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Abstract

Climate change is altering the environmental conditions of subterranean ecosystems, leading to warmer
and drier caves across many regions. Despite growing evidence of the high heat sensitivity of cave-dwelling
arthropods, the role of humidity as a limiting factor remains largely unexplored. To address this knowledge
gap, we experimentally assessed the combined effects of temperature and humidity on the survival of four
Pyrenean cave beetles (Euryspeonomus eloseguii, Troglocharinus impellitieri, T. hustachei, and Stygiophyes
ribagorzanus). Adult beetles were exposed to eight combinations of temperature (11, 20, 23, and 25
°C) and relative humidity (100% and 75% RH) for seven days under controlled laboratory conditions.
Survival was monitored daily, and Cox proportional-hazards models were used to analyze treatment effects.
Our results showed a significant interaction between temperature and humidity across all species. By the
end of the experiment, no individuals survived under 75% relative humidity at any temperature, nor at 23
°C or 25 °C in any humidity condition. Particularly, E. eloseguii and T. impellitieri were highly sensitive to
humidity reduction, with no survival beyond 48 hours at 75% RH regardless of temperature. E. eloseguii
also exhibited the lowest heat tolerance, with complete mortality at 20 °C even under saturated humidity.
Our findings highlight the extreme vulnerability of subterranean beetles to desiccation and heat. Even
moderate humidity reductions can drastically reduce survival, underscoring the need to consider combined

climatic stressors when assessing the conservation status of subterranean species under climate change.
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Introduction

In recent decades, climate change has driven global temperatures approximately 1.5 °C
above preindustrial levels, with the past years ranking among the warmest on record
(Rayner et al. 2003; Ripple et al. 2020; Calvin et al. 2023; Goessling et al. 2025).
Alongside this warming trend, droughts are becoming increasingly severe and fre-
quent, especially in Mediterranean regions, where biodiversity is already under signifi-
cant stress due to rising temperatures and water scarcity (Vicente-Serrano et al. 2014;
Noguera et al. 2020; Hermann et al. 2024).

While the ecological impacts of climate change are well documented in terrestrial,
marine, and alpine ecosystems (Calvo et al. 2011; Chen et al. 2011; Grimm et al.
2013; Urban 2015; Ainsworth et al. 2016; Guerrero-Meseguer et al. 2017; Giménez-
Benavides et al. 2018), subterranean ecosystems remain comparatively largely under-
studied. However, recent evidence suggests that these environments are also experi-
encing climatic shifts, generally becoming warmer and drier (Mammola et al. 2019a,
b, 2022). Such changes may pose serious threats to cave-adapted species that have
evolved under highly stable humid conditions. Subterranean invertebrates often have
thin, highly permeable cuticles (Vittori et al. 2017), which along with their extremely
low dispersal ability, makes them especially vulnerable to environmental change.

Previous research on physiological limits of subterranean species has focused
primarily on the thermal tolerance of cave-dwelling arthropods, revealing narrow
thermal niches and low heat tolerance across multiple lineages, such as cave beetles
(Rizzo et al. 2015; Pallarés et al. 2019, 2021; Colado et al. 2022a), pseudoscorpions
(Colado et al. 2022b), spiders (Mammola et al. 2018) or springtails (Raschmanovd et
al. 2018; Manee et al. 2025). In contrast, the role of humidity, a potentially critical
factor for their survival, has received far less attention. Only a handful of early stud-
ies examined desiccation resistance and cuticular permeability in subterranean taxa,
including the troglobitic spider Lycosa howarthi Gertsch, 1973 from lava tube caves
in Hawaii (Hadley et al. 1981), the cave-dwelling cockroach Blaberus craniifer (Bur-
meister, 1838) (Herreid 1969) or the troglobitic springtail Tomocerus problematicus P.
Cassagnau, 1964 (Vannier 1977). In such studies, troglobitic species showed higher
water loss rates than their surface relatives. After these key early findings, the vulner-
ability of subterranean species to desiccation has remained largely unaddressed.

In surface insects, resistance to desiccation and heat is often mediated by the pres-
ence of waterproofing compounds in the cuticle (Gibbs 2002; Blomquist and Bagnéres
2010). In contrast, the consistently humid conditions of subterranean habitats may
have relaxed the selective pressure for such traits, potentially increasing the suscepti-
bility of cave-adapted species to desiccation and elevated temperatures (Vittori et al.
2017; Riddell et al. 2023). Therefore, addressing the combined effects of temperature
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and humidity is critical for understanding the vulnerability of subterranean organisms
under climate change. To address this knowledge gap, the present study investigates
the impact of temperature increase and reduced relative humidity on the survival of
Pyrenean cave beetles of the tribe Leptodirini.

Methods
Target species and study area

The study species belong to the Pyrenean clade of the Western Mediterranean lineage
of the tribe Leptodirini (Coleoptera, Leiodidae, Chovelinae), distributed in different
areas of the Pyrenees and Cantabrian Mountains, from Navarra to Catalonia (Fresneda
et al. 2024). We selected four species of this clade (Table 1) in accordance with the
following criteria: i) abundance in each of their localities, ii) species of which ther-
mal tolerance and phylogenetic data are available from previous studies (Rizzo et al.
2015; Sanchez-Ferndndez et al. 2016, 2018; Pallarés et al. 2021; Colado et al. 2022a;
Fresneda et al. 2024), and iii) ease of access to the caves.

Adult specimens were collected between March and July 2023. In each one of the
caves, a Bluetooth equipped Data-Logger (HOBO MX2301, Onset Computer Cor-
poration, Bourne, USA) was used to record temperature and relative humidity. These
were located at the areas with the highest density of individuals, and kept recording for
2 to 3 hours, while the specimens were captured.

Specimens were captured using mouth aspirators and immediately transferred into
recipients with moss to maintain a high humidity. The recipients were transported to
the laboratory in an electric portable refrigerator at the same temperature of the caves,
which was continuously monitored.

Experimental conditions

Upon arrival at the laboratory in the University of Murcia, specimens were kept under
conditions like those of their localities (11°C and 100% RH) for 72 hours, for initial
acclimation. After that, 10 specimens per combined treatment of temperature and
humidity (see below) were transferred to the experimental units consisted of plastic
trays with the bottom covered in a 3 cm layer of plaster of Paris. These were placed in
climatic chambers with temperature and humidity control.

Temperature treatments encompass a thermal range from current temperatures
in the collection caves (11°C), to temperatures that have been shown to be sublethal
(20°C) or lethal (23°C, 25 °C) within a 7 days exposure period at 100% RH in beetle
species of this lineage within the same study area, according to previous studies (Rizzo
et al. 2015; Pallarés et al. 2020; Colado et al. 2022a). Such studies used the same
methodology employed here to estimate upper thermal limits and all the species tested
showed reduced or lack of mortality at 20°C for 7 days and died within a few days at
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Table I. Selected species and their collection caves with 77-situ measurements of temperature.

