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A B S T R A C T

In biodiversity hotspots like rocky outcrops, species distribution is shaped by environmental factors at multiple 
scales, with microhabitat characteristics like substrate composition and shelter playing key roles. These fragile 
ecosystems host a rich diversity of species, including endemic and endangered taxa. However, they remain 
underexplored in conservation research, despite their crucial role in sustaining xerophilic biodiversity. This study 
investigates the environmental drivers of xerophilous communities, specifically on land snails and epilithic 
cryptograms, in a Mediterranean Natural Park. Specifically, we examine how substrate composition influences 
species assemblages and their biotic relationship. Our field data and statistical models reveal that substrate 
heterogeneity, comprising conglomerates, pebbles, and sand, creates microclimatic conditions that support 
diverse communities. Land snails are particularly associated with larger pebbles that provide shelter and 
moisture retention, while epilithic species thrive on conglomerates and finer materials that stabilize micro
habitats. Minimal overlap in habitat preferences between snails and epilithic suggests niche partitioning and 
complex biotic interactions, highlighting the importance of substrate diversity in sustaining biodiversity. From a 
conservation perspective, we propose conservation strategies focussed on preserving substrate structural di
versity within rocky outcrops to maintain vital habitat features for xerophilous species. Management policies 
should integrate microhabitat-scale considerations to enhance ecosystem resilience and mitigate disturbances 
from human and wildlife activities. This research not only advances our understanding of invertebrate ecology in 
extreme habitats but also offers valuable insights for the conservation of other biodiversity-rich ecosystems 
facing similar challenges.

1. Introduction

Rock outcrop ecosystems, though sharing common environmental 
challenges, exhibit considerable variation shaped by local and global 
drivers (Fitzsimons and Michael, 2017). Stressors such as climate change 
and forest encroachment threaten their ecological integrity (Santos 
et al., 2012). Climate change is particularly influential in mountainous 
areas, where shifting temperatures and changing precipitation regimes 
alter vegetation structure and biodiversity, especially in rocky habitats 

hosting highly specialized species (García et al., 2020). Their geological 
heterogeneity further complicates ecosystem responses to climate vari
ability (Dong et al., 2023), while urbanization, agriculture, tourism, and 
invasive species exacerbate degradation (Michael et al., 2008; Franklin 
et al., 2016). Despite these threats, rock outcrops hold exceptional 
biodiversity and endemism, playing a critical role in ecosystem resil
ience and functioning (Wang et al., 2016; Fitzsimons and Michael, 2017; 
Corlett and Tomlinson, 2020).

Mediterranean rock landscapes, characterized by severe temperature 
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fluctuations and shallow soils, provide habitats for xerophilic commu
nities adapted to arid conditions (Blondel et al., 2010; Mazzoleni et al., 
2004; Puig-Gironès et al., 2023a; Zavala et al., 2010). These landscapes 
promote the presence of endemic and relict species, particularly land 
snails, plants and epilithic cryptograms, whose distributions are shaped 
by microhabitat conditions and limited mobility (Moreno-Rueda, 2007; 
Bros, 2011; Abeli et al., 2018; Puig-Gironès and Real, 2018; Thompson, 
2020). Understanding the environmental factors shaping these com
munities is therefore essential for conservation.

Land snail distribution arise from multiscale processes (Labaune and 
Magnin, 2001; Astor, 2014; Gheoca et al., 2021), including moisture 
(Martin and Sommer, 2004), temperature (Cameron, 1970), altitude 
(Labaune and Magnin, 2001), soil calcium (Hotopp, 2002), and rock 
type (Nekola, 1999), as well as microhabitats elements like shelter and 
humidity retention (Kemencei et al., 2014; South, 1965). Microhabitats 
under rocks, logs, or litter protect snails against desiccation and pre
dation (Örstan and Pearce, 2006). Although most land snails are her
bivores, suggesting links to specific vegetation (Grime and Blythe, 
1969), their diets also include lichens and cyanobacteria, as shown for 
Chondrina clienta in limestone habitats (Fröoberg et al., 2011). Feeding 
patterns often relate less to specific food types and more to microhabitat 
availability (Beyer and Saari, 1977; Hoffmann et al., 2011; South, 1965), 
though species-specific lichen preference exist (Fröberg et al., 1993). 
Despite some evidence for specialization (Grime and Blythe, 1969; 
Shachak and Steinberger, 1980), snail diets remain poorly understood, 
emphasizing the central role of microhabitats in determining snail 
distribution.

