Transgressive niche across a salamander hybrid zone revealed by microhabitat analyses

Running title: transgressive niche in hybrid zones

Gentile Francesco Ficetola'?, Enrico Lunghi**>°, Roberta Cimmaruta’, Raoul Manenti'"

1 Department of Environmental Science and Policy, Universita degli Studi di Milano, Milano,

Italy
2 Laboratoire d’Ecologie Alpine (LECA), CNRS, Université¢ Grenoble Alpes, Grenoble,
France

3 Universitét Trier Fachbereich VI Raum-und Umweltwissenschaften Biogeographie,

Universitétsring 15, 54286 Trier, Germany

4 Museo di Storia Naturale dell'Universita di Firenze, Sezione di Zoologia "La Specola", Via

Romana 17, 50125 Firenze, Italy

5 Natural Oasis, Via di Galceti 141, 59100 Prato, Italy

6 Institute of Zoology, Chinese Academy of Sciences

7 Dipartimento di Scienze Ecologiche e Biologiche, Universita della Tuscia, Viterbo, Italy

* Corresponding author

Acknowledgments

We thank K. Tolley, S. Mammola and one anonymous reviewer for insightful comments on
an early version of this manuscript. C. Canedoli, R. Pennati, G. Scari, B. Barzaghi, A.
Melotto, S. Giachello and many Natural Science Students greatly helped during sampling
activities. The study was authorized by the Italian Ministry of the Environment (prot.
0040002). GFF is funded by the European Research Council under the European
Community’s Horizon 2020 Programme, Grant Agreement no. 772284 (IceCommunities). EL
is supported by Chinese Academy of Sciences President's International Fellowship Initiative
for postdoctoral researchers.



Abstract

Aim: Hybrid populations can have intermediate, conserved or transgressive niches, compared
to the parental species. Fine-scale analyses can improve our understanding of niche evolution,
but information on microhabitat differences between parental species and hybrids is extremely
scarce for animal populations. We assessed the pattern and role of niche variation along a
hybrid zone, by investigating differences in microhabitat selection between terrestrial
salamander species (Hydromantes ambrosii and H. italicus) and their hybrids. We tested
whether introgressed populations show intermediate, conserved or transgressive niche,
compared to parental species. Furthermore, we compared body condition index among
individuals observed in different microhabitats (different areas of caves), to assess the
potential advantages of exploiting specific microhabitats.

Location: We surveyed ~700 cave sectors in Italy, across the whole range of the two parental
species and along their contact zone

Methods: We recorded salamander distribution and measured microhabitat features
influencing salamander distribution: humidity, temperature and incident light. We tested niche
differences between parental species and hybrids, and analysed spatial variation of body
condition.

Results: We detected significant niche shifts between parental species and hybrids.
Introgressed populations showed a transgressive niche and exploited sectors with warmer
temperature, lower humidity and more light, compared to the non-introgressed ones.
Introgressed salamanders were better able to exploit the microhabitat conditions that are
frequently found nearby cave entrance. For males, body condition index was significantly
higher in individuals found close to the cave entrance.

Main conclusions: The transgressive niche of hybrids between H. ambrosii and H. italicus
indicates niche expansion toward harsh environmental conditions, and such transgressive
segregation allows exploiting environments with higher food availability. The ability to
exploit dry and warm sectors can provide important advantages to hybrid populations, that
can better persist under stressful conditions. Transgressive niche can be important for long-
term persistence and evolution within hybrid zones.

Keywords: Amphibians; microclimate; niche expansion; niche similarity; Transgressive
niche; underground environment



1 INTRODUCTION

Since Mayr’s definition of species as ‘interbreeding natural populations that are
reproductively isolated from other such groups’ (Mayr, 1942), the existence of hybrid zones
between different species has been regarded as a central topic of evolutionary biology, as
hybrid zones can determine the collapse of reproductive isolation (Hewitt, 2001; Tanaka,
2007). Genomic evidence has increasingly revealed the importance of hybridization and
interspecific gene flow during speciation events (e.g. Soubrier et al., 2016; Arnason et al.,
2018; Palkopoulou et al., 2018), and hybridization is now considered a major constructive
force of evolution, that can even promote adaptive radiations (Mallet, 2007; Ficetola & Stock,
2016; Bay & Ruegg, 2017). Hybrid zones often occur between the ranges of closely related
species, and can help to understand the evolutionary importance of hybridization events (Otis
et al., 2017).