Species Cave Coordinates Temperature (°C)

Euryspeonomus eloseguii (Espanol, 1948) Cueva de los Cristinos 42047'51.2"N, 9.1
2014'50.4"W

Stygiophyes ribagorzanus (Jeannel, 1911) Cueva de Tossclasses 42025'28"N, 10.5
0°41'28.8"E

Troglocharinus hustachei Jeannel, 1911 Cueva Negra de Matasolana 4202'31.2"N, 13.2
0058'22.7"E

Troglocharinus impellitieri Espaiol, 1955 Cueva Palomera 42017'10.5"N, 11.2
1°10'33.5"E

23-25°C. Given the phylogenetic relatedness with the species tested here (Fresneda et
al. 2024), we assumed a similar thermal response, which is supported by our results
(see Results section). Two humidity conditions (100% and 75% RH) were combined
with the four temperatures, resulting in eight combined treatments of temperature and
humidity. The 11°C and 100% RH treatment was used as a standard control for all
species (non-stressful conditions). Although the control temperature does not match
exactly the habitat temperature of all the species (see Table 1), we made sure that such
small temperature difference did not cause physiological stress to the species. We kept
a minimum of 10 specimens of each species under control conditions after the experi-
ment and they remained alive for months (up to 12 months in the case of 7 impel-
litieri) showing normal activity and even mating behaviour.

We used programmable climatic chambers with temperature and humidity control
(Memmert M360, Germany and Panasonic MLR-352H-PE, Japan). The 100% RH
experimental units were covered with a plastic film to prevent desiccation and small holes
to provide oxygenation. The 75% RH experimental units were covered with a plastic
mosquito mesh, to prevent the beetles from escaping, while maintaining the RH at the
75% value set in the chambers. The humidity in all treatments was monitored in real
time (5-minute intervals, for the entire duration of the experiment) with the same Blue-
tooth equipped Data-Loggers (HOBO MX2301), and the resulting data was exported
into .xlsx sheets to check that the conditions did not vary significantly. In every unit, a
cotton disc was placed in the centre, to provide a hiding place for the beetles, simulating
small crevices or the humid areas beneath rocks that these species encounter in the caves.

The duration of the experiments was 7 days, as in previous thermal tolerance stud-
ies with subterranean species of the same lineage and same genera (e.g. Colado et al.
2022a, b). Beetles were fed daily throughout the experiment with humidified fish food
pellets. Survival was checked every 24 hours.

Data analyses

Kaplan-Meier survival curves were fitted to visualise and estimate survival probabilities
of each species in the different temperature and relative humidity treatments along the
duration of the experiment. The average survival time was calculated for each species
and treatment, using the restricted mean survival time (RMST) up to a specified time
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(tau = 7). This RMST represents the area under the Kaplan-Meier curve within that
time window. This calculation accounts for the presence of right-censored data (i.e.
individuals that survived on day 7). The survival rate of each species in each treatment
was also obtained, expressed as a proportion of survival at the end of the experiment.
We fitted a Cox proportional - hazards model (Therneau and Grambsch 2000) to assess
the effects of temperature, relative humidity and their interaction on the probability
of mortality, using the R packages “survival” version 3.8.3 (Therneau et al. 2024) and
“survminer” version 0.5.0 (Kassambara et al. 2024). The Cox proportional - hazards
model is a semiparametric model used in survival analysis to examine the effect of
covariates (predictor variables) on the hazard rate: the rate at which events happen
over time (in this case, death). The hazard function A(?) is the instantaneous rate of
the event occurring at time # given survival up to time # The higher the hazard rate,
the greater the impact of the covariates involved in the events. For each predictor, the
model returns a regression coeflicient (coef), its standard error (se), a Wald test statistic
(z), and an associated p-value. The exponentiated coeflicient (exp(coef)) represents the
hazard ratio: values greater than 1 indicate increased risk of mortality relative to the
reference level, while values below 1 indicate reduced risk (Therneau and Grambsch
2000). For example, a positive coefficient for temperature means that higher tempera-
tures increase the hazard of death, whereas a negative coeflicient for the temperature
x humidity interaction indicates that the effect of temperature differs depending on
humidity level. The humidity coefficient compares survival at 75% relative humidity
against 100%, with large positive values reflecting substantially higher mortality risk at
75%. Significance was assessed using Wald tests for individual coeflicients, and global
model fit was evaluated with likelihood ratio, Wald, and log-rank score tests.

To test whether a reduction in humidity alone influenced survival at 11 °C, we
compared survival curves between 100% and 75% RH within each species. Survival
data were analysed using Kaplan—Meier estimates and compared with the log-rank
test, which evaluates whether the overall survival distributions differ between groups.
In addition, Cox proportional hazards models with humidity as the sole predictor
were fitted to estimate hazard ratios, although in cases of complete or near-complete
separation (i.e., when survival in one humidity level was uniformly higher or lower),
these models produced unstable estimates. Therefore, interpretation was based primar-
ily on the log-rank tests, which are robust to these situations and directly test the null
hypothesis of equal survival across treatments.

Finally, we estimated upper thermal tolerance as the mean lethal temperature (LT ),
i.e., the temperature at which 50% of the individuals died after the 7 days of experiment,
allowing comparison with values reported for other Leptodirini species in previous stud-
ies (Colado et al. 2022a). To obtain the LT, survival data were fitted to both binomial
and quasi-binomial generalized linear models, using the package “brglm” version 0.7.2
(Kosmidis 2021), with the same methodology as in Colado et al. (2022a). The final
selected model to obtain the LT, value was a binomial model with bias reduction. Due
to the lack of survivors in the 75% RH treatments at the end of the experiments (see Re-
sults section), the LT, could only be obtained for the 100% RH treatment. All statistical
analyses were conducted using R software, v. 4.4.2 (R Core Team 2024).
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Data availability

All the datasets and Rscripts used in the analyses are available at Figshare (DOI: 10.6084/
m9.figshare.28902560, link: https://figshare.com/s/48a6b6al48a78c444a0c).

Results

In all four species studied, survival decreased with increasing temperature and decreas-
ing humidity (Fig. 1). Under control conditions (11°C and 100% RH), most indi-
viduals of all species survived the entire duration of the experiment. Although there
were a few deaths in the control treatments (two specimens of S. ribagorzanus and two
specimens of 7. impellitieri; these are shown in Table 3), these deaths were negligible
and probably due to unrelated factors. However, at elevated temperatures (23 °C and
25 °C), no individuals survived 7 days, regardless of humidity.

Across all species and temperatures, a reduction of humidity to 75% caused the
death of all individuals in a timespan ranging from 24 hours to 6 days (Table 2). In the
100% relative humidity treatments, the average survival time across all the species and
temperatures was 3.58 days. In contrast, in the 75% humidity treatments, the average
survival time was only 2.02 days. Thus, a reduction of 25% in the relative humidity
caused a reduction of 43% in the survival time on average.

