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ABSTRACT ARTICLE HISTORY
Subterranean spiders of the genus Meta are frequent inhabitants of the twilight zones of Received 17 April 2025
European caves, where they play a key ecological role as apical predators. We assessed the Accepted 8 July 2025
abundance variation and breeding success of M. bourneti populations after an extensive KEYWORDS
drought period that affected north-western Italy during 2022. Across three different caves, Cave; invertebrates;
we compared data with the results of a previous monitoring study performed in arthropods; global warming;
2012-2013 in the same sites, which are at the gedge of the species’ range in the Italian climate change
peninsula. From December 2022 to December 2023, we carried out three surveys in spring

and winter seasons. We detected a total of 20 M. bourneti individuals, while more than 100

individuals were reported in 2012-2013. Moreover, we did not observe any cocoons. The

observed decline and absence of breeding may reflect cyclic or stochastic population

fluctuations, but it is worth noting that an extensive drought occurred during the period

2021-2022. We emphasize the importance of establishing long-term monitoring of

M. bourneti populations in Mediterranean regions to improve our understanding of the

potential effects of climate change in subterranean ecosystems.

Introduction

In comparison to other animal groups, particularly vertebrates, invertebrates exhibit similar or even higher
rates of extinction and proportions of threatened species (Eisenhauer et al. 2019). This alarming trend
underscores the urgent need for monitoring and protection of invertebrates (Cardoso et al. 2011; Manenti
et al. 2019; Samways et al. 2020). Despite this critical need, and even though invertebrates dominate globally
in terms of species richness, abundance and biomass, most species continue to be largely overlooked in
conservation efforts, at both regional and global levels (Manenti et al. 2018; Chandra & Raghunathan 2022;
Sacco et al. 2022). Among terrestrial invertebrates, spiders (Arachnida: Araneae) represent a key group in
terms of abundance, diversity, biomass, evolutionary history, and key ecological functions (Turnbull 1973;
Milano et al. 2021, 2022). Spiders rank among the most widespread generalist predators in most terrestrial
habitats, especially densely vegetated areas (Turnbull 1973). Several species are also able to inhabit
environments with highly selective conditions, such as deserts, glaciers, and caves (Brad et al. 2017; Gobbi
et al. 2017; Mammola & Isaia 2017b; Ficetola et al. 2021, 2024).

The study of subterranean spiders has garnered increasing attention over the past few decades as
scientists recognized the crucial roles these organisms play underground (Mammola et al. 2018, 2018). Of
the > 53,000 spider species currently described (Catalog WS 2025), approximately 1000 are found exclusively
in deep subterranean habitats and often exhibit troglomorphic traits such as eyelessness and depigmenta-
tion (Mammola & Isaia 2017b). Furthermore, countless other species can be detected in caves even if they are
less bound to subterranean environments; they are typically found in the vicinity of cave entrances, and do
not display specific adaptations to a subterranean life (Romero 2009; Mammola & Isaia 2017b). These latter
species can often attain high population densities (Romero & Harwood 2010; Foelix 2011; Humphreys 2014;
Lunghi et al. 2017). Spiders specialized to inhabit the twilight zone act as the initial predators in cave
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ecosystems, intercepting organisms that enter from the surface (Manenti et al. 2015b). Consequently,
studying these spiders can provide valuable insights into the dynamics and functioning of communities at
the surface-subterranean interface.

Among spiders typically inhabiting caves’ twilight zone, some of the most conspicuous in Europe are
those in the genus Meta (Tetragnathidae) (Smithers 2005b, 2005a; Mammola & Isaia 2014, 2017b, 2018;
Lunghi 2018). Spiders of the genus Meta exhibit a nearly global distribution and include several closely
related species that have similar ecological requirements; however, many of these species remain inade-
quately studied. In Europe, there are two species: M. menardi, preferentially found in alpine regions and
continental Europe, and M. bourneti, primarily distributed in the Mediterranean region (Figure 1) (Mammola
& Isaia 2017a; Mammola et al. 2021). These species have been documented in a breadth of subterranean and
subterranean-like habitats, including natural caves, mines, draining galleries, railway tunnels, and even
hollow trees and animal burrows (Marusik & Koponen 1992; Manenti 2014; Mammola 2017; Lunghi 2018).
Both species show peculiar life histories characterized by specific behavioural adaptations (Smithers & Fox
Smith 1998; Novak et al. 2010; Hesselberg & Simonsen 2019; Hesselberg et al. 2019; Hesselberg 2021). In
caves, adult Meta spiders construct their webs from the entrance region to the recesses of the twilight zone
and into the initial segments of the dark zone (Tercafs 1972; Lunghi et al. 2014, 2017). In these subterranean
habitats, females typically lay their cocoons in late summer, exhibiting parental care towards the juveniles. In
contrast to the adults, the spiderlings—usually emerging in late winter (Mammola & Isaia 2014)—display
positive phototaxis, actively seeking light. During early spring, the spiderlings disperse from the inner cave
towards the surface, where they feed and moult until mid-summer; afterwards, they recolonize subterranean
habitats (Smithers & Fox Smith 1998).