The long term fate of hybrid zones strongly depends on the fitness of hybrids, and on
occurrence of ecological and reproductive barriers. On the one hand, hybrids can have limited
fitness compared to parental species. This is expected to limit the extent of hybrid zones, and
can even prompt evolution of pre-zygotic reproductive barriers (Seehausen, 2004). On the
other hand, gene flow between related species can also be a source of potentially beneficial
alleles. For example, the different stages of introgression recorded between Darwin’s finch
species having different beaks size can play a strong adaptive role during long droughts
(Grant & Grant, 2016). The high mortality recorded during dry seasons produced a strong
selective pressures on finches with large beak size, favoured hybridisation between species
(Grant & Grant, 2016) and supported idea that contact zones are great opportunities to assess
the adaptive role of genetic introgression (Bay & Ruegg, 2017).

The genetic aspects involved in the occurrence and maintenance of hybrid zones are
increasingly studied (Arntzen et al., 2017), while less attention has been paid to the
characterization of the ecological niche of hybrid populations. Differences in ecological niche
between closely-related species may be impressive, but limited information exists on niche
differences between hybrid populations and parental species, and how they may be related to
introgression phenomena (Arntzen et al., 2017). Hybrid populations can have conserved,
intermediate, or transgressive niches, compared to the parental species. Conserved niches
occur when the niches of hybrids are extremely similar to one of the parental species (Ficetola
& Stock, 2016). However, hybrids are often assumed to have intermediate niche compared to
their parental species (intermediate niche hypothesis) (Moore, 1977). Finally, the
transgressive niche hypothesis proposes that hybrid populations can show niches that differ
from those of both parental species (Rieseberg et al, 1999; Ficetola & Stock, 2016).
Assessing whether the niches of hybrids are conserved, intermediate or transgressive is
extremely important to predict the fate of hybrid populations, and to understand long-term
dynamics of species ranges. For instance, transgressive niches can allow hybrids to exploits
environmental features that are unsuitable for both parental species. Transgressive niches can
thus provide fitness advantages under some environmental conditions, potentially promoting
hybrid speciation and expansion to new geographic areas.

The study of ecological niche in hybrid zones is challenging. In the last years, studies
on niche evolution increasingly focused on the classical Grinnelian niche, as scenopoetic
variables (e.g. temperature, humidity, terrain aspect) are key parameters determining species
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distribution and fitness (Soberon & Nakamura, 2009; Slatyer et al., 2013). The Grinnelian
niche is often analysed on the basis of a macroecological broad-scale (Soberon & Nakamura,
2009). Macroecological analyses are powerful in that they allow patterns to be drawn over
large taxonomic and geographic extents, but also have some limitations. First, they frequently
have a coarse resolution (Beck et al., 2012; Lira-Noriega et al., 2013), but species often
interact with their environment at finer (microhabitat) scale. Microhabitat conditions are not
always captured by macroecological variables, and can provide a more accurate description of
the effect of environmental variation on individuals (Scheffers et al., 2014; Ficetola et al.,
2018a; Moore et al., 2018). Second, hybrid zones often occur between the geographical
ranges of parental species and have limited extensions (Garrick et al., 2014). Macroecological
data can be subject to strong spatial autocorrelation, thus making it difficult to disentangle
biological patterns from patterns caused by the geographical proximity of localities (Warren
et al., 2014). Fine-scale analyses can improve our understanding of niche evolution, providing
information on the microhabitat conditions selected by individuals (Ficetola et al., 2018a;
Moore et al., 2018). Therefore, microhabitat variables can provide extremely useful data on
niche divergences between hybrids and parental species. However, such fine-scale
information remains limited, with most of studies performed on plants (Rieseberg et al.,
1999).

European terrestrial salamanders (genus Hydromantes; see (Wake, 2013) for
taxonomical discussion) are active at the surface during cool and wet seasons (from autumn to
spring), while exploit underground environments during dry and hot periods (late spring and
summer) (Manenti, 2014; Lunghi et al., 2015). These salamanders are at thermal equilibrium
with the environment (Lunghi et al., 2016) and, when underground, they select sectors with
microclimatic conditions fitting their physiological requirements (e.g. temperature below the
tolerance threshold, high humidity and lack of light (Ficetola et al., 2012; Lunghi et al.,
2016). Microhabitat features at which these salamanders are observed during the stressful
summer periods provide clear information on their operational temperature and other
requirements (Ficetola et al., 2018b), thus Hydromantes are an excellent study system to
analyse niche evolution at the microhabitat level. Moreover caves and subterranean habitats
can be very useful system to understand factors determining species distribution and to fill
important knowledge gaps (Mammola & Leroy, 2018).

