA-SERRANO et al. 2006, OLIVERO
et al. 2016), and in larger mountain areas such as the Alps
(MEIKL et al. 2010) or the Carpathians (BALOGOVA et al.
2015) they also occur at higher levels. In the area studied in
this paper, Fire Salamanders respond to colder conditions
at higher altitudes by shifting their above-ground circan-
nual activity. The purely bimodal character of activity seen
at lower and medium altitudes becomes compromised
at higher altitudes, the spring peak disappears, and their
summer activity (April to August) is more pronounced. It
is not surprising that with increasing altitude, the start of
activity in spring is delayed to an increasing extent, but this
onset also blurs with altitude, with salamanders at lower
altitudes leaving their overwintering shelters in a more ex-
plosive manner. The autumnal decline in activity copies
that in spring in reverse, but differences between altitudes
are less pronounced, i.e., altitude plays a smaller role in au-
tumn than in spring.

Conclusion

The results of our models clearly show that in the condi-
tions of the Czech Republic at a landscape scale the pres-
ence or absence of Fire Salamanders in an area is not due
to the effect of one dominant factor, but rather is the result
of a combined effect of multiple factors affecting these cau-
dates in both their terrestrial and aquatic habitats. MANEN-
T1 et al. (2009a) and TANADINT at al. (2011) arrived at sim-
ilar conclusions when they analyzed comparable climatic
conditions in France and Switzerland, respectively. The fac-
tors always coming to the forefront in the Czech Republic
include distance to small shallow streams (-) in a rolling
landscape (+), water pH of these streams (+), presence of
broad-leaf or mixed forest (+),humidity (+), solar irradia-
tion (-), and temperature (+). In various areas, for example
depending on altitude or the degree of landscape anthro-
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pogenization, the order of influential importance of these
main factors changes. In more expansive plains, which are
mainly encountered at low altitudes in the Czech Repub-
lic, the main limiting factor for the occurrence of Fire Sala-
manders is the absence of suitable breeding habitats (shal-
low streams). With increasing altitude, decreasing tempera-
tures, decreasing humidity levels, and the absence of broad-
leaf and mixed forests, which are the preferred habitats of
Fire Salamanders, begin to play a role. At higher altitudes,
the forests are substituted by coniferous (mainly spruce)
monocultures, which are not attractive for Fire Salaman-
ders (MANENTI et al. 2017). Their typical association with
shallow clean lotic water bodies could be a consequence of
these not hosting predatory fish rather than a real selection
(MoNTORI & HERRERO 2004). Low pH and higher solar ir-
radiation are limiting factors regardless of altitude.

Fire Salamanders prefer areas with higher amounts of
precipitation (especially non-winter precipitation). How-
ever, in terms of precipitation, the entire portion of the
Czech Republic analyzed in this study seems to suit Fire
Salamanders well. The amount of precipitation (total or
non-snow precipitation) does not appear to be a limiting
factor for their presence anywhere in the studied area. In
contrast to cold, high temperatures here are not the limit-
ing factor for their occurrence in the vast majority of areas
they are a able to reach. If need be, they can avoid high
temperatures locally by selecting cooler and more humid
places at a microhabitat scale (e.g., the vicinity of streams at
the bottom of deeply carved valleys within forests). Within
the range of temperatures prevailing at a mesoscale in the
Czech Republic, rather than being a cryophilic species, the
Fire Salamander appears to be a species capable of tolerat-
ing lower temperatures. It responds to the colder climate
of higher altitudes with an increase in summer activity,
and the purely bimodal character of its activity (spring, au-
tumn) disappears in higher altitudes, mainly at the expense
of the spring maximum.

Acknowledgements

We would like to thank the Nature Conservation Agency of the
Czech Republic for providing the data on sightings from the Spe-
cies Occurrence Database. The data on Fire Salamander sight-
ings are the result of the great efforts of many field biologists, to
whom thanks are due in particular. We would also like to thank T.
TuTECKI for translating our manuscript into English.

References

AHSANI, V., M. AMIN-NASERI, S. KNICKERBOCKER & A. SHAR-
Ma (2018): Quantitative analysis of probe data characteristics:
Coverage, speed bias and congestion detection precision. -
Journal of Intelligent Transportation Systems, 23: 1-17.

ANDERSON, K. J. & J. R. JoHNSON (2018): The effects of substrate
pH on growth and survival of recently metamorphosed mar-
bled salamanders (Ambystoma opacum). - Herpetological
Conservation and Biology, 13: 70-79.

ArnoLD, T. W. (2010): Uninformative parameters and model
selection using Akaike’s Information Criterion. — Journal of
Wildlife Management, 74: 1175-1178.