Droughts and dry periods are becoming more frequent in temperate areas (Pizzorni et al. 2024; Qu et al.
2024; Watega et al. 2024), affecting both surface and subterranean environments (Manenti et al. 2022;
Vaccarelli et al. 2023). In subterranean environments, we expect that climate change effects should manifest
more prominently in the typical habitat of M. bourneti, namely relatively warm and dry cave ecotones in
Southern Europe. Drought periods, global warming, and other climate change phenomena can drive
substantial changes in the microclimatic conditions of shallow subterranean habitats, with detrimental
effects on the fauna such as by affecting population dynamics (Mammola & Isaia 2017a; Lunghi et al.
2018). A critical aspect of extinction, migration, and adaptation in the framework of climate change is the
intrinsic relationship that these processes share with the reproductive success of the individuals that
comprise populations (Grazer & Martin 2012; Winandy et al. 2023; Fromm et al. 2024). Successful reproduc-
tion is a fundamental mechanism that facilitates population growth, thereby reducing the risk of extinction
and enhancing the likelihood of colonization into new caves or habitats. Moreover, successful reproduction
increases the potential to adapt to changing environmental conditions. Consequently, the assessment of
reproductive success of subterranean spiders can serve as a crucial early indicator of potential declines in
whole superficial and subterranean communities. In spiders of the genus Meta, reproduction can easily be

Figure 1. Male of Meta bourneti (credit: Matteo Galbiati).
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detected, quantified and also spatially assessed in relation to microclimatic cave conditions (Mammola &
Isaia 2014; Lunghi 2018; Mammola et al. 2021). The reason is that the egg cases (cocoons) are easily detected
hanging on cave walls and roofs (Smithers & Fox Smith 1998; Smithers 2005a).

We carried out surveys on M. bourneti abundance and breeding success in caves at the edge of the
northern native distribution of the species, for which extensive samplings performed in 2012-2013 can be
used for comparative purposes (Mammola & Isaia 2014). The aim of this study is to assess the potential
impact of the severe drought experienced in north-western Italy during the years 2021 and 2022 on the
population dynamics and spatial distribution of the spider species M. bourneti within the Susa Valley. This
topic emerged during a broader ecological characterization of the factors influencing the distribution of
Meta spiders within and between cave environments. The study aims to examine whether variations in the
abundance and habitat preferences of M. bourneti occurred, trying to draw comparisons with previous data
available for the same sites (Figure 2).

Material and methods
Study area

The study area was chosen based on locations where the presence of Meta bourneti was documented in
previous surveys (Mammola & Isaia 2014). The sampled sites are located in the northern part of the target
species’ range in the Italian peninsula, specifically in the western Pre-Alpine area of Piemonte region. These
sites are at the edge of the species’ range in the Italian peninsula, and close to the edge of the overall
European distribution (Mammola et al. 2021).

After a preliminary monitoring in November 2022, involving all the sites in Val di Susa (Torino province)
sampled in 2012-2013 (Mammola & Isaia 2014), we selected three small caves in which at least one
M. bourneti individual was present (Figure 3). These sites are characterized by a xerothermic sub-
Mediterranean climate within a general Alpine context, allowing the growth of typical Mediterranean plants,
such as Quercus ilex and Juniperus oxycedrus [{[Mammola, 2014 #1725}.

The first system of caves is located between Borgone Susa and San Valeriano localities at the base of
a mountain called Monte Baraccone (Figure 3). These caves are dry, sandy, and surrounded by dense
vegetation, making it difficult to access them. We selected two sampling sites:

(1) “Buco delle Meta Superiore” (PI1616) is a seemingly isolated cave, though likely connected to a lower
cave known as “Buco delle Meta Inferiore”. It is part of a tectonic fracture system, which also gave rise

50
40
30

20

Surplus

10
0 bemmed e e e R S ——— .