In temperate regions, while forests are typical habitats for land snails 
due to stable micro- and meso-climates, and structural heterogeneity 
(Dvoøáková and Horsák, 2012), some species also thrive in ruderal 
habitats (Le Gall and Tooker, 2017) or xeric open areas with limited 
moisture and shelter (Johnson, 2011; Moreno-Rueda, 2014). Even in 
seemingly inhospitable environments like rock outcrops or acidic (sili
ceous) habitats, high richness and specialized communities have been 
documented (Nekola, 1999, 2010). Rocky habitats also host epilithic 
communities (bryophytes, lichens, and cyanophytes) (Bros and Llobet, 
2011) that play key ecological roles, like soil stabilization (Anderson 
et al., 1982), rock weathering (Adamo and Violante, 2000), and water 
retention (Verrecchia et al., 1995). These also serve as a food source for 
other species (Shachak and Steinberger, 1980), influence 
microbial-mediated nutrient cycling (Darnajoux et al., 2017; Grube and 
Berg, 2009; Raghoebarsing et al., 2005), and facilitate plant succession 
(Spitale and Nascimbene, 2012). Microhabitat preferences (rock, soil, or 
organic matter) also influences their composition and diversity (Autumn 
et al., 2020; Brodo, 1973; Spitale & Nascimbene,2012).

Land snails in turn contribute to decomposition, nutrient cycling 
(Astor, 2014; De Oliveira et al., 2010; Shachak and Steinberger, 1980; 
Wolters and Ekschmitt, 1997), and serve as a calcium-rich food source 
(Mänd et al., 2000). They are valuable bioindicators of heavy metal 
pollution (Baroudi et al., 2020) and environmental health due to their 
diversity, functional importance, small size, and limited dispersal ca
pacity (Gerlach et al., 2013; Nica et al., 2013). However, interactions 
among snails, epilithic communities, and habitat structure remain 
poorly studied in temperate rocky systems.

This study was conducted in the Sant Llorenç del Munt i l’Obac 
Natural Park (NE Spain), a Mediterranean area with conglomerate and 
sandstone outcrops supporting rich xerophilous communities (Santos 
et al., 2012), like other similar regions (Wang et al., 2016; Fitzsimons 
and Michael, 2017; Corlett and Tomlinson, 2020). This park hosts 
endemic species such as the sandwort Arenaria fontqueri subsp. cav
anillesiana and the endangered terrestrial gastropod Xerocrassa mon
tserratensis (Bros and Llobet, 2011; Martínez-Ortí, 2011; Martinez-Ortí 
and Bros, 2017), which is restricted to rocky outcrops of NE Iberia. 
Given the ecological importance and vulnerability of these systems, our 
aim is to improve understanding of how environmental factors shape 
xerophilous land snail and epilithic cryptogram communities, with 

implications for conservation and management. Specifically, we seek to: 
(i) determine how environmental factors influence the abundance and 
richness of epilithic and snail communities, (ii) explore potential asso
ciations between snail species and epilithic types, (iii) assess whether 
snail distribution patterns linked to biotic and abiotic factors, (iv) 
characterize the habitat preferences of X. montserratensis to better un
derstand conservation needs, and (v) provide management recommen
dations to preserve the biodiversity and interactions of rock outcrop 
ecosystems.

2. Material and methods

2.1. The study area

Sant Llorenç del Munt i l’Obac Natural Park (NE Spain; Fig. 1), part 
of the Catalan Pre-coastal Mountain Range, covers an area of 13.694 ha 
and is characterized by an isolated massif of conglomerates and sand
stone. This mid-altitude mountain ranges (300-1104 m asl) has a sub
humid Mediterranean climate, with 2006–2021 data showing 
355.8–897.9 mm annual precipitation ranges and average temperatures 
of 12.4–14 ◦C (Puig-Gironès et al., 2023b). The massif comprises a 
1000-m-thick sequence of alternating conglomerate and clayey sand
stone layers. Cliffs are dominated by well-cemented calcareous pebbles 
up to 20 m thick, while flatter areas are more clayey and less carbonated 
(Panareda and Pintó, 1997). Water-driven erosion dissolves clay cement 
and disaggregates pebbles, shaping the park’s distinctive relief, 
including narrow valleys, caves, deep crevices, and sharp monoliths 
(Anglés i Vila & Maestro i Maideu, 2012).

Rock outcrops (Fig. 1), typically found on hills and mountain tops 
above 700 m, have a thin soil layer and combined with the local climate, 
shape a unique xerophilic community of fauna and flora. Although 
covering just 4.3 % of the park’s total area, these often-isolated out
crops, surrounded by Holm oak forest, contribute significantly to their 
biodiversity (Santos et al., 2012).

2.2. The study species

The entire Natural Park hosts a diverse gastropod community, with 
over 90 species, mostly forest and saxicolous specialists (Bros, 2000). 
Rock outcrops shelter several land snails, which find shelter underneath 
pebbles or in the scarce vegetation that grows in the area. Notable 
endemic species include Abida secale bofilli, Chondrina soleri, Mon
tserratina bofilliana, and X. montserratensis, all endemic to Barcelona 
Province, alongside 20 other Iberian endemism (Bros, 2000).