ARNTZEN, ]. W. & J. VAN BELKOM (2020): ‘Mainland-island’ popu-
lation structure of a terrestrial salamander in a forest-bocage
landscape with little evidence for in situ ecological speciation.
- Scientific Reports, 10: 1700.

AZEN, R. & N. TRAXEL (2009): Using dominance analysis to de-
termine predictor importance in logistic regression. — Journal
of Educational and Behavioral Statistics, 34: 319-347.

BALDWIN, R. A. (2009): Use of maximum entropy modeling in
wildlife research. — Entropy, 11: 854-866.

BaLoGova, M., M. APFELOVA, T. FLAJS, D. JABLONSKI, J. KAUT-
MAN, P. KrRYSTOFSKY, A. KRISTIN, V. PApaC, P. PUCHALA, P.
URBAN, & M. UHRIN (2015): Distribution of the fire salaman-
der (Salamandra salamandra) in Slovakia. — Folia faunistica
Slovaca, 20: 67-93.

Bani, L., G. P1sa, M. Luppi, G. SpiLOTROS, E. FABBRI, E. RANDI
& V. OrioLI (2015): Ecological connectivity assessment in a
strongly structured fire salamander (Salamandra salamandra)
population. — Ecology and Evolution, 5: 3472-3485.

BARRETT, K., N. P. NIBBELINK & J. C. MAERZ (2014): Identify-
ing priority species and conservation opportunities under fu-
ture climate scenarios: Amphibians in a biodiversity hotspot.
- Journal of Fish and Wildlife Management, 5: 282-297.

BarTON, K. (2019): MuMIn. R package version 1.43.15. - https://
cran.r-project.org/web/packages/MuMIn/index.html.

BAUMGARTNER, N., A. WARINGER & ]. WARINGER (1999): Hy-
draulic microdistribution patterns of larval fire salamanders
(Salamandra salamandra salamandra) in the Weidlingbach
near Vienna, Austria. — Freshwater Biology, 41: 31-41.

BERRY, W. D. & S. FELDMAN (1985): Multiple regression in prac-
tice. — Sage Publications, Beverly Hills, California, USA.

BLANK, L. & L. BLAUSTEIN (2012): Using ecological niche model-
ling to predict the distributions of two endangered amphib-
ian species in aquatic breeding site. - Hydrobiologia, 693:
157-167.

BRAGG, D. C. & J. L. KERSHNER (1999): Coarse woody debris in
riparian zones: Opportunity for interdisciplinary interaction.
- Journal of Forestry, 97: 30-35.

BuckiEy, D., M. ALCOBENDAS, M. GARCIA-PARIS & M. H. WAKE
(2007): Heterochrony, cannibalism, and the evolution of vivi-
parity in Salamandra salamandra. — Evolution and Develop-
ment, 9: 105-115.

BurDpA, H., R. SUMBERA & S. BEGALL (2007): Microclimate in
burrows of subterranean rodents - revisited. — pp. 21-33. in:
BEGALL, S., H. BurDA & C. SCHLEICH (eds): Subterranean ro-
dents — News from underground. - Springer, Heidelberg.

BurnHAM, K. P. & D. R. ANDERSON (2002): Model selection and
inference: a practical information-theoretic approach, 2™ ed. -
Springer-Verlag, New York.

BurnHAM, K. P, D. R. ANDERSON & K. P. HUYVAERT (2011): AIC
model selection and multimodel inference in behavioral ecol-
ogy: some background, observations, and comparisons. — Be-
havioral Ecology and Sociobiology, 65: 23-35.

BYLAK, A. (2018): The effects of brown trout (Salmo trutta mor-
pha fario) on habitat selection by larval fire salamanders (Sala-
mandra salamandra): a predator-avoidance strategy. — Cana-
dian Journal of Zoology, 96: 213-219.

141



RoMAN KOVAR et al.

CASPERS, B. A., C. JUNGE, M. WEITERE & S. STEINFARTZ (2009):
Habitat adaptation rather than genetic distance correlates with
female preferences in fire salamanders (Salamandra salaman-
dra). - Frontiers in Zoology, 6: 1-8.

CATENAZzI, A. (2016): Ecological implications of metabolic com-
pensation at low temperatures in salamanders. — Peer], 4:
€2072.

Cripp, H. L. & J. T. ANDERSON (2014): Environmental and anthro-
pogenic factors influencing salamanders in riparian forests: A
review. — Forests, 5: 2679-2702.

Copernicus Climate Change Service (2018): European Environ-
ment Agency (EEA)”, f.ex. in 2018. - European Union, Coper-
nicus Climate Change Service 2018, European Environment
Agency (EEA), http://surfobs.climate.copernicus.eu/dataac-
cess/access_eobs_indices.php.

