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tation, elongated appendages and enhanced sensory systems. These traits confer

Associate Editor: Gabor Pozsgai selective advantages in dark, nutrient-poor environments. While interspecific vari-
ability in troglomorphic traits is documented, links between species abundance, trait
expression and environmental gradients remain unclear.

2. We investigated how cave depth and habitat connectivity influence local abun-
dance, troglomorphic trait expression, and intraspecific morphological variability in
two congeneric subterranean beetles, Duvalius carantii and Duvalius hartigi, living in
contrasting geological contexts: a deeper, isolated alpine system and a more con-
nected, shallow volcanic network. Both species display intraspecific variation in tro-
glomorphic traits, including elytra, leg and antenna length, and pigmentation. We
tested four hypotheses: (i) species abundance increases with cave depth;
(ii) troglomorphic traits intensify with depth; (iii) morphological variability is lower in
the more isolated D. carantii; and (iv) increased connectivity in the volcanic system
promotes population mixing and greater intraspecific variability in D. hartigi.

3. Our findings support these hypotheses: abundance increases with depth in both
species, with deeper peaks in the volcanic system. Troglomorphic traits intensify
with depth only in the alpine species. Morphological variation is lower and more

homogeneous in D. carantii, while D. hartigi shows higher variability across sites,

likely reflecting enhanced subterranean connectivity. Overall, geological context
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INTRODUCTION

Subterranean habitats, despite displaying high variability across
regions worldwide (Keith et al., 2022), share common ecological fea-
tures, that is, the absence of light and consequent nutrient scarcity
due to the lack of photosynthetic organisms (Culver & Pipan, 2019),
as well as increasing climatic stability with depth (Medina et al., 2023).

The synergistic effect of these environmental constraints acts as
a strong selective force on living organisms, leading to the develop-
ment of numerous convergent morphological and physiological adap-
tations, known as troglomorphies (Arnedo et al., 2007; Hedin &
Thomas, 2010; Huppop, 2000; Jones et al., 1992; Langecker, 2000;
Poulson & White, 1969). Morphological adaptations, such as the
reduction or even loss of eyes and pigmentation, elongation of
appendages and enhancement of nonvisual sensory systems, provide
a significant selective advantage for subterranean animals and have
been observed in numerous species across various groups in caves
and in other subterranean habitats (Culver & Ehlinger, 1982; Culver &
Pipan, 2019; Huppop, 2000; Poulson, 1963; White & Culver, 2012).

Nevertheless, a considerable interspecific variability of morpho-
logical traits among cave-dwelling species is often observed (Culver
et al., 2010; Mammola, Arnedo, et al., 2020; Mammola, Chiappetta,
et al., 2020), with highly adapted subterranean elements typically
found in the innermost sections of caves where food availability is
scarce and where temperature is unaffected by fluctuations in exter-
nal air temperature throughout the day or season (Mammola
et al, 2015; Mammola et al., 2019; Nicolosi et al., 2021; Nitzu
et al., 2014; Rendos et al., 2016; Tobin et al., 2013).

In accordance with this assumption, evidence in literature high-
lights that the abundance and frequency of highly adapted subterra-
nean species are higher at greater depths (e.g., Deltshev et al., 2011;
Giachino & Vailati, 2010; Mammola et al., 2017; Ortuo et al., 2013;
Ruzicka & Klimes, 2005; Simdes et al., 2015), suggesting the existence
of an ecological gradient from shallow to deep subterranean habitat
corresponding to a progressive increase in diversity and abundance of
specialized subterranean elements and a decrease in species lacking
subterranean adaptations (Christiansen, 2012; Laska et al., 2011;
Romero, 2009; Sket, 2008; Stoch, 1995).

