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Abstract Within species, individuals with different

sexes, morphs and age classes often show spatial segre-

gation. Both habitat selection and social processes have

been proposed to explain intraspecific spatial segregation,

but their relative importance is difficult to assess. We

investigated spatial segregation between age classes in the

cave salamander Hydromantes (Speleomantes) strinatii,

and used a hypothetico-deductive approach to evaluate

whether social or ecological processes explain segregation

pattern. We recorded the location and age class of sala-

manders along multiple caves; we measured multiple

microhabitat features of different sectors of caves that may

determine salamander distribution. We assessed age-class

segregation, and used generalized mixed models and an

information-theoretic framework, to test if segregation is

explained by social processes or by differences in habitat

selection. We found significant age-class segregation,

juveniles living in more external cave sectors than adults.

Multiple environmental features varied along caves. Juve-

niles and adults showed contrasting habitat selection

patterns: juveniles were associated with sectors having

high invertebrate abundance, while adults were associated

with scarce invertebrates and low temperature. When the

effect of environmental features was taken into account,

the relationship between juveniles and adults was non

negative. This suggests that different habitat preferences,

related to distinct risk-taking strategies of age classes, can

explain the spatial segregation. Juveniles require more food

and select more external sectors, even if they may be risky.

Conversely, adults may trade off food availability in favour

of safe areas with stable micro-climate.

Keywords A priori inference � Predation risk �
Spatial pattern � Spider abundance � Trade-off

Introduction

The identification of processes determining the distribution

of organisms is a major challenge of spatial ecology.

Patterns of spatial segregation, defined here as differences in

spatial organization among individuals, can occur at both

the interspecific and the intraspecific level. At the inter-

specific level, the segregation at fine spatial scale allows

the coexistence of species occupying similar niches, and

can be an important driver of biodiversity patterns (Firth

and Crowe 2010; Darmon et al. 2012). However, spatial

segregation can also occur at the intraspecific level among

morphs, sexes or age classes (Formica et al. 2004; Field

et al. 2005; Ruckstuhl 2007; Main 2008; van Toor et al.

2011; Bjorneraas et al. 2012). For instance, in several

vertebrates, sexes segregate in groups showing distinct

spatial organization and resource exploitation (Ruckstuhl

2007; Main 2008). Two types of processes have been

proposed to explain intraspecific spatial segregation pat-

terns: the social and the habitat segregation hypotheses

(HSH). The social segregation hypotheses (SSH) suggest

that social processes (selection for neighbours with similar

features, intraspecific competition, cannibalism) are the

major drivers of segregation. In contrast, the HSH suggest

that segregation is mostly driven by habitat-selection
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Università di Milano-Bicocca, Piazza della Scienza1,

20126 Milan, Italy

G. F. Ficetola (&) � R. Pennati � R. Manenti

Dipartimento di Bioscienze, Università degli Studi di Milano,
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processes, such as the selection of sites on the basis of

foraging quality or risk of predation (Ruckstuhl 2007; Main

2008). Under habitat-selection processes, social segrega-

tion may occur as a simple by-product of differences in

habitat selection (Bowyer et al. 2002).

In organisms with complex life cycles, such as many

insects and amphibians, the age classes correspond to dis-

crete, morphologically distinct phases that often exploit

distinct habitats. It has been proposed that the evolution of

complex life cycles can be explained ecologically by the

reduction of intraspecific competition (Istock 1966; Wilbur

1980; Moran 1994), with mechanisms somehow analogous

to those proposed to explain spatial segregation. Complex

life cycles are extremely successful life-history strategies,

suggesting that organisms minimizing interactions between

life-history stages (which usually correspond to age clas-

ses) have strong advantages (Wilbur 1980; Moran 1994).

The similarity between this ecological hypothesis for the

evolution of complex life cycles, and the HSH, suggests

that spatial segregation among age classes (hereafter, age-

class segregation) may widely occur also in organisms

without complex life cycles. However, most analyses on

intraspecific segregation have focused on sexual segrega-

tion in a few groups of vertebrates (Ruckstuhl 2007; Main

2008). Very few studies investigated the causes of age-

class segregation in organisms with direct development

(see Cransac et al. 1998; Bon et al. 2001; Ruckstuhl and

Festa-Bianchet 2001 for analyses with ungulates).