-10

Precipitations [%]

-20

Deficit

-30
-40

-50
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Figure 2. Precipitation level variations in 2011-2023, compared to the 1971-2000 climate baseline for Piemonte region
(due to a lack of data for 2016, the reported value for that year is the average of spring and summer precipitation levels).
The period when the decline in rainfall began, leading to the drought period preceding our 2022-2023 sampling, is
highlighted in the graph. Values are taken from ARPA Piemonte reports.
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Figure 3. Location of caves in Val Susa (Torino province) in which we compared Meta bourneti abundance between
2012-2013 and 2022-2023. 1 - Buco delle Meta superiore, 2 — Cunicolo della Forra, 3 - Grotta B di Maometto.

to the nearby “Grotta della Testa di Napoleone”, located slightly higher up and about 50 m to the east.
Positioned at an altitude of 440 m, the cave extends for 10 m.

(2) “Cunicolo della Forra” (P11615) is a small cavity formed by an ancient landslide at the southern base of
Monte Baraccone. The ceiling has several narrow openings that allow light to filter in. It is located at an
altitude of 442 m and extends for 7 m.

Farther west, between Borgone Susa and San Didero, another sampling site for M. bourneti is located in the
archaeological site known as “Maometto”. This area is known for rock carvings.

(3) “Grotta B di Maometto” (PI11577) is located at an altitude of 421 m and is a small tectonic cavity with
a length of about 7 m. It was formed by an arrangement of medium- and large-sized stones, which
characterize the base of the gneiss cliff emerging from the plain. A few openings halfway along the
ceiling allow a significant amount of natural light to enter the cave, providing partial illumination.

Winter 2021-2022 in Piemonte region was both the third warmest in the past 65 years, with a positive
temperature anomaly of +1.8°C, and the third driest, with an average precipitation deficit of about 70%
compared to 1991-2020 (Arpa Piemonte, unpublished report). The year 2022 was extremely dry, with an
overall deficit of more than 40% (Arpa Piemonte, unpublished report). Also, during the year 2023, rainfall was
below average, with a total precipitation deficit of around 9% (Arpa Piemonte, unpublished report). During
the same period, in the Po’ River basin various subterranean systems were dramatically impacted by drought
(Manenti et al. 2022).

In 2023, there were negative flow deviations compared to historical reference values, mainly due to
several dry periods during the year, except for the abundant rainfall in May. These deviations were also
influenced by the previous drought conditions identified in 2022. Moreover, the year 2023 ended with
November and December having scarce precipitation.

Surveys

From 7 December 2022 to 4 December 2023, we monitored each cave three times (Table 1), except for
“Grotta B di Maometto”, which was not sampled during the third monitoring period. During these sampling
events, we recorded a variety of abiotic environmental parameters and biotic factors related to spiders and
cocoons. To facilitate systematic monitoring, each cave was divided into 3 m sectors. Each sampling session
concluded either upon reaching the first 3 m sector where no Meta spiders were found or at the last
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Table 1. The caves sampled in this study.

3rd an -Ist

monitoring period monitoring period monitoring period Altitude Length

Winter 2023 Spring 2023 Winter 2022 (ma.s.l) (m) Cave

4 December 2023 23 March 2023 28 December 2022 440 10 Buco delle Meta sup
4 December 2023 23 March 2023 28 December 2022 442 7 Cunicolo della Forra

- 23 March 2023 28 December 2022 421 7 Grotta B di Maometto

accessible sector of each cave. At the beginning of each 3 m sector, we measured maximum height and
width using a laser distance meter. We took these measurements only during the first survey.

We took temperature readings at ground level and, when feasible, at the ceiling level; if this was not
possible, we took measurements at the nearest elevated position that was safely accessible. Relative humidity,
in contrast, was recorded only at ground level due to the size of the instrument, which made it difficult to
secure it safely to the walls during the time required for calibration and stabilization of the readings. Both
temperature and humidity were determined using a using a PCE-EM882 thermo-hygrometer. Additionally, for
each sector, we collected illuminance data, both maximum and minimum, using a PCE-170 A digital lux meter.

