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water ones. Aridity shapes distributions of aquatic species at fine and large geo-
graphical scales. Specifically, for aquatic beetles, the desiccation resistance of

the adults is a potential constraint for the colonisation of arid regions.

. We assessed the congruence between the fundamental and realised aridity

niche in eight species of a Palearctic lineage of water beetles (subgenus Lumetus,
genus Enochrus, family Hydrophilidae). We also estimated the relative explana-
tory capacity of aridity-related versus other environmental variables in species

distributions.

. Most of the species, even those most sensitive to desiccation stress in labora-
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mall: susana.pallares@um.es tory experiments, occur in areas with high aridity within the Palearctic region.
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tion resistance) and environmental distance matrix (realised aridity niche), or be-
tween either of these and phylogenetic distances. Aridity-related variables had
generally a similar explanatory capacity in explaining the distribution of species
than non-related ones.

4. Ourresults indicate that desiccation resistance has not been an important physi-
ological constraint for the colonisation of arid environments by this clade and
suggest that other non-physiological factors are more important in shaping their
distributions along aridity gradients. The studied beetle lineage might conserve
a high basal desiccation resistance from relatively recent terrestrial ancestors,
which could have provided a physiological advantage for the colonisation of arid
areas. Further research could shed light on whether these unexpected results
are common to other groups of aquatic insects living in arid areas or are particu-

lar to this group of beetles.
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1 | INTRODUCTION

It is well known that coping with increasing aridity is a physiolog-
ical challenge for all organisms (Chown et al., 2011). Aridity influ-
ences biodiversity at multiple levels, shaping species distributions
at fine and large geographical scales (Craine et al., 2013; Rajpurohit
et al., 2013; Watling & Braga, 2015), driving lineages diversification
(Catullo & Keogh, 2014; Dorn et al., 2014; Pinceel et al., 2013; Razeng
etal.,2017) and community turnover (Vander Vorste et al., 2021), and
regulating ecosystem structure and function (Berdugo et al., 2020).

Aridity is a critical stressor in many freshwater ecosystems
around the world (Bond et al., 2008; Woodward et al., 2010). Indeed,
desiccation resistance traits have been associated with the distribu-
tions of freshwater invertebrate species along gradients of drought
intensity and water availability (e.g., Céréghino et al., 2020; Perez-
Quintero, 2012). For aquatic organisms with aerial dispersal, such
as true water beetles (i.e., species with all life stages aquatic, Jich &
Balke, 2008), the physiological desiccation resistance capacity of the
adult (dispersive) stage may limit dispersal capacity and thus could
be a key determinant of distribution patterns, as demonstrated for
other animal taxa prone to desiccation (e.g., amphibians—Watling &
Braga, 2015—or terrestrial arthropods—Dias et al., 2013; Kellermann
et al., 2012; Kellermann et al., 2020; Rajpurohit et al., 2013). In
arid and semi-arid areas, where temporary inland aquatic systems
are common, spatial connectivity is disrupted during droughts and
many small and shallow water bodies can remain completely dry for
long periods (Datry et al., 2016; Davis et al., 2018; Moran-Ordofez
et al., 2015; Murphy et al., 2015). Some aquatic invertebrates pos-
sess traits to resist desiccation in situ, but those that lack such
traits are forced to disperse (resistance vs. resilience strategies, see
Chester & Robson, 2011; Chester et al., 2015 or Strachan et al., 2015
for reviews on this topic). This is the case for water beetles, whose
main mechanism to cope with desiccation consists of minimising
cuticular transpiration by improving the waterproofing capacity of
the cuticle (Botella-Cruz et al., 2021). Adult beetles disperse among
wetted reaches recolonising dry sites when flow returns (Bilton
et al., 2001; Canedo-Arguelles et al., 2015; Velasco & Millan, 1998),
experiencing dehydration during such aerial exposure (Bogan et al.,
2017; Strachan et al., 2015). Consequently, their capacity to control
cuticular water loss during such events could be an important physi-
ological constraint for the occupation of aquatic habitats in arid and
semi-arid regions, as well as a determinant of meta population dy-
namics (Caniedo-Argielles et al., 2020; Chester et al., 2015; Razeng
et al., 2016).

