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Abstract: Subterranean environments are often characterized by a natural gradient of microclimatic
conditions and trophic resources, showing a higher trophic availability and a lower microclimatic
stability in the shallowest area (close to the cave entrance), while the opposite occurs in the deepest
sections. The shallowest areas of subterranean environments (e.g., the entrance and twilight zone,
Mesovoid Shallow Substratum) act as ecotones between the surface habitats and the deep areas,
creating a particular habitat which can be exploited by numerous species with different degrees of
adaptation to subterranean environments. Species living in these ecotones may hold a key role in
sustaining the entire ecosystem, as they are likely one of the major drivers of allochthonous organic
matter. Indeed, these species are usually facultative cave-dwellers, meaning that they are able to
exit and forage on the surface. Once these species are back inside the cave, they provide the local
community with different typologies of organic matter (e.g., feces, eggs), which represent one of
the most important sources of organic carbon. Therefore, studying which ecological features may
exert significant effects on the abundance of these species may be of great help in understanding
the ecosystem dynamics and the functional role of each species. In this study we analyzed the
data collected through a year-round monitoring program, aiming to assess the potential effects
that both abiotic and biotic features may have on the abundance of three facultative cave species.
We focused on seven caves located in Monte Albo (Sardinia, Italy). The cave environments were
divided into 3-meter sectors, and within each cave sector, microclimatic and biological data were
seasonally recorded. We focused on the following facultative cave species: the spiders Metellina
merianae and Tegenaria sp. and the snail Oxychilus oppressus. Different relationships were observed
between the ecological features and the abundance of the three species. The two spiders were more
abundant in warmer cave sectors closer to the cave entrance, especially the M. merianae. On the other
hand, the snail tended to be more abundant farther from the cave entrance and in more illuminated
cave sectors, probably because sunlight promotes the abundance of some of its trophic resources
(e.g., lichens, vegetation). Furthermore, O. oppressus was the only species whose abundance and
cave distribution was significantly affected by seasonality. This study provides useful and novel
information to understand the population dynamics of facultative cave species and their role in
subterranean ecosystems.

Keywords: cave ecology; invertebrate; Metellina; Oxychilus; Tegenaria; troglophiles

1. Introduction

Subterranean habitats are characterized by peculiar environmental features, where
darkness and relatively stable microclimatic conditions are among the most common
ones [1]. These conditions mainly occur in the deepest cave sections (i.e., far from the
cave entrance which connects the subterranean environment with the surface), where the
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influences of external climatic conditions are insignificant [2]. On the other hand, external
influences such as sunlight, wind, and rain, can strongly affect the environmental conditions
near the cave entrance, making them more similar to those found in surface habitats [3,4].
Once they penetrate the subterranean environment, these external influences gradually
lose their strength the deeper they go, causing the occurrence of a natural microclimatic
gradient extending from the cave entrance (high microclimatic fluctuations resembling
conditions on the surface) to the deepest cave sections (high microclimatic stability with an
air temperature similar to the annual average air temperature outside the cave) [5]. Along
with microclimatic conditions, the trophic supply further contributes to characterizing
subterranean habitats. The general lack of sunlight in caves prevents the survival of plants
(with a few exceptions for more illuminated cave sections where some species, particularly
Cryptogams plant, can be stable residents) [6]; the lack of primary producers drastically
contributes to reducing the quantity of organic matter available to local communities [1].
Subterranean habitats are therefore strongly dependent on the external inputs of organic
matter, which are more consistent near the cave entrance and almost absent in the deepest
cave sections [7–9]. Indeed, around the cave entrance, inputs of organic matter originating
from the surface environment can be driven not only by species able to exit and forage
on the surface [8,10] but also through atmospheric agents such as wind, gravity, and
water [1]. On the contrary, organic matter in the deepest areas mostly depends on animals’
inputs and, in lesser amounts, can also be transported by water [7,9,11,12]. Consequently,
considering both abiotic and biotic gradients, subterranean environments can be divided
into two distinct ecological zones: the deep subterranean environment, which includes the
deepest cave sections characterized by high microclimatic stability and a low availability
of organic matter, and the surface–subterranean interface, which embraces the shallowest
areas characterized by low microclimatic stability and a higher availability of organic
matter [5].