Here, we aim to understand the potential role of niche for fitness variation along
hybrid zones, by investigating differences in microhabitat selection between terrestrial
salamander species (Hydromantes ambrosii and H. italicus) and their hybrids. Hydromantes.
ambrosii and H. italicus show a narrow (<20 km), hybrid zone derived from a secondary
contact event, possibly occurred after the last glacial maximum (Fig. 1; Ruggi et al., 2005).
Within this hybrid zone populations of both H. ambrosii and H. italicus are introgressed with
foreign alleles, showing recombinant genotypes without parental specimens neither F1
hybrids (Nascetti et al., 1996; Ruggi et al., 2005). First, we tested whether introgressed
populations show intermediate or conserved environmental requirements, compared to the
parental species, or exploit different habitat conditions (transgressive niche hypothesis), in
order to assess the importance of fine-scale niche variation for the differentiation between
hybrids and parental species. Second, we compared body condition index (BCI) among
individuals observed in different areas of caves, to assess the potential advantages of selecting
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specific sectors. Sectors close to the cave entrance are generally more rich in prey (Ficetola et
al., 2018a; Lunghi et al., 2018a) and we expect that they are associated with higher BCI. Our
study highlights how selecting transgressive microhabitats can affect the fate of hybrid zones.

2 MATERIALS AND METHODS
2.1 Study sites and sampling

We surveyed 121 natural and artificial caves along the hybrid contact zone and across the
whole range of the two parental species (Hydromantes ambrosii and H. italicus; Fig. 1a).
Surveys were performed in early summer (June-July 2012-2016), when conditions outside the
caves are unfavorable and the detection of salamanders active underground is highest (Lunghi
et al., 2015). We performed all the surveys during the central hours of dry and sunny days.
We subdivided each cave in 3-m longitudinal intervals (hereafter: sectors), as this size
approximately corresponds to the Hydromantes home ranges (Salvidio et al., 1994; Lanza et
al., 2006). Underground environments were explored until the end or until the point where the
progression was impossible without speleological equipment. In each sector, we used visual
encounter surveys (Crump & Scott, 1994) to detect active salamanders and measured three
abiotic variables known to influence their distribution: relative humidity (%), air temperature
(°C) and maximum incident light (illuminance, measured in lux) (Lunghi et al., 2015). Air
temperature and humidity were recorded using a LAFAYETTE TDP-92 thermo-hygrometer
(accuracy: 0.1°C and 0.1%). Illuminance was recorded using a EM882 light-meter (PCE
Instruments; minimum detectable light: 0.01 lux), by performing >10 measures in the portions
of the sector receiving more light. See (Ficetola et al., 2012; Ficetola et al., 2013) for
additional details on sampling methods. Caves were similar in structure and the same
microhabitats were available in all caves. To quantify salamanders microhabitat selection,
measurements covered the whole cave if salamanders were found at the end of the cave, or
were performed or until the first empty sector after the deepest salamander.

A subset of observed individuals was captured by hand, measured (total length; mm),
weighed (accuracy: 0.1g) and sexed. Adult males were identified on the basis of sexual
characters (mental gland and premaxillary teeth); individuals without male sexual characters
but >73 mm were considered adult females, as 73 mm was the size of the smallest observed
adult males (see results).

2.2 Statistical analyses

Definition of the genetic status of study populations

In order to assign sample sites into groups based on the degree of introgression, existing
genetic data (allozymes from muscle tissue) were used (Ruggi et al., 2005; Ruggi, 2007).
These data are the most complete genetic sampling so far available and include dense
sampling within the contact zone. Ruggi et al. (2005; 2007) analysed 24 allozyme loci at 646
individuals from 39 populations covering the whole range of both species; 18 of these
populations (385 individuals) were within the hybrid zone (Fig. 1c¢, Supplementary Table S1,
Fig. S1). Seven out of the 24 allozymes were discriminating between the two species; see
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Appendix S1 for details on methods used for genetic analyses. Allozyme data have some
limitations, since they have lower variability than more recent markers, some loci may be
under selection, and they can be subject to gene expression in the tissue type that was used in
the analysis (Schlotter, 2004). Even though the panel of available molecular tools is quickly
broadening, the conclusions obtained using allozymes continue to be deemed reliable
(Allendorf, 2017). Unfortunately, no microsatellites are currently available for European
Hydromantes. Furthermore, salamanders have huge genomes with very high levels of
duplication, which makes it challenging the application of approaches based on high-
throughput sequencing (but see: Wielstra ef al., 2014; Newman & Austin, 2016; McCartney-
Melstad et al., 2018). For these reasons we relied on available allozyme data.