At 11 °C, a reduction of relative humidity to 75% had a dramatic effect on sur-
vival in all four beetle species. The log-rank test (Table 5) compares the Kaplan—Meier
survival curves between humidity treatments; results are reported as the statistic y* (log-
rank y*) and its associated p-value (log-rank p). The Cox proportional hazards model
estimates the relative risk of mortality at 75% RH compared to 100% RH. For this
model, cox coef is the regression coeflicient (log hazard ratio), exp(coef) is the corre-
sponding hazard ratio, SE is the standard error of the coefficient, z is the Wald test sta-
tistic, and cox p is the associated p-value. Very large coefficients and hazard ratios close
to zero (e.g. exp(coef) ~ 107') reflect numerical instability due to near-complete mor-
tality in one treatment group. Therefore, inference relies primarily on the log-rank test
results, which robustly demonstrate significant differences in survival between 100%
and 75% RH for all species (S. ribagorzanus: y* = 10.25, p = 0.0014; T. hustachei: y*
=22.81, p < 0.001 7. impellitieri: y* = 21.0, p = < 0.001; E. eloseguii: y* = 26.07, p <
0.001). In all cases, individuals maintained at 100% RH exhibited very high survival
through day 7 (80-100%), whereas survival at 75% RH was severely reduced, with
complete mortality in most species.

The Cox proportional-hazards models show that the hazard of death at 75% RH
was dramatically higher than at 100% RH for all species (Table 6). The hazard ratios
for humidity are extraordinarily large, demonstrating that decreased humidity had an
overwhelming negative effect on survival. For instance, in 7. hustachei, the hazard ratio
was 3.47 million, indicating an extreme increase in mortality risk at 75% RH com-
pared to 100% RH. The temperature-humidity interaction was statistically significant


https://figshare.com/s/48a6b6a148a78c444a0c

'The key role of humidity for the survival of pyrenean cave beetles 185

A B
Troglocharinus hustachei Euryspeonomus eloseguii
s s 1.0
2 2
2 \ 2
= \ =
n \ (2]
k] \t s
2 T 205
«© \ ©
K=} \ K=}
< \ o
o O o
— T 1 0.0 | \ T 1
4 6 8 0 2 4 6 8
Time (days) Time (days)
C D
Troglocharinus impellitierii Stygiophyes ribagorzanus
Temp (°C) - RH (%)
E 3 11-100
H S 1 20-100
@ @ ~ -+ 23-100
= = N
° ° - 25-100
2 Z
= = \ 11-75
K=} o \
3 i \ & 2075
o [<] \
a o \ = 2375
T T 1 T T 0— A~ 25-75
4 6 8 4 6 8
Time (days) Time (days)

Figure 1. Kaplan-Meier survival curves on the probability of survival of the study species in each com-
bined treatment of temperature (T (°C)) and relative humidity (RH (%)).

Table 2. Survival time of each species for the 7 days of exposure at each combined treatment of Tempera-

ture (Temp) (11, 20, 23 and 25 °C) and Relative Humidity (RH), (100% and 75%).

Species RH (%) Temp (°C) Average survival time (days)
11 20 23 25
E. eloseguii 100 7.00 3.00 1.00 1.00 3.00
75 1.53 1.00 1.00 1.00 1.13
S. ribagorzanus 100 6.20 6.50 1.70 1.12 3.88
75 4.67 6.11 1.00 1.00 3.19
T. hustachei 100 7.00 5.25 1.18 1.00 3.61
75 3.09 3.45 1.88 1.00 2.36
T. impellitieri 100 6.75 6.45 1.00 1.00 3.80
75 2.00 1.64 1.00 1.00 1.41

in all species. The hazard ratio values < 1 for the interaction coeflicients indicate that
the detrimental effect of temperature was less pronounced under low humidity condi-
tions (Table 3). This is because the hazard of death was already so high at 75% RH that
temperature increases had a comparatively smaller effect on mortality.

The study species showed high sensitivity to increasing temperature and decreas-
ing humidity, but with some differences. E. eloseguii exhibited the highest sensitivity
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Table 3. Survival rates at 7 days and number of specimens (N) of each species and treatment at the start

and at the end of the experiments.

Species RH (%) Temp (°C) N (Day 1) N (Day 7) Survival Rate

E. eloseguii 100 11 13 13 1

20 14 0 0

23 4 0 0

25 6 0 0

75 11 15 0 0

20 14 0 0

23 12 0 0

25 12 0 0
S. ribagorzanus 100 11 10 8 0.8
20 10 9 0.9

23 10 0 0

25 8 0 0

75 11 9 0 0

20 9 0 0

23 5 0 0

25 8 0 0

T. hustachei 100 11 11 11 1
20 12 5 0.42

23 11 0 0

25 11 0 0

75 11 11 0 0

20 11 0 0

23 8 0 0

25 10 0 0
T impellitieri 100 11 12 11 0.9
20 11 10 0.91

23 10 0 0

25 12 0 0

75 11 12 0 0

20 11 0 0

23 10 0 0

25 12 0 0

to temperature at 100% RH. This species was collected in the coldest cave, at 9.1°C
(Table 1), which could be related to its heightened sensitivity. All the individuals of
this species survived at 11°C, while all individuals exposed to temperatures of 20°C
and above died in less than 4 days (Fig. 1, Tables 2, 3). The Cox proportional-hazards
model showed that for every degree of temperature increase, the hazard ratio dou-
bled (exp (coef) = 2.002), indicating a pronounced thermal sensitivity of these spe-
cies (Table 6). 77 hustachei, T impellitieri and S. ribagorzanus also demonstrated sub-
stantial sensitivity to temperature, but their hazard ratio values were slightly lower,
suggesting a somewhat lesser, though still significant, impact of temperature under
high humidity (Table 6). These species were collected in slightly warmer caves, as it
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can be seen in Table 1. E. eloseguii also showed the highest sensitivity to humidity
decrease, with no individuals surviving beyond two days at 75% RH. 7. hustachei
and 7 impellitieri also exhibited 100% mortality under reduced humidity by the end
of the experiment, but the mortality response was slower compared to E. eloseguii
(Fig. 1). S. ribagorzanus showed the slowest mortality response at 75% RH, but no-
tably, as with the other species, no individuals survived at the end of the experiment.

Regarding the LT, values, E. eloseguii had the lowest (15.4 + 1.39 °C), while the
remaining three species showed a higher and similar LTSO, around 19°C (18.9 + 1.51°C
for S. ribagorzanus, 19.6 +0.75 °C for 1. hustachei and 19.2 + 1.30 °C for 1. impellitieri).
The results and the rest of the output of the LT, model are shown in Table 6.