The study of the factors that shape species distributions has
been typically addressed by correlative approaches relying on dis-
tributional data (e.g., species distribution modelling; SDM) and
has often focused on realised rather than fundamental niches
(Hutchinson, 1957; Jiménez & Soberén, 2022). Biogeographical
studies of water beetles relating their thermal tolerance (Calosi
et al., 2008; Hidalgo-Galiana et al., 2014), dispersal ability (Arribas
et al., 2012), or lithology (Abellan et al., 2012) to distribution pat-
terns have also shown that physiologically determined variables are
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important constraints on the global distribution of some water bee-
tle clades. However, the role of aridity and desiccation resistance in
shaping the distribution of aquatic insects has been less explored
(but see Carey et al., 2021; Céréghino et al., 2020; Davis et al., 2013;
Perez-Quintero, 2012).

The degree of congruence between fundamental and realised
niches is a central issue in biogeography and evolutionary ecology
(Aratjo & Pearson, 2005; Soberén & Arroyo-Pena, 2017). Exploring
the relationship between climate, physiological constraints, and
species distributions requires studying aspects of both the funda-
mental and realised niches (Kearney, 2006; Soberdn, 2007). While
physiological data can be used to estimate the fundamental niche,
the area currently occupied by a species can only provide partial
environmental information on the full spectrum of abiotic condi-
tions under which a species can potentially survive and reproduce
(Colwell & Rangel, 2009; Sanchez-Fernandez et al., 2011). The de-
gree of congruence between such aspects is linked to the extent
to which species are at equilibrium with current climate and to the
relative role of physiology versus other contingent factors (e.g., his-
torical factors, biotic interactions or dispersal limitations) in shaping
distributions (Bozinovic et al., 2011; Helaouét & Beaugrand, 2009;
Sanchez-Fernandez et al., 2012). In water beetles, estimates of
thermal limits derived from laboratory experiments (proxies of the
fundamental thermal niche) and from species’ occurrences (realised
thermal niche) have shown limited agreement (Sanchez-Fernandez
et al., 2012). Such a relationship has not been explored in terms of
aridity, at least in freshwater ecosystems, so the question remains as
to what extent the aridity conditions at which the species are cur-
rently exposed (realised aridity niche) are associated with the degree
of desiccation that they can physiologically tolerate (i.e., the funda-
mental aridity niche). Understanding the influence of physiological
constraints on species distributions is fundamental for predicting
the impact of climate change and increasing aridification on biodi-
versity (Craine et al., 2013).

One limitation for exploring aspects of the fundamental nicheis
the unavailability of physiological data for most species. However,
detailed examinations of a few carefully studied cases can be of
great value in dissecting the nature of the underlying processes
by which environmental conditions constrain species distributions
(Kearney et al., 2018). Physiological desiccation resistance has
been well studied for a few lineages of water beetles, such as the
subgenus Lumetus within the genus Enochrus (fam. Hydrophilidae)
(Botella-Cruz et al.,, 2017, 2019; Pallarés, Arribas, et al., 2017;
Pallarés et al., 2016). This information, together with distribution
and climatic data and a well-resolved molecular phylogeny of a
set of representative Palearctic species of this clade, distributed
across a large aridity gradient, provides an excellent study case
to explore the relationship between the fundamental and realised
aridity niche within an evolutionary framework. In this clade of
beetles, reconstruction of the evolution of desiccation and sa-
linity tolerance suggested that improved desiccation resistance
provided a physiological basis to develop salinity tolerance and
colonise highly saline waters, which are naturally stressful habitats
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FIGURE 1 Conceptual scheme of the relationship between the
fundamental (physiological desiccation resistance) and realised
aridity niche (species niche position and breadth along an aridity
gradient), representing different hypothetical scenarios in which
species distributions along the aridity gradient are: (a) mainly
shaped by physiological constraints; (b) shaped by physiological
constraints and other factors (e.g., biotic interactions); or (c) not
shaped by physiological constraints

located in arid and semiarid areas (Arribas et al., 2014; Pallarés,
Arribas, et al., 2017). Accordingly, it could be hypothesised that
physiological desiccation resistance might have been pivotal for
the occupation of extreme environments in general, not only in
terms of salinity, but also within an aridity gradient.