The mean allelic frequencies and the values of the Introgression Index / were used to assign
the study populations to four genetic groups; pure populations of 1) H. ambrosii and 2) H.
italicus, each with mean frequencies of introgressed alleles <10% and 7 <5% (Gerchen et al.,
2018), 3) introgressed H. ambrosii populations, with mean allele frequencies of H. italicus
genes >10% and liwicus >5%, 4) introgressed H. italicus populations with >10% of H.
ambrosii alleles and Lumbrosii >5% (see Table S1). Several populations surveyed for ecological
parameters were not the same studied for genetics, but all study populations were
geographically close to the genotyped ones. Within the hybrid zone, the geographical distance
between ecologically and genetically studied populations was always small (average + SD:
746 £ 590 m). Given the strong spatial pattern of introgression (Fig. 1c), we assumed that
each study site had genetic features similar to the nearest population with available genetic
data (Table S1).

Niche variation

First, we used generalized linear mixed models (GLMM; binomial error distribution) to assess
the relationships between the distribution of salamanders of each group and the recorded
microhabitat features. In GLMM, detection/non detection was the dependent variable,
microhabitat features (temperature, humidity and light) were the independent variables, and
cave identity was included as random effect. Non-detection of salamanders in a given sector
may represent either a real absence or a failure in detection, and not taking into account
potential misdetections can influence regression results (MacKenzie et al., 2006). With our
sampling protocol, detection probability is high but lower than one (approx. 0.75 per visit)
(Ficetola et al., 2012; Lunghi et al., 2015). Therefore, in our models absences received a
weight of 0.75 (following Gomez-Rodriguez et al., 2012).

We built models with all the combinations of independent variables, and ranked them
using the Akaike’s Information Criterion (AIC) to identify the minimum adequate model for
each species, i.e. the model explaining more variation with fewer variables (Burnham &
Anderson, 2002). In caves there was a strong negative correlation between air temperature
and humidity (Pearson’s » = -0.6, P < 0.0001), and such collinearity can bias the results of
regression analyses (Graham, 2003). Therefore, models including both these correlated
variables were excluded from the list of candidate models. For each candidate model, we also
calculated the AIC weight (w) (Lukacs et al., 2007). Before analyses, light intensity was log-
transformed, while humidity (%) was square-root-arcsine transformed to improve normality
and reduce skewness. GLMM were fit using the lme4 package (Bates et al., 2015).



We then used the PCA-env approach (Broennimann et al., 2012; Petitpierre et al.,
2012; Di Cola et al., 2017) to assess niche shifts between pure and introgressed salamander
populations. First, we built univariate plots, to compare the frequency distribution of pure and
introgressed populations under the range of available environmental conditions. Subsequently,
we performed multivariate niche comparisons on the basis of Principal Component Analyses
of environmental conditions (PCA-env), using the three microhabitat features measured in
cave sectors (air temperature, relative humidity and maximum incident light). Niche overlap
was calculated using the Schoener’s D statistics (Schoener, 1970; Warren et al., 2008b),
which ranges between 0 (lack of overlap) and 1 (complete overlap). Schoener’s D shows
excellent performance compared to other overlap metrics (Warren et al., 2008a; Rodder &
Engler, 2011), and is among the most widespread metrics of niche overlap in ecological,
evolutionary and biogeographical studies. The niche expansion of introgressed populations
compared to the parental ones was the proportion of the occurrence density of introgressed
populations that lay outside the conditions occupied in the native distribution (Di Cola et al.,
2017)

We used equivalency tests (Warren et al., 2008a; Broennimann et al., 2012) to assess
the significance of niche differences between taxa (999 random permutations). Equivalency
tests determine whether the niches of two taxa in two geographical ranges are equivalent, and
a significant equivalency test indicates that the niche overlap between two entities is lower
than expected by chance. Tests were performed using the ecospat.niche.equivalency.test
function with the R software ecospat (Di Cola et al., 2017).

Populations were assigned to the different groups (introgressed vs. pure) on the basis
of subjective thresholds. In the main analyses, we then used the four genetic groups detailed
above. In a second analysis, we considered populations with frequency of introgressed
allozyme alleles > 20% as the introgressed ones (Endler, 1977), populations with frequency of
introgressed alleles < 10% as the pure ones, and repeated analyses to assess the robustness of
our results to this subjective threshold.