The identification of processes determining spatial seg-

regation is challenging: for example, multiple explanations

have been suggested after the observation of sexual seg-

regation in the same species of ungulates (Ruckstuhl 2007).

The HSH has been proposed as the most likely explanation

of sexual segregation (Main 2008; but see Singh et al.

2010). The few studies that assessed the factors determin-

ing age-class segregation hypothesized both ecological

differences (Labée-Lund et al. 1993; Field et al. 2005) and

aggressive/social interactions (Cransac et al. 1998; Salvidio

and Pastorino 2002; Galvan 2004; Harvey et al. 2008), but

we are not aware of explicit tests to distinguish the

hypotheses. The hypothetico-deductive reasoning is an

emerging approach to infer processes from distribution

patterns (McIntire and Fajardo 2009), and may help to

identify the causes of spatial segregation. This requires

well distinct a priori hypotheses, formulated on the basis

of biological knowledge (Ruckstuhl 2007; McIntire and

Fajardo 2009; Dochtermann and Jenkins 2011), and the

application of information-theoretic statistical models,

explicitly testing the support of alternative hypotheses on

causal processes (McIntire and Fajardo 2009; Ficetola et al.

2010; Dochtermann and Jenkins 2011; Symonds and

Moussalli 2011). Spatial segregation determines clear dis-

tribution patterns of individuals, and the different underlying

processes (i.e., SSH vs. HSH) are expected to produce

distinct patterns. If segregation is mostly determined by

social mechanisms (SSH), we predict a negative relation-

ship between the distribution of different classes of indi-

viduals (age, sexes, or morphs; Fig. 1a) but, when these

social relationships are taken into account, classes should

show similar habitat selection patterns (Fig. 1b). Con-

versely, if segregation is mostly determined by ecological

differences (HSH), we predict different habitat selection

patterns between classes (Fig. 1d) and, when environ-

mental features are controlled for, no negative relationships

between them (Fig. 1c).

European cave salamanders (genus Hydromantes, sub-

genus Speleomantes) are ideal organisms for the study of

spatial segregation. Cave salamanders have direct devel-

opment. They are not obligate cave-dwellers but, when

external conditions would be too harsh (e.g., dry, hot, and

particularly during warm seasons) for lungless terrestrial

salamanders, they retreat to underground environments

where they find a more suitable microclimate (Cimmaruta

et al. 1999; Camp and Jensen 2007; Vignoli et al. 2008;

Ficetola et al. 2012). When in the cave environment, they

are easily detectable (Ficetola et al. 2012) and show

extremely limited displacements; for instance, in H. stri-

natii, each individual usually occupies areas B8 m2

(Salvidio et al. 1994). Therefore, observed distribution

patterns reflect the actual occupancy of the cave environ-

ment. Furthermore, cave environments have relatively

simple habitat features that can be well described by a

limited number of parameters representing abiotic and

biotic features.

Previous studies observed spatial age-class segregation

in cave salamanders, with juveniles living more close to the

cave entrance (Salvidio and Pastorino 2002). It has been

proposed that segregation may occur because juveniles

avoid cannibalism, or are losers during competition for the

best home ranges (Salvidio and Pastorino 2002), in

accordance with the SSH (avoidance of aggression

hypothesis; Ruckstuhl 2007). However, the processes

determining segregation have not been assessed. Here, we

analyzed spatial segregation among age classes in the cave

salamander, Hydromantes (Speleomantes) strinatii, and

tested whether the distribution pattern supports the pre-

dictions of the SSH or of the HSH (Fig. 1).

Methods

Study species and area

Hydromantes strinatii is a small (up to 13 cm) plethodontid

cave salamander endemic of a small area between NW

Italy and SE France. In Mediterranean regions it can be
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active throughout the year: it is a hygrophilic species, and

can be found in epigeous environments from autumn-to

early spring, when outdoor conditions are cool and wet.