Here, we explore the association between experimentally
measured desiccation resistance (as a proxy of the fundamental
aridity niche) and the realised niche (i.e., climatic conditions in
which the species are present, focusing on aridity-related climatic
variables) in Lumetus species, accounting for the phylogenetic re-
lationships among the species. Additionally, we use an SDM tech-
nique to explore the extent to which aridity-related variables are
able to explain the geographical distribution of these species. If
species distributions along aridity gradients are mainly shaped
by physiological constraints (desiccation resistance), species with
lower desiccation resistance should be restricted to wetter cli-
mates, showing narrow realised niches, whilst species with higher
desiccation resistance would be potentially able to occupy the
full spectrum of the aridity gradient, having wider realised niches
(Figure 1a). Under this scenario, aridity-related environmen-
tal variables should have a higher contribution in explaining the
distribution of those species with lower desiccation resistance.
Alternatively, if factors other than physiological constraints (e.g.,
biotic interactions or dispersal limitations) are also important in
shaping species distributions, a lack of relationship between des-
iccation resistance and realised niches would be expected. For
example, desiccation-resistant species could be outcompeted in
mesic areas—where their competitors may show higher fitness as a

lower investment in specific adaptations to cope with desiccation
stress is needed—and therefore they would be restricted to arid
areas, showing narrow realised niches as well (Figure 1b). In this
case, the contribution of aridity-related environmental variables
in explaining species distributions should be relatively high for all
species independently of their physiologically determined desic-
cation resistance. Finally, if desiccation resistance is not an im-
portant physiological constraint for the occupation of arid areas,
realised niche breadth, the species niche position along the aridity
gradient and the contribution of aridity variables would be unre-
lated to their desiccation resistance (Figure 1c).

2 | MATERIAL AND METHODS

2.1 | Study group

Our study is based on the dataset used by Pallarés, Arribas,
et al. (2017), comprising eight species of the subgenus Lumetus
(genus Enochrus) from which experimental data on physiological
desiccation resistance were obtained: Enochrus ochropterus
(Marsham 1802), Sahlberg, 1900),
Enochrus halophilus (Bedel, 1878), Enochrus testaceus (Fabricius,

Enochrus salomonis (J.

1801), Enochrus fuscipennis (Thomson, 1884)-Enochrus quadri-
punctatus (Herbst, 1797),} Enochrus politus (Klster, 1849),
Enochrus bicolor (Fabricius, 1792), and Enochrus jesusarribasi
Arribas & Millan, 2013. These species represent the main Palearctic
clades of Lumetus according to the updated phylogeny of the
group published in Pallarés, Arribas, et al. (2017). They do not
show any resistant trait to cope with desiccation in situ at any
stage of their life cycle. Therefore, the capacity to prevent cuticu-
lar and respiratory water loss (desiccation resistance hereafter) in
the adults (the flying dispersive stage) is likely to be a key trait to
cope with desiccation stress. These beetles are crawling species
typically found in the shallow margins of lotic (running) or lentic
(standing) water bodies. The eight species studied represent a
wide gradient of salinity tolerance, from poor osmoregulator spe-
cies living in freshwater to good osmoregulators found in hypersa-
line water (Pallarés et al., 2015). Larvae are carnivorous and adults
are herbivorous, feeding on aquatic plants and algae (Yee &
Kehl, 2015).

2.2 | Physiological data on desiccation resistance

As an estimate of the fundamental aridity niche, we used three
physiological variables obtained by Pallarés, Arribas, et al. (2017),
measured for a single population of each species in a laboratory
experiment. Briefly, groups of 20-35 adult beetles from each

species were individually exposed to desiccation in test tubes

1A specific name is not assigned because Enochurs fuscipennis and E. quadripunctatus
belong to a cryptic species complex, so these species are difficult to distinguish and
identify correctly.
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TABLE 1 Environmental variables used
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in the analyses Variables Units Source
Annual mean temperature °C WorldClim
Mean diurnal range °C WorldClim
Isothermality % WorldClim
Temperature seasonality SD (°C) WorldClim
Max temperature of warmest month °C WorldClim
Min temperature of coldest month °C WorldClim
Temperature annual range °C WorldClim
Mean temperature of wettest quarter °C WorldClim
Mean temperature of driest quarter °C WorldClim
Mean temperature of warmest quarter °C WorldClim
Mean temperature of coldest quarter °C WorldClim
Annual precipitation mm WorldClim
Precipitation of wettest month mm WorldClim
Precipitation of driest month* mm WorldClim
Precipitation seasonality cv WorldClim
Precipitation of wettest quarter mm WorldClim
Precipitation of driest quarter* mm WorldClim
Precipitation of warmest quarter mm WorldClim
Precipitation of coldest quarter mm WorldClim
Elevation masl ENVIREM
Aridity index* - ENVIREM
Climatic moisture index* - ENVIREM
Potential evapotranspiration of driest quarter* mm/month ENVIREM

Aridity-related variables are indicated with an asterisk

placed in a climatic chamber (CLIMACELL-404, MMM Medcenter
Einrichtungen GmbH, Germany) at 40% relative humidity and
20°C, for 6 hr, and then allowed to recover at freshwater condi-
tions for 24 hr. Water loss rate was gravimetrically estimated as
the percentage of water lost (i.e., the difference between body
mass before and after the desiccation exposure) per time rela-
tive to initial wet mass (% mass loss/hr). Total body water content
was estimated as the difference between wet and dry mass rela-
tive to initial wet mass (% wet mass) and the percentage survival
after recovery from the desiccation stress was recorded (Table S1,
Pallarés, Arribas, et al., 2017). Water loss rate and body water con-
tent account for the capacity to avoid desiccation, while survival
after recovery reflects the capacity to tolerate the loss of body
water (Chown & Nicolson, 2004; Edney, 1977).