Table 4. Results of the statistical analyses performed to test for intra-specific differences in the survival
patterns within the 11°C treatments, which show only the impact of a decrease in humidity.

Species N_total Log-rank Log-rank p cox_coef exp(coef) SE cox_z cox_p
X2
E. eloseguii 28 26.07 3.29%x 107  -2244 1.80x10° 1.13x10* -1.98x 103  0.998
S. ribagorzanus 19 10.25 1.37 x 103 -2.25 1.05x 10" 8.11 x 107 -2.77 5.57 x 103
T. hustachei 22 22.81 1.78 x10¢  -22.57  1.59x 100 1.38x10% -1.64x 103  0.999
T. impellitieri 24 21 459x10¢ 2231 2.05x 10 1.25x10% -1.78x 103  0.999

Table 5. Results of the Cox proportional - hazard models for all treatments within each species. The
exp(coef) is the hazard ratio.

Species Predictor coef exp(coef) se(coef) z r

E. eloseguii Temperature 0.693 2.006 0.108 6.455 1.08 x 10°1°
Humidity 14.56 2.096 x 10° 2.471 5.890 3.86 x 10?

Temperature x Humidity ~ -0.585 0.557 0.104 -5.598 2.17 x 10°®

S. ribagorzanus Temperature 0.477 1.611 0.111 4.302 1.69 x 10
Humidity 8.696 5.979 x 103 2.568 3.387 7.08 x 104

Temperature x Humidity ~ -0.363 0.695 0.116 -3.133 1.73 x 103

T. hustachei Temperature 0.790 2.204 0.112 7.029 2.08 x 1012
Humidity 15.06 3.473 x 10° 2.584 5.827 5.64 x 10

Temperature x Humidity ~ -0.669 0.512 0.115 -5.837 5.30 x 10

T. impellitieri Temperature 0.552 1.737 0.104 5.307 1.11 x 107
Humidity 10.40 3.300 x 10* 2.396 4.343 1.41 x 10°

Temperature x Humiditcy ~ -0.426 0.653 0.104 -4.107 4.01 x 10°

Table 6. Results of the LT, | temperature model (binomial model with bias-reduced likelihood).

Species LT, (°C) SE slope SE z P res_dev res_df
E. eloseguii 15.4 1.39 -0.743 0.217 -3.419 0.001 1.981 49
S. ribagorzanus 18.93 1.51 -0.282 0.095 -2.981 0.003 35.644 36
T. hustachei 19.58 0.75 -0.886 0.407 -2.177 0.029 17.533 43

T. impellitieri 19.23 1.3 -0.321 0.097 -3.316 0.001 38.574 43
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Discussion

Beyond adding evidence to the pattern that subterranean insects are highly sensitive to
temperature increase compared to most surface-dwelling arthropods, (e.g., Colado et
al. 2022), our study demonstrates that a relatively small reduction of ambient relative
humidity, from 100% to 75%, has a severe impact on cave beetle survival, even higher
than that of increasing temperature, within the treatments considered in this study.

Cave beetles show an extreme sensitivity to humidity decrease

Our findings show that subterranean species are also highly vulnerable to desicca-
tion stress, an overlooked factor in physiological studies of subterranean species. In
the absence of heat stress, all the studied species showed a significant and rapid sur-
vival decrease under reduced humidity (75% RH) compared to 100% RH. Insects
exhibit a wide range of desiccation resistance mechanisms and strategies (Chown
et al. 2011), which are shaped by the environmental conditions of their habitats.
Species living in arid environments typically evolve features such as thickened
cuticles, increased production of waterproofing cuticular hydrocarbons, reduced
respiratory water loss, or behavioural adaptations like burrowing or nocturnal ac-
tivity to minimize exposure to dry conditions (e.g., Hadley 1978; Gefen et al.
2015). In contrast, insects adapted to wetter habitats often show greatly reduced
investment in these protective traits (Menzel et al. 2017). Our results suggest that
this is the case for subterranean arthropods. This hypothesis is supported by the
few available cuticular studies on subterranean taxa. For instance, the cave spider
Lycosa howarthi exhibited a lower density of cuticular lipids and a reduced abun-
dance of hydrocarbon classes typically associated with waterproofing compared to
its epigean relatives (Hadley et al. 1981).

Combined effects of desiccation and thermal stress

The responses of the study species to temperature increase under non-stressful hu-
midity conditions (100% RH) were consistent with previous observed thermal toler-
ance patterns in other species of the Pyrenean Leptodirini clade (Rizzo et al. 2015;
Sdnchez-Ferndndez et al. 2016, 2018; Pallarés et al. 2020; Colado et al. 2022a),
which are considered among the most heat-sensitive terrestrial arthropods known.
Indeed, LT, values for all species were below 20°C, and none of the species survived
at temperatures > 20°C (23 or 25°C) for the 7 days of exposure, regardless of humid-
ity levels. Notably, individuals exposed to reduced humidity died in a timespan rang-
ing from 24 hours to 6 days, even at the control (cave) temperature (see Tables 3-5).
The deaths in 11°C and 75% RH can only be attributed to the decrease in relative
humidity, as the temperature remains at a non-stressful level. This means that their
physiological limits are greatly determined by the relative humidity. These results are
consistent with a previous study that showed that the upper thermal limits of click
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beetles reduce with decreasing humidity (Riddell et al. 2023). The authors suggested
this is likely due to a physiological trade-off between limiting spiracular water loss
in dry environments and maintaining adequate oxygen intake, ultimately reducing
thermal tolerance. Further research measuring cuticular and respiratory water loss in
subterranean species would be valuable to elucidate the physiological mechanisms
behind the humidity-dependent reduction in thermal tolerance observed here.

Regardless of the underlying mechanisms, our findings have important conserva-
tion implications. Reduced heat tolerance, coupled with a limited thermal plasticity
(Pallarés et al. 2021), has raised concerns about the high vulnerability of subterranean
invertebrates to climate change. Our results suggest that such vulnerability may, in
fact, be underestimated, as increasing aridification could further compromise thermal
limits and threaten the persistence of these highly specialized species.

Differences in the sensitivity to heat and desiccation stress across cave beetle
species

The different sensitivities to environmental changes observed in our experiment
among the study species could be related to differences in their evolutionary his-
tory and subtle differences in their degree of subterranean specialization, reflected
in their morphology. All these four species are specialists of the deep subterranean
habitat, and they share the typical troglomorphic traits of the cave-dwelling Lepto-
dirini species (Fresneda et al. 2024), i.e. anophthalmia, absence of wings, reduced
pigmentation, elongation of appendages and a reduction of the larval stages (con-
tract or semi-contract life cycle — Cieslak et al. 2014).