The subterranean realm is populated by numerous species, most of which are still
unknown [13]. Species that inhabit subterranean environments may show an array of
behavioral, physiological, and morphological adaptations allowing them to cope with
the ecological features characterizing such environments [1]. For example, the lack of
sunlight promoted eye reduction, the elongation of appendages and the loss of pigmen-
tation [14,15], the loss of a circadian rhythm [16,17], and intraspecific interactions which
not rely on visual cues [18,19]. Morphological adaptations are the easiest to spot, and
this likely promoted their historical use for categorizing subterranean-dwelling species,
distinguishing between those adapted to live in subterranean environments (i.e., species
showing morphological adaptations) and those which are not (lacking evident adaptive
traits) [20]. However, in recent years there has been an increase in our awareness of other
less apparent adaptations (e.g., [21–23]), making them equally important for classifying
subterranean species. The current widely used classification of cave species identifies three
main groups according to their degree of adaptation to subterranean environments and
their ability to complete their life cycle therein [5,10]. Troglobionts are the most adapted
species which can only live and reproduce in subterranean environments; they can exit
only under exceptional conditions [24,25]. Troglophiles are facultative cave species which
show some adaptations to subterranean environments, where they can reproduce and
have stable populations. Trogloxenes are the least adapted species (they mostly lack any
adaptations) that occasionally use subterranean environments and are mostly related to
the shallowest cave sections.

Considering the intrinsic and objective difficulty in their exploration [26–28], the
knowledge of subterranean habitats, and of the inhabiting species, is still far from sat-
isfactory. Most researchers’ efforts have been given to the study of the species showing
the highest degree of adaptation to subterranean environments (e.g., [18,29,30]), while
studies on apparently less adapted ones are still limited [31–33]. Despite probably being
less “attractive” compared to the troglobionts mostly living in the deepest cave areas,
many species living in the transition zone between the surface and the deep subterranean
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environments (e.g., cave twilight zone, Mesovoid Shallow Substratum; [3]) may hold a
strategic role in the sustainment of the entire subterranean community. Indeed, considering
their ability to exit caves, these species often forage in surface environments, where the
trophic supply is higher [1,34], and then go back to their subterranean refuges where they
enrich the environment with their inputs (e.g., feces, eggs) [8,35], representing important
drivers of allochthonous organic matter that can be crucial for sustaining the entire cave
community [36–38].

With this study we aim to evaluate which and to what extent selected ecological
conditions drive the abundance of troglophile species inhabiting selected caves under study.
The study of the abundance of non-obligate subterranean species can provide important
information about multiple species’ life traits such as their phenology, reproduction, or
interactions with other species [39–42], serving as insights into their partial adaptations
to the subterranean environment [43]. Furthermore, studying the phenology of these
species can provide important information allowing us to understand the dynamics of
subterranean communities; for example, assessing when troglophiles foraging activity
is the highest may help in understanding in which period the supply of organic matter
is the highest [12]. Nonetheless, identifying the cave sections in which these species are
usually more abundant would allow us to hypothesize the potential distribution of the
imported organic matter [44]. The three species considered here are two spiders, Metellina
merianae (Scopoli, 1763) and Tegenaria sp. Latreille, 1804, and a snail, Oxychilus oppressus
(Shuttleworth,1877), inhabiting the caves of a specific area of the island of Sardinia (Italy).
The two spider species are commonly found close to the cave entrance and in the twilight
zone of most of the caves in Europe [45]. In a study on the occupancy of these species
in a group of caves in Tuscany (Italy), it was found that both microclimatic and cave
morphological features contribute differently to the prediction of the presence/absence of
these species in cave sectors [46]. On the other hand, studies considering their abundance
were never performed. The snail O. oppressus represents an endemic species of Sardinia
(Italy) [47] and no studies on its ecology exist. Knowing the ecological factors that affect the
abundance of facultative cave species may be of high importance due to their fundamental
role in sustaining the subterranean communities [1]. Indeed, such data can provide useful
information allowing us to quantify their contribution to supplying allochthonous organic
matter, and where such deposits can be more abundant.

2. Materials and Methods

We analyzed the dataset published by Lunghi et al. [48], which provides data on the
abundance of different troglophile species recorded in seven natural caves in Monte Albo
(Sardinia, Italy). Cave surveys were performed throughout the year, from autumn 2015 to
summer 2016. During each season pairs of surveys were performed during the daytime
(9 AM–6 PM) with a maximum gap of seven days; this guaranteed that the criteria of
population closure were met (i.e., no immigration/emigration and no birth occurring in the
meantime), and that a wide divergence of climatic conditions could be avoided [48,49]. This
allowed us to calculate the species detection probability. Within each cave, the cave passage
was divided into 3 m long sectors (hereafter, cave sector); at the end of each sector, abiotic
and biotic data were collected following a standardized protocol that also considered the
occurrence of air fluxes [2,48]. At the end of each cave sector, air temperature (◦C) and
relative humidity (%) were measured at the ground level and at 2.5 m of height (or at the
ceiling if lower); data were then merged to obtain the average values for each cave sector.
Illuminance (lux) was also recorded at the end of each cave sector. Two measurements, one
from the most illuminated and one from the darkest place, were performed; data were then
averaged. Within each cave sector, species were searched for and counted through Visual
Encounter Surveys [50] adopting a standardized sampling effort of 7.5 min/sector.