Conversely, in late spring and summer it usually inhabits

caves, crevices and other cavities (Bologna and Salvidio

2006; Lanza et al. 2006). Our study focused on age-class

segregation within caves, therefore we performed surveys

during early summer, when the importance of underground

environments is maximum. We surveyed the natural cavi-

ties in two nearby small valleys of Western Liguria: Valle

Perti and Valle Ponci (approximately 42.20�N, 8.35�E).

Additional details on the study area are provided elsewhere

(Ficetola et al. 2012).

Surveys and environmental features

We performed preliminary surveys in [30 cavities of the

study area, to identify those with presence of cave sala-

manders. On the basis of these surveys, we selected 11

natural caves with presence of salamanders for more

indepth surveys. We used visual encounter surveys (Crump

and Scott 1994) to assess the distribution of salamanders.

Each cave was surveyed in June 2011. To minimize vari-

ation in outdoor conditions, caves were visited in consec-

utive days between 11.00 am and 3.00 pm; all days had

similar temperature and were sunny and dry, as it is

characteristic of Mediterranean summer. In each survey, up

to six trained people actively searched salamanders over

the floor and all the walls of the cave; we explored the

caves as deeply as possible, compatibly with our equip-

ment. Previous analyses showed that using these approa-

ches the per-visit detection probability of H. strinatii is

high (91 %), thus surveys allow a reliable assessment of

the distribution of the species (Ficetola et al. 2012). We

recorded the location (distance from the cave entrance and

height above the cave floor) and measured total length of

all salamanders observed. We identified age classes on the

basis of secondary sexual characters and size: salamanders

above 58 mm or with male sexual characters (mature males

have mental glands and premaxillary teethes) were con-

sidered adults; the remaining individuals were considered

juveniles (Salvidio 1993; Lanza et al. 2006).

Each cave was subdivided in 3-m longitudinal intervals

(hereafter, sectors) for the measurement of environmental

features. The size of sectors approximately corresponds to

the usual size of home ranges of H. strinatii (4–8 m2)

(Salvidio et al. 1994), even if larger home ranges are

possible (Pastorelli et al. 2005; Lanza et al. 2006). The

number of sectors in a cave depended on cave size and

distribution of salamanders. If at least one salamander was

a b

dc

Fig. 1 Distribution patterns

predicted by different

hypotheses proposed to explain

spatial segregation. The social

segregation hypothesis

a predicts a negative

relationship between the

distribution of the different

classes but, b when this

relationship is taken into

account, similar responses to

environmental gradients. The

habitat segregation hypothesis

predicts c a non-negative

relationship between the

abundance of different classes,

but d different responses to

environmental gradients.

Different classes are here

exemplified by age classes

[juveniles (white lines) vs.

adults (black lines)], but sex,

morph or other classes can be

similarly considered
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detected in the deepest sectors of the cave, sectors covered

the whole cavity. If salamanders were not detected at the

end of the cave, sectors covered the whole cave until the

position of the last salamander, plus one additional, deeper

3-m sector. For instance, if the deepest salamander in a

cave was at 23 m from the entrance, and the cave was

deeper than 24 m, we considered nine 3-m sectors for that

cave. We recorded the number of adults and juveniles per

each sector. Furthermore, in each sector we measured four

environmental variables that are known to be the major

determinants of salamander distribution in underground

environments (Briggler and Prather 2006; Camp and

Jensen 2007; Vignoli et al. 2008; Ficetola et al. 2012).

Three parameters represented abiotic conditions: air tem-

perature (�C), relative humidity (%) and illuminance (i.e.,

intensity of incident light, measured in lux). These

parameters were measured using a EM882 multi-function

thermo-hygrometer and light-meter (PCE Instruments).

The minimum illuminance recordable by the light-meter

was 0.01 lux. Furthermore, as biotic parameter, we counted

the number of adult Meta menardi spiders in each sector. In

the study area, M. menardi is the most abundant large

spider living in the twilight zone of caves (Ficetola et al.

2012; R. Manenti et al., unpublished data). Meta menardi

spiders can be predated by Hydromantes salamanders

(Lanza et al. 2006). Furthermore, both salamanders and

spiders are predators of arthropods found in underground

chambers (Salvidio et al. 1994; Smithers 2005; Vignoli

et al. 2006; Novak et al. 2010), and spiders are likely

positively related to the overall abundance of invertebrates.