The vegetation in these outcrops is dominated by vascular plants 
such as Arenaria fontqueri subsp. cavanillesiana, Erodium glandulosum, 
Sedum album, Narcissus assoanus, Dipcadi serotinum subsp. serotinum, and 
Thymus vulgaris (Panareda and Pintó, 1997; Sáez and Aymeric, 2021). 
The epilithic community, though understudied, includes bryophyte 
(acrocarpous mosses) from various genera, such as Trichostomum, 
Bryum, Syntrichia, Tortella, and Grimmia; lichens with diverse thallus 
morphologies, including fruticose (Cladonia aggr. subrangiformis), 
squamulose mats (Cladonia aggr. convoluta and Squamarina), and 
gelatinous (Collema); and gelatinous cyanobacteria such as Nostoc sp. 
(Gavarró & Sáez, personal observation, March 2024).

2.3. Sampling design

Land snail and vegetation data were obtained from four rock outcrop 
sites within the park, each with a 1000 m2 (100 × 100 m) Permanent 
Sampling Plot (PSP) established within 50 m of the habitat margins to 
minimize edge effects (Supplementary Fig. S1). These plots have been 
used since 2019 by the Biodiversity Monitoring Centre of the Mediter
ranean Mountains (CMBMM) for long-term biodiversity monitoring 
aimed at detecting changes and guising conservation efforts 
(Puig-Gironès and Real, 2018). To monitor both vegetation and snails, 
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Fig. 1. Geographical location of the four monitoring plots in the Sant Llorenç del Munt i l’Obac Park, Catalonia (Spain): a) Montcau, b) Coma d’en Vila, c) Alzina del 
Salari, and d) La Furriola. Below, an image of the park landscape, courtesy of Marc Oriol Orpinell (May 2021), highlighting typical monolithic structures found 
throughout the massif.
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five 10 × 10 m sub-plots were randomly placed within each PSP in the 
first year, with annual resampling, resulting in a total of 20 sub-plots 
(Fig. 1). Subplots were spaced at least 40 m apart to minimize spatial 
autocorrelation and were located in homogeneous rock outcrop condi
tions (>80 % exposed rocky surface). This distance and habitat unifor
mity reduce the likelihood of pseudoreplication, as each subplot 
represents an ecologically independent sampling unit within the same 
outcrop type.

Vegetation data was collected in March 2024 from each sub-plot 
using five random 50 cm diameter circles, each with a 625 cm2 square 
at the centre (i.e., the sample unit). The square was divided into ten 25 
cm2 grid units, and coverage was assessed by counting the number of 
grid units where bryophyte, lichen or cyanophyte species covered at 
least 50 %. A picture of each sample unit (circle and square) was taken 
(Supplementary Fig. S2), and bryophyte samples were collected for lab 
identification. Bryophyte were identified using the dichotomous keys of 
Casas et al. (2020), as only mosses were observed. No liverworts or 
hornworts were found, due to the habitat’s unfavourable conditions. 
Moss nomenclature follows Hodgetts et al. (2020). Coverage data for 
fruticulose, gelatinose or foliaceus lichens, as well as Nostoc sp., were 
also collected. Species were identified in the field at the genus level, 
except for Cladonia, where two groups (C. foliacea and C. rangiformis) 
were recognized.

Gastropod data were collected in spring and autumn of 2020 and 
2022 from each sub-plot. The CMBMM’s methodology for monitoring 
rock outcrop snail species, many of which are endemic and protected 
(Puig-Gironès and Real, 2018), is non-lethal. Due to minimal or absent 
soil in the habitat (Supplementary Figs. S1 and S2), monitoring relied on 
visual searches in different microhabitats, including under rocks and 
dead logs, and within herbaceous and shrubby vegetation. Sampling 
lasted 30 min per 10 × 10 m sub-plot with one collector or 15 min with 
two. Individuals were categorized as alive, recently dead, or long dead 
(Soler Brugués et al., 2025). Recently dead individuals were identified 
by body partially or completely inside the shell and/or with intact shell 
coloration, whereas long-dead individuals lacked the body and showed 
partially or completely discoloured shells. Deceased shells were crushed 
and left in place for ongoing tracking, helping to correlate mortality with 
factors like droughts. One individual of the species that could not be 
identified in the field were collected for laboratory identification. 
Micro-snails were not targeted because suitable microhabitats (humus, 
litter, fine soil) are virtually absent in these rocky outcrops, and methods 
for detecting them involve destructive sampling, which was avoided.