To estimate species detection probability, we built three models in the Unmarked
R package [51]: one with sector depth as the covariate, one with survey season as the
covariate, one without covariates. We used these covariates to assess whether the species
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detection probability varied along the cave (i.e., from the entrance to the deepest cave
section) and/or was affected by seasonality (i.e., due to the different activity of individuals).
We ranked models following the Akaike information criterion (AIC); the best model is
indicated with the lowest AIC value [52,53]. The Analysis of Variance (ANOVA) was
used to assess whether the range of depths and microclimatic conditions (air temperature,
humidity, and illuminance) at which the studied species occurred the most significantly
led to differences. For each species, we used the averaged microclimatic data recorded
within cave sectors throughout the year. The pairwise comparisons were assessed using
Tukey’s post hoc test. We then applied Generalized Linear Mixed Models (GLMMs) in
lme4 package [54] to assess the effects of both abiotic and biotic features on the abundance
of the three troglophile species. We used the observed abundance of the studied species
as a dependent variable, considering it as a proxy of the species’ true abundance [55,56].
Independent variables were: sector depth (i.e., linear distance from cave entrance), the
season of survey, and three microclimatic variables (average temperature, humidity, and
illuminance). The interaction between season and sector depth was added as an additional
independent variable, as it was observed that troglophile species occupy different cave
sections seasonally in search of the most suitable microclimatic conditions [4]. We also
added the presence of crane fly Diptera (probably genus Limonia Meigen, 1803) as an
independent variable, as this species usually represents the most abundant food resource
for many predators and scavengers [57–59]. Due to the repeated surveys performed
throughout the year, caves and sectors’ identities were included as random factors. The
likelihood ratio test was used to test the significance of variables in lmerTest package [60].
Analyses were performed in the R environment [53].

3. Results

A total of 863 surveys were performed during the study year (autumn = 179,
winter = 179, spring = 326, summer = 179), collecting 331 observations of the studied
species (Metellina merianae = 165, Oxychilus oppressus = 93, Tegenaria sp. = 73). The species
generally showed a low detection probability (Table 1).

Table 1. Species detection probabilities. For each studied species, the table shows the three models
ranked by AIC criterion (the best one in bold), along with the effect of the relative covariate and the
estimation (±SE) of species detection probability.

Species Model Type of
Covariate AICc Covariate

Effect (±SE)
Detection

Probability (±SE)

Metellina
merianae

1 None 879.14

2 Sector depth 853.59 −0.05 (±0.01) 0.195 (±0.02)

3 Season 864.93

Tegenaria sp.

1 None 786.11

2 Sector depth 775.8 −0.02 (±0.01) 0.209 (±0.04)

3 Season 785.24

Oxychilus
oppressus

1 None 842.68 0.358 (±0.05)

2 Sector depth 843.19

3 Season 845.42

The average annual microclimatic conditions of the monitored caves were the follow-
ing: temperature (◦C), average 13.9, min 4.3, max 23.8; relative humidity (%), average 90,
min 55.9, max 94.9; illuminance (lux); average 166.9, min 0, max 42,322. There were signif-
icant differences in the temperatures of the sectors occupied by the three species (df = 2,
F = 32.02, p < 0.001); M. merianae was present in warmer sectors compared to the other
two species (Figure 1A). The values for the relative air humidity in the occupied sectors
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significantly differed between the three species (df = 2, F = 7.86, p < 0.001); M. merianae
was present in drier sectors compared to the other two species (Figure 1B). There were
significant differences in the illuminance of the sectors occupied by the three species (df = 2,
F = 29.46, p < 0.001); O. oppressus was present in more illuminated sectors compared to the
other two species (Figure 1C).
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Figure 1. Differences in microclimatic conditions experienced by the studied species. Boxplots show
the species’ range preferences for (A) temperature, (B) humidity, and (C) illuminance recorded within
occupied cave sectors. The diagonal bar inside the box represents the median, dots indicate outliers.
Significance of pairwise comparisons (Tukey’s HSD) is also shown.
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The studied species showed different abundance patterns (df = 2, F = 5.18, p = 0.006).
M. meriane was more abundant closer to the cave entrance (average cave sector depth = 18.35
m, min = 3, max = 63), followed by Tegenaria spiders (average cave sector depth = 24.16
m, min = 3, max = 72) and by O. oppressus (average cave sector depth = 28.94 m, min = 3,
max = 75).