Therefore, we considered spider abundance as a measure of

the abundance of invertebrates (Ficetola et al. 2012).

Statistical analyses

We used the ‘‘sexual segregation and aggregation statistic’’

(SSAS, Bonenfant et al. 2007) to test for spatial segrega-

tion among age classes. The SSAS has been developed to

assess patterns of segregation and aggregation between sex

classes; it is based on well known chi-square statistics and

its approach is general and can be applied to investigate

segregation also in other situations. SSAS provides an

estimate of the distance between the observed and the

expected distributions of age classes, under the null

hypothesis of independence of the distributions of age

classes among the groups. Segregation occurs when the

ratio n adults: n juveniles in each group deviates strongly

from the ratio observed in the whole population (i.e., in all

the considered groups). Similarly, aggregation occurs when

the ratio in each group is close to the ratio of the population

(Bonenfant et al. 2007; Singh et al. 2010). In our study, we

considered all the individuals occurring in the same 3-m

sector as a ‘‘group’’. We used a randomization procedure

(50,000 replicates) to identify the 95 % confidence inter-

vals of SSAS expected under random association between

age classes. SSAS varies between 0 (no segregation) and 1

(complete segregation), nevertheless the SSAS values

cannot be considered as an absolute measure of segrega-

tion, and are meaningful only if compared to confidence

intervals of expected SSAS (Bonenfant et al. 2007).

We used generalized linear mixed models (GLMMs;

normal error distribution) to test whether the position of

each observed salamander within the caves (distance from

the entrance, height above the cave floor) was different

between adults and juveniles, and to test whether the

environmental variables recorded in each cave sectors were

affected by the distance of the sector from the entrance of

the cavity. In all GLMMs, we included cave identity as a

random factor.

Subsequently, we used GLMMs within an information-

theoretic approach, to assess whether segregation was most

likely explained by the SSH or by the HSH. First, we built a

model representing the SSH (social model), relating the

abundance of juveniles to the abundance of adults. Second,

we built a model representing the HSH (habitat model),

relating the abundance of juveniles to the four environ-

mental variables. We used Akaike’s information criterion

(AIC) to assess the relative support of the two models. AIC

trades-off explanatory power versus number of predictors;

parsimonious models explaining more variation have the

lowest AIC values. We considered the model with the

lowest AIC as the ‘‘best AIC’’ model, and calculated DAIC,

which is the AIC difference between the models. We then

calculated the evidence ratio of the models, which provides

a measure of the relative likelihood of one hypothesis ver-

sus another (Burnham and Anderson 1998; Lukacs et al.

2007; Symonds and Moussalli 2011). Using AIC corrected

for small sample size instead than AIC would lead to

identical results. We also built a model combining social

and environmental independent variables, to assess the

possibility of a joint effect of environmental and social

factors. We then repeated the same procedure for adults,

considering the abundance of adults as dependent variable

and the abundance of juveniles as the social independent

variable. In these models, the dependent was a count

(number of individuals), therefore we used a Poisson error

distribution. In all models we also reported significance

values of independent variables, to facilitate interpretation

of their role (Stephens et al. 2007). Estimation of fit of the

GLMMs used maximum likelihood; we used likelihood

ratio to assess the significance of variables in Poisson

models. In all the best AIC GLMMs, residual deviance was

similar to residual degrees of freedom, indicating that our

models were not affected by overdispersion.

In a large number of sectors we detected zero sala-

manders. To ensure that our results were not affected by
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zero-inflation, we repeated our analyses three times. First,

we run the analyses by excluding sectors where zero sal-

amanders (either adults and juveniles) were present, and by

excluding sectors with zero or one salamander. Further-

more, we re-run our analyses using Bayesian Markov

Chain Monte Carlo GLMMs (MCMCglmm) (Hadfield

2010). With MCMCglmm, we built the models corre-

sponding to the different hypotheses using zero-inflated

Poisson models. We then used the deviance information

criterion (DIC) to compare the zero-inflated models with

Bayesian MCMCglmm assuming Poisson error (i.e., the

same error distribution used in standard GLMMs). DIC is a

parameter estimating the performance of a Bayesian model

on the basis of deviance and of the effective number of

parameters; it gives particular emphasis to the random

effects. Models having lower deviance and less effective

parameters show lower DIC, and are considered to be the

models most appropriate to the dataset (Spiegelhalter et al.

