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Abstract Within the framework of the present study we
test whether climatic niche similarity can be identified in a
monophyletic group of species inhabiting remarkably
restricted ranges by pooling presence data of all species
into a single concatenated data set and subsequently
jackknifing single species. We expect that, when the
jackknifed species differs markedly in its climatic niche
from all other species, this approach will result in increased
niche homogeneity, allowing assessments of niche diver-
gence patterns. To test our novel jackknife approach, we
developed species distribution models for all members of
Lycian salamanders (genus Lyciasalamandra), native to
Turkey and the adjacent Aegean islands using Maxent.
Degrees of niche similarity among species were assessed

using Schoener’s index. Significance of results was tested
using null-models. The degree of niche similarity was
generally high among all seven species, with only L.
helverseni differing significantly from the others. Carstic
lime stones providing specific microhabitat features may
explain the high degree of niche similarity detected, since
the variables with the highest explanative power in our
models (i.e. mean temperature, and precipitation of the
coldest quarter) corresponded well with salamander natural
history observations, supporting the biologically plausibility
of the results. We conclude that the jackknife approach
presented here for the first time allows testing for niche
similarity in species inhabiting restricted ranges and with few
species records available. Our results strongly support the
view that detailed natural history information and knowledge
of microhabitats is crucial when assessing possible climate
change impacts on species.
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Introduction

The question of whether or not species’ climate niches are
conservative over time periods of several decades to many
millennia has recently become a powerful field of research
(e.g. Peterson et al. 1999, 2008; Wiens 2004; Wiens and
Graham 2005; Broennimann et al. 2007; Fitzpatrick et al.
2007; Warren et al. 2008; Beaumont et al. 2009; Rödder
and Lötters 2009; Rödder et al. 2009b). It has been
proposed that niche conservatism may be a driving force
in speciation (e.g. Kozak and Wiens 2006; Kozak et al.
2008) and may help to explain (Hawkins et al. 2006) or
predict biogeographical patterns via statistical species
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distribution modelling (SDM) approaches (e.g. Martínez-
Meyer et al. 2004; Pearman et al. 2008). Several SDM
approaches can be applied to characterize a species’
environmental niche. The basic idea behind correlative
SDMs is to combine species records (longitude/latitude
coordinates of presence) with climatic information and, if
necessary, add environmental data as predictors to develop a
spatially explicit predictive model (Guisan and Zimmermann
2000; Jeschke and Strayer 2008). SDMs have been
suggested to be useful in assessing whether a species’
potential distribution might increase or decrease under
climate change (e.g. Araújo et al. 2004, 2006; Rödder et al.
2009a) or whether it may even be driven to extinction
(Thomas et al. 2004; Wake and Vredenburg 2008).

Projecting SDMs through space and time inherently
assumes that the environmental niche of a species remains
‘stable’ over time (Heikkinen et al. 2006; Jeschke and
Strayer 2008). This basic assumption of niche stasis has
been challenged recently by mismatches between invasive
species’ realised niches in their native and invasive ranges
(e.g. Broenimann et al. 2007; Fitzpatrick et al. 2007;
Beaumont et al. 2009). These observations are being
discussed controversially since they may either be traced
back to evolutionary change or may represent methodical
artefacts (Fitzpatrick et al. 2008; Pearman et al. 2008;
Peterson and Nakazawa 2008; Rödder and Lötters 2009).
Therefore, it has been advocated that a better understanding
of the degree of niche conservatism among related species
or among native and invasive ranges of one species should
be tested with SDMs by applying niche overlap indices (e.g.
Warren et al. 2008; Rödder and Lötters 2009; Rödder et al.
2009b; Broennimann et al. 2011; Rödder and Engler 2011).

Apart from issues related to parameter selection and
spatial properties of species records (Dormann et al. 2007;
Graham et al. 2004; Peterson and Nakazawa 2008; Phillips
2008; Phillips et al. 2009), the validity of a SDM necessary
for such tests depends on the question of whether the
number of species records used for modelling provides
enough statistical power (Hernandez et al. 2006; Schwartz
et al. 2006; Wisz et al. 2008). The minimum number of
species records necessary depends on the applied SDM
algorithm and the ecological traits of the species at hand, i.e. if
the species occupies a broad or narrow environmental niche
(Wisz et al. 2008). Among algorithms requiring presence/
pseudo-absence data or presence-only data, Maxent (Phillips
et al. 2006; Phillips and Dudík 2008) has been shown
frequently to outperform other methods (see Elith et al. 2006;
Hernandez et al. 2006; Wisz et al. 2008; Giovanelli et al.
2010). Maxent also serves best among available algorithms
when the number of species records is low (Hernandez et al.
2006; Pearson et al. 2007; Wisz et al. 2008). However, in
such cases, predictions of potential distributions should be
regarded as guidance for further field surveys rather than