The relationship between inter-specific morphological variability
of cave-dwelling organisms and the degree of subterranean conditions
is further corroborated by evidence coming from phylogenetic studies,
suggesting that species descending from a common subterranean

ancestor may display varying degrees of troglomorphy, even if they
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and habitat connectivity jointly shape trait expression and population structure in
4. These results highlight the interaction between habitat connectivity and environ-

mental gradients in shaping trait expression and population structure, outlining a

framework applicable beyond subterranean ecosystems.

alpine caves, Duvalius, morphological variability, troglomorphic traits, volcanic caves

have inhabited the underground realm for the same amount of time
(Faille et al., 2010; Fiser et al., 2008; Ribera et al., 2010).

While the relationship between interspecific variation in troglo-
morphic traits and the degree of subterranean specialisation has been
widely explored (e.g., Biro et al., 2024; Trontel;j et al., 2012), studies at
the intraspecific level are more nuanced and display controversial
results.

Most investigations on subterranean organisms—ranging from
aquatic crustaceans such as Caecidotea Packard, 1871 (Isopoda: Aselli-
dae) (Culver & Ehlinger, 1982) and Niphargus Schiodte, 1849
(Amphipoda: Niphargidae) (Trontelj et al., 2012), to terrestrial arthro-
pods such as the spider genus Troglohyphantes Joseph, 1881
(Araneae: Linyphiidae) (Mammola et al., 2018; Mammola, Arnedo,
et al., 2020) and cave-dwelling mites (Ducarme et al., 2004)—have
examined how morphological divergence among species relates to
specific habitat features, including flow rate, substrate type and cave
microhabitat. Collectively, these studies demonstrate that particular
features of subterranean environments can shape morphology at the
interspecific level.

By contrast, much less is known about whether similar environ-
mental pressures drive morphological variation within species. This is
noteworthy because intraspecific variation in morphological traits is
widely documented in above-ground systems, for example, carabid
beetles exhibit body size variation along altitudinal gradients
(Baranovska et al., 2019); dung beetles display differences in morpho-
logical traits across distinct land-use types (Franco et al., 2023); spi-
ders depict intraspecific variation in body size along urbanization
gradients (Piano et al., 2025); and dragonflies show intraspecific mor-
phological variation across grassland physiognomies (Pires
et al., 2021). Such evidence aligns with a broader recognition of the
ecological and evolutionary significance of trait variability within spe-
cies (Bolnick et al., 2011; Des Roches et al., 2018). Despite this grow-
ing body of research in surface-dwelling organisms, intraspecific
morphological variation in subterranean taxa, particularly in relation to
microhabitat features, remains largely unexplored.

To address this gap, we investigated two congeneric species of
carabid beetles, that is, Duvalius carantii (Sella, 1874) (Coleoptera: Car-
abidae) and Duvalius hartigi Magrini, Baviera & Vigna Taglianti,
2006, focusing on how intraspecific trait variability relates to environ-
mental factors typical of subterranean habitats, including habitat con-
nectivity. These two species of subterranean beetles were selected
because (i) they both exhibit intraspecific variation in troglomorphic

traits—specifically elytra, leg and antenna length, as well as body
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FIGURE 1 Duvalius carantii on limestone substrate (left) and Duvalius hartigi on volcanic rocks (right).

pigmentation (Casale & Giachino, 2010; Nicolosi et al., 2023); (ii) they
have comparable geographic range sizes; and (iii) they occur in geolog-
ically distinct settings that differ markedly in subterranean connectiv-
ity. This combination of traits and contexts enabled us to test how
intraspecific morphological variability relates to environmental condi-
tions and subterranean connectivity.

Specifically, we tested four hypotheses: (1) local abundance
increases with cave depth; (2) troglomorphic traits become more pro-
nounced at greater depths; (3) intraspecific trait variation is more
homogeneous across sites in D. hartigi than in D. carantii; and (4) this
pattern is driven by higher habitat connectivity in the volcanic system,
which facilitates population exchange and promotes morphological
variability. The results offer insights for conservation strategies and
inform future research on population isolation and speciation dynam-
ics in subterranean beetles.