2002, 2008). For MCMCglmm, we performed 30,000

iterations as burn-in, followed by 300,000 runs with a

thinning interval of 100.

If needed, variables were transformed using logarithms

(distance from cave entrance, illuminance). Correlation

between pairs of environmental variables was weak (in all

pairwise correlations, |r| \ 0.3), indicating that multicol-

linearity did not pose problems to our models. Analyses

were performed using packages LME4, NLME (Pinheiro and

Bates 2000; Bates and Maechler 2010; Pinheiro et al. 2010)

and MCMCglmm (Hadfield 2010) under the R statistical

environment (R Development Core Team 2010).

Results

Pattern of spatial segregation

We detected salamanders in all the 11 caves considered.

Adults and juveniles cohabited in seven caves; in two

caves we detected adults only, in two caves we detected

juveniles only. Adults were found at distances of 3–49 m

from the cave entrance, while juveniles were found at

distances of 1–12 m (Fig. 2). The SSAS showed signifi-

cant segregation of age classes among the sectors

(observed SSAS = 0.048, 95 % CI of expected

SSAS = 0.021–0.042). Overall, juveniles were detected

closer to the cave entrance than adults (mixed model,

F1,64 = 31.0, P \ 0.0001). Conversely, height from the

cave floor was not different between adults and juveniles

(F1,64 = 0.19, P = 0.67).

Most environmental features significantly varied with

the distance from the cave entrance: in sectors far from the

cave entrance humidity was higher (B ± SE = 1.7 ± 0.6;

F1,49 = 7.71, P = 0.008), while abundance of spiders and

illuminance were lower (B = -0.3 ± 0.1 P = 0.004 and

B = -0.10 ± 0.04, P = 0.009, respectively). The rela-

tionship between distance and temperature was not sig-

nificant (B = -0.05 ± 0.12; F1,49 = 0.16, P = 0.690).

Distribution of juveniles

The abundance of juveniles across sectors was not related

to the abundance of adults (Table 1a). However, this is not

in contrast with the SSAS analysis: this result probably

occurred because of the presence of sectors in which the

abundance of both adults and juveniles was very low. If

sectors with zero or only one individual (either adults or

juveniles) were excluded from the analysis, the abundance

of juveniles was negatively related to the abundance of

adults (B = -0.25, v1
2 = 4.1, P = 0.041).

The habitat model, explaining the distribution of juve-

niles on the basis of environmental features, had a lower

AIC than the social model (Table 1b; DAIC = 8.8). On the

basis of evidence ratio, the habitat model was 77 times

more likely to be the best model than the social model. This

model suggested association between juveniles and cave

sectors with high spider abundance (Table 1b; Fig. 3a).

A combined model, considering both environmental

variables and presence of adults, showed a lower AIC than

the habitat model. However, contrary to the expectations of

the SSH, the relationship between the abundance of juve-

niles and adults was positive, when taking into account the

relationship between the abundance of juveniles and the

environmental variables. Also in this model, juveniles were

strongly associated with sectors with abundant spiders

(Table 1).

Fig. 2 Box-plot representing the distance of juvenile and adult

salamanders from the cave entrance. Bold lines represent the median

of groups. The circles on top right for adults represent outliers

Popul Ecol (2013) 55:217–226 221

123



Distribution of adults

The abundance of adults across sectors was not related to

the abundance of juveniles (Table 1e). The habitat model,

explaining the distribution of adults on the base of envi-

ronmental features, showed lower AIC than the social

model (Table 1f; DAIC = 11.3). On the basis of evidence

ratio, the habitat model was [270 times more likely to be

the best model than the social model. This model suggested

association between adults and the sectors with less spiders

and with cold temperature and limited light (Table 1f). It is

remarkable that the relationship between the abundance of

adults, spiders and temperature was opposite to the rela-

tionship between juveniles and the same variables

(Table 1; Fig. 3b).