Copernicus Land Monitoring Service (2018): European Environ-
ment Agency (EEA), fex. in 2018. - European Union, Coper-
nicus Land Monitoring Service 2018, European Environment
Agency (EEA).

COSENTINO, B. J. & K. M. BRUBAKER (2018): Effects of land use
legacies and habitat fragmentation on salamander abundance.
- Landscape Ecology, 33: 1573-1584.

CRAWEFORD, J. A. & R. D. SEMLITSCH (2007): Estimation of core
terrestrial habitat for stream-breeding salamanders and delin-
eation of riparian buffers for protection of biodiversity. - Con-
servation Biology, 21: 152-158.

Czech Geological Survey (2020): Online database of the surface
water chemistry. - Czech Geological Survey, Prague, 2019-12-
20. https://mapy.geology.cz/povrchove_vody/.

DENOEL, M. (1996): Phénologie et domaine vital de la salamandre
terrestre Salamandra salamandra terrestris (Amphibia, Cau-
data) dans un bois du Pays de Herve (Belgique). - Cahiers
d’Ethologie, 16: 291-306.

DIBAVOD (2019): Vector database of watercourses of the Czech
Republic. - T. G. Masaryk Water Research Institute Czech Re-
public, Prague, 2019-11-05. https://www.dibavod.cz/.

DILLARD, L. O., K. R. RUSSELL & W. MARK FORD (2008): Site-lev-
el habitat models for the endemic, threatened Cheat mountain
salamander (Plethodon nettingi): the importance of geophysi-
cal and biotic attributes for predicting occurrence. — Biodiver-
sity Conservation, 17: 1475-1492.

EGEA-SERRANO, A, F. J. OLIVA-PATERNA & M. TORRALVA (2006):
Breeding habitat selection of Salamandra salamandra (Lin-
naeus, 1758) in the most arid zone of its European distribution
range: application to conservation management. — Hydrobio-
logia, 560: 363-371.

FARALLO, V. R., R. WIER & D. B. MILEs (2018): The Bogert effect
revisited: Salamander regulatory behaviours are differently
constrained by time and space. - Ecology and Evolution, 8:
11522-11532.

Ficetora, G. E, E. Papoa-ScHiopPA & F DE BERNARDINI
(2009): Influence of landscape elements in riparian buffers on
the conservation of semiaquatic amphibians. — Conservation
Biology, 23: 114-123.

FiceToLa, G. E, L. MARrzi1ALlL, B. Rossaro, E DE BERNARDINI &
E. PADOA-ScHIOPPA (2011): Landscape - stream interactions
and habitat conservation for amphibians. - Ecological Appli-
cations, 21: 1272-1282.

FiceToLA, G. E, E. LunGHI, C. CANEDOLI, E. PADOA-SCHIOPPA,
R. PENNATI & R. MANENTI (2018): Differences between micro-

142

habitat and broad-scale patterns of niche evolution in terres-
trial salamanders. — Scientific Reports, 8: 10575.

FicKk, S. E. & R. J. HyMANS (2017): Worldclim 2: New 1-km spa-
tial resolution climate surfaces for global land areas. — Interna-
tional Journal of Climatology. wileyonlinelibrary.com.

FIELDING, A. H. & J. F. BELL (1997): A review of methods for the
assessment of prediction errors in conservation presence/ab-
sence models. — Environmental Conservation, 24: 38-49.

Fox, J. (2019): Car. R package version 3.0-6. - https://cran.r-pro-
ject.org/web/packages/car/index.html.

GREENWALD, K. R,, H. L. GiBBs & T. A. WAITE (2009): Efficacy
of land-cover models in predicting isolation of marbled sala-
mander populations in a fragmented landscape. - Conserva-
tion Biology, 25: 1232-1241.

GUERRY, A. D. & M. L. HUNTER (2002): Amphibian distributions
in a landscape of forests and agriculture: an examination of
landscape composition and configuration. - Conservation
Biology, 16: 745-754.

GUSTAFSON, E. ], N. L. MurpHY & T. R. CRow (2001): Using a
GIS model to assess terrestrial salamander response to alter-
native forest management plans. — Journal of Environmental
Management, 63: 281-292.

GUTHERY, E. S., L. BRENNAN, M. J. PETERSON & J. LUSK (2005): In-
formation theory in wildlife science: critique and viewpoint. -
Journal of Wildlife Management, 69: 457-465.

HamAaNN, A., T. WANG, D. L. SPITTLEHOUSE & T. Q. MURDOCK
(2013): A comprehensive, high-resolution database of historical
and projected climate surfaces for western North America. -
Bulletin of the American Meteorological Society, 94: 1307-1309.

HANN, S. S., M. J. DEsMmoND, W. R. GOULD & J. P. WARD JR (2007):
Influence of habitat characteristics on detected site occupancy
of the New Mexico endemic Sacramento mountains salaman-
der, Aneides hardii. - Journal of Herpetology, 41: 1-8.