2.3 | Distribution and environmental data

Occurrence data for each species were obtained from the GBIF
(Global Biodiversity Information Facility, www.gbif.net) and CKmap
(http://www.faunaitalia.it/ckmap/) databases, an exhaustive biblio-
graphic revision (Appendix S1), and our own unpublished records. All
occurrences were checked for inconsistencies and duplicates were

removed.

Twenty-three environmental variables were used to estimate the
most relevant ones in explaining the distribution of the species, in-
cluding elevation and several climatic variables, five of which are in-
dicative of aridity (precipitation of the driest month, precipitation of
the driest quarter, potential evapotranspiration of the driest quarter,
aridity index, and climatic moisture index; Table 1). These variables
were downloaded from WorldClim version 2.1 (http://www.world
clim.org; Fick & Hijmans, 2017) for recent decades (1970-2000) at
2.5" resolution (c. 4.5 x 4.5 km at the Equator) and from the ENVIREM
database (https://envirem.github.io/; Title & Bemmels, 2018), at the
same spatial resolution.

2.4 | Fundamental and realised aridity niches

Potential causal relationships between two or more variables
can be expressed in terms of pairwise distances between sam-
ples (Castellano & Balleto, 2002). We explored the correlation be-
tween the fundamental and realised aridity niches of the species,
estimated from physiologically derived and environmentally-based
variables, respectively. This correlation was assessed by examining
the relationship between a physiological distance matrix and several
environmental distance matrices through Mantel permutation tests
(Mantel, 1967; n = 9,999 permutations). In these analyses, we do not
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assume that aridity is the main factor responsible for explaining the
distribution of the studied species. Instead, we aim to address to
what extent desiccation resistance could be a constraint for the col-
onisation of arid environments. To control for the non-phylogenetic
independence among species, we also explored the correlations
between all these distances and the phylogenetic distances among
species.

The mean values of the three physiological measures of desicca-
tion resistance mentioned above (Table S1) were used to calculate a
between-species physiological triangular matrix representing their
physiological dissimilarity or distance. To do this, the scale invariant
Mahalanobis distance was applied. This metric is particularly suited
to estimate multidimensional distances when variables show a vari-
able degree of collinearity and their distances need to be calculated
within a non-Euclidean space (Farber & Kadmon, 2003). Thus, the
more a species pair differs in such desiccation resistance variables,
the greater the distance between them. The phylogenetic distance
matrix was computed from the cophenetic distances (Sneath &
Sokal, 1973) using the most recent Lumetus phylogeny published
(Pallarés, Arribas, et al., 2017).

We used three different approaches to characterise the realised
aridity niche and estimate the environmental pairwise distances
among species, applying also the Mahalanobis distance. For this,
presence data and the five aridity-related variables mentioned above
(Table 1) were considered. Firstly, we estimated the mean values
of such variables for each species within their presence areas and
performed a principal component analysis (PCA). We then used the
species scores on the resulting orthogonal, uncorrelated axes that
explained >90% of the variance to obtain an environmental triangu-
lar matrix. Secondly, as principal components are not directly inter-
pretable in biological terms, we built another environmental distance
matrix based also on the mean environmental conditions in species’
presence areas, but considering a set of uncorrelated variables. For
this, we assessed multicollinearity between the five aridity-variables
using the variance inflation factor (VIF), and retained only those with
VIF values below 10 (Zuur et al., 2010). This procedure eliminated
the two precipitation-related variables. Finally, as we were inter-
ested not only in the mean aridity conditions in which the species
are present, but also in their niche breadth and the most extreme
conditions they can occupy, we applied an Outlying Mean Index
analysis (OMI, Dolédec et al., 2000), as implemented in the R pack-
age ade4 (Dray & Dufour, 2007). The OMI is a multivariate analysis
in which a PCA on the environmental data is first performed, and
the standardised environmental data in combination with the spe-
cies presences are used to perform the niche analysis. Then, several
niche parameters are obtained: (1) the position of the species in the
environmental space; (2) the niche breadth or tolerance; and (3) a
marginality index, which represents the distance between the mean
conditions of the habitat used by the species and the reference or
general habitat conditions of the considered area (i.e., those condi-
tions tolerated by a hypothetical, ubiquitous species uniformly dis-

tributed in the environmental space). We obtained a distance matrix

for each of these parameters. These analyses were performed in R v.
4.0.4 (R Core Team, 2019).