A combined model, considering both environmental

variables and the presence of juveniles, showed a lower

AIC than the habitat model but, contrary to the expecta-

tions of the SSH, the relationship between the abundance

of juveniles and adults was positive. Also in this model,

adults were associated with cold sectors without spiders

(Table 1).

Table 1 Results of generalized linear mixed models describing the abundance of juveniles and adults on the basis of the social (a, e), habitat

(b, f) and combined hypotheses (c, g)

Dependent: abundance of juveniles Dependent: abundance of adults

Independent B v1
2 P AIC Independent B v1

2 P AIC

Social models

(a) N adults 0.12 1.86 0.172 97.54 (e) N juveniles 0.13 1.17 0.280 99.51

Habitat models

(b) Temperature 0.02 0.017 0.896 88.86 (f) Temperature -0.31 6.23 0.013 88.25

Humidity -0.04 2.65 0.104 Humidity -0.04 1.88 0.170

Illuminance -0.38 0.44 0.506 Illuminance -2.14 3.39 0.066

Spider abundance 0.58 12.03 0.002 Spider abundance -0.45 4.51 0.034

Combined models

(c) N adults 0.47 9.31 0.002 81.55 (g) N juveniles 0.40 6.01 0.014 84.24

Temperature 0.27 3.78 0.052 Temperature -0.30 6.74 0.009

Humidity -0.02 0.84 0.360 Humidity -0.03 1.07 0.300

Illuminance -0.08 0.02 0.887 Illuminance -2.67 4.25 0.039

Spider abundance 0.83 19.32 <0.001 Spider abundance -0.70 8.01 0.005

(d) Best MCMCglmm MCMC P (h) Best MCMCglmm MCMC P

N adults 0.77 0.010 N juveniles 0.47 0.045

Temperature 0.41 0.114 Temperature -0.36 0.012

Humidity -0.02 0.619 Humidity -0.01 0.601

Illuminance -0.82 0.615 Illuminance -3.20 0.043

Spider abundance 1.26 0.002 Spider abundance -0.87 0.007

We also report the results of Bayesian Markov Chain Monte Carlo models (MCMCglmm) with lowest DIC (d, h; see Table 3 for DIC values)

Significant values are in bold

a b
Fig. 3 Relationship between

the abundance of spiders and the

abundance of a juvenile cave

salamanders; b adult cave

salamanders. Error bars are

standard errors; the scales of the

vertical axes differ between the

panels
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Analyses using alternative models

If the sectors with zero salamanders (either adults or juveniles)

are excluded from analyses, the habitat model showed much

higher support than the social model (Table 2), confirming the

results of previous analyses. For juveniles, evidence ratios

suggested that the habitat model was about 90 times more

likely than the social model; for adults, the habitat model was

about 105 times more likely that the social model. In this case

the combined models showed lower support than the habitat

model. Overall, the coefficients of the best models were in

agreement with the analysis considering all sectors (Tables 1,

2c). The habitat model is the best model even if sectors with

zero or one salamander are excluded. In this analysis, AIC

differences among models are limited, probably because of

small sample size (Table 2b).

For all candidate models, the zero-inflated MCMCglmm

had higher DIC than the respective Poisson models

(Table 3), suggesting that our results are not affected by

zero-inflation. For both juveniles and adults, the

MCMCglmm with lowest DIC was nearly identical to the

best-AIC GLMMs (Table 1d, h).

Discussion

When spatial segregation occurs, differences of distribution

patterns between categories of individuals may be striking.