Euryspeonomus eloseguii was the most sensitive species, exhibiting the shortest sur-
vival times under both humidity treatments and the lowest LT, value, indicating low
tolerance to both desiccation and heat. These results align with those previously ob-
tained for its sister species, E. breuili (Colado et al. 2022), which shares a similar highly
specialized habitat and distribution. 7. hustachei and T. impellitieri showed intermedi-
ate sensitivity, with nearly identical LT, values, likely due to their closer phylogenetic
relatedness. The least sensitive species to reduced humidity was S. ribagorzanus, which
had the longest average survival time, although its LT, value did not very similar to
those of the Troglocharinus species. While S. ribagorzanus appears to be the most resist-
ant to both increased temperature and decreased humidity, it is important to highlight
that the observed differences are subtle, and this species is still highly sensitive to both
temperature increase and reduced humidity.

Our results suggest that even among deep subterranean specialists, small differ-
ences in subterranean specialization could be linked to differing physiological toler-
ances. Future research comparing physiological and morphological data— particularly
including species with lower degrees of subterranean specialization (such as those from
shallow subterranean habitats, which typically exhibit reduced body size and shorter
appendages) — would shed light into the evolutionary relationship between troglo-
morphy and environmental stress tolerance.
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Ecological impact of droughts in cave communities

It could be argued that the humidity conditions tested in our experiments are not realistic
in subterranean environments. However, low relative humidity values have been already
recorded in some caves in Spain, particularly in warmer and dryer regions, with clear (and
already observed) negative impacts on subterranean communities. For instance, in our field
observations in the cave of the Sant Gervasi castle, located in the Montsec mountain range
(Lleida, pre-Pyrenees region), in July 2023, we recorded 14°C and a relative humidity of
82%, along with dry, dusty soil. We also observed a very low abundance of Speonomites aur-
ouxi (Espafiol, 1965), an endemic Leptodirini species which is often abundant in this small
cavity (Fresneda and Salgado 2016). Another recent example of droughts affecting the eco-
logical community of caves was documented by Sendra-Mocholi et al. (2025) in southeast-
ern Iberian caves, some of them with historically rich subterranean faunas. In recent visits
to these caves, a sharp decline of invertebrate species richness and abundance was observed,
with only a few individuals found restricted to the scarce more humid microhabitats left in
the otherwise dry (82-86% RH) and dusty caves. Notably, the historically abundant en-
demic leiodid beetle Anillochlamys tropica Jeannel, 1909 had almost disappeared in one of
the caves. This situation is most certainly a consequence of the severe drought affecting the
southeastern Spain, one of the longest and most intense ever recorded in the region. Similar
patterns have also been described recently in other Mediterranean regions. A recent study
by Galbiati et al. (2025) reported a drastic reduction in abundance and a complete absence
of reproduction in populations of the cave spider Meta bourneti in north-western Iraly
following the severe 2021-2022 drought. This further reinforces the view that prolonged
droughts, through their effects on subterranean humidity, can severely compromise both
population persistence and ecological function in cave systems.

These field observations and studies support the findings of our study, where mod-
erate reductions in relative humidity caused extreme mortality in cave beetles. No-
tably, abiotic stressors such as elevated temperatures and reduced humidity not only
cause immediate mortality but also compromise the ecological fitness of organisms.
Longer-term effects could manifest in altered behavioural patterns, suppressed repro-
ductive and foraging activities or an increased susceptibility to pathogenic infections,
and could occur at humidity values higher than those tested here. Therefore, further
research, focused on the responses at sublethal values of RH (i.e., higher than 75%),
would be extremely valuable to better define tolerance thresholds and understand the
broader ecological consequences of humidity decline in subterranean species.

Limitations of this work

This study was intended to be a first exploration of the previously unknown topic of the
impact of a reduction of humidity in the survival of the cave beetles of the Leptodirini
tribe, which has a major relevance in the current context of global climate change and in-
creasing droughts. As such, several limitations should be acknowledged, along with pos-
sible directions for future research. First, to ensure comparability with previous studies
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on heat tolerance in Leptodirini species (Colado et al. 2022a, 2022b; Rizzo et al. 2015;
Sénchez-Ferndndez et al. 2016; Pallarés et al. 2019, 2021), we used the same temperature
treatments, combined with two humidity levels. Due to other logistical reasons (limited
number of specimens and experimental climatic chambers — see below) we were unable
to test additional temperature or humidity conditions. Related to this, the selection of
the same control temperature (11°C) for all species could be questioned, as they were col-
lected from caves with temperatures ranging from 9 to 13 °C (see Table 1). Theoretically,
this could induce physiological stress in the species living at higher or lower temperatures
than those of the control treatment. Nonetheless, we kept a stock of 10 to 20 individuals
of all the four species at 11°C and 100% RH after the experiments, and almost all the
specimens remained alive for 6 months in the case of E. breuili and 1. hustachei, and 12
months in 7. impellitieri. During this time, we even observed mating behaviour in all
species, and they fed normally. Therefore, these conditions were apparently not stressful
for the selected species, even in the long term. Future studies, however, should explore
potential sublethal stress responses (e.g., oxidative stress; see Pallarés et al. 2020) that
may arise from relatively small thermal changes. Similarly, testing responses at humidities
between 75% and 100% RH would allow to define more precise humidity physiological
thresholds for subterranean beetles. While 75% RH was a highly stressful humidity for
the tested species in this study, we have also performed additional experiments with cave
species at 80% RH (unpublished data), and the specimens show relatively high survival
rates under these conditions. This indicates the existence of a narrow critical humidity
threshold below which these species cannot persist. Finally, sample size is another impor-
tant limitation, due to the difficulty to collect large number of specimens of these species
from cave populations. However, the sample size in our experiments (N = 10-12 speci-
mens per treatment) was sufficient for performing robust statistical analyses.

Conclusions

Our study reveals that a drop in relative humidity to 75% poses a significant threat to
the survival of the four studied Pyrenean Leptodirini cave beetles, even if temperature
remained stable at current levels. Considering the direct and rapid mortality observed
in our study, exposure to sub-lethal humidity levels above 75% RH most likely cause
negative fitness effects on the studied species. Thus, the expected intensification of
droughts events could severely impact these already vulnerable species, with restricted
distribution and small population sizes, and indeed, field observations have already
documented such impact on cave communities. Our findings underscore the need for
further research on desiccation resistance in subterranean fauna and have profound
implications for the conservation subterranean biodiversity. The narrow thermal toler-
ances of subterranean species could be further reduced under low humidity. Given that
global climate change is not only increasing ambient temperatures but also leading to
more frequent and intense droughts, these interactions are especially concerning and
should be considered in future vulnerability assessments of subterranean fauna.