HARRELL, E E. (2015): Regression modeling strategies. With ap-
plications to linear models, logistic regression, and survival
analysis. — Springer, New York, Berlin, Heidelberg.

HasTig, T. J. & R. J. TiBSHIRANI (1990): Generalized additive
models. — Chapman & Hall/CRC.

HEeDLIN, E. & A. FRANKE (2017): An introduction to survival anal-
ysis using generalized linear mixed models. - pp. 127-146. in:
ANDERSON, D. L., C. J. W. McCLURE & A. FRANKE (eds): Ap-
plied raptor ecology: Essentials from gyrfalcon research. — The
Peregrine Fund, Boise, Idaho, USA.

HEINZE, G. & D. DUNKLER (2017): Five myths about variable se-
lection. — Transplant International, 30: 6-10.

Hijmans, R. J., C. KARNEY, E. WiLLIAMS & C. VENNES (2022):
geosphere R package version 1.5-18 — https://cran.r-project.
org/package=geosphere.

HosMER, D. W,, S. LEMESHOW & R. X. STURDIVANT (2013): Ap-
plied logistic regression, Third edition. - A Wiley-Interscience
Publication. John Wiley & Sons Inc., New York.

HurvicH, C. M. & C. L. Tsal (1989): Regression and time series
model selection in small samples. — Biometrika, 76: 297-307.

JACKMAN, S. (2017): Pscl. R package version1.5.2. - https://cran.r-
project.org/web/packages/pscl/index.html.

JIMENEZ-VALVERDE, A. (2012): Insights into the area under the re-
ceiver operator characteristic curve (AUC) as a discrimination
measure in species distribution modelling. - Global Ecology
and Biogeography, 21: 498-507.



Fire salamander niche selection

Jory, J. (1968): Donnees ecologiques sur la salamandre tachetee
Salamandra salamandra. — Annalles Sciences Naturelles Zoo-
logiques, 12: 301-366.

KLeiNBaUM, D. G., L. L. KuPpPER, K. E. MULLER & A. NizAM
(1998): Applied regression analysis and other multivariate
models. - Duxbury Press, Pacific Grove.

LANzA, B., A. NISTRI & S. VANNI (2009): Anfibi d’Italia. — Mi-
nistero dell ‘ambiente e della tutela del territorio e del mare.
ISPRA, Modena.

LoBo, J. M., A. JIMENEZ-VALVERDE & R. REAL (2007): AUC: a
misleading measure of the performance of predictive distri-
bution models. — Global Ecology and Biogeography, 17: 145-
151.

LoOKINGBILL, T. & D. URBAN (2004): An empirical approach to-
wards improved spatial estimates of soil moisture for vegeta-
tion analysis. - Landscape Ecology, 19: 417-433.

Lukacs, P, K. BURNHAM & D. ANDERSON (2010): Model selection
bias and Freedman’s paradox. - Annals of the Institute of Sta-
tistical Mathematics, 62: 117-125.

MACKEY, B. G. & D. B. LINDENMAYER (2001): Towards a hierar-
chical framework for modelling the spatial distribution of ani-
mals. - Journal of Biogeography, 28: 1147-1166.

MAIR, P. & R. R. WiLcox (2020): Robust statistical methods in R
using the WRS2 package. — Behavior Research Methods, 52:
464-488.

MANEL, S., H. C. WILLIAMS & S. J. ORMEROD 2001. Evaluating
presence-absence models in ecology: the need to account for
prevalence. — Journal of Applied Ecology, 38: 921-931.

MANENTL R., G. E FicETOLA & F. DE BERNARDI (2009a): Water,
stream morphology and landscape: Complex habitat determi-
nants for the fire salamander Salamandra salamandra. - Am-
phibia-Reptilia, 30: 7-15.

MANENTL R., G. F. FicETOoLA & F. DE BERNARDI (2009b): Habitat
features and distribution of Salamandra salamandra in under-
ground springs. - Acta Herpetologica, 4: 143-151.

MANENTI R., A. CoNTI & R. PENNATI (2017): Fire salamander
(Salamandra salamandra) males’ activity during breeding sea-
son: effects of microhabitat features and body size. - Acta Her-
petologica, 12: 29-36.

MARQUARDT, D. W. (1970): Generalized inverses, ridge regres-
sion, biased linear estimation and nonlinear estimation. —
Technometrics, 12: 591-612.

McCULLAGH, P. & J. A. NELDER (1989): Generalized linear mod-
els. - Chapman & Hall, London, UK.

MCFADDEN, D. (1974): Conditional logit analysis of qualitative
choice behavior. - pp. 105-142. in: ZAREMBKA, P. (ed.): Fron-
tiers in econometrics. — Academic Press. New York.