being interpreted as a robust estimation of a species’
potential distribution (Pearson et al. 2007; Weinsheimer et
al. 2010). This raises an additional problem. Species known
naturally from only small distribution areas are less suited to
SDM applications due to the low number of available
species records. However, such species are often expected to
be especially vulnerable to anthropogenic climate change (e.g.
Thomas et al. 2004; Thuiller et al. 2005; Schwartz et al.
2006) and thus are being focussed on by conservation
biology. In other words, prognostic applications, which are
commonly performed with SDMs, are required for such
species.

Although similarity in realized niches can be measured
using niche overlap indices (e.g. Warren et al. 2008;
Broennimann et al. 2011; Rödder and Engler 2011), another
dilemma is that the proposed techniques are aimed at single
species and cannot be applied reliably when the number of
presence records is limited (Hernandez et al. 2006; Wisz et
al. 2008). In this paper, we test whether climatic niche
similarity can be identified by pooling presence data of all
species of a monophyletic group inhabiting small geo-
graphic ranges into a single concatenated data set and
subsequently jackknifing single species (i.e. a repeated
‘leave-one-species-out’ method). We expect that, if a
jackknifed species differs markedly in its climatic niche
from all other species, this approach will result in increased
niche homogeneity wherein significance can be assessed
using null models.

We apply this approach to Lycian salamanders
(Lyciasalamandra; Amphibia: Salamandridae), which
comprise a monophyletic group of seven viviparous
species. Lycian salamanders are distributed narrowly in
relatively small patches within a strip approximately
30 km broad along the Mediterranean Turkish coast and
some adjacent Aegean islands (Fig. 1). With only one
exception (L. helverseni), Lyciasalamandra populations
are restricted to boulder fields at the foot of carstic
limestone formations where the salamanders live partially
underground (e.g. Steinfartz and Mutz 1998; Veith et al.
2001; Veith and Steinfartz 2004). They are apparently
‘trapped’ in these localized habitats, which are usually
surrounded by xeric landscapes lacking the extensive
systems of crevices that are needed to escape from the
overall xeric habitat conditions throughout major parts of
the year (Weisrock et al. 2001; Eleftherakos et al. 2007).
Consequently, the number of available presence records is
low for each of the seven species. Due to the small
geographic range encompassed by these amphibians, we
expect highly restricted climatic niches within the entire
genus Lyciasalamandra. Analyzing the degree of climatic
niche similarity among all seven Lycian salamander
species using our novel approach, we study the relative
explanative power of climatic predictors for the spatial
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distribution of these salamanders and link these predictors
to natural history properties of the species.

Materials and methods

Species records

For all seven species of Lyciasalamandra, only 80 geo-
referenced presence records are available (Veith et al. 2001;
Johannesen et al. 2006; Eleftherakos et al. 2007; Beukema
et al. 2009; F. Pasmans and S. Bogaerts, personal
communication; J. Speybroeck, personal communication;
M.Ö., unpublished data). None of the species fits the 30-
record criterion for a meaningful SDM (Hernandez et al.
2006), with 11 records obtained for Lyciasalamandra
antalyana, 8 for L. atifi, 6 for L. billae, 15 for L. fazilae,

3 for L. flavimembris, 15 for L. helverseni and 22 for L.
luschani (Fig. 1a).

Environmental data

Information on current climate within the region was
obtained from the Worldclim database (version 1.4) with a
grid cell resolution of 30 arc sec (Hijmans et al. 2005a).
Climate data include monthly mean variables of minimum
and maximum temperature and precipitation for the period
1950–2000. From these data, bioclimatic variables were
calculated with DIVA-GIS 7.3.0 (Hijmans et al. 2005b).
These bioclimatic variables are more suitable predictors
than monthly values and have been used widely in SDM
approaches (Nix 1986; Busby 1991; Beaumont et al. 2005).
In order to avoid ‘over-fitting’ and problems caused by
multicolinearity of predictor variables (Heikkinen et al.