Abiotic variables, relevant to species habitat preferences and their 
impact on vegetation and microhabitat structure, included slope, 
orientation, and substrate characteristics (Labaune and Magnin, 2001; 
Örstan and Pearce, 2006). These variables were measured at the subplot 
scale to capture microhabitat heterogeneity. Slope (steepness of the 
terrain), affecting water drainage, soil erosion, and substrate stability 
(Panareda and Pintó, 1997), was measured with an inclinometer app, 
providing the angle of inclination for each sample unit. Steeper slopes 
tend to have faster water runoff, leading to drier conditions, while softer 
slopes may retain more moisture, supporting different vegetation types 
and microhabitats (Örstan and Pearce, 2006). Orientation or aspect (the 
slope’s direction, e.g., north, south, east, west), influencing sunlight 
exposure, soil temperature & therefore moisture levels (Örstan and 
Pearce, 2006), was measured using a compass app, ensuring precise data 
for each sample unit. South-facing slopes in the Mediterranean region 
receive more sunlight, leading to warmer and drier conditions, while 
north-facing slopes are cooler and moister. On boulders, both aspect and 
slope are key predictors for bryophyte and lichen presence, affecting 
light and moisture availability (Spitale and Nascimbene, 2012).

Substrate categories (the surface material covering the ground), were 
quantified for each sample unit: 1) conglomerate coverage (areas whit 
large and well-cemented rock fragments); 2) large pebble coverage 
(areas with pebbles ≥10 cm2, which provide shelter for snails and affect 
moisture retention); and 3) small pebble coverage (finer particles like 

smaller pebbles, sand or clay, supporting different plant and snail spe
cies). Substrate analysis was conducted using ImageJ software 
(Schneider et al., 2012). Field photographs were manually 
colour-classified by the substrate categories, and ImageJ quantified the 
coverage for the three categories based on the size of known objects (e. 
g., circle diameter) (Supplementary Fig. S3). Substrate composition 
determines the type of vegetation supported (Brodo, 1973) and is crucial 
for land snails, affecting their movement, shelter, and egg-laying 
behaviour (Baur, 1988; Moreno-Rueda, 2007).

Lastly, wild boar (Sus scrofa) activity was recorded as a potential 
disturbance indicator. Both vegetation and snail species in the habitat, 
such as X. montserratensis, are mainly threatened by habitat destruction 
(Altonaga et al., 2011; Bros, 2008). Wild boars can significantly alter the 
microhabitat by uprooting the scares bulbous vegetation, compacting 
soil, and changing substrate structure, which may affect snail pop
ulations and vegetation cover (Barrios-Garcia and Ballari, 2012).

2.4. Data analysis

Total epilithic species abundance and species richness per sub-plot 
were modelled using general linear mixed models (GLMM) with the 
lme4 package (Bates et al., 2015) in R software (R Core Team, 2023). Six 
explanatory variables were included: orientation, slope, conglomerate 
coverage, large pebble coverage, small pebble coverage and signs of wild 
boar damage. Epilithic abundance was modelled a square-root trans
formed normal distribution to meet normality and homoscedasticity 
assumptions (Zuur et al., 2009). Species richness followed a log-linear 
Poisson error structure, suitable for count data (Zuur et al., 2009). 
GLMMs were fitted with random intercepts for PSP/outcrop to account 
for hierarchical structure. Epilithic models included only abiotic pre
dictors, avoiding causal inference with snail data. Snail models included 
only invariant abiotic variables; epilithic cover was used in exploratory 
analyses with non-causal interpretation. Collinearity among variables 
was assessed using the variance inflation factor (VIF) with the function 
“check_collinearity” (Lüdecke et al., 2021). Large pebble coverage, 
showing moderate correlation (VIF >7) with other variables, was 
removed (Brodo, 1973).

A permutational multivariate analysis of variance (PERMANOVA) 
was used to explore spatial patterns in epilithic species composition. 
This method tests variance based on a distance or dissimilarity measure, 
using permutations to generate p-values (Anderson, 2001). Bray-Curtis 
distances were calculated with 999 random permutations using the 
vegan R package (Okansen et al., 2024). A Mantel test (Mantel, 1967) 
analysed the correlation between the Bray-Curtis similarity matrix and 
geographical distance, revealing no significant spatial structure. 
Consequently, the sampling plot (PSP) was included as a random factor 
in the GLMMs.

Epilithic abundance variables (moss, lichen, and cyanophyte species 
coverage) were included in the snail community analysis, adapted to the 
snail sampling scale (10m × 10m) by averaging data across five sub- 
plots, resulting in 80 observations (four replicates per sub-plot, two in 
2020 and two in 2021). Environmental variables considered were: 
orientation, slope, conglomerate coverage, large pebble coverage, small 
pebble coverage, wild boar damage, and epilithic abundance. Two 
GLMM were fitted for the two response variables, total snail abundance 
and species richness per sub-plot. Following a collinearity check 
(Lüdecke et al., 2021), the small pebble coverage variable was excluded 
due to its low significance in providing suitable shelter for snails (Bros, 
2011; Cook, 2001). Total abundance was modelled, with a square root 
transformation using the predictor variables, and species richness was 
modelled using a log-linear Poisson error structure. The sampling plot 
was included as a random factor, based on results from a PERMANOVA 
and a Mantel Test.