MATERIALS AND METHODS
Model organisms

Duvalius carantii is an endemic species of the SW-Alps, whose range is
mostly centred in Southern Piedmont (NW-Italy, Ligurian and Mari-
time Alps) (Figure 1). Although taxonomic studies have noted some
variability in troglomorphic traits (Casale & Giachino, 2010), no sub-
species of D. carantii is currently described. Studies on phylogeny
revealed that D. carantii is a distinct evolutionary lineage within the
Alpine region.

Currently, the species counts 33 known occurrences in caves and
similar subterranean habitats across the SW Alps at elevations span-

ning from 689 m a.s.l. (Sotterranei del forte Opera 7, municipality of

Moiola, Stura Valley) to 2190 m (Buco di Varirosa, municipality of
Vinadio, Stura Valley) (Casale et al., 2019). The total range of the spe-
cies (minimum convex polygon) covers an area of 78.39 km? extend-
ing from 7.02° to 7.82° longitude and from 44.35° to 44.24° latitude
(Figure 2).

The species’ range spans a geologically diverse area, encompass-
ing various lithological units, including limestone, dolomite, gneiss,
marble, quartzite, sandstone and conglomerate. Moving from east to
west, the rock formations—predominantly limestones—become
increasingly fractured, which may influence the species’ dispersal
potential. In the eastern part of the range, drainage basins are charac-
terised by higher permeability and lower drainage density, due to
increased water infiltration and percolation. These conditions likely
enhance the connectivity of subterranean habitats. In contrast, from
approximately the centre of the distribution westward, lithology is
dominated by compact, ancient volcanic rocks (gneisses and granites
of the Argentera Massif), which reduce water infiltration, increase
drainage density and thereby decrease the connectivity of subterra-
nean voids (Figure 3).

Duvalius hartigi is a Sicilian endemic species belonging to a broad
Mediterranean clade with North African affinities (Faille et al., 2018)
(Figure 1). The species is widely distributed in volcanic caves of Mount
Etna, a stratovolcano rising over 3330 m in the northeastern part of
Sicily, formed at the onset of the Quaternary period (Rittmann, 1976).
The topography of Mount Etna is shaped by lava flows of diverse
ages, ranging from the recent 2014/2015 flow to tholeiitic basalts,
dating back approximately 500,000 years in a specific area on the
southern flank’'s lower section (De Beni et al, 2011; Gillot
et al., 1994). Mount Etna boasts over 200 lava tubes formed in both
‘aa’ and pahoehoe flows, as extensively evidenced (Calvari &

Pinkerton, 1999). These lava tubes manifest at varying altitudes and
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FIGURE 2 Map showing the study sites and species occurrences (left). Occurrences of Duvalius carantii in the southwestern Alps, with
different colours representing lithologies based on the Carta Geologica Interattiva del Piemonte (available at https://geoportale.arpa.piemonte.it/
app/public/) (top right). Occurrences of Duvalius hartigi on Mount Etna, Sicily, where colours indicate different lava flow ages based on the Etna
Geological Map (Branca et al., 2011; https://data.ingv.it/dataset/97#additional-metadata) (bottom right).
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FIGURE 3 A schematic representation of the two geological settings considered in this work: SW-Alps (left), where the lithological
heterogeneity between carbonate and non-carbonate rocks determines a system of semi-isolated units; and Mount Etna (right), where continuous
layers of unconsolidated volcanic rocks ensure high connectivity.
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volcanic substrates of different ages, resulting in a highly diverse
range of ecological and microclimatic conditions. Based on recent
investigations (Nicolosi et al., 2023) unravelling high intraspecific vari-
ability across populations, D. hartigi is known to occur in 24 lava tubes
widely distributed on the Etna Volcano (Figure 2). As an active vol-
cano, Mount Etna showcases a highly diverse substrate consisting of a
patchwork of areas varying in lava age, soil composition and vegeta-
tion. These substrates, including clinker and other basaltic products
(Figure 3), feature a remarkable network of voids, microspaces and fis-
sures gradually covered over time by evolving soil harbouring the so-
called volcanic MSS (Mammola et al., 2016). Notably, such a geological
setting determines massive water infiltration, with extremely low
drainage density and consequent high connectivity of subterranean
habitat (Ferrara & Pappalardo, 2008).