Fig. 1 a Presence of carstic
limestone formations (light
grey) and species records used
for species distribution model-
ling (SDM). White dots
Lyciasalamandra antalyana,
black dots L. atifi, black squares
L. billae, grey squares L. fazilae,
black triangles L. flavimembris,
white triangles L. helverseni,
grey triangles L. luschani. b
Mean of 100 Maxent SDMs
computed with pooled species
records of all Lyciasalamandra
species. c Maxent SDMs trained
with all pooled records omitting
L. helverseni. Areas climatically
suitable for salamanders and
also suitable due to the presence
of carstic limestone formations
are indicated. Dark grey Maxent
values above the minimum
training presence, black values
above the minimum 10% train-
ing omission threshold. Areas
climatically unsuitable to Lycian
salamanders are indicated in
light grey where carstic
limestone formations are present
and white where they are not

Climatic niche similarity in salamanders 411



2006), it is useful to restrict the number of variables to
those that are biologically meaningful for the study species
at hand. This can greatly improve SDM results (e.g. Rödder
et al. 2009a). Acknowledging published natural history
properties of Lyciasalamandra (following Özeti and Atatür
1979; Klewen 1991; Steinfartz and Mutz 1998; Veith et al.
2001; Gautier et al. 2006; Tok et al. 2009), we selected five
bioclimatic variables as informative predictors for SDM
building: ‘mean temperature of the wettest quarter’ (BIO8),
‘mean temperature of the coldest quarter’ (BIO11), ‘annual
precipitation’ (BIO12), ‘precipitation of the wettest quarter’
(BIO16) and ‘precipitation of the coldest quarter’ (BIO19).
These variables reflect those climatic conditions to which
Lyciasalamandra species are exposed during their overground
activity periods. We consider them crucial for long-term
persistence of populations.

Since, as mentioned above, Lycian salamanders occur
almost exclusively on boulder fields at the foot of carstic
limestone formations, we used a shapefile provided by the
Central Energy Resource Team of the US Geological
Survey (http://energy.cr.usgs.gov/oilgas/wep/; downloaded
20 August 2009) to highlight these geomorphological
properties.

SDM computation

For SDMbuilding, we usedMaxent 3.3.3e (Phillips et al. 2006;
Phillips and Dudík 2008; Elith et al. 2011). This software
employs a machine-learning algorithm for SDMs with
environmental predictors and commonly reveals better results
than comparable methods (e.g. Elith et al. 2006; Hernandez et
al. 2006; Wisz et al. 2008; Giovanelli et al. 2010), especially
when assessing niche overlaps (Broennimann et al. 2011).
When training Maxent, the algorithm calculates a probability
distribution over the study area that satisfies a set of
constraints derived from environmental conditions detected
at species records. Subsequently, Maxent chooses a distribu-
tion closest to uniform by maximizing entropy (Jaynes 1957)
within all distributions fulfilling these conditions (Phillips et
al. 2006; Phillips and Dudík 2008; Elith et al. 2011). The final
output is a map interpreted as the potential distribution of the
studied species derived from its realized niche. Maxent uses
random background points as contrast for model computation
(‘pseudo-absence’). Ideally, these are obtained within an area
that is accessible and can be potentially colonised by the study
species (Phillips 2008). The background points we used were
chosen randomly within the general area of occurrence of the
genus Lyciasalamandra, enclosing all species records in a
minimum rectangular polygon.

Araújo and New (2007) suggested that ensembles of
models may help to evaluate model uncertainties and that
the combined results of multiple models may provide more
robust predictions. We therefore computed 100 Maxent

models each using the procedure described above based on
either all species records or all records with one species
being omitted, whereby each of these SDMs was developed
with 25% of the records chosen randomly omitted from
model training and used as test points (Phillips et al. 2006).
Subsequently, the average of all 100 models automatically
computed by Maxent was taken for further processing and
the standard deviation per grid cell was assessed in order to
evaluate the degree of uncertainty among different areas.
All runs were conducted using the default values for all
program settings. Using the logistic output format, continuous
probability surfaces ranging from 0 (unsuitable) to 1
(suitable), were transformed into presence/absence maps
for illustrative purposes using two different thresholds
following Liu et al. (2005), i.e. the minimum training
presence and the 10 percentile training omission thresholds.