MEeikL, M., U. REINTH-LOTTERMOSER, E. WEINKE & R.
SCHWARZENBACHER (2010): Collection of fire salamander
(Salamandra salamandra) and alpine salamander (Salaman-
dra atra) distribution data in Austria using a new, community-
based approach. - Management and Policy Issues, 2: 59-65.

MONTGOMERY, D. C, E. A. PEck & G. G. VINING (2012): Intro-
duction to linear regression Analysis. - John Wiley & Sons.

MoNTORI, A. & P. HERRERO (2004): - pp. 43-275. in: GARCIA-
Paris, M., A. MONTORI & P. HERRERO (eds.): Fauna Ibérica,
vol. 24. Amphibia Lissamphibia. - Museo nacional de cien-
cias naturales y consejo superior de investigaciones cientificas,
Madrid.

NCA CR (2020): Online database of plant and animal findings. -
Nature Conservation Agency of the Czech Republic, Prague,
2020-02-12. https://portal.nature.cz.

OLIVERO, ., A. G. ToxoPEUS, A. K. SKIDMORE & R. REAL (2016):
Testing the efficacy of downscaling in species distribution
modelling: a comparison between MaxEnt and favourability
function models. — Animal Biodiversity and Conservation, 39:
99-114.

Onegeology (2017): Online database of geoscience data. — British
Geological Survey, UK. http://portal.onegeology.org.

PANAGOS, P, M. VAN LIEDEKERKE, A. JONES & L. MONTANARELLA
(2012): European Soil Data Centre: Response to European pol-
icy support and public data requirements. — Land Use Policy,
29:329-338.

PouaHh, F H. & R. E. WiLsoN (1977): Acid precipitation and re-
productive success of Ambystoma salamanders. - Water Air
Soil Pollution, 7: 307-316.

R Core Team (2020): A language and environment for statistical
computing. - R Foundation for Statistical Computing. Vienna,
Austria. http://www.r-project.org/

REINHARDT, T. (2014): New home, new life: the effect of shifts in
the habitat choice of salamander larvae on population perfor-
mance and their effect on pond invertebrate communities. -
Dissertation, Technische Universitit-Dresden, Germany.

RIBERON, A. & C. MI1AUD (2000): Home range and shelter use
in Salamandra lanzai (Caudata, Salamandridae). - Amphibia-
Reptilia, 21: 255-260.

ROMANO, A. & A. RUGGIERO (2008): Olfactory recognition of ter-
restrial shelters in female northern spectacled salamanders
Salamandrina perspicillata (Caudata, Salamandridae). - Phyl-
lomedusa, 7: 3-10.

ROMERO, D., J. OLIVERO & R. REAL (2012): Comparative assess-
ment of different methods for using land-cover variables for
distribution modelling of Salamandra salamandra longirotris.
- Environmental Conservation, 40: 48-59.

RyAN, K. J. & J. K. CALHOUN (2014): Postbreeding habitat use of
the rare, pure-diploid blue-spotted salamander (Ambystoma
laterale). — Journal of Herpetology, 48: 556-566.

SALVADOR, A. & M. GARciA-PARIS (2001): Anfibios Espanoles. —
Talavera de la Reina.

SCHEFFERS, B. R., D. P. EDWARDS, A. Diesmos, S. E. WiLL1AMS
& T. A. EvANs (2014): Microhabitats reduce animal’s expo-
sure to climate extremes. — Global Change Biology, 20: 495-
503.

ScHULTE, U., D. KUSTERS & S. STEINFARTZ (2007): A PIT tag
based analysis of annual movement patterns of adult fire sala-
manders (Salamandra salamandra) in a Middle European
habitat. - Amphibia-Reptilia, 28: 531-536.

SEMLITSCH, R. D. & J. R. BODIE (2003): Biological criteria for buff-
er zones around wetlands and riparian habitats. — Conserva-
tion Biology, 17: 1219-1228.

SILLERO, N, ]. CAMPOS & A. BONARDI (2014): Updated distribu-
tion and biogeography of amphibians and reptiles of Europe.
- Amphibia-Reptilia, 35: 1-31.

SING, T., O. SANDER, N. BEERENWINKEL & T. LENGAUER (2015):
ROCR. R package version 1.0-7. — https://cran.r-project.org/
web/packages/ROCR/index.html.

SPARREBOOM, M. (2014): Salamanders of the old world. - KNNV
Publishing.

143



RoMAN KOVAR et al.

SutToN, W. B,, K. BARRETT, A. T. Moopy, C. S. LOFTIN, P. G. DE
MAYNADIER & P. NANjAPPA (2015): Predicted changes in cli-
matic niche and climate refugia of conservation priority sala-
mander species in the northeastern United States. — Forests,
6:1-26.