In our study case, we observed strong age-class segregation

in the cave salamander: juveniles were close to the cave

entrance, while adults were in deepest sectors of caves

(Fig. 1). Multiple environmental features of caves strongly

varied with the distance from the entrance. The combina-

tion of a priori hypotheses with an information-theoretic

approach allowed to assess the relative likelihood of pro-

cesses potentially determining segregation of age classes

(habitat suitability vs. social interaction), and suggested

that segregation was most likely caused by different habitat

selection patterns (HSH). First, the models assuming that

the distribution of age classes is mostly affected by eco-

logical features (HSH; models b and f in Table 1) have

much stronger support by the data than those assuming that

Table 2 (a) Comparison of Akaike information criterion (AIC)

values of generalized linear mixed models describing the abundance

of juveniles and adults on the basis of the social, ecological and

combined hypotheses, considering only sectors in which at least one

salamander was present (either adults or juveniles), (b) comparison of

AIC values of models considering only sectors in which at least two

salamanders (either adults or juveniles) were present, (c) coefficients

and significance of individual variables for the model with lowest

AIC in Table 2a

Dependent: abundance of juveniles Dependent: abundance of adults

(a) Comparison among models: sectors with at least one salamander AIC AIC

Social models 58.88 49.79

Combined models 50.76 41.53

Habitat models 49.92 40.47

(b) Comparison among models: sectors with at least two salamanders

Social models 30.93 30.12

Combined models 31.87 26.55

Habitat models 29.99 24.55

B v1
2 P B v1

2 P

(c) Coefficients of independent variables

Temperature 0.02 0.02 0.896 -0.33 8.88 0.003

Humidity -0.01 0.08 0.775 -0.01 0.41 0.525

Illuminance 1.50 1.29 0.257 -0.30 0.03 0.868

Spider abundance 0.58 7.65 0.006 -0.49 4.45 0.035

Significant values are in bold

Table 3 Comparison of deviance information criterion (DIC)

between MCMCglmm built using a zero-inflated Poisson family, and

MCMCglmm built using a Poisson family

Dependent: abundance of

juveniles

Dependent: abundance of

adults

Zero-inflated

DIC

Poisson

DIC

Zero-inflated

DIC

Poisson

DIC

Social model 112.8 97.9 145.1 133.5

Habitat

model

106.4 97.9 139.9 133.3

Combined

model

104.8 93.3 139.6 131.5

The independent variables included in the social, in the ecological and

in the combined models are listed in Table 1
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the distribution of one age class is affected by the distri-

bution of the other class (SSH; social models a and e in

Table 1). Furthermore, if the distribution of the other

age class is added to the HSH model, the relationship

between age classes become positive (Table 1). This pat-

tern is opposite to the expectations under the SSH, which

would predict negative relationships between age classes

(Fig. 1a).

The relationship between the abundance of juveniles and

adults was positive, when differences in habitat selection

are taken into account (Table 1c, d). This result corre-

sponds to the converse of the prediction of the SSH, yet it

is a pattern non predicted by the HSH (Fig. 1). This posi-

tive association might occur because both age classes are

affected in a similar way by some unmeasured environ-

mental feature. This hypothesis is supported by the analysis

excluding sectors without salamanders (Table 2). If sectors

without salamanders were not considered, the HSH

remains the most supported by the data, but the combined

model showed higher AIC than the habitat model. The

results of the model considering all sectors (Table 1) are

probably affected by certain areas having environmental

features unsuitable for both adults and juveniles. For

instance, both age classes may be very scarce in cave

sectors characterized by walls with limited heterogeneity

(Camp and Jensen 2007). Finally, we cannot rule out the

occurrence of unknown social process, determining some

positive response to the presence of conspecifics (Gautier

et al. 2004); additional studies are required to test these

hypotheses.

Age classes had a contrasting response to major envi-

ronmental gradients: juveniles were associated with the

cave sectors inhabited by abundant spiders, while adults

were associated with scarce spiders and lower temperature

(Tables 1, 2; Fig. 3). Meta spiders are among the major

predators of arthropods in caves, therefore we considered

spider abundance as a proxy of the abundance of inverte-

brates (Smithers 2005; Novak et al. 2010; Ficetola et al.

2012). Cave food webs mostly depend on external inputs:

sectors close to the surface receive more inputs and usually

host a richer invertebrate fauna (Hills et al. 2008; Culver

and Pipan 2009; Novak et al. 2010; Manenti et al. 2011;

Schneider et al. 2011). During summer, both juveniles and

adult salamanders feed within caves, and the small home

range size (about 4–8 m2) suggests that they feed approxi-

mately in the sectors where they have been observed

(Salvidio et al. 1994; Lanza et al. 2006). For salamanders,

selecting shallow sectors may have the advantage of a

higher food availability. On the other hand, inhabiting

shallow sectors may determine multiple disadvantages,

including micro-climatic conditions more similar to the

external ones (e.g., lower humidity) and a highest risk of

predation either from invertebrates or from vertebrates

entering in the first meters of caves (Culver and Pipan

2009). Actually, some large cave invertebrates (e.g., large

spiders) have been observed preying on Hydromantes

juveniles (Lanza et al. 2006; Pastorelli and Laghi 2007).