To explore snail community distribution and organization, a partial 
redundancy analysis (RDA) was performed. This ordination method 
revealed relationships between species community composition and 
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environmental variables while controlling for spatial effects (Legendre 
and Legendre, 2012). Hellinger-transformed species abundance data 
were analysed using the vegan R package (Okansen et al., 2024) to 
reduce the influence of highly abundant species. The predictor matrix 
included abiotic variables (standardized to a mean of 0 and a standard 
deviation of 1) and epilithic coverage, also Hellinger-transformed. The 
PSP was treated as a covariate, and the RDA significance was assessed 
using ANOVA-like permutation tests (999 iterations).

The endemic and protected species X. montserratensis, accounting for 
over 45 % of sightings and present in all outcrops but not in every 
subplot, was further analysed. Its abundance was modelled using the 
same GLMM approach applied to the total snail abundance with a square 
root transformation. Because zeros occurred at the subplot level, we 
used a zero-inflated Poisson error structure to account for excess zeros.

3. Results

3.1. Epilithic data analysis

In the study area, a diverse assemblage of epilithic species were 
identified (Supplementary Table S4). The bryophyte community within 
the class Bryopsida included the species Trichostomum crispulum, Bryum 
sp., Tortella squarrosa, Syntricha montana, and Grimmia orbicularis. 
Lichenized fungi (phylum Ascomycota, class Lecanoromycetes) also 
contributed to the epilithic diversity with members of the Cladonia 
group, specifically C. convoluta and C. subrangiformis, as well as Collema 
sp. and Squamarina sp. alongside cyanobacteria from the genus Nostoc 
sp.

The GLMM analysis showed that substrate composition variables, 
specifically conglomerate coverage and small pebble coverage, had a 
significant positive effect on epilithic abundance (Table 1). As the 
conglomerate coverage and the small pebble coverage increases, epi
lithic abundance also rises, as shown by positive estimated scores and 
95 % confidence intervals that do not overlap zero (Fig. 2). For species 
richness, only conglomerate coverage had a significant positive effect 
(Table 1), suggesting its key role in influencing species richness in the 
study area. This is further supported by the confidence interval for 
conglomerate coverage remains entirely above zero (Fig. 2).

The PERMANOVA analysis showed a significant effect of plot on 
epilithic community structure (F3,59 = 5.74, p = 0.001, R2 = 0.226

)
, 

indicating that 22.6 % of the variation in community composition across 
sites is explained by plot. However, the Mantel test, comparing the Bray- 
Curtis dissimilarity matrix with geographical distance between plots, 
revealed no significant spatial pattern (r = − 0.51, p = 0.875), sug
gesting that the observed differences were not driven by spatial pattern.

3.2. Snail data analysis

The gastropod community in the study area consists of both endemic 
and widespread species (Supplementary Table S5). Notable endemic 

species include C. soleri, M. bofilliana, X. montserratensis, and Xerocrassa 
penchinati, characteristic of the local fauna. Additionally, widespread 
species found in the Iberian Peninsula include Chondrina tenuimarginata, 
and Graniberia braunii. The most common species observed were Cepaea 
nemoralis, Ferussacia folliculum, Granopupa granum, Jaminia quadridens, 
Pomatias elegans, Pseudotachea splendida, and Rumina decollata. All spe
cies belong to the order Stylommatophora, except P. elegans which be
longs to the order Littorinimorpha.

The fixed effect estimates from the snail abundance GLMM model 
indicate that large pebble coverage significantly positive effected snail 
abundance (Table 2), as shown by its confidence interval not crossing 
the zero line (Fig. 3). No other predictors showed significant effects. For 
species richness, the GLMM revealed no significant effects from any 
predictors (Fig. 3). The intercept in both models was significant, sug
gesting a baseline level of abundance and species richness that remains 
unexplained by the included predictors (Table 2).

The PERMANOVA analysis for the land snail dataset revealed a sig
nificant influence of plot on community structure (F3,59 = 6.48, p =

0.001,R2 = 0.205
)
, meaning that 20.5 % of the variation in community 

composition across sites is attributed to plot. However, the Mantel test 
comparing Bray-Curtis dissimilarity and geographical distance indicated 
that observed differences were not due to spatial patterns (r = 0.308,
p = 0.41667).