To test for model performance, Maxent allows for model
testing by calculation of the area under the receiver
operation characteristics curve (AUC) based on training
and test data (Fielding and Bell 1997; Phillips et al. 2006),
with AUC values range from 0.5 (no better discrimination
than random) to 1.0 (perfect discrimination). Training AUC
values represent the ability of the model to distinguish
presence data from random background data, whereby test
AUC values represent the model’s ability to predict
randomly chosen test points omitted from model training
(herein 25%) (Phillips et al. 2006).

Test for niche similarity

To compare quantitatively the salamander species’ potential
distributions derived from their realized climatic niches, we
used Schoener’s index for niche overlap (D; Schoener
1968). This index describes the degree of similarity of
potential distributions by comparing corresponding values
per cell of two grids and range from 0 (no similarity) to 1
(two grids are identical). First, we computed niche identity
tests as proposed by Warren et al. (2008, 2010) between all
species with more than ten records, i.e. Lyciasalamandra
antalyana, L. fazilae, L. helverseni and L. luschani. To
overcome the limited availability of species records in the
remaining species, in a second step we pooled all records of
the seven Lyciasalamandra species (nall) in a jackknifing
approach. We calculated D and 1−D values based on all
records compared to nall-speciesx (repeated ‘leave-one-
species-out’). Significance of D was evaluated using null-
models; 100 SDMs were computed based on nall minus a
number of records randomly selected across all species in
the amount of speciesx. D values obtained by exclusion of
records of speciesx were compared to the null distribution.
This allowed us to test whether the observed degree of
overlap between the climatic niche of the omitted species
and all other species was significantly more different. We
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expected that if a species occupies a niche different to that
occupied by the other species of this particular group,
omitting it from the entire data set will result in a stronger
decrease in the observed overlap than expected by chance.
To summarize the P-values of all tests into a single measure
of statistical significance, we applied Fisher’s omnibus test
(Haccou and Meelis 1994), adjusting the probability of
alpha-errors. 1−D scores allow a relative ranking of the
species, with higher values indicating more divergent
niches. However, this method requires that the entire
environmental space suitable for a species is represented
in its records, which perhaps is easily warranted in species
inhabiting small geographic ranges such as Lycian sala-
manders. When interpreting the results, it is pivotal to
acknowledge the different questions asked by different
tests, i.e. the test design proposed previously by Warren
et al. (2008) and our novel jackknifing approach (cf.
Fig. 2). Hence, Schoener’s D and 1−D scores should be
used as a ranking tool within one data set only and
absolute scores are not necessarily comparable across
different studies.

Results

Following Swets (1988), we derived high AUC values in
each of the 100 computed SDMs based on either only
species-specific, all pooled records or all records minus one
species. The only exception was Lyciasalamandra ant-
alyana (Figs. 3, 4). Training AUC values were slightly
better than test AUC values, with the exception that
omission of L. atifi was not significantly different. This
indicates an absence or low degree of over-fitting. The
‘mean temperature of the coldest quarter’ (BIO11) followed
by the ‘precipitation of the wettest quarter’ (BIO16) had the
highest explanatory power, whereas the other variables
contributed less than 10% in SDMs, except in those in
which L. helverseni was omitted (Fig. 3) or when only L.
luschani records were used for model training (Fig. 4).
Here, the contribution of the ‘precipitation of the wettest
quarter’ (BIO16) was much lower and the ‘precipitation of
the coldest quarter’ (BIO19) more important. Variations in
each threshold were negligible between all model runs (for
details see Figs. 3, 4).

In the climate space spanning the two most important
environmental variables (Figs. 3, 4), all species but L.
helverseni overlapped considerably, with only some mar-
ginal species records falling outside a core area at 350–
620 mm in the ‘precipitation of the coldest quarter’
(BIO19) and at 6.5–12°C in the ‘mean temperature of the
coldest quarter’ (BIO11) (Fig. 5). This indicates that much
of the available climatic space actually is exploited by
Lyciasalamandra, despite a few areas with a ‘mean

temperature of the coldest quarter’ (BIO11) below 3°C.
As a consequence, within its western and eastern margins,
the realised distribution of the genus matches its potential
distribution, when mapped SDMs are overlaid with carstic
limestone formations to which these amphibians are
associated (Veith et al. 2001, 2008). As seen in Fig. 1,
only a few carstic mountain blocks near the coast are
apparently not inhabited by Lycian salamanders.