Distance from surface, microhabitat and body condition

First, we used linear mixed models (LMM) to assess how habitat features
(temperature, humidity and light) are related to distance from cave entrance. In LMM, cave
identity was used as a random factor.

To assess how microhabitat variation can affect the performance of individuals, we
analysed the spatial variation of the body condition index (BCI) of all the captured adults. As
BCI measure, we used the Residual Index, which is the difference between observed and the
predicted body mass, and is considered among the most reliable body condition indexes
(Bancila et al., 2010; Labocha et al., 2014). To calculate BCI, we regressed salamander
weight against their total length, and for each individual we extracted the residuals of the
regression (Bancila et al,, 2010; Labocha et al, 2014). Length and weight were log-
transformed to improve linearity. We then used LMM to test whether BCI changes among
salamanders observed at different distances from the surface. Spatial distribution can be
strongly different between sexes being strongly because of their breeding activity (Salvidio &
Pastorino, 2002; Ficetola et al., 2013; Lunghi et al., 2018b), thus we analysed males and
females separately. Juveniles were not considered, as their sex cannot be assessed on the basis
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of external features. In LMM, genetic group was included as fixed factor, while cave identity
and cave sector were included as random factors. In preliminary analyses we also considered
the interactions between genetic group and distance from surface, but all the interactions were
not-significant. Sample size was not homogeneous among random factors; therefore degrees
of freedom were approximated and could be non-integer (Satterthwaite, 1946). Mixed models
were built using Ime4 and ImerTest in R 3.3.3 (R Development Core Team, 2017); the
amount of variation explained by mixed models was assessed using marginal and conditional
R? (R*w and R’c, respectively; Nakagawa & Schielzeth, 2013).

3 RESULTS

Overall, we monitored 121 caves across the whole range of both species (694 cave sectors)
and observed 1190 salamanders in 278 sectors (Fig. 1; Table 1). The genetic analyses
identified pure H. ambrosii populations that totally lack or had low frequency of introgressed
H. italicus allozyme alleles (<8%) in the west, and H. italicus populations with limited
frequency of introgressed allozyme alleles in the east of the study area (Fig. 1c, Table S1).
Within the hybrid zone, there is a continuous decline of H. ambrosii alleles from west to east;
the average frequency of introgressed alleles was 35% (Fig. 1c, Table S1). The frequency of
introgressed alleles and the introgression index (Table S1) allowed assignment of the
monitored populations to the four groups reported in Fig. 1.

3.1 Hydromantes ambrosii: introgressed vs. pure populations

For pure H. ambrosii populations, the best-AIC model suggested that salamanders were
strongly associated to sectors with lack of light and cold temperature (Table 2). The
relationships between microhabitat and salamander presence were analogous for introgressed
H. ambrosii. For introgressed populations, the best-AIC model indicated a relationship with
low temperature, but an alternative candidate model, with very similar AIC value, also
suggested association with the darkest sector.

Despite both groups being related to similar microhabitat, the conditions of occupied
sectors were not identical, as introgressed H. ambrosii were often observed in sectors with
warmer temperature, lower humidity and more light, compared to the non-introgressed
populations. For instance, 50% of cave sectors occupied by introgressed H. ambrosii showed
temperature >14.4°C, humidity below 91% and light above 0.13 lux (Fig. 2a-c). These
conditions were also available in caves with pure H. ambrosii (Fig. 2), but were only rarely
occupied. As a consequence, the average conditions of sectors with pure H. ambrosii were
characterized by lower temperature, higher humidity and lower light (Fig. 2).

Overall, PCA-env showed strong and significant niche shift (P = 0.001) of
introgressed populations, with expansion toward harsher conditions (warmer, drier and more
illuminated sectors) compared to the non-introgressed populations (Fig. 3a).

3.2 Hydromantes italicus: introgressed vs. pure populations



In pure H. italicus populations, the best-AIC model suggested association with the darkest and
most humid sectors. A very similar microhabitat association was also detected in introgressed
populations (Table 2).

Despite both groups being related to similar microhabitats, the conditions of occupied
sectors were not identical, as introgressed H. italicus were also observed in sectors with lower
humidity and more light, compared to the pure populations. For instance, introgressed
populations were more often observed in cave sectors with humidity below 92% and light
above 0.5 lux, compared to pure populations (Fig. 2e-f).

Overall, introgressed H. italicus showed a significant niche shift (P = 0.006), with
expansion toward harsher conditions (with lower humidity and more light; Table 3, Fig. 3b).