For each subterranean site considered in this study, we derived
depth from the Regional Cadastre of Piemonte and Valle d’Aosta
(available at https://catastogrotte-piemonte.net/) for D. carantii and
from Nicolosi et al. (2023) for D. hartigi. Depth was assumed to be
positively correlated with the selective pressure exerted by the sub-

terranean habitat.

Data collection

Specimens of D. carantii in the SW-Alps were collected in 33 subterra-
nean sites (Figure 2) across the whole range using both pitfall traps
(see Mammola, Chiappetta, et al., 2020 for more details on the sam-
pling design) and hand collection. Pitfall traps were positioned near
the entrance in June 2017 and replaced twice approximately every
6 months for a total of two sampling sessions (September 2017-April
2018). All specimens of D. hartigi on Mount Etna were collected using
pitfall traps in 24 lava tubes (Figure 2). In each cave, two pitfalls were
positioned, the first one near the entrance and the second one deep
in the cave, in June 2020 and replaced three times approximately
every 6 months for a total of three sampling sessions (January 2021-
July 2021 and January 2022). The distance of the pitfall from the cave
entrance was measured with a Leica DISTO (TM) laser distance meter,
assuming this parameter to correlate with increasing subterranean

ecological conditions.

Morphological measurements

For morphological analyses, we measured 55 specimens from 12 sites
for D. carantii (mean number of individuals per site = 4.6; range of
individuals per site = 3-5) and 93 specimens from 23 sites for
D. hartigi (mean number of individuals per site = 4; range of individ-
uals per site = 1-10) spanning across the whole species’ ranges. Mea-
sured specimens are stored in PM Giachino private collection.

For each specimen, we measured morphological traits related to
subterranean adaptation (Fiser, 2019) including: (i) the length of the
antenna (AL), from the apex to the insertion in the head, which was

considered because it represents a good proxy of troglomorphism

e | -

(Culver & Pipan, 2019); (ii) the length of the elytra (EL) along the ely-
tral suture, and (iii) the width of the pronotum (PW) at its base, which
represents well-established structural measurements used as a proxy
for overall body size in carabid beetles—they both remain constant in
adulthood and can be measured accurately, even on preserved speci-
mens (Maurey et al., 2025). All measures were performed on pinned
individuals on the dorsal side. AL and EL were performed on the right
side of the body. We performed measures using a Leica M80 stereo-
scopic binocular up to 60x magnification connected to an EC3 cam-
era. The camera was connected to a laptop where the LAS EZ
software version 3.0.0 was installed, with the magnification calibration

function activated in the LAS EZ software.

Data analysis

Statistical analyses were performed with the R statistical software
(R Core Team, 2024). Before proceeding with statistical analysis, we
performed data exploration to check for outliers and evaluate the var-
iable distribution in accordance with Zuur et al. (2009, 2010).

Hypothesis 1

To assess whether the local distribution of the two species increased
with cave depth, we used Generalized Linear Mixed Models (GLMMs)
to test the effect of distance from the cave entrance on individual
abundance (N, pitfall data only). After data exploration, we log-
transformed the distance of the pitfall from the entrance to improve
its distribution for both species. We preferred GLMMs because they
allowed us to incorporate the spatial dependence of samples within
each cave. Statistical models were performed with the function
‘elmmTMB’ implemented in the gimmTMB package (version 1.1.2.3,
Brooks et al., 2017). We adopted a negative binomial distribution to
take into account the overdispersion of residuals.