The RDA analysis of the snail community data showed that envi
ronmental variables explained 12.76 % of the total variance in species 
composition, after accounting for spatial factors. The first axis (RDA1), 
which explains 34.2 % of the constrained variance, was statistically 
significant (F = 9.12, p = 0.007), indicating that habitat structure and 
disturbance-related factors may influence snail distribution. In contrast, 
the second axis (RDA2), explaining 19.7 % of the variance, was not 
significant (p = 0.365), suggesting weaker environmental gradients. 
Although the adjusted R2 was low (0.114), the first axis explained 34.2 
% and the second axis 19.7 % of the constrained variance, which is 
substantial for observational studies in complex natural habitats. 
Nevertheless, these associations should be interpreted with caution.

The ordination plot derived from the RDA (Fig. 4) reveals that 
X. montserratensis is weakly associated with slope and the presence of 
wild boars along RDA1, though the latter correlation is weaker. 
X. montserratensis shows also correlates positively with the moss Bryum 
sp., the lichen Squamarina sp., and, to a lesser extent, with G. orbicularis 
abundance, suggesting a preference of these epilithic types and same 
microhabitat characteristics. G. granum, by contrast, is strongly related 
with large pebble coverage along RDA2, although this axis is not sig
nificant. On RDA1, G. granum mirrors the associations of 
X. montserratensis but with weaker correlations, indicating a more 
generalized habitat preference.

On the negative side of the RDA1 axis, the snail species C. soleri, 
C. tenuimarginata, and C. nemoralis are closely associated with 
conglomerate coverage and orientation. This relationship extends to the 
epilithics, including the cyanophyte Nostoc sp., the lichens Cladonia 
group convolute, Cladonia group subrangiformis, and Collema sp., as well 
as the mosses T. squarrosa, and T. crispulum, indicating a preference for 
microhabitats with suitable substrate and orientation. These species are 
negatively related with slope, wild boar activity, and large pebble 
coverage. The remaining snail species in the study area do not exhibit 
clear associations with the environmental variables, as reflected by their 
central position in the ordination plot.

The GLMM analysis for X. montserratensis abundance revealed that 
none of the selected environmental variables had a significant effect, 
except for orientation, which approached significance (Table 2). How
ever, the slop and the vegetation abundance were close to the signifi
cation. The model’s intercept was highly significant, suggesting that 
unmeasured factors may play a key role in determining the abundance of 
this species in the study area.

Table 1 
Fixed Effect Estimates from the Linear Mixed-Effects Model for total epilithic 
abundance and species richness. The table presents the slop estimates, associ
ated standard errors (SE), and p-values for each variable.

Fixed Effect Epilithic abundance Epilithic richness

Estimate SE p-value Estimate SE p- 
value

Intercept 6.23 2.68 0.07 − 0.17 0.39 0.66
Wild boars 1.03 2.98 0.74 − 0.08 0.41 0.84
Orientation − 0.90 0.88 0.32 − 0.15 0.10 0.13
Slope 0.48 0.65 0.46 − 0.12 0.12 0.34
Conglomerate 

coverage
4.09 1.02 <0.001 0.42 0.20 0.04

Small pebble 
coverage

2.60 0.97 0.009 0.34 0.21 0.10
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4. Discussion

This study provides valuable insights into the habitat preferences of 
xerophilous land snails and epilithic communities in Mediterranean rock 
outcrops. By examining a range of environmental factors related to 
habitat characteristics, this research advances understanding of the 
mechanisms driving species abundance and distribution in these chal
lenging environments. The findings emphasize the role of substrate 
composition as a key determinant of both epilithic and land snail com
munities. However, despite some limitations, such as the small number 

of rock outcrop sites and the temporal mismatch between epilithic and 
land snail data collection, our results offer relevant findings for con
servation and habitat management in these fragile and unique envi
ronments. Although our sampling focused on visual searches in rocky 
habitats with minimal soil and litter, this approach is appropriate for 
saxicolous and medium-sized species. Micro-snails typically associated 
with humus or leaf litter are unlikely to occur in these outcrops due to 
the absence of such substrates, which explains their absence in our 
dataset. Furthermore, relationships between epilithic cover and snail 
communities are considered exploratory due to the temporal mismatch 

Fig. 2. Estimated 95 % confidence intervals for the predictors used in the models, where (A) for total epilithic abundance and, (B) for species richness within the 
epilithic community.

Table 2 
Fixed Effect Estimates from the Mixed-Effects Models for the land snail abundance, land snail species richness and Xerocrassa montserratensis abundance. The table 
presents the slop estimates, associated standard errors (SE), and p-values for each variable.