The position of each spider relative to the cave entrance was recorded using a tape measure, while its
height above the ground at the sampling point was determined with a laser distance meter. Following these
measurements, sex determination was performed and, if applicable, the spider was weighed with a portable
field balance. We also examined the cave walls and ceilings to check for the presence of cocoons, aiming to
record morphometric measurements of the cocoon stalk and egg case.

The surveys performed in the previous periods assessed abundance of M. bourneti spiders in a slightly
different way, as individuals were sampled on a monthly basis in squared plots of 1 x 1 m (Mammola & Isaia
2014). To allow comparisons between the two periods, we grouped the past data of the plots falling in the
same 3 m sectors as the present study. To ensure data comparability, we selected the sampling events
performed by (Mammola & Isaia 2014) that occurred closer to the dates in which we made our surveys. To
test whether the abundance of spiders varied across the two study periods, we built a generalized linear
mixed model (GLMM) with negative binomial distribution (to control for overdispersion) having as depen-
dent variable the density of spiders per square metre and as fixed factors the period of sampling (past or
present), the season of sampling and the distance from the entrance of the sector considered. We used
a likelihood Wald x? test to assess the significance of the fixed factors in affecting spider density.

Results

We observed a total of 20 spiders in the three monitoring periods of samplings from December 2022 to
December 2023 (Figure 4). The site where the highest number of spiders was recorded is “Buco delle Meta
Superiore”, with 12 individuals (of which five were adults). This is followed by “Cunicolo della Forra” with
seven individuals (of which four were adults) and, finally, “Grotta B di Maometto” where only one female was
observed. No cocoons were found at any site.

The spatial distribution of Meta bourneti spiders within the cavities ranged from a minimum distance of
0.20 m from the entrance to a maximum of 6.5 m, with an average distance of 4.25 m. Specifically, three
individuals were observed in the first section, 16 in the second, and just one spider in the third section. The
height above ground varied between 0.35 and 2.8 m, with an average height of 93 cm. Temperature ranged
from 8.3°C in the first sector of “Grotta B di Maometto” in December 2022 to 15.6°C in the cave “Buco delle
Meta Sup” in March 2023 (Supplementary Table S1).

According to the regression analysis and Wald x* test, the abundance of spiders was significantly lower in
2021-2022 compared to 2012-2013 ()(2=7.17, p <.0074) and decreased with increasing distance from cave
entrances (x°=9.86, p < .001), while season of sampling did not have a significant effect (x> =2.36, p=.1239)
(Table 2).

Discussion

The results of our study provide evidence of a possible decline in the abundance of Meta bourneti populations
studied. Documenting temporal variations in spider abundance is fundamental as such processes can have
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Figure 4. Graphs comparing observations conducted in the three caves in 2012-2013 and in 2022-2023.

Table 2. Results of the generalized linear mixed model assessing factors determining
the variations in the abundance of spiders across the two study periods.

Estimate SE z p
Distance from entrance -0.141 0.045 -3.141 .001
Period of sampling (present) -1.165 0.435 2.678 .007
Season —-0.432 0.281 —-1.538 124

SE: Standard Error.

detrimental effects reverberating at the community or ecosystem level (Samu et al. 2023), especially considering
the functional role of spiders (Bartos 2022, Napiérkowska et al. 2021). This is especially true for cave ecosystems in
which Meta spiders often occupyan apex position across the trophic web (Manenti et al. 2015a). Documenting
declines in subterranean environments, especially across the ecotone with the surface, is pivotal to pinpoint the
underlying drivers of environmental changes and to propose conservation strategies (Wynne et al. 2021; Ficetola
et al. 2024). Underground life is a chief element of Earth’s biodiversity that provides key ecosystem services to
surface environments (Mammola et al. 2022; Sacco et al. 2024), but remains mostly undescribed or understudied
due to mapping and monitoring challenges (Ficetola et al. 2019). Our study suggests that spiders of genus Meta,
thanks to their size, ease of recognition and tendency to use subterranean spaces accessible to humans, such as
caves, can be good sentinels for the early detection of negative trends in subterranean ecosystems.