All the results remained identical if, as introgressed sites, we only considered
populations with proportion of introgressed genes > 20% (niche similarity test: 7 = 0.636, P
0.022). Equivalency tests did not detect significant differences between introgressed H.
ambrosii and introgressed H. italicus (Table 3).

3.3 Distance from surface, microhabitat and body condition

Distance from cave entrance was a very strong determinant of microhabitat features.
Light intensity quickly decreased in sectors far from the surface (LMM; F1 6744 = 480.3, P <
0.0001). Furthermore, sectors far from the surface showed higher humidity (F1566.8 = 192.4, P
< 0.0001) and lower temperature (F1,560.6 = 250.1, P < 0.0001; Fig. S2).

Overall, we captured, measured and weighed 291 adult salamanders (132 males and
159 females). The smallest individual with male sexual characters showed total length = 73
mm, therefore individuals with this size or larger were assumed to be adults. Body size
measures were comparable between sexes and between genetic groups (Table S2). The Body
Condition Index (BCI) did not show correlation with salamanders’ length (» < 0.01, N = 291,
P>0.9).

For males, BCI was significantly higher in individuals observed close to the cave
entrance (LMM, Fi,100.7 = 6.8, P = 0.01; Fig. 4a). After taking into account the distance from
cave entrance, some BCI differences were observed between genetic groups (F3,172 = 3.4, P =
0.04), as introgressed H. ambrosii showed slightly higher BCI than the other groups (Fig. 4b).

For females, the relationship between BCI and distance from cave entrance was
negative but not significant (Fie10 = 0.33, P = 0.57; Fig. 4c). After taking into account
distance from cave entrance, some BCI differences were observed between genetic groups
(F3220 = 3.3, P=0.04), as pure H. italicus showed slightly higher BCI than the other groups
(Fig. 4d). For both males and females, mixed models explained a good amount of BCI
variation (males: R*m = 0.26; R%c = 0.52; females: R*\ = 0.16; R’c = 0.57).

4 DISCUSSION

Although species often interact with their environment at fine (microhabitat) scale,
analyses of niche variation in hybrid populations frequently use coarse-scale habitat measures
(Glennon et al., 2014; Ficetola & Stock, 2016). Fine-scale analyses are essential to understand
the impact of small scale processes on populations. Our analyses of salamander hybrid zones
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provide unique insights on the occurrence of transgressive niches for hybrid populations.
Furthermore, the better body conditions of individuals living nearby the surface provides
insights on the potential advantages of exploiting a broader niche, shading light on the
relationships between habitat selection and the fate of hybrid zones.

4.1 Transgressive niche of hybrid populations

The ability to exploit new (transgressive) niches has been proposed as one of the mechanisms
that might enhance the fitness of hybrid populations, allowing them to live in environments
different from the parental ones (Rieseberg et al., 1999; Ficetola & Stock, 2016). Microhabitat
selection is pivotal for the persistence of ectotherms in complex landscapes (Moore et al.,
2018; Suggitt et al., 2018), yet there is still limited information regarding fine-scale niche
differentiation along hybrid zones in animals. Our study showed transgressive segregation in
hybrid populations of terrestrial salamanders, as they were able to live in harsher conditions
(i.e., warmer, dryer and more luminous sectors) compared to the parental species, and this can
have key consequences for the ecological interpretation of hybrid zones.

Our microhabitat analyses considered a very large number of caves across the
distribution range of both H. ambrosii and H. italicus, and confirmed that microhabitat
features (light, temperature and humidity) represent simple environmental gradients that
strongly influence the distribution of salamanders inside caves (Table 2; (Cimmaruta et al.,
1999; Lunghi et al., 2014; Ficetola et al., 2018a). Plethodontid salamanders are lungless and
mostly breadth through their humid skin, thus must remain in moist sectors to maintain water
balance. Furthermore, these salamanders are mostly active under darkness, have a limited
thermal tolerance and generally prefer temperatures below 20-24 °C (Brattstrom, 1963;
Spotila, 1972). During summer, salamanders move underground where microclimatic
conditions are constantly within their preferred range. Within caves, there is a continuous
environmental gradient: sectors close to the surface have conditions similar to outside caves
(light, warm temperature, low humidity), while the microhabitat becomes progressively
wetter, colder and darker in deep sectors (Fig. S2; (Lunghi et al., 2015). Therefore, the habitat
selection of Hydromantes during summer is analogous to a habitat selection experiment along
a gradient of light, humidity and temperature (Ficetola et al., 2018a). Our findings confirm
that the distribution of all study taxa along cave habitats is strongly determined by these
environmental gradients (Table 2), but also highlights striking niche differences between
parental species and hybrid populations.