The abundance of M. merianae was affected by the cave sector’s depth (F1,207.11 = 27.50,
p < 0.001), by the presence of diptera (F1,781.91 = 10.69, p = 0.001), by the sector’s humidity
(F1,622.27 = 6.61, p = 0.01), and by the sector’s illuminance (F1,242.09 = 6.75, p = 0.01). This
species was more abundant in drier (estimate = −0.5, ±SE = 0.2) and less illuminated (esti-
mate = −0.02, SE = 0.007) sectors close to the cave entrance (estimate = −0.004, ±SE = 0.001)
with a greater presence of crane flies (estimate = 0.095, ±SE = 0.029).

The abundance of O. oppressus was affected by the cave sector’s depth (F1,230.40 = 7.72,
p = 0.006), by the sector’s humidity (F1,426.37 = 7.12, p = 0.008) and illuminance (F1,194.16 = 19.21,
p < 0.001), by season (F3,399.99 = 6.22, p < 0.001), and by the interaction between the depth
and the season (F3,680.48 = 5.44, p = 0.001). The snail was overall more abundant in drier
(estimate = −0.42, ±SE = 0.157) and more illuminated (estimate = 0.022, SE = 0.005) sectors
close to the cave entrance (estimate = −0.001, ±SE = 0.001). Furthermore, the species was
more abundant in autumn, which is the season in which individuals occupy sectors closer
to the cave entrance.

The abundance of Tegenaria spiders was only affected by the cave sector’s depth
(F1,205.3 = 8.90, p = 0.003); this spider was more abundant in sectors close to the cave
entrance (estimate = −0.003, ±SE = 0.001).

4. Discussion

The analysis performed here identified that different ecological factors affect the
presence and abundance of the three facultative cave species. Our results highlighted
a higher abundance of the studied species within the shallowest cave sections, those
representing the interface between surface habitats and the deepest cave sections. The
species’ detectability was generally low, being lower for the spider species compared to the
snail. This may be because spiders immediately retreat into cracks in walls or inside their
webs (i.e., funnel webs) when they are disturbed and elude operator sight. Indeed, during
cave surveys it is not rare to observe just the spider web with no trace of its owner. Similarly,
analyses performed on a further syntopic species (i.e., from the same caves considered in
this study), the tetragnathid Meta bourneti Simon, 1922, also highlighted a relatively low dp
for that spider [41]. Interestingly, spiders from mainland Italy (M. merianae and M. menardi)
showed a much higher detection probability (more than twice that observed here; [41]),
making us wonder about the reasons for such a low detection probability being observed
in the caves included in this study. In the future, studies aiming to assess the causes of such
divergence would shed light on these puzzling results, also evaluating whether such a low
detection probability is only related to the studied area of Monte Albo massif or if it is a
characteristic of the species distributed across Sardinia Island. Furthermore, we cannot
exclude that the low detection probability observed here is related to the lower population
density, which may provide insights into potential conservation issues [61]. Unfortunately,
there are no similar studies for Oxychilus snails yet, hampering any possible parallelism
for this species. Further studies are therefore needed to assess whether Oxychilus snails
from Sardinia also show lower detection probabilities compared to congeneric species from
mainland Italy.