192 Jorge Plaza-Buendia et al. / Subterranean Biology 53: 179-196 (2025)

Acknowledgements

We would like to thank Javier Fresneda Gaspar for guidance and fieldwork support in
the capture of the specimens of 7. impellitieri, T. hustachei and S. ribagorzanus in Lleida.
We also thank Clara Sdez for her help in the fieldwork campaigns. Finally, we extend
our gratitude to all members of the Aquatic Ecology research group (UMU) and the lo-
cal environmental authorities which provided logistic help and sampling permissions.
Samplings were conducted under permits issued by the relevant local authorities: Gobi-
erno de Navarra (exp. 43E/2023 and exp. 201E/2023), Junta del Monte Limitaciones de
las Amescoas (exp. 013/2023), Gobierno de Aragén (exp. 500201/24/2023/00129) and
Generalitat de Catalunya (exp. SF/0156/23 and FUE-2023-03194661).

This research is framed within the Fraggle project PID2021-124640NB-100 fund-
ed by MCIN/AEI /10.13039/501100011033 and by FEDER, EU. J.P-B. is funded by
a predoctoral grant of the Spanish Ministry of Science and Innovation (FPI PRE2022-
104227). R.C. is funded by postdoctoral contract (project PID2021-124640NB-
100). S.P. is funded by a postdoctoral contract from a Biodiversa+ project [PCI2022-
135076-2], funded by MICIU/AEI/10.13039/501100011033 and Next Generation
EU/PRTR. D.S-E is funded by a postdoctoral contract from the Ministry of Science
and Innovation (Ramén y Cajal [RYC2019-027446-1]).

References

Ainsworth TD, Heron SE Ortiz JC, Mumby PJ, Grech A, Ogawa D, Eakin CM, Leggat W
(2016) Climate change disables coral bleaching protection on the Great Barrier Reef.
Science 352: 338-342. https://doi.org/10.1126/science.aac7125

Blomquist G, Bagnéres A-G (2010) Introduction: History and overview of insect hydro-
carbons. Insect Hydrocarbons Biology, Biochemistry, and Chemical Ecology: 3-18.
hteps://doi.org/10.1017/CBO9780511711909.002

Calvin K, Dasgupta D, Krinner G (2023) IPCC, 2023: Climate Change 2023: Synthesis Re-
port. Contribution of Working Groups I, I and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero
(eds.)]. IPCC, Geneva, Switzerland. First. Intergovernmental Panel on Climate Change
(IPCC) https://doi.org/10.59327/IPCC/AR6-9789291691647

Calvo E, Simé R, Coma R, Ribes M, Pascual J, Sabatés A, Gili JM, Pelejero C (2011) Effects of
climate change on Mediterranean marine ecosystems: the case of the Catalan Sea. Climate
Research 50: 1-29. https://doi.org/10.3354/cr01040

Chen I-C, Hill JK, Ohlemiiller R, Roy DB, Thomas CD (2011) Rapid Range Shifts of Species
Associated with High Levels of Climate Warming. Science 333: 1024-1026. https://doi.
org/10.1126/science.1206432

Chown SL, Serensen JG, Terblanche JS (2011) Water loss in insects: an environmental change
perspective. Journal of Insect Physiology 57: 1070-1084. https://doi.org/10.1016/j.jin-
sphys.2011.05.004


https://doi.org/10.1126/science.aac7125
https://doi.org/10.1017/CBO9780511711909.002
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.3354/cr01040
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1206432
https://doi.org/10.1016/j.jinsphys.2011.05.004
https://doi.org/10.1016/j.jinsphys.2011.05.004

'The key role of humidity for the survival of pyrenean cave beetles 193

Cieslak A, Fresneda J, Ribera I (2014) Developmental constraints in cave beetles. Biology Let-
ters 10: 20140712. https://doi.org/10.1098/rsbl.2014.0712

Colado R, Sdnchez-Fernindez D, Pallarés S (2024) Efectos del cambio climdtico en la bio-
diversidad subterrdnea ibérica: estado del conocimiento y perspectivas: Ecosistemas 33:
2488-2488. https://doi.org/10.7818/ECOS.2488

Colado R, Pallarés S, Fresneda J, Mammola S, Rizzo V, Sdnchez-Ferndndez D (2022a) Climatic
stability, not average habitat temperature, determines thermal tolerance of subterranean
beetles. Ecology 103: €3629. https://doi.org/10.1002/ecy.3629

Colado R, Garcfa-Meseguer AJ, Mirén-Gatén JM, Botella-Cruz M, Pallarés S, Sdnchez-
Ferndndez D (2022b) Thermal tolerance and vulnerability to climate change in subter-
ranean species: a case study using an Iberian endemic pseudoscorpion. Insect Conservation
and Diversity 15: 181-190. https://doi.org/10.1111/icad.12541

Fresneda J, Salgado JM (2016) Catdlogo de los ColeSpteros Leiodidae Cholevinae Kirby, 1837
de la peninsula Ibérica e islas Baleares. Monografies del Museu de Ciéncies Naturals 7:
1-308

Fresneda J, Giachino PM, Salgado JM, Faille A, Bourdeau C, Cieslak A, Riberaf I (2024)
A phylogenetic classification of Leptodirini (Coleoptera, Leiodidae, Cholevinae). Memo-
rie della Societd Entomologica Italiana 101: 3-936. https://doi.org/10.4081/memorie-
sei.2024.3

Galbiati M, Graziani F, Manenti R, Mammola S, Caimi B (2025) Evidence of population stress
linked to droughts in cave-dwelling spiders: the case of Meta bourneti in north-western
Italy. The European Zoological Journal 92: 896-905. https://doi.org/10.1080/24750263
.2025.2536018

Gefen E, Talal S, Brendzel O, Dror A, Fishman A (2015) Variation in quantity and composition
of cuticular hydrocarbons in the scorpion Buthus occitanus (Buthidae) in response to acute
exposure to desiccation stress. Comparative Biochemistry and Physiology Part A: Molecu-
lar & Integrative Physiology 182: 58-63. https://doi.org/10.1016/j.cbpa.2014.12.004

Gibbs AG (2002) Lipid melting and cuticular permeability: new insights into an old prob-
lem. Journal of Insect Physiology 48: 391-400. hteps://doi.org/10.1016/S0022-
1910(02)00059-8

Giménez-Benavides L, Escudero A, Garcfa-Camacho R, Garcfa-Ferndndez A, Iriondo JM,
Lara-Romero C, Morente-Lépez J (2018) How does climate change affect regeneration of
Mediterranean high-mountain plants? An integration and synthesis of current knowledge.
Plant Biology 20: 50-62. https://doi.org/10.1111/plb.12643

Goessling HE, Rackow T, Jung T (2025) Recent global temperature surge intensified by record-
low planetary albedo. Science 387: 68-73. https://doi.org/10.1126/science.adq7280

Grimm NB, Chapin III ES, Bierwagen B, Gonzalez P, Groffman PM, Luo Y, Melton F, Nadel-
hoffer K, Pairis A, Raymond PA, Schimel J, Williamson CE (2013) The impacts of climate
change on ecosystem structure and function. Frontiers in Ecology and the Environment
11: 474-482. hteps://doi.org/10.1890/120282