Both H. ambrosii and H. italicus introgressed groups showed a significant niche shift
compared to the non-introgressed groups (Table 3). Hybrids were found in drier, warmer and
more luminous sectors compared to the parental species (Fig. 2), and this indicates niche
expansion toward harsher environmental conditions. The ability to exploit dry and warm
sectors can provide important advantages to hybrid populations, which can better persist
under stressful conditions and in sub-optimal habitats. Transgressive segregation for
ecological tolerance has been repeatedly observed in experimental studies on plants, which
showed that hybrids can have increased tolerance to multiple stressors, such as cold, heat and
drought (Rieseberg et al., 1999). Tests of hybrid tolerance to abiotic stressors are less frequent
in animals (Rieseberg et al., 1999, but see also Matsukura et al., 2016; Lockwood et al., 2018
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for recent examples), possibly because of the difficulty of measuring niche parameters in the
wild. However, recent advances in ecological methods now allow a better assessment of the
variation of ecological niche, and ecological analyses can be even combined with
ecophysiological approaches to obtain a more complete picture of species tolerance in the
wild.

4.2 Advantages of transgressive niche

What might be the fitness advantages of tolerance to drought and light? Terrestrial
salamanders feed on a large range of invertebrates. In cave environments, food resources are
limited, and the richness of invertebrates is generally highest close to the surface. The
possibility to exploit dry and luminous sectors can allow hybrid populations to exploit
shallow cavities or to live into cave sectors close to the surface, where food availability is
higher. In agreement with this hypothesis, individuals found close to the surface showed
better Body Condition Index, compared to the ones found far from the surface (Fig. 4). A poor
BCI was evident in males living far from the surface, while the relationship between distance
from cave entrance and BCI was weaker in females. Breeding activity of males and females
causes different patterns of cave exploitation that can influence these differences. Females lay
eggs in the deepest sectors of caves, where microclimatic conditions are most suitable
(constantly high humidity and low temperature) and remain stable through the year (Lunghi et
al., 2018b). Gravid females are heavier than females without eggs. Therefore, females with
high BCI can be present both close to cave entrance (e.g. foraging individuals) and in deep
sectors (e.g. females close to oviposition, searching for suitable breeding sites). Conversely,
the better BCI of males close to the surface probably represents the better foraging
opportunities of individuals that are able to exploit this environment.

The niche analyses were informed by existing genetic data, but there is a temporal
discrepancy between the collection of the two datasets. Because hybrid zones can show
temporal shifts, for instance in response to environmental changes (Taylor et al., 2015;
Leache et al., 2017), there could be a mismatch between the microhabitat and genetic data.
However, it is unlikely that the hybrid has shifted for our study species during this time frame
(2005-2016). Firstly, previous studies on the hybrid zone showed it was roughly stable in
location over a period of more than 20 years (Lanza et al., 1995; Ruggi et al., 2005; Ruggi,
2007). Secondly, cave salamanders have long generation time (age at maturity: 3-4 years;
longevity: > 10 years) and very limited dispersal ability (Lanza et al., 2006), consequently the
mismatch between ecological and genetic data is small. Therefore, we expect that the
groupings that were assigned based on the existing genetic data would be consistent over the
time scale within which we worked.