Fixed effect Lad snail abundance Lad snail richness X. montserratensis abundance

Estimate SE p-value Estimate SE p-value Estimate SE p-value

Intercept 2.89 0.27 <0.001 0.98 0.14 <0.001 1.42 0.18 <0.001
Wild boar activity − 0.40 0.27 0.17 − 0.16 0.18 0.37 − 0.30 0.22 0.17
Orientation − 0.06 0.12 0.66 0.07 0.08 0.39 − 0.27 0.11 0.02
Slope − 0.06 0.15 0.72 − 0.06 0.1 0.56 − 0.24 0.13 0.05
Conglomerate coverage 0.08 0.17 0.64 0.005 0.10 0.99 0.11 0.09 0.23
Large pebble coverage 0.33 0.13 0.02 0.09 0.08 0.29 0.14 0.14 0.33
Vegetation abundance 0.25 0.15 0.11 0.15 0.09 0.09 − 0.22 0.13 0.08
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between datasets and should not be interpreted as causal.
Our results suggest that epilithic abundance tends to increase with 

higher conglomerate coverage and the presence of sand, clay, and small 
pebbles. These patterns align with previous studies, indicating that 

specific epilithic species thrive in rocky substrates due to their ability to 
tolerate harsh conditions and rely on stable microclimates (Cannon 
et al., 2020). The presence of moss species like T. squarrosa, which 
prospers in stabilized gravel and sandy substrates (Köckinger and 

Fig. 3. Estimated model 95 % confidence intervals for the predictors used in the models, where (A) for land snail total abundance, (B) species richness in the study 
area, and (c) Xerocrassa montserratensis abundance.

Fig. 4. Partial redundancy analysis (RDA) plot displaying abbreviated names for both species and environmental variables. Land snail species are shown in bold blue 
(where, Xm corresponds to Xerocrassa montserratensis; Gg = Granopupa granum, Cs= Chondrina soleri, Cn = Cepaea nemoralis, Ct = Chondrina tenuimarginata). Lichen, 
cyanophyte, and bryophyte species are in dark green (Bsp = Bryum sp., Ssp = Squamarina sp., Go = Grimmia orbicularis, Cl c = Cladonia group convoluta, Cl s =
Cladonia group subrangiformis, Csp = Collema sp., Tc = Trichostomum crispulum, Ts = Tortella squarrosa, Nstc = Nostoc sp.). Abiotic variables are in black (Conglom =
conglomerate coverage, BigPebble = Large pebble cover, WBoars = wild boars damage, Orient = sub-plot orientation, and Slope = sub-plot slope). Sampling 10x10 
sub-plots are indicated in grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Hedenäs, 2023), further supports the idea that epilithics are 
well-adapted to substrate variations.

Epilithic abundance, influenced by conglomerate coverage and fine 
substrates, aligns with the habitat preferences of certain species present 
in the area. For example, Collema sp. thrives on rocks (Cannon et al., 
2020), so increased conglomerate coverage naturally promotes its 
presence. Similarly, moss species like T. squarrosa, which grow in moist, 
stabilized gravel or sand (Köckinger and Hedenäs, 2023), benefit from 
higher sand, clay and small pebble coverage, which also supports species 
with similar ecological requirements. Notably, conglomerate coverage 
appeared to influence not only epilithic abundance but also species 
richness, suggesting that substrate diversity enhances community 
complexity by providing a range of microhabitats suited to different 
epilithic species. This underscores the potential role of substrate het
erogeneity in maintaining biodiversity in xerophilic environments 
(Spitale and Nascimbene, 2012).

Land snail abundance showed a tendency to correlated with large 
pebbles coverage, a substrate feature that retains moisture and provide 
shelter, both critical for snail survival in arid environments (Baskin 
et al., 2007; Dvoøáková and Horsák, 2012; Spitale and Nascimbene, 
2012). The separation of large pebbles from the conglomerate matrix 
may further enhances these microhabitats, creating conditions favour
able for snails.

Overall, the link between epilithic and snail abundance was weak, 
and any patterns should be considered exploratory. For example, 
X. montserratensis showed a weak association with slope and wild boar 
activity in the RDA analysis, suggesting that these factors may 
contribute to habitat heterogeneity rather than exerting a strong 
filtering effect. Slope influences microclimatic conditions such as 
moisture retention and temperature fluctuations, which are important 
for gastropods in arid environments (Kemencei et al., 2014). While wild 
boar activity, although often disruptive, may create microhabitats 
through soil disturbance, increasing heterogeneity in vegetation and 
substrate composition (Barrios-Garcia and Ballari, 2012). However, the 
GLMM results did not identify wild boar activity as a significant pre
dictor of X. montserratensis abundance, indicating that its influence is 
likely indirect or confounded with other unmeasured factors. Similarly, 
epilithic species such as Bryum sp., Squamarina sp. and G. orbicularis 
appear to share similar microhabitat preferences with X. montserratensis. 
G. granum also shows some preference for larger pebbles, suggesting it 
may benefit from similar microhabitat conditions. Although RDA sug
gested these associations, they were not confirmed by GLMM, reflecting 
the distinct nature of the two approaches: RDA captures multivariate 
gradients in community composition, whereas GLMM tests individual 
predictors for a single species. Therefore, these patterns should be 
considered exploratory rather than causal.