Guerrero-Meseguer L, Marin A, Sanz-Ldzaro C (2017) Future heat waves due to climate change
threaten the survival of Posidonia oceanica seedlings. Environmental Pollution 230: 40—45.
hteps://doi.org/10.1016/j.envpol.2017.06.039


https://doi.org/10.1098/rsbl.2014.0712
https://doi.org/10.7818/ECOS.2488
https://doi.org/10.1002/ecy.3629
https://doi.org/10.1111/icad.12541
https://doi.org/10.4081/memoriesei.2024.3
https://doi.org/10.4081/memoriesei.2024.3
https://doi.org/10.1080/24750263.2025.2536018
https://doi.org/10.1080/24750263.2025.2536018
https://doi.org/10.1016/j.cbpa.2014.12.004
https://doi.org/10.1016/S0022-1910(02)00059-8
https://doi.org/10.1016/S0022-1910(02)00059-8
https://doi.org/10.1111/plb.12643
https://doi.org/10.1126/science.adq7280
https://doi.org/10.1890/120282
https://doi.org/10.1016/j.envpol.2017.06.039

194 Jorge Plaza-Buendia et al. / Subterranean Biology 53: 179-196 (2025)

Hadley NF (1978) Cuticular permeability of desert tenebrionid beetles: Correlations with
epicuticular hydrocarbon composition. Insect Biochemistry 8: 17-22. https://doi.
0rg/10.1016/0020-1790(78)90005-7

Hadley NE Ahearn GA, Howarth FG (1981) Water and Metabolic Relations of Cave-Adapted
and Epigean Lycosid Spiders in Hawaii. The Journal of Arachnology 9: 215-222.

Hermann M, Polazzo F, Cherta L, Crettaz-Minaglia M, Garcfa-Astillero A, Peeters ETHM,
Rico A, Van den Brink P] (2024) Combined stress of an insecticide and heatwaves or el-
evated temperature induce community and food web effects in a Mediterranean freshwater
ecosystem. Water Research 260: 121903. https://doi.org/10.1016/j.watres.2024.121903

Herreid CF (1969) Water loss of crabs from different habitats. Comparative Biochemistry and
Physiology 28: 829-839. https://doi.org/10.1016/0010-406X(69)92117-3

Kassambara A, Kosinski M, Biecek B, Fabian S (2024) survminer: Drawing Survival Curves us-
ing “ggplot2.” https://cran.r-project.org/web/packages/survminer/index.html [April 3, 2025]

Kosmidis I (2021) brglm: Bias Reduction in Binomial-Response Generalized Linear Models.
hteps://cran.r-project.org/web/packages/brglm/index.heml [April 3, 2025]

Mammola S, Goodacre SL, Isaia M (2018) Climate change may drive cave spiders to extinc-
tion. Ecography 41: 233-243. https://doi.org/10.1111/ecog.02902

Mammola S, Piano E, Cardoso P, Vernon B, Dominguez-Villar D, Culver DC, Pipan T, Isaia M
(2019a) Climate change going deep: The effects of global climatic alterations on cave ecosys-
tems. The Anthropocene Review 6: 98-116. https://doi.org/10.1177/2053019619851594

Mammola S, Cardoso P, Culver DC, Deharveng L, Ferreira RL, Fiser C, Galassi DMP, Griebler
C, Halse S, Humphreys WE, Isaia M, Malard F, Martinez A, Moldovan OT, Niemiller
ML, Pavlek M, Reboleira ASPS, Souza-Silva M, Teeling EC, Wynne JJ, Zagmajster M
(2019b) Scientists’ Warning on the Conservation of Subterranean Ecosystems. BioScience
69: 641-650. hteps://doi.org/10.1093/biosci/biz064

Mammola S, Meierhofer MB, Borges PAV, Colado R, Culver DC, Deharveng L, Delic T, Di
Lorenzo T, Drazina T, Ferreira RL, Fiasca B, Fiser C, Galassi DMP, Garzoli L, Gerova-
sileiou V, Griebler C, Halse S, Howarth FG, Isaia M, Johnson JS, Komericki A, Martinez
A, Milano F, Moldovan OT, Nanni V, Nicolosi G, Niemiller ML, Pallarés S, Pavlek M,
Piano E, Pipan T, Sdnchez-Ferndndez D, Santangeli A, Schmidt SI, Wynne JJ, Zagmajster
M, Zaksek V, Cardoso P (2022) Towards evidence-based conservation of subterranean
ecosystems. Biological Reviews 97(4): 1476-1510. hteps://doi.org/10.1111/brv.12851

Manee N, Deharveng L, D’Haese C, Nilsai A, Shimano S, Jantarit S (2025) The Thermal
Tolerance of Springtails in a Tropical Cave, with the Description of a New Coecobrya Spe-
cies (Collembola: Entomobryidae) from Thailand. Insects 16: 80. https://doi.org/10.3390/
insects16010080

Menzel F, Blaimer BB, Schmitt T (2017) How do cuticular hydrocarbons evolve? Physiologi-
cal constraints and climatic and biotic selection pressures act on a complex functional
trait. Proceedings of the Royal Society B: Biological Sciences 284: 20161727. https://doi.
0rg/10.1098/rspb.2016.1727

Noguera I, Dominguez-Castro E, Vicente-Serrano SM (2020) Characteristics and trends of
flash droughts in Spain, 1961-2018. Annals of the New York Academy of Sciences 1472:
155-172. https://doi.org/10.1111/nyas. 14365


https://doi.org/10.1016/0020-1790(78)90005-7
https://doi.org/10.1016/0020-1790(78)90005-7
https://doi.org/10.1016/j.watres.2024.121903
https://doi.org/10.1016/0010-406X(69)92117-3
https://cran.r-project.org/web/packages/survminer/index.html
https://cran.r-project.org/web/packages/brglm/index.html
https://doi.org/10.1111/ecog.02902
https://doi.org/10.1177/2053019619851594
https://doi.org/10.1093/biosci/biz064
https://doi.org/10.1111/brv.12851
https://doi.org/10.3390/insects16010080
https://doi.org/10.3390/insects16010080
https://doi.org/10.1098/rspb.2016.1727
https://doi.org/10.1098/rspb.2016.1727
https://doi.org/10.1111/nyas.14365

'The key role of humidity for the survival of pyrenean cave beetles 195

Pallarés S, Colado R, Pérez-Ferniandez T, Wesener T, Ribera I, Sdnchez-Ferndndez D (2019)
Heat tolerance and acclimation capacity in subterranean arthropods living under com-
mon and stable thermal conditions. Ecology and Evolution 9: 13731-13739. https://doi.
0rg/10.1002/ece3.5782