When assessing niche overlap between two species as
proposed by Warren et al. (2008), Schoener's D values
ranged from 0.14 to 0.65. According to the classification
proposed by Rödder and Engler (2011), we detected ‘no or
very limited’ to ‘low’ overlap when L. helverseni was
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involved in the comparisons, but ‘moderate overlap’ among
all other species. The niche identity tests indicate that most

species except L. antalyana/L. luschani differ significantly
in their climatic niches (Table 1).
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Applying our jackknife approach to realise climatic niche
overlap tests revealed high values in terms of Schoener’s D
(i.e. > 0.8) and low deviances (1−D ≤0.13) between the
potential distributions derived from pooled species records,
as well as those derived from pooled species records with
each one species omitted (Table 2; Figs. 1b,c, 6, 7). This
suggests that L. helverseni is the most deviant of all

Lyciasalamandra species, followed by L. atifi. Looking at
the null-models, we obtained non-significant results for L.
antalyana, L. atifi, L. fazilae, L. helverseni and L. luschani
and significant ones when L. billae or L. flavimembris were
omitted (Table 2). Overall, the Fisher omnibus test revealed a
general effect of niche differentiation in Lycian salamanders
(χ2=25.33, df=14, P=0.0314).
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Fig. 4 Characterization of 100
Maxent models trained with
species-specific records in terms
of training AUC (train) and test
AUC (test; 75% training/25%
test) and variable importance
(BIO8 = ‘mean temperature of
the wettest quarter’; BIO11 =
‘mean temperature of the coldest
quarter’; BIO12 = ‘annual
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quarter’; BIO19 = ‘precipitation
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Discussion

Previous studies have found that SDMs may become
unreliable when too few species records are available for
model training (Hernandez et al. 2006; Wisz et al. 2008), as
evident in L. antalyana indicated by low AUC scores
(Fig. 4). Hence, these results need to be interpreted with
caution, and niche overlap estimates for species inhabiting
very small ranges are not possible using standard methods.
Therefore, here we applied, for the first time, a jackknife

approach to test for among-species niche similarity prior to
composite modelling of potential distributions. If signifi-
cant niche similarity can be proved, pooling of distribution
data of several species would be possible and allow SDM
prediction even if the data base for each single species is
insufficient. Our approach clearly identified a high degree
of niche similarity among Lyciasalamandra species, with
only one (L. helverseni) covering a divergent climatic niche
(Tables 1, 2; Fig. 5). This pattern was also confirmed when
computing niche overlaps and identity tests as proposed by
Warren et al. (2008).

Climatic niche conservatism among Lycian salamander
species contrasts with the repeatedly changing climatic
history of the Mediterranean region. Molecular data suggest
that Lycian salamanders started radiating at least 5.9 mya
(7.9–5.9 mya, as estimated by Weisrock et al. 2001; 20.9–
12.6 mya, as estimated by Zhang et al. 2008). Since that
time, the climate has oscillated repeatedly, with cold periods
(stitials) alternating with warmer periods (interstitials)
(Andersen and Borns 1994). During cold periods, circum-
Mediterranean habitats have been remarkably dry due to
the huge amounts of water bound in the immense polar ice
shields and worldwide glaciers (Wilson et al. 1999).
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Fig. 5 Relative position of species records in environmental niche space. Note the decreasing number of species records with decreasing
temperature and precipitation. This pattern corroborates well field observations by Klewen (1991) and Steinfartz and Mutz (1998)

Table 1 Niche overlaps in terms of Schoener’s index (D) among
Lyciasalamandra species with > 10 species records

Species pair Overlap Significance level

L. antalyana - L. fazilae 0.65 0.05*

L. antalyana - L. helverseni 0.31 < 0.01*

L. antalyana - L. luschani 0.62 0.88

L. fazilae - L. helverseni 0.14 < 0.01*

L. fazilae - L. luschani 0.57 0.02*

L. helverseni - L. luschani 0.17 < 0.01*

* P>0.05
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Therefore, southern Anatolian environments where
today’s Lyciasalamandra populations live were possibly
even more hostile for amphibians than they are today.