Hypothesis 2

To test whether morphological traits became more pronounced with
increasing depth, we used GLMMs to assess the response of mea-
sured traits (AL, EL, PW; all data) to cave depth. Prior to modelling, we
log-transformed the cave depth to improve its distribution in both
datasets. In all models referring to morphological measures, we
adopted a Gamma distribution that is specifically designed for strictly

positive data such as morphological data.
Hypothesis 3
To check homogeneity of intraspecific trait variation within the two

species, we estimated the morphological hypervolume of each popula-

tion within the two study areas based on the three examined
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morphological traits (Blonder, 2017) with a Gaussian kernel density
estimator and a default bandwidth for each axis (Blonder et al., 2018),
as implemented in the function ‘hypervolume_gaussian’ in the pack-
age hypervolume version 3.0.1 (Blonder et al., 2022). Based on the
obtained hypervolumes, we calculated their morphological beta-
diversity (hereafter p-diversity) with the functions ‘kernel_beta’, as
implemented in the package BAT (Cardoso et al., 2024). Specifically,
we decomposed B-diversity into its two components, namely func-
tional replacement (hereafter p-replacement), which corresponds to a
body size shift of individuals across sampling sites, and functional rich-
ness difference (hereafter p-richness), referring to the depletion of
individuals with a specific combination of morphological traits in some
sites compared to the others. We then tested for differences between
the two species in terms of B-diversity and its components by means
of GLMs performed with the function ‘glmmTMB’ specifying a beta
distribution, which is dedicated to continuous variables ranging from
0 to 1 (Zuur et al., 2009).

Hypothesis 4

Finally, we tested whether differences in intraspecific variation of
morphological traits among populations of the two species were influ-
enced by habitat connectivity across the study area, and conse-
quently, by the potential for individual dispersal. To evaluate this, we
related the average morphological B-diversity of each population
(n = 12 for D. carantii; n = 17 for D. hartigi)—used here as a proxy for
morphological variability—to a proxy of subterranean connectivity
(see Table S1) using Pearson’s correlation test. We expected higher
morphological variability among individuals from isolated sites with
lower subterranean connectivity, likely due to reduced dispersal
potential and increased population isolation.

For D. carantii, we used the density of the surface hydrographic
network within the lithostratigraphic unit hosting each population as a
proxy for subterranean connectivity. We assumed that areas with
higher surface drainage density are less fractured, and thus offer
lower subterranean connectivity than those with lower drainage den-
sity. This parameter was obtained in QGIS (QGis.org) by dividing the
extension of the surface hydrographic network within the area of
the lithostratigraphic unit. A positive relationship would indicate
greater population differentiation in areas with higher surface drain-
age density—and therefore lower rock fracturing—supporting the
hypothesis that reduced fracturing limits dispersal, promoting diver-
gence in morphological traits.

For D. hartigi, since the surface hydrographic network on Mount
Etna is effectively zero due to the highly permeable volcanic substrate,
we used lava age as a proxy for rock fracturing and subterranean con-
nectivity. We assumed that variation in substrate age affects the avail-
ability of microhabitats and dispersal opportunities for D. hartigi
individuals. Similar to D. carantii, a positive relationship would indicate
greater population differentiation in areas with older lava—where con-
nectivity is lower—supporting the hypothesis that reduced rock fractur-

ing limits dispersal and promotes divergence in morphological traits.

NICOLOSI ET AL.

RESULTS
Hypotheses 1 and 2

The average, standard deviation and range of cave depth and pitfall
distance from the entrance are reported in Table S2, while the aver-
age, standard deviation and range of individual abundance and body
size measures of the two species are reported in Table S3. Duvalius
hartigi exhibits generally higher measurement values compared to
D. carantii, with elytra length ranging from 2.53 to 3.41 mm (mean
+SD: 3.03 £ 0.16 mm) versus 2.26 to 2.80 mm in D. carantii (2.47
+ 0.15 mm). Similarly, the pronotum width and antenna length are
greater in D. hartigi (0.80 £ 0.05 mm and 3.07 + 0.15 mm) compared
to D. carantii (0.67 = 0.04 mm and 2.39 = 0.11 mm).