Pallarés S, Sanchez-Hernandez JC, Colado R, Balart-Garcia B, Comas J, Sdnchez-Ferndndez D
(2020) Beyond survival experiments: using biomarkers of oxidative stress and neurotoxic-
ity to assess vulnerability of subterranean fauna to climate change. Conservation Physiol-
ogy 8: c0aa067. https://doi.org/10.1093/conphys/coaa067

Pallarés S, Colado R, Botella-Cruz M, Montes A, Balart-Garcia B, Bilton DT, Milldn A, Ribera
I, Sdnchez-Ferndndez D (2021) Loss of heat acclimation capacity could leave subterra-
nean specialists highly sensitive to climate change. Animal Conservation 24: 482-490.
hteps://doi.org/10.1111/acv. 12654

R Core Team (2024) R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org

Raschmanov4 N, Sustr V, Kové¢ T, Parimuchové A, Devetter M (2018) Testing the climatic
variability hypothesis in edaphic and subterranean Collembola (Hexapoda). Journal of
Thermal Biology 78: 391-400. https://doi.org/10.1016/j.jtherbio.2018.11.004

Rayner NA, Parker DE, Horton EB, Folland CK, Alexander LV, Rowell DP, Kent EC, Kaplan
A (2003) Global analyses of sea surface temperature, sea ice, and night marine air tempera-
ture since the late nineteenth century. Journal of Geophysical Research: Atmospheres 108:
1-37. https://doi.org/10.1029/2002]JD002670

Riddell EA, Mutanen M, Ghalambor CK (2023) Hydric effects on thermal tolerances influence
climate vulnerability in a high-latitude beetle. Global Change Biology 29: 5184-5198.
hteps://doi.org/10.1111/gcb.16830

Ripple W, Wolf C, Newsome T, Barnard B, Moomaw W, de Moura C (2020) World Scientists
Warning of a Climate Emergency. BioScience 70: 8-12. https://doi.org/10.1093/biosci/biz152

Rizzo V, Sdnchez-Ferndndez D, Fresneda J, Cieslak A, Ribera I (2015) Lack of evolutionary
adjustment to ambient temperature in highly specialized cave beetles. BMC Evolutionary
Biology 15: 10. https://doi.org/10.1186/s12862-015-0288-2

Sdnchez-Ferndndez D, Rizzo V, Cieslak A, Faille A, Fresneda J, Ribera I (2016) Thermal niche
estimators and the capability of poor dispersal species to cope with climate change. Scien-
tific Reports 6: 23381. https://doi.org/10.1038/srep23381

Sénchez-Ferndndez D, Rizzo V, Bourdeau C, Cieslak A, Comas J, Faille A, Fresneda J, Lleopart
E, Milldn A, Montes A, Pallares S, Ribera I (2018) The deep subterranean environment as
a potential model system in ecological, biogeographical and evolutionary research. Subter-
ranean Biology 25: 1-7. https://doi.org/10.3897/subtbiol.25.23530

Sendra-Mocholi A, Colado-Manero R, Beltrdn-Barat L, Pérez-Ferndndez T, Montagud-Alario
S, Monsalve-Dolz MA, Castellé T, Teruel-Montejano S (2025) Una victima mds de la cri-
sis climdtica: la fauna de la Cova de les Meravelles de Alzira, Valéncia, Espafia. Zoolentia
(2660-9894) 5: 1-10. https://doi.org/10.5281/zenodo.14843617

Therneau TM, Grambsch PM (2000) The Cox Model. In: Therneau TM, Grambsch PM (Eds),
Modeling Survival Data: Extending the Cox Model. Springer, New York, NY, 39-77.
hteps://doi.org/10.1007/978-1-4757-3294-8_3


https://doi.org/10.1002/ece3.5782
https://doi.org/10.1002/ece3.5782
https://doi.org/10.1093/conphys/coaa067
https://doi.org/10.1111/acv.12654
https://www.R-project.org
https://doi.org/10.1016/j.jtherbio.2018.11.004
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1111/gcb.16830
https://doi.org/10.1093/biosci/biz152
https://doi.org/10.1186/s12862-015-0288-2
https://doi.org/10.1038/srep23381
https://doi.org/10.3897/subtbiol.25.23530
https://doi.org/10.5281/zenodo.14843617
https://doi.org/10.1007/978-1-4757-3294-8_3

196 Jorge Plaza-Buendia et al. / Subterranean Biology 53: 179-196 (2025)

Therneau TM, (original S->R port and R maintainer, Elizabeth A, Cynthia C) (2024) survival:
Survival Analysis. https://cran.r-project.org/web/packages/survival/index.heml [April 3,
2025]

Urban MC (2015) Accelerating extinction risk from climate change. Science 348: 571-573.
hteps://doi.org/10.1126/science.aaa4984

Valladares F, Matesanz S, Guilhaumon E Aradjo MB, Balaguer L, Benito-Garzén M, Cornwell
W, Gianoli E, van Kleunen M, Naya DE, Nicotra AB, Poorter H, Zavala MA (2014) The
effects of phenotypic plasticity and local adaptation on forecasts of species range shifts
under climate change. Ecology Letters 17: 1351-1364. https://doi.org/10.1111/ele.12348

Vannier G (1977) Relations hydriques chez deux especes de Tomoceridae (Insectes Collem-
boles). Peuplant des niveaux ecologiques separes. Bulletin de la Société zoologique de
France 102: 63-79.

Vicente-Serrano SM, Lopez-Moreno J-1, Begueria S, Lorenzo-Lacruz J, Sanchez-Lorenzo A,
Garcfa-Ruiz JM, Azorin-Molina C, Morén-Tejeda E, Revuelto J, Trigo R, Coelho E Espejo
F (2014) Evidence of increasing drought severity caused by temperature rise in south-
ern Europe. Environmental Research Letters 9: 044001. https://doi.org/10.1088/1748-
9326/9/4/044001

Vittori M, Tudek-Znidari¢ M, Strus J (2017) Exoskeletal cuticle of cavernicolous and epigean
terrestrial isopods: A review and perspectives. Arthropod Structure & Development 46:
96-107. https://doi.org/10.1016/j.asd.2016.08.002


https://cran.r-project.org/web/packages/survival/index.html
https://doi.org/10.1126/science.aaa4984
https://doi.org/10.1111/ele.12348
https://doi.org/10.1088/1748-9326/9/4/044001
https://doi.org/10.1088/1748-9326/9/4/044001
https://doi.org/10.1016/j.asd.2016.08.002

	The key role of humidity for the survival of cave beetles in a context of climate change�
	Abstract
	Introduction
	Methods
	Target species and study area
	Experimental conditions
	Data analyses
	Data availability

	Results
	Discussion
	Cave beetles show an extreme sensitivity to humidity decrease
	Combined effects of desiccation and thermal stress
	Differences in the sensitivity to heat and desiccation stress across cave beetle species
	Ecological impact of droughts in cave communities
	Limitations of this work

	Conclusions
	Acknowledgements
	References