Usually, species distributions tend to shift with
changing climate, either latitudinally or longitudinally
(Parmesan and Yohe 2003; Root 2003; Parmesan 2006),
so that survival of a species depends mainly on its options
to “move out of trouble”. The extent to which the spatial
distribution of a species can decrease or increase depends
on its specific dispersal abilities in concert with the
contemporary landscape connectivity (e.g. Araújo et al.
2004; 2006; Rödder et al. 2009a). Since the landscape
adjacent to most known localities of Lycian salamanders is
not only dry and hot, but also lacks deep-reaching
crevices, dispersal of these strictly terrestrial, moisture-
dependent animals must have been severely hampered or
even impossible during major phases of Late Pliocene and
Pleistocene climate oscillations.

The lack of options to react to climate change with range
shifts inevitably calls for either high niche plasticity or for
evolutionary niche shifts to parallel deteriorating environ-

Fig. 6 Mean of 100 Maxent
SDMs computed with pooled
species records of all Lyciasala-
mandra species omitting L.
antalyana (a), L. atifi (b), and
L. billae (c). Areas climatically
suitable for salamanders and
suitable due to the presence of
carstic limestone formations are
indicated (dark grey Maxent
values above the minimum
training presence, black values
above the minimum 10%
training omission threshold).
Areas climatically unsuitable to
Lycian Salamanders are indicated
in light grey where carstic lime-
stone formations are present and
white where they are not

Table 2 Niche overlap in terms of Schoener’s index (D) of mapped
SDMs of all seven Lyciasalamandra species combined against all but
one species; each model excludes another species. 1−D allows a relative
ranking of the absolute niche deviance per species from all other species

Entire species clade but excluding… D 1−D P

L. antalyana 0.93 0.07 0.10

L. atifi 0.91 0.09 0.44

L. billae 0.96 0.04 < 0.01*

L. fazilae 0.92 0.08 0.39

L. flavimembris 0.96 0.04 0.05*

L. helverseni 0.87 0.13 0.90

L. luschani 0.92 0.08 0.41

* P>0.05
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mental conditions. Due to the pronounced climatic niche
conservatism among Lyciasalamandra species as shown in
this study, and due to the lack of any options for a
latitudinal and longitudinal response, we assume that these
amphibians were forced into an in situ response. Natural
history properties may provide the key to understanding the
success of Lycian salamanders. Today’s climate at sites
where Lycian salamanders occur is highly unfavourable for
amphibians throughout almost all the year (e.g. Klewen
1991; Polymeni 1994; Steinfartz and Mutz 1998; Veith et
al. 2001). As a result, extant Lyciasalamandra specimens
spend substantial parts of their lives deep inside humid
crevices of boulder fields at the foot of carstic limestone
slopes. In these crevices, unfavourable above-ground
macroclimatic conditions are effectively buffered. The
activity period of specimens outside their limestone shelter
is therefore restricted to autumn and winter, when humidity

is relatively high and the air temperature is below 20°C
(Steinfartz and Mutz 1998). Captive breeding has con-
firmed these physiological constraints (Bogaerts 2004),
which were also well identified by our SDM approach
wherein the ‘mean temperature of the coldest quarter’ and
the ‘mean precipitation of the wettest quarter’ best
explained the potential distribution of all Lycian salaman-
ders. It can therefore be concluded that a temporary
adoption of an underground, cavernicole lifestyle partially
decouples Lycian salamanders from their macroclimate.
The latter defines species conditions for above-ground
activity for Lyciasalamandra, as confirmed by the relatively
variable contributions in our SDMs. Those variables
describing the macroclimate within the species above-
ground activity periods had the highest explanative power
(Fig. 3), suggesting that they in fact restrict the realised
distributions of the species.

Fig. 7 Mean of 100 Maxent
SDMs computed with pooled
species records of all Lyciasala-
mandra species omitting L.
fazilae (a), L. flavimembris (b),
and L. luschani (c). Areas
climatically suitable for sala-
manders and suitable due to
the presence of carstic limestone
formations are indicated
(dark greyMaxent values above
the minimum training presence,
black values above the mini-
mum 10% training omission
threshold). Areas climatically
unsuitable to Lycian salamanders
are indicated in light grey where
carstic limestone formations
are present and white where they
are not
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Lyciasalamandra—a special case?