Model results demonstrated that both species prefer deeper
areas within caves, with a significantly increasing abundance in pitfall
traps placed at a higher distance from the cave entrance (Table 1).
When examining morphological traits, only the antenna length of
D. carantii showed a significant response to cave depth, with increas-

ing values at increasing cave depth (Table 1 and Figure 4).

Hypothesis 3

The average, standard deviation and range of B-diversity and its com-
ponents, that is, B-replacement and B-richness, for the two species are
reported in Table S4. Duvalius carantii shows a slightly higher total
B-diversity (mean +SD: 0.75 + 0.18) compared to D. hartigi (0.69
+0.19). The B-replacement component is also greater in D. carantii
(0.26 £ 0.22) than in D. hartigi (0.15 + 0.17). Conversely, D. hartigi has
a slightly higher B-richness value (0.54 + 0.29) compared to D. carantii
(0.49 + 0.26).

When examining the response of the morphological p-diversity
and its components, our results pointed out that the total f-diversity is
significantly lower for D. hartigi, and this pattern is due to a signifi-
cantly lower contribution of the p-replacement component (Table 2
and Figure 5). These results underlie that there is a higher turnover in
body size in D. carantii than in D. hartigi. In other words, the trait vari-
ability of D. hartigi is more homogeneous across populations than in

D. carantii.

Hypothesis 4

The significant correlation between the morphological p-diversity of
D. carantii and the density of the surface hydrographic network at the
hydrographic sub-basin level (Pearson’s r = 0.65, p-value = 0.022)
may suggest an effect of the reduced subterranean connectivity found
within the range of D. carantii due to higher basin drainage and thus
to low rock fracturing. Conversely, we found no significant relation-
ship between population-level p-diversity and lava age in D. hartigi
(Pearson’s r = 0.04, p = 0.868), suggesting that the volcanic substrate
may provide higher connectivity among populations, thereby
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TABLE 1 Estimated parameters (3-est), standard errors (SE), confidence intervals (Cl), z-values (z) and p-values (p) for the models performed
on the abundance (pitfall data only) and body size measures (all data) of the two examined species.

Species Variable B-est (+SE) Cl z p

Duvalius carantii Abundance 2.07 (x0.616) 0.865 to 3.28 3.36 <0.001***
Antenna_length 0.009 (+0.004) 0.002 to 0.016 2.55 0.011*
Pronotum_width 0.010 (+0.007) —0.003 to 0.024 147 0.140
Elytra_length 0.008 (+0.007) —0.007 to 0.022 1.02 0.308

Duvalius hartigi Abundance 2.05 (+0.242) 1.58 to 2.53 8.50 < 0.001***
Antenna_length 0.008 (+0.004) —0.0002 to 0.016 1.90 0.057 (*)
Pronotum_width 0.004 (+0.005) —0.005 to 0.013 0.890 0.373
Elytra_length 0.005 (+0.005) —0.004 to 0.015 1.18 0.237

Note: Asterisks refer to significant p-values: (*) = 0.05-0.06 (nearly significant);

promoting greater morphological homogeneity within populations of

D. hartigi compared to D. carantii.

DISCUSSION

In this study, we tested whether increasing depth influences abun-
dance, expression of troglomorphic traits, and intraspecific trait vari-
ability in two Italian endemic subterranean carabid species of
Duvalius. Our findings suggest that, at a local scale, both species prefer
the innermost cave areas, with abundance increasing significantly with
distance from the surface. However, D. carantii was more abundant
beyond 20 meters from the entrance, while D. hartigi showed higher
abundance only beyond 100 meters. These differences in depth pref-
erences likely reflect variations in substrate characteristics, as volcanic
substrates tend to be shallower and more affected by external envi-
ronmental factors (Medina et al., 2023).