Suzuki, N, D. H. OLsoN & E. C. REILLY (2018): Developing land-
scape habitat models for rare amphibians with small geograph-
ic ranges: a case study of Siskiyou mountains salamanders in
the western USA. - Biodiversity Conservation, 17: 2197-2218.

SYMONDS, M. R. E. & A. MOUSSALLI (2011): A brief guide to mod-
el selection, multimodel inference and model averaging in be-
havioural ecology using Akaike’s information criterion. — Be-
havioral Ecology and Sociobiology, 65: 13-21.

TANADINI, M., B. R. SCHMIDT, P. MEIER, J. PELLET & N. PERRIN
(2011): Maintenance of biodiversity in vineyard-dominated
landscapes: a case study on larval salamanders. - Animal Con-
servation, 15: 136-141.

TAYLOR, B. E. & D. E. ScorT (1997): The effect of larval density
dependence on population dynamics of Ambystoma opacum.
- Herpetologica, 53: 132-145.

THIESMEIER, B. (1994): Aspects of larval ecology of fire salaman-
ders (Salamandra salamandra) in middle Europe. - Merten-
siella, 4: 335-345.

THIESMEIER, B. & K. GROSSENBACHER (2004): Salamandra sala-
mandra (Linnaeus, 1758) Feuersalamander. — in: THIESMEIER,
B. & K. GROSSENBACHER (eds): Handbuch der Reptilien und
Amphibien Europas: Schwanzlurche IIB. - Aula Verlag, Wies-
baden.

VEITH, M. (1997): Salamandra salamandra. - pp. 68-69. in: GASC,
J. P, A. CABELA, J. CRNOBRNJA-IsatLOVIC, D. DOLMEN, K.
GROSSENBACHER, P. HAFFNER, J. LESCURE, H. MARTENS, J. P.
MARTINEZ Rica, H. MAURIN, M. E. OLIVEIRA, T. S. SOFIANI-
DOU, M. VEITH & A. ZUIDERWIJK (eds): Atlas of the amphibi-
ans and reptiles in Europe. - Societas Herpetologica Europaea
& Museum national d’histoire naturelle, Paris.

VELO-ANTON, G. & A. CORDERO-RIVERA (2017): Ethological and
phenotypic divergence in insular fire salamanders: diurnal ac-
tivity mediated by predation. — Acta Ethologica, 20: 243-253.

WEITERE, M., D. TAUuTZ, D. NEUMANN & S. STEINFARTZ (2004):
Adaptive divergence vs. environmental plasticity: tracing local
genetic adaptation of metamorphosis traits in salamanders. -
Molecular Ecology, 13: 1665-1677.

WERNER, P, S. LOTTERS & B. R. SCHIMDT (2014): Analysis of
habitat determinants in contact zones of parapatric European
salamanders. - Journal of Zoology, 292: 31-38.

WiLcox, R. R. & D. M. ERCEG-HURN (2012): Comparing two de-
pendent groups via quantiles. — Journal of Applied Statistics,
39: 2655-2664.

WiLcox, R. R,, D. M. ERCEG-HURN, E. CLARK & M. CARLSON
(2014): Comparing two independent groups via the lower and
upper quantiles. - Journal of Statistical Computation and Sim-
ulation, 84: 1543-1551.

Woob, S. N. (2017): Generalized additive models: An introduc-
tion with R (2™ ed). - Chapman & Hall/CRC.

ZURR, A. E, E. N. LENO & C. S. ELPHICK (2010): A protocol for
data exploration to avoid common statistical problems. -
Methods in Ecology and Evolution, 1: 3-14.

Appendix 1
Explanatory variables included in each a-priori model.

Model Variables
No.

Habitats, geomorphology, water (= non-climatic variables)

1 CORINE

2 CORINE, slope

3 CORINE, slope, aspect

4 CORINE, slope, aspect, water, pH

5 CORINE, slope, aspect, water, pH, s0il02, s0il08

6 CORINE, slope, aspect, water, pH, litho

Non-climatic variables and temperature in the period of Fire Salamander activity
7 CORINE, slope, aspect, water, pH, s0il02, Tave_at

8 CORINE, slope, aspect, water, pH, soil02, Tave_sp

9 CORINE, slope, aspect, water, pH, s0il02, Tave_sm

10 CORINE, slope, aspect, water, pH, s0il02, MAT

11 CORINE, slope, aspect, water, pH, s0il02, Tmin_at

12 CORINE, slope, aspect, water, pH, s0il02, Tmin_sp

13 CORINE, slope, aspect, water, pH, s0il02, Tmin_sm
14 CORINE, slope, aspect, water, pH, s0il02, Tmax_at

15 CORINE, slope, aspect, water, pH, s0il02, Tmax_sp
16 CORINE, slope, aspect, water, pH, s0il02, Tmax_sm
Non-climatic variables and winter climate influence

17 CORINE, slope, aspect, water, pH, soil02, FEP
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Appendix 1 continued

Model Variables
No.