4.3 Habitat selection and the fate of hybrid zones

In some hybrid zones, microhabitat differences between parental species can limit
interspecific encounters. If hybrids are not able to exploit new habitats, these niche
differences can strongly reduce the frequency of hybridization, thus microhabitat selection
becomes one of the factors that promote mating isolation (Mebert et al., 2015). Nevertheless,
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hybrid zones often occur along ecological gradients, where transitional environments may
allow the contact between species with different niches (Culumber et al., 2012). Under these
circumstances, the hybrid zone can be maintained if hybrids exploit intermediate niches along
environmental gradients (Johannesson et al., 2010; Arntzen et al., 2017). However, the
situation is completely different when hybrids occupy transgressive niches and are able to
exploit habitat that are unsuitable for either parental species. The transgressive segregation for
ecological tolerance can be one of the most important traits to facilitate niche divergence, and
can foster adaptation and invasion by hybrids into novel niches (Rieseberg et al., 1999;
Kagawa & Takimoto, 2018). The situation can become particularly complex in view of
ongoing global change. Rapid phenological and distribution shifts are facilitated by global
change, thus putting species in contact that currently are isolated, and increasing the
frequency of hybridization events (Krosby et al., 2015; Canestrelli et al., 2017; Grabenstein &
Taylor, 2018). Given the rapid environmental changes taking place, we expect that species
will either adapt to the new conditions, migrate into new sites, or become extinct. The
possibility of hybrids to exploit new niches is an intriguing hypothesis that must be
considered in global change analyses. For instance, species distribution modelling suggests
that cave salamanders might lose suitable habitats because of increased length of hot and dry
seasons (Araujo et al., 2006; Ficetola et al., 2016). The hybrid zone between H. ambrosii and
H. italicus currently is narrow (~20 km; Fig. 1), suggesting that some unidentified factor
limits the extent of introgression. A similar case has been reported for the Zerynthia cryptic
butterflies (Zinetti et al., 2013), where no sign of introgression in the narrow contact zone is
reported and no information on the limiting factors are available. However, the enhanced
tolerance of hybrids to stressful conditions might improve their fitness under the new
environmental conditions. Relationships between global changes and hybridization are
becoming a major research theme of evolutionary biology, and the ability of some hybrids to
exploit transgressive niches can be an important mechanism shaping patterns of biodiversity
in the future (Rieseberg et al., 1999; Grabenstein & Taylor, 2018).

This study is one of the first to use fine-scale data to test the hypothesis of
transgressive niche in hybrid populations. Such an approach allowed us a high-resolution
assessment of the importance of niche breadth on fitness variation.
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Tables

Table 1. Number of surveyed caves for the four salamanders groups.

Group Ncaves  Ncavesectors N sectors with
presence

Pure H. ambrosii 41 276 136

Introgressed H. ambrosii 10 37 16

Introgressed H. italicus 28 187 66

Pure H. italicus 42 194 60

Table 2. Relationships between the presence/absence of salamanders and microhabitat

features. For each group, we show the best AIC model and, if any, candidate models within

four AIC units from the best model (Richards, 2005). For each model, we list the predictors

and, in parentheses, the regression coefficients. K: number of parameters in the model; w: AIC

weight; R%v: marginal R?; R%c: conditional R? (Nakagawa & Schielzeth, 2013). For

introgressed H. ambrosii populations, two alternative models are reported as their AIC values

were very similar.

Group Model AIC W R Rc

a) H. ambrosii

Light (-0.35); temperature (-0.32) 285.9 0.97 0.34 0.39
b) H. ambrosii (introgressed)

temperature (-0.47) 39.8 0.49 0.41 0.50

Light (-0.46); temperature (-0.40) 40.0 0.43 0.44 0.52
c) H. italicus

Light(-0.56); humidity (14.0) 162.5 0.99 0.63 0.63
d) H. italicus (introgressed)

Light(-0.54); humidity (5.7) 188.7 0.89 0.28 0.31
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Table 3. Niche similarity (Shoener’s D) and niche equivalency tests between pure and

introgressed populations of salamanders, and comparisons between introgressed H. ambrosii

and introgressed H. italicus, and between pure H. ambrosii and pure H. italicus.

D P Niche expansion
H. ambrosii vs. introgressed H. ambrosii 0.624 0.001 0.26
H. italicus vs. introgressed H. italicus 0.654 0.006 0.22
Introgressed H. ambrosii  vs. introgressed  0.609 0.078
H. italicus
pure H. ambrosii vs. pure H. italicus 0.757 0.001
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Figure legends.

Figure 1. Distribution of study localities within Southern Europe. a-b): localities sampled for
microhabitat analyses. The blue and orange polygons are the range of H. ambrosii and H.
italicus, respectively. ¢): localities with available scores for genetic analyses (see also Table
S1 and Fig. S1). Diagrams show the relative frequency of H. ambrosii (blue) and H. italicus
(orange) alleles across populations.

Figure 2. Density of occurrence of pure and introgressed salamander populations, in relation
to environmental features (solid coloured areas). Grey areas represent the overlap between
pure and introgressed populations; lines represent the environmental conditions available to
each group of populations.

Figure 3. PCA-env performed on pure and introgressed salamander populations. Grey areas
represent the overlap between pure and introgressed populations, while solid coloured areas
are the environmental conditions only occupied by one group of populations. The solid and
dashed contour lines represent, respectively, 100% and 75% of the available (background)
environment. The figure also show the correlation circles of principal component analyses
performed on the data, and the amount of variation explained by PCA axes.

Figure 4. Variation of body condition index among individuals observed at different distances

from cave entrance, and from different genetic groups: partial regression plots. Left panel:
males; right panels: females. Shaded areas are 95% confidence intervals.
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