Conversely, C. tenuimarginata and C. soleri seems to prefer stable 
microhabitats with less slope and the absence of wild boar activity. 
These habitats are also characterised by higher conglomerate coverage 
and specific orientations. Chondrina species are typically associated with 
rocks and walls, particularly limestone substrates 
(Somoza-Valdeolmillos et al., 2022). C. tenuimarginata is frequently 
found in open rocky areas with vertical walls (Bros, 2000), which aligns 
with the observed association with conglomerate coverage. These spe
cies also show a preference for certain epilithic taxa, such as Nostoc sp., 
Collema sp. and Cladonia species, suggesting a shared affinity for specific 
microhabitats with snails. C. nemoralis, a widely distributed species 
across Europe (Welter-Schultes, 2012), however, appears in this study to 
be linked with Chondrina sp. species adapted to xerophilic open rock 
environments.

While environmental variables play a role in shaping these com
munities, other unmeasured factors may also be influential. Historical 
processes, interspecific interactions, and climate change could all be 
significant drivers of species distribution in Mediterranean rock out
crops (Cameron et al., 1980; Magnin et al., 1995). The drought condi
tions during the study period likely affected both epilithic and snail 

communities (Essa et al., 2023), potentially introducing bias into the 
results. Future research should explore the impact of extreme climatic 
events on these fragile ecosystems and explore microclimatic conditions, 
soil chemistry, and biotic interactions in greater detail.

Another point to consider is the lack of a clear relationship between 
epilithic and snail abundances. The ecology of land snails, particularly 
their feeding preferences and habitat selection, remains largely un
studied (Cook, 2001; Grime and Blythe, 1969). Both land snails and 
epilithic organisms are valuable bioindicators of ecosystem health 
(Gerlach et al., 2013; Gheoca et al., 2021; Halleraker et al., 1998; 
Puig-Gironès and Real, 2018), and any significant habitat changes, 
whether due to human activity or climate change, could have profound 
consequences for these vulnerable species (Lydeard et al., 2004; Nicolai 
and Ansart, 2017). Conservation efforts should focus on preserving the 
structural diversity of rock outcrop habitats, particularly the varied 
substrates that support both snail and epilithic communities.

This study represents one of the first efforts to explore biotic and 
abiotic interactions in Mediterranean rock outcrops. Our results 
emphasize the role of substrate composition and microhabitat hetero
geneity as key factors influencing epilithic and snail communities, 
although the ecological link between these two groups remains weak 
and should be interpreted cautiously. The relatively low explanatory 
power of the models reflects the complexity of these ecosystems and the 
influence of unmeasured factors, underscoring the need for further 
research. Although our findings provide limited evidence for direct 
management actions, they align with previous studies highlighting the 
vulnerability of rock outcrop habitats to multiple pressures. Foot traffic 
and domestic animal movement can cause erosion and homogenization 
of microhabitats, reducing essential substrate diversity for both snails 
and epilithic (Spitale and Nascimbene, 2012). Establishing designated 
pathways and restricting access to key areas may help preserve habitat 
integrity. Educational programs for park visitors, highlighting the 
ecological value of these habitats, could further reduce human impact.

Forest encroachment into rock habitats should also be monitored, as 
afforestation, reduces the availability of open spaces for xerophilous 
species like X. montserratensis and C. soleri (Santos et al., 2012). These 
species depend on microclimatic conditions provided by open rocky 
habitats, and fragmentation could lead to biodiversity loss through 
extinction debt (Cameron et al., 1980). Forest management should 
therefore include measures to maintain open rock outcrops. Wild boar 
activity showed only weak and inconsistent associations in our analyses, 
but previous research indicates that their foraging behavior can damage 
microhabitats by uprooting bulbous plants and disturbing substrates 
(Barrios-Garcia and Ballari, 2012; Kemencei et al., 2014). Monitoring 
their impact and considering population control in sensitive areas may 
be necessary.

Lastly, climate change and extreme events such as droughts pose 
additional risks to xerophilous species (Essa et al., 2023). Long-term 
monitoring programs, such as the one implemented in this study 
(Puig-Gironès and Real, 2018), are essential for detecting trends and 
informing adaptive management. Furthermore, recent genetic evidence 
identifying four distinct evolutionary units within X. montserratensis 
(Català et al., 2021) reinforces the need to integrate genetic diversity 
into future conservation planning.
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d’Història Natural, Barcelona, p. 61. https://doi.org/10.13140/ 
RG.2.2.28713.26728.
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