18 CORINE, slope, aspect, water, pH, soil02, bFFP

19 CORINE, slope, aspect, water, pH, s0il02, eFFP

20 CORINE, slope, aspect, water, pH, s0il02, DD<0

21 CORINE, slope, aspect, water, pH, soil02, DD>5

Non-climatic variables and severity of summer climate

22 CORINE, slope, aspect, water, pH, s0il02, tn90p_yr

Non-climatic variables and climate (temperature, precipitation) seasonality
23 CORINE, slope, aspect, water, pH, soil02, BIO4, BIO15
Non-climatic variables and precipitation in the period of Fire Salamander activity
24 CORINE, slope, aspect, water, pH, s0il02, rlmm_spring_seas

25 CORINE, slope, aspect, water, pH, s0il02, rimm_summer_seas

26 CORINE, slope, aspect, water, pH, s0il02, rimm_autumn_seas

27 CORINE, slope, aspect, water, pH, s0il02, MAP

28 CORINE, slope, aspect, water, pH, s0il02, PPT_sp

29 CORINE, slope, aspect, water, pH, s0il02, PPT_sm

30 CORINE, slope, aspect, water, pH, soil02, PPT_at

31 CORINE, slope, aspect, water, pH, soil02, BIO16

32 CORINE, slope, aspect, water, pH, s0il02, BIO17

Non-climatic variables, temperature and temperature seasonality

33 CORINE, slope, aspect, water, pH, s0il02, MAT, BIO4
Non-climatic variables, temperature, temperature seasonality, precipitation, and precipitation seasonality
34 CORINE, slope, aspect, water, pH, s0il02, MAT, BIO4, MAP, BIO15

Non-climatic variables, temperature, temperature seasonality, precipitation, precipitation seasonality, and distribution of precipitation

35 CORINE, slope, aspect, water, pH, s0il02, Tave_at, BIO4, BIO15, rlmm_autumn
36 CORINE, slope, aspect, water, pH, soil02, Tave_sp, BIO4, BIO15, rimm_spring
37 CORINE, slope, aspect, water, pH, soil02, Tave_sm, BIO4, BIO15, Imm_summer
38 CORINE, slope, aspect, water, pH, s0il02, MAT, BIO4, BIO15, MAP, r99ptot_yr
39 CORINE, slope, aspect, water, pH, s0il02, MAT, BIO4, BIO15, MAP, r95ptot_yr
40 CORINE, slope, aspect, water, pH, s0il02, MAT, BIO4, BIO15, MAP, r75ptot_yr
41 CORINE, slope, aspect, water, pH, so0il02, MAT, BIO4, BIO15, MAP, prcptot_yr

Non-climatic variables, severity of climate, climate seasonality, humidity, solar irradiation, precipitation, and distribution of precipita-

tion

42 CORINE, slope, aspect, water, pH, s0il02, air humidity

43 CORINE, slope, aspect, water, pH, s0il02, eFFP, tx90p_yr, BIO4, TD, BIO17, r99ptot_yr

44 CORINE, slope, aspect, water, pH, s0il02, eFFP, tx90p_yr, BIO4, TD, BIO15, r99ptot_yr

45 CORINE, slope, aspect, water, pH, s0il02, humidity, tx90p_yr, BIO4, TD, BIO17, r99ptot_yr

46 CORINE, slope, aspect, water, pH, soil02, humidity, tx90p_yr, BIO4, TD, BIO15, r99ptot_yr

47 CORINE, slope, aspect, water, pH, soil02, SRADyear, tx90p_yr, BIO4, TD, BIO17, r99ptot_yr

48 CORINE, slope, aspect, water, pH, s0il02, SRADyear, tx90p_yr, BIO4, TD, BIO15, r99ptot_yr

49 CORINE, slope, aspect, water, pH, s0il02, humidity, tx90p_yr, TD, BIO15, r99ptot_yr

50 CORINE, slope, aspect, water, pH, s0il02, SRADyear, tx90p_yr, TD, BIO15, r99ptot_yr

51 CORINE, slope, aspect, water, pH, s0il02, humidity, tx90p_yr, TD, BIO17, r99ptot_yr

52 CORINE, slope, aspect, water, pH, s0il02, humidity, tx90p_yr, TD, BIO19, r99ptot_yr

53 CORINE, slope, aspect, water, pH, s0il02, humidity, tx90p_yr, BIO04, TD, BIO19, r99ptot_yr

54 CORINE, slope, aspect, water, pH, s0il02, humidity, SRADyear, tx90p_yr, BIO4, TD, BIO17, r99ptot_yr
55 CORINE, slope, aspect, water, pH, s0il02, humidity, SRADyear, tx90p_yr, BIO4, TD, BIO15, r99ptot_yr
56 CORINE, slope, aspect, water, pH, s0il02, humidity, SRADyear, tx90p_yr, TD, BIO15, r99ptot_yr