It must be pointed out that the study area, across the decade that separates the two survey periods, was
affected by long and important droughts, especially in 2021-2022. The significantly lower abundance observed in
2022-2023 compared to the values reported by Mammola and Isaia (2014) during a period of normal precipita-
tion regimes provides correlative evidence of a possible negative effect of such long drought periods on
M. bourneti, resulting in low or no reproductive success and a drastic reduction in the population size. It may
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also be that the observed decline and absence of breeding reflect natural cyclic or stochastic population
fluctuations, which could be ascertained only by starting a multi-year monitoring programme for these popula-
tions. Potential effects of observer bias and methodological discrepancies between the previous study and our
successive monitoring cannot be excluded either. Although the cave sites and the underground extensions
sampled are exactly the same as those surveyed by Mammola and Isaia (2014), past samplings occurred using
squares of 1 m x 1 m while here we divided the caves into sectors of 3 m. Both methodologies involved all the
structural morphology of the caves (walls, roofs and floors). To reduce the effect of the differences, we pooled all
sampling squares surveyed by Mammola and Isaia (2014) that overlapped with our 3 m sectors, but still the
sampling efforts are slightly uneven. In cave habitats—which are relatively confined environments—the prob-
ability of detecting individuals of large, non-interstitial species that typically occupy main corridors and larger
chambers is generally high (Ficetola et al. 2018). Various quantitative assessment methods, including visual
counts, tend to yield consistent results in such settings (Ficetola et al. 2018), and allow comparisons between
surveys even farther apart in time than those considered in our study (Ficetola et al. 2024).

For the reasons above, further in-depth investigations are needed to ascertain the potential impact of global
warming on M. bourneti abundance at the edge of its range in the Italian peninsula. Recent evidence already
suggests that the 2021-2022 drought period has affected subterranean environments in northern Italy
(Manenti et al. 2022). A decade ago, Meta bourneti populations were seemingly healthy, consisting of 221
adults and juveniles, and 131 spiderlings (Isaia et al. 2011; Mammola & Isaia 2014), although the past samplings
involved a total of 12 cavity surveys. In particular, the three surveys conducted in the same cavities and in the
same periods of the year as our samplings reported 2 males, 27 females, 29 juveniles and 10 cocoons.
Conversely, we observed a significantly lower number of individuals in 2022-2023, and we did not record
any cocoons in either of the two consecutive breeding seasons (2022 and 2023) considered in this study.

While micro-habitat conditions are known to affect cocoon deposition by female orb-web spiders of the
genus Meta, with air velocity and distance from the cave entrance playing major roles (Chiavazzo et al. 2015), no
information exists on factors influencing productivity and breeding success. The absence of cocoons cannot be
directly linked to the drought experienced in the study area, but several hypotheses can be proposed to explain
the lack of breeding success. One possibility is that the productivity of the environments surrounding the caves
has been low, resulting in an insufficient amount of prey entering the caves to enable females to lay cocoons.
Alternatively, it is possible that the already relatively dry and hot caves inhabited by M. bourneti spiders in the
study area reached conditions unsuitable for, or not conducive to, breeding in the adults. Regarding the first
hypothesis, it should be noted that dry periods can create stressful conditions that encourage surface species to
seek refuge in cavities and underground habitats (Lunghi et al. 2018; Coppari et al. 2024). Thus, dry and harsh
periods in surface environments could lead to an increased amount of prey available for predators exploiting
cave entrances. For the second hypothesis, additional studies focusing on microclimatic conditions would be
useful to better understand their potential impact on breeding success. It should also be noted that we
observed some juveniles inside the monitored caves, which could be individuals born during the 2021-2022
season. Their presence suggests the possibility that breeding females may have laid cocoons in crevices or
cavities surrounding those that we investigated. Further investigations into these environments (if accessible to
humans) could help determine whether differences in environmental conditions exist.

Meta bourneti exemplifies the importance of studying the population dynamics of cave-dwelling organ-
isms, including surface species accidentally entering subterranean environments and troglophile species,
which, despite lacking marked adaptations, play fundamental functional roles in subterranean ecosystems.
Understanding the ecological requirements and population dynamics of species like M. bourneti is essential
for developing targeted conservation measures. Research efforts should focus on habitat mapping, assessing
population sizes, and identifying critical threats to the species. Furthermore, the significance of this spider
may extend beyond its immediate ecological role as it may serve as a bioindicator for the health of cave
environments. As a species potentially sensitive to environmental changes, fluctuations in M. bourneti
populations can reflect broader ecological shifts within cave ecosystems. Ours is a first, opportunistic
study that provides updated quantitative data and calls for further monitoring of the stability of
M. bourneti populations, which can provide insights into the overall health of the cave habitat, making it
a valuable component of conservation assessments.
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