When analysing the response of morphological traits, we
observed that only the antenna length of D. carantii exhibits a signifi-
cant response at increasing cave depth. On the other hand, only a
quasi-significant result was observed in D. hartigi. In subterranean
arthropods, antenna length has been attributed to enhanced sensory
capabilities (Balart-Garcia et al., 2021) and is considered a characteris-
tic of troglomorphism (Culver et al., 2010; Derkarabetian et al., 2010).
In fact, elongated appendages can improve the perception of move-
ments and chemical stimuli (Trontelj et al., 2012), which are crucial in
subterranean environments due to darkness and the possible reduc-
tion of eyes. Our results obtained on D. carantii corroborate these
assumptions as the antenna length is higher at higher depths, where
strictly subterranean environmental conditions are expected. How-
ever, although the length and depth of caves could be considered
proxies of the depth of the subterranean network relative to the sur-
face, it is worth noting that the extent of subterranean habitats
remains largely unknown and difficult to study, potentially biasing
interpretations.

Regarding D. hartigi, the lack of a significant relationship between
antenna length and cave depth may be attributed to the characteris-

tics of volcanic substrates, where dispersal is facilitated by pre-

*p = 0.01-0.05; **p = 0.001-0.01; ***p = 0.001.

existing fracture networks within the young volcanic terrain (volcanic
MSS, as per Mammola et al., 2016; Oromi, 2010). This facilitates the
coexistence of individuals with different combinations of troglo-
morphic features and thus explains the non-significant relationship
between the antenna length and cave depth.

This hypothesis is further supported by the observed patterns of
morphological p-diversity. More in detail, the total B-diversity exhib-
ited significantly higher values in the Alpine rather than in the Sicilian
species, and this was due to significantly higher values of the
B-replacement component in D. carantii. This result implies a body size
shift between locations, suggesting the presence of distinct groups of
similar individuals in different sites within the Alpine region, contribut-
ing to overall body size variation. Conversely, the total p-diversity is
lower in D. hartigi due to a lower contribution of the p-replacement
component, suggesting that populations are more homogeneous,
exhibiting higher variation at each occurrence. These differences are
likely influenced by the lithological settings of the two study areas. In
the Alps, the sampling sites are situated in different lithological units,
including limestones, dolomites, gneisses, marbles, quartzites, sand-
stones and conglomerates, all exhibiting different levels of rock frac-
turing potentially influencing subterranean connectivity. Such
geological variety may act as a strong filter to dispersion, potentially
promoting the isolation of different populations of D. carantii and
leading to the formation of morphologically heterogeneous groups.
On the other hand, the volcanic substrate of Mount Etna, charac-
terised by higher porosity and rock fracturing, may facilitate the
movement of D. hartigi specimens, explaining the lower morphological
turnover between populations in volcanic habitat. The presence of
extensive ‘aa’ lava fields likely facilitates connections with broader
subterranean environments, such as lava tubes, providing the species
with increased opportunities for dispersal and colonisation throughout
the volcanic landscape. This hypothesis is further supported by the
absence of permanent surface drainage in the study area, a conse-
quence of the high permeability of the volcanic lithologies
(Branca, 2003). The intraspecific variability observed in D. hartigi may
be further facilitated by the lack of ecological competitors—both con-
generic species and members of other beetle families—alongside the

species’ rapid colonisation of a recently accessible and highly
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TABLE 2 Estimated parameters (B-est), standard errors (SE), confidence intervals (Cl), z-values (z) and p-values (p) for the models performed
on the total morphological g-diversity and its components, that is, B-replacement and f-richness, obtained from morphospaces (all data).