57 CORINE, slope, aspect, water, pH, s0il02, humidity, SRADyear, tx90p_yr, TD, BIO17, r99ptot_yr

58 CORINE, slope, aspect, water, pH, s0il02, humidity, SRADyear, tx90p_yr, TD, BIO19, r99ptot_yr

59 CORINE, slope, aspect, water, pH, s0il02, humidity, SRADyear, tx90p_yr, BIO04, TD, BIO19, r99ptot_yr
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Summary of sightings related to the effect of various explanatory variables on Fire Salamander presence. Expected positive (+), negative
(-) and uncertain (?) response of salamanders to the variable based on a review of relevant literature (GUSTAFSON et al. 2001, THIES-
MEIER & GROSSENBACHER 2004, ARNTZEN & TEIXEIRA 2006, EGEA-SERRANO et al. 2006, DILLARD et al. 2008, FICETOLA et al. 2008,
2011, Suzuki et al. 2008, GREENWALD et al. 2009, MANENTI et al. 2009a, TANADINT at al. 2011, BLANK & BLAUSTEIN 2012, ROMERO et
al. 2012, BARRETT & MAERZ 2014, OLIVERO et al. 2016, BANTI et al. 2015, SUTTON et al. 2015, AHSANT et al. 2018, COSENTINO & BRruU-
BAKER, 2018, ARNTZEN & van BELkOM 2020). ' Fick and HiymANs (2017); 2 HaMANN et al. (2013);* Copernicus Climate Change Service
(2018); *** Copernicus Land Monitoring Service (2018); °PANAGOs et al. (2012); 7 Czech Geological Survey (2020); * DIBAVOD (2019).

Abbreviation Variable Abbreviation Variable
Tave_sp? (?) Spring (Mar.-May) mean temperature  r75ptot_yr*  (?) Precipitation total due to moderately wet days (>
75% percentile) (year)
Tave_sm? (-) Summer (Jun.-Aug.) mean temperature prcptot_yr’  (?) Total precipitation from wet days (> 1 mm)
(year)
Tave_at? (?) Autumn (Sep.-Nov.) mean temperature BIO15! (-) Precipitation seasonality (coefficient of
variation)
MAT? (?) Mean annual temperature BIO16! (+) Precipitation in the wettest quarter
TD? (-) Temperature difference between mean BIO17* (+) Precipitation in the driest quarter
warmest month and mean coldest month
DD<0? (-) Days with temperatures below 0°C BIO19 (?) Precipitation in the coldest quarter
DD>5% (+) Days with temperatures above 5°C PPT_sp? (+) Spring precipitation
FFP? (+) Frost-free period PPT_sm? (+) Summer precipitation
bFFP? (-) Julian date on which the frost-free pe- PPT_at? (+) Autumn precipitation
riod (FFP) begins
eFFP? (+) Julian date on which the FFP ends humid! (+) Absolute humidity (g/m?) calculated by R

function “humidity::AH” (Car 2019) from
VAPRyear (water vapour pressure, annual mean)

BIO4! (-) Temperature seasonality (standard SRADyear'  (-) Solar irradiation (annual mean)
deviation x100)
tn90p_yr® (-) No. of warm nights CORINE® Portion of CORINE 112, 211, 231, 243, 311, 312,
313 in each pixel
tx90p_yr? (-) No. of warm daytimes water® (+) Lengths of the first- and second-order streams in
each 1x1-km pixel
MAP? (+) Mean annual precipitation pH’ (+) pH of surface water
rlmm_spring®  (+) No. of wet days (= 1 mm) (spring) slope* (+) directly calculated from altitude
rlmm_summer’ (+) No. of wet days (= 1 mm) (summer) aspect* (?) N, E, S, W (4 categorical variables) directly
calculated from altitude
rlmm_autumn® (+) No. of wet days (= 1 mm) (autumn) s0il02° (+) Depth to rock (5 categorical variables)
r99ptot_yr? (?) Precipitation total due to extremely wet soil08° (+) Volume of stones (5 categorical variables)
days (> 99" percentile) (year)
r95ptot_yr? (?) Precipitation total due to very wet days litho’ (?) 6 lithological rock categories (metamorphic,
(> 95 percentile) (year) sedimentary, igneous, metamorphosed

sedimentary, sedimentary and metamorphic,
igneous and metamorphic)
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