Furthermore, the most external sectors often had humidity

\75 %, and this may pose physiological problems to sal-

amanders. Humidity influences dehydration rate: inhabiting

more humid sectors can allow better maintaining water

balance. Plethodontid cave salamanders are lungless and

skin humidity/dehydration is also related to respiratory

exchanges (Spotila 1972; Briggler and Prather 2006;

Hillman et al. 2009). Conversely, selecting the deepest,

coldest sectors would reduce predation risk and provide the

most suitable microclimate (Hutchinson 1958; Spotila 1972),

but food items become more scarce there. This suggests the

existence of a trade-off between the selection of most

external sectors (abundant prey, but unstable microclimate

and high risk of predation) and the deepest ones (lack

of predators, suitable microclimate but scarce prey). We

propose that the habitat selection patterns may be explained

by different risk-taking strategies between age classes. For

juveniles, accessing to relatively abundant food is neces-

sary for growth and development, therefore they choose

external sectors, even if this may be risky.

In cave salamanders, adult survival is the most impor-

tant determinant of population growth rate (Lindstrom

et al. 2010). This suggests that, after attaining sexual

maturity, adults may trade off food availability in favour of

safe areas with stable micro-climate. A spatial distribution

pattern maximising survival after reaching sexual maturity

would thus provide the highest fitness to individuals.

Overall, the age class found at the riskiest location may be

not the one that experiences the lowest risk of mortality

there: segregation probably occurs because the mortality

risk of inhabiting the riskier habitat is offset by increased

foraging requirements (Rochette and Grand 2004). The

interplay between predation risk and resource availability

has been observed multiple times as a cause of intraspecific

segregation. For instance, a similar strategy determines

sexual segregation in several polygynous ungulates, in

which males need high-quality diet to be successful in

competition for mates, and thus select areas with superior

food availability even if predation risk may be high.

Conversely, females maximise fitness by increasing off-

spring survival, and therefore select the less risky areas,

even if they have limited foraging quality (Main 2008). It

should also remarked that our study was not manipulative,

and segregation among age classes may be caused by other

factors, including different optima for microclimate or

additional unmeasured features.

The occurrence of intraspecific spatial segregation has

lead to a flourishing number of hypotheses (Ruckstuhl 2007).

In many cases, potential causes of spatial segregation have
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been proposed only after segregation was observed (induc-

tive reasoning) (McIntire and Fajardo 2009). Comprehen-

sive analyses, particularly in the last years, allowed

identifying the processes most likely determining sexual

segregation, and highlighted the importance of trade-offs

between resources and predation risk (Main and Coblentz

1996; see also Bon et al. 2001; Main 2008; Bjorneraas et al.

2012). Conversely, less attention has been devoted to age-

class segregation. A hypothetico-deductive reasoning, cou-

pled with the comparison of explicit hypotheses, can allow

inferring the processes most likely determining distribution

and segregation on the basis of distribution patterns (McIntire

and Fajardo 2009; Dochtermann and Jenkins 2011), thereby

boosting our understanding of age-class segregation. Our

results are in agreement with studies highlighting the

importance of the trade-off between resources and predation

risk: these trade-offs may be important also for age-class

segregation. Nevertheless, age-class segregation remains a

much less studied topic, if compared to sexual segregation:

further analyses are required to better understand the costs

and benefits of different strategies of spatial distribution.
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Studi di Milano. We thank N. Santo, F. Basso, F. Belluardo,

L. Borrelli, F. Barazzetta, E. Crenna, R. Gavazzi, L. Limongi,

E. Lunghi, L. Morotti, E. Orlando, F. Pantuso, M. Palombelli,
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