Considering the data obtained from occupied cave sectors we were able to identify
differences in the range of microclimatic conditions experienced by the studied species.
Our results highlighted the possibility that the three cave-dwelling species considered here
differentiate their distribution according to environmental features characterizing the cave
sections between the entrance and deeper areas. According to our results, each species
occupied sections with microclimatic conditions corresponding to the species’ ecological
preference (Figure 1), modulating its functional contribution to the cave community [7].
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The spider M. merianae seems to tolerate harsher microclimatic conditions (i.e., higher
temperatures and lower humidity) compared to the other two species (Figure 1). This could
be due to a lack (or limited) of adaptation to the subterranean environment [29,43], a char-
acteristic that increases the chances of the species to forage in the shallowest cave section
and in the surface environment, where prey availability is higher [1,8]. Are, therefore, M.
merianae spiders able to supply more allochthonous organic matter compared to the other
two species? Is the species’ contribution higher and/or limited to the shallowest areas of
the caves? On the other hand, the abundance of Tegenaria spiders was not affected by any
of the considered microclimatic features, but were just more abundant close to the cave
entrance. Differently from what occurred for M. merianae, the abundance of crane flies did
not significantly affect the abundance of Tegenaria spiders. This interesting information
allows us to hypothesize that these spiders probably prefer different typologies of prey com-
pared to M. merianae, being, therefore, more specialized in capturing non-flying prey [62,63].
This hypothesis needs to be confirmed. The snail O. oppressus was the species that better
tolerated colder temperatures, being observed in cave sectors in which the temperature
goes below 5 ◦C (Figure 1A). This characteristic probably expanded the suitable cave area
for the species, allowing its presence also in deep cave sections beyond the transition
zone. These first insights should be implemented in the future with studies quantifying
the specific contribution of each species to the sustainment of the subterranean community
within the inhabited ecological zone. Studying the distribution and activity patterns of
subterranean species that forage in the surface environment allows us to correlate their
abundance with the quantity and distribution of allochthonous organic matter within cave
environments [7,64].

The abundance of the three studied species decreased with increasing depth, suggest-
ing their greatest presence within the first few meters of the surface–cave ecotone [46]. This
interpretation is supported by the significantly higher abundances of the species observed
in drier cave sectors, particularly for the spider M. merianae and the snail O. oppressus (for
the latter also in more illuminated cave sectors), being microclimatic conditions that usually
characterize the cave sections close to the cave entrance [4]. However, the occupancy and
the abundance of the studied species were differently affected by the ecological factors.
Combining the use of webs with an active hunting strategy, some cave spiders are able to
prey upon a wide number of species entering the cave [45,65,66]. Residuals of consumed
prey can be at the disposal for scavengers, therefore representing an important source of
organic material for the subterranean community. This is particularly true for the tetrag-
nathid M. merianae, whose abundance was positively influenced by the presence of Limonia
dipterans. Crane flies are usually abundant in the first few meters inside the caves [57,67],
where they represent one of the most frequent prey for tetragnathid spiders (genera Meta C.
L. Koch, 1835 and Metellina Chamberlin and Ivie, 1941; [66]) and other cave predators [68].
However, proper studies on the diet of Tegenaria spiders in caves are lacking, hampering
our ability to evaluate whether our results reflect a generally low contribution of crane flies
to the diet of representatives of this genus.

The abundance of the snail was higher in cave sectors farther from the cave entrance
compared to the two spider species. This might be due to the different foraging strategies
adopted by these species. Indeed, although spiders are strictly predators, Oxychilus snails
can modulate their foraging strategy (from being predators to scavengers; [59]), being able
to exploit habitats characterized by different trophic resources [1,58]. For example, for
cave-dwelling snails, vegetation and lichens represent a consistent trophic resource [69];
this may be also the case for O. oppressus. Indeed, the species tended to be more abundant in
more illuminated cave sectors, an environmental characteristic which is essential for these
autotrophic organisms. Nonetheless, snails may be characterized by a lower metabolic
rate compared to spiders, a characteristic which allows them to exploit food-deprived cave
sections [21]. The abundance of the snail was the only affected by seasonality; compared to
the other seasons, in autumn the species’ abundance increased towards the cave entrance.
It has been observed in another Oxychilus species that its highest reproductive activity is
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reached between May and November [70]. The climatic conditions which occur in Sardinia
can be particularly harsh for O. oppressus (too hot and dry) in late spring and summer [48],
forcing the species to concentrate its reproductive activity in autumn.

5. Conclusions

This research provides useful and novel information about the relationship between
multiple environmental factors and the population dynamics of a heterogeneous group
of three facultative cave species. By analyzing the abundance of these species we identi-
fied a divergence in their distribution along the ecotonal zone that connects the surface
environments with the deep cave sections. This divergence was affected by a different
preference for microclimatic features, but also by a divergent distribution of the preferred
trophic resources. The insights provided by our study should be used to deepen our
knowledge about the role of non-troglobiont species in the cave community and in the
overall subterranean ecosystem. This should also stimulate more interest in less adapted,
and therefore usually neglected, cave species, allowing researchers to shed light on several
unknown cave community dynamics. Our study provides the basis for further studies on a
neglected, but rich in perspectives, subterranean ecotonal areas connecting the surface and
deep subterranean environments.
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