Holt et al. (2005) hypothesized that isolated populations
living in habitats close to their environmental tolerance
limits may be most prone to evolving new physiological
properties that result in a shift of their fundamental niche.
Since population densities in Lycian salamanders are often
remarkably high (5,000–10,000 specimens per hectare;
Veith et al. 2001), it can be expected that perhaps a high
number of specimens from these source populations
migrates to sink habitats just outside their climatic
tolerance. This should theoretically enhance the chance of
selection of novel adaptations (e.g. Holt et al. 2005; Jakob
et al. 2010). However, this is contraindicated by our
analysis, which showed that the realised niches of most
species are quite similar (Tables 1, 2), although populations
live from 0 to 1,000 m above sea level (Veith et al. 2001).
One explanation may be that environmental conditions
during summer times are too harsh to allow colonisation in
the absence of the retreat possibilities provided by carstic
limestone cavities. These harsh conditions may cause a
stabilising selection on the species’ climate niches by
restricting their range.

It should be noted that the detected niche constancy
across species does not necessarily indicate that most
Lyciasalamandra species exhibit a climatic niche that is
close to that of a common ancestor, i.e. one that has not
changed much during evolution. Alternatively, all species
may have changed their niches in the same direction due to
a pronounced similarity of climatic parameters of their
respective habitats. Unfortunately, there is no a priori
reason to decide between these two hypotheses. However,
genetic variability, which is thought to facilitate niche shift
through local level adaptation (Holt and Gomulkiewicz
2004; Holt et al. 2005; Jakob et al. 2010) is rather low in
Lyciasalamandra (Veith et al. 2008). This may advocate for
a hampered evolutionary response to changing climate,
and hence argues for niche conservatism over time in
Lyciasalamandra.

Methodological implications and limitations

Some aspects need consideration when applying our novel
jackknife approach. First of all, although Maxent has been
shown to perform well when the available number of
species records is rather limited (Elith et al. 2006;
Hernandez et al. 2006; Wisz et al. 2008), a great variety
of SDM algorithms are available, and applying different
algorithms may yield varying results (e.g. Araújo and New
2007). Selection of the appropriate algorithm may depend
on the data at hand, i.e. the number of records and whether
absence data is available or not (Guisan and Zimmermann
2000). However, in the case of Lycian salamanders, Maxent

is apparently the best choice since it frequently outperforms
other methods when the sample size is low.

Our approach most easily identifies species that differ
most from all others analysed. However, depending on the
niche breadths and niche positions of the species at hand,
one could imagine a variety of possible scenarios (Fig. 2),
which can be assessed in niche space using multivariate
statistical methods. Imagine that some species are found in
colder climates and a couple of species found in hotter
environments. Pooling all species but one will perhaps
result in a quite large overall niche breadth and, depending
on the relative positions of the species omitted in niche
space, niche similarity patterns may vary. A second
scenario may describe a species that occupies a niche space
nested in the middle of another species’ niches. Depending
on the algorithm applied, the overall niche envelope may
not change too much when removing it, even though it can
occupy a niche space distinct from all other species.

Fortunately, these difficulties can be circumvented via
comparisons of probability surfaces derived from SDMs.
The relative occurrence probabilities at a given combination
of environmental variables depend on the density of species
records in niche space (Fig. 2). As a consequence, multiple
observations of different species and/or within single
species in similar or identical parts of the ecological space
lead to locally higher probabilities. Therefore, even in the
unlikely case that two species occupy exactly the same part
of the ecological space, removal of one of them will cause a
local decrease in the probability, and a comparison of both
probability distributions via Schoener’s D will still identify
a deviance. In order to detect such patterns, interpretation of
results should always include inspection of the relative
positions of the species in niche space spanning along the
most important axes and the overall available niche space
(e.g. as shown in Fig. 3 for a two-dimensional climate space).
Note that in more complex cases, principal component plots
may be used (e.g. as shown in Broennimann et al. 2007;
2011). These additional analyses become most important
when assessing niche conservatism in a phylogenetic
context. Here, we may consider jackknifing entire clades
instead of single species in order to obtain a stronger
signal.

Further application of our jackknife approach to a variety
of taxa will need to show if the identification of species
with deviant climatic niches and their subsequent omission
from a pooled data set will help to derive robust SDM or,
more accurately, clade distribution models (CDM), even in
the absence of large sets of distribution data. Facing the
ongoing habitat deterioration due to climate change
urgently requires reliable tools for incorporation of predictive
distribution analyses for conservation planning, especially in
geographically restricted and thus potentially vulnerable
species.
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