Variable B-est (+SE) Cl z p

Total p-diversity —0.256 (+0.131) —0.354 t0 0.199 -1.96 0.049*
B-replacement —0.687 (+0.153) —1.08 to —0.421 —4.50 <0.001***
B-richness —0.231 (+0.160) 0.084 to 0.734 1.45 0.148

Note: Model estimates are reported using Duvalius carantii as reference level.
*p = 0.01-0.05; **p = 0.001-0.01; ***p < 0.001.

interconnected ecological niche. In contrast, D. carantii appears to
exhibit reduced intraspecific variability, likely constrained by long-
standing competition with several morphologically and ecologically

Asterisks refer to significant p-values: (*) = 0.05-0.06 (nearly significant);

similar species that are present within its distribution range, such as
Duvalius pecoudi Jeannel, 1937, Duvalius iulianae Vigna Taglianti &
Casale, 1973, and Duvalius vaccae (Gestro, 1885). These taxa often
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display altitudinal or microhabitat segregation, suggesting a pattern of
niche partitioning to minimise direct competition. Such stable coexis-
tence with closely related species within the same geographic area
may have restricted the ecological opportunities available to
D. carantii, limiting its genetic and phenotypic diversification. This pat-
tern supports the broader hypothesis that in regions where multiple
closely related species co-occur, intraspecific variability tends to be

lower due to the constraining effects of interspecific competition.

CONCLUSIONS

Besides the ecological importance of intraspecific trait variability, the
patterns observed in the two Duvalius species here examined provide
valuable conservation insights. Populations with higher levels of mor-
phological diversity are likely to better withstand shifting environmen-
tal conditions, such as changes in hydrology or temperature regimes
(Jonsdottir et al., 2023). Furthermore, changes in functional traits
within a species may precede changes in abundance, offering an early
indicator of potential alterations in community structure and ecosys-
tem function (Saloméo et al., 2020). Documenting how trait variability
relates to microhabitat characteristics thus provides both evolutionary
insight and a practical tool for identifying populations with higher
adaptive potential. Incorporating trait-based approaches into subter-
ranean conservation planning can help prioritise sites and taxa most
resilient to ongoing global change.

In the study areas, both the SW-Alps and Mount Etna fall within
legally protected areas (e.g., national or regional parks and Natura

2000 sites). However, current conservation actions rarely target sub-
terranean biodiversity explicitly, and monitoring efforts are mostly
restricted to surface ecosystems. Our results provide a concrete basis
to integrate subterranean organisms into conservation practice. In
particular, the detection of trait shifts across populations suggests that
intraspecific morphological variability can be used as an early-warning
indicator for environmental change, complementing standard
abundance-based monitoring. Moreover, identifying whether popula-
tions are isolated or interconnected has direct implications for reserve
design: the observed patterns inform the SLOSS (Single Large Or Sev-
eral Small) dilemma in landscape ecology, which debates whether con-
serving a single large area or multiple smaller ones is more effective
(Fahrig et al., 2022).

In our case, D. carantii experiences population isolation,
suggesting that a ‘Several Small’ reserves approach may better pre-
serve intraspecific diversity. However, caution is warranted: some
sub-populations may exhibit low morphological or genetic diversity,
which could increase local extinction risk if only small, isolated
reserves are protected. Conversely, D. hartigi, benefiting from the high
habitat connectivity of volcanic substrates, aligns better with a ‘Single
Large’ conservation strategy. These findings highlight that effective
conservation strategies must be tailored to species-specific population
structures and habitat contexts. However, subterranean biodiversity
is rarely considered in protected area design, and conservation efforts
remain hindered by significant knowledge gaps and a lack of compre-
hensive strategies (Colado et al., 2022; Mammola et al., 2022).

Further research is needed to determine whether the contrasting
population structures observed—isolated populations in the Alps
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versus interconnected ones on Mount Etna—are reflected at the
genetic level. Vicariance events in the Alps likely caused population
fragmentation due to geological and geographical changes, while the
young volcanic substrate of Mount Etna may have facilitated recent
colonisation by Duvalius beetles, with expansion possibly shaped by
founder effects.

Integrating genetic analyses with detailed geological investiga-
tions will provide a deeper understanding of the evolutionary dynam-
ics and population structure of these subterranean species, informing

more effective conservation strategies.
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