2.5 | Estimating the relevance of aridity predictors
We determined the explanatory capacity of the selected environ-
mental variables and the probable geographical distribution of the
considered species using the Niche of Occurrence (NOO) included
within the ModestR software v. 6.2 (Garcia-Rosell6 et al., 2014;
www.ipez.es/modestr/). NOO uses the information about the ob-
served occurrences of a species to estimate its probable distribu-
tion, seeking to overcome three main inconveniences of other SDM
procedures: (1) the use of absence data, which are less reliable than
presence data; (2) the use of complex modelling techniques; and (3)
the often arbitrary selection of a geographical extent (Garcia-Roselld
et al., 2019; Lobo, 2016). Thus, we delimited the accessible area of
each species as the one composed by the river basins with presence
observations that, in turn, enables the connection of all the avail-
able occurrences (i.e., all the selected basins must be connected).
The catchment information provided by the HydroSHEDS project
(www.hydrosheds.org/; Linke et al., 2019) was used for this purpose.
As river basins are delimited following a hierarchical coding system,
NOO selects the minimum level of river basins with species occur-
rences that generates a contiguous and connected area. Delimiting
this geographical extent using natural landform units allows to mini-
mise the effects of contingent events and dispersal factors in de-
limiting the distribution of species (Acevedo et al., 2012), selecting
those areas that are more likely to be accessible to the species.
From the 23 environmental variables (Table 1), those with a
VIF >10 were excluded, and the remaining ones scrutinised to: (1)
estimate their percentage contribution in species distributions;
and (2) identify those with the highest capacity to discriminate
between the environmental conditions in the presence cells (2.5’
resolution) against those prevailing in the geographical extent se-
lected for each species. The geographical extent was delimited
independently for each species (see above) in order to facilitate
a better estimate of the relevance of those environmental fac-
tors that discriminate between presence and absence localities
(see Acevedo et al., 2012). The contribution of each environmen-
tal variable was estimated by using an Instability Index included
within the ModestR software, which divides each continuous pre-
dictor into bins and compares the relative frequency of the cells
with presence data against those of the selected geographical ex-
tent for each bin (Guisande et al., 2017). For each species, the ex-
planatory variables showing greatest percentage of contribution
to the Instability Index (80% of total variability) were assumed to
be those with the highest capacity to discriminate the occurrence
cells in the accessible region. The values of the so selected envi-
ronmental predictors were used to generate binary distribution
maps representing the geographical projection of the realised

niche of the species (see details in Garcia-Rosell6 et al., 2019).
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3 | RESULTS

3.1 | Fundamental and realised aridity niche
Enochrus halophilus and E. salomonis were the most sensitive to des-
iccation amongst the eight species, showing the lowest survivorship
(60% and 80%, respectively) and highest water loss rate values in the
controlled desiccation exposure, although the latter had a relatively
high body water content. All of the remaining species showed high
survival rates (>80%) after recovery from desiccation, and E. fusci-
pennis was the most desiccation resistant as this species also showed
the lowest water loss rates values (Figure 2, Table S1).

The complete geographical extent of the study group encom-
passed most of the Palearctic region, covering an extensive aridity
gradient (e.g., values from O to 100 of the aridity index). The studied
species have been recorded in a wide range of aridity across such
gradient, and most of them have occurrences in areas with high val-
ues of the aridity index (i.e., drier areas; Figure 3) and low values
of minimum annual precipitation (Figure S1). E. ochropterus was the
species comparatively most restricted to wetter areas according to
the aridity indexes (Figure 3).

As the Mantel tests applied using the different environmental
matrices yielded consistent results, only the comparisons with the
environmental matrix obtained from the PCA are shown, for sim-
plicity. The comparisons with the other environmental matrices are
shown in Table S2.

The first axis from the PCA explained 99.2% of the variance of the
mean aridity conditions in species presence areas and was positively
correlated with the climatic moisture index, precipitation of the driest
month and precipitation of the driest quarter and negatively correlated
with the aridity index and the potential evapotranspiration of the driest
quarter (Figure 4). This axis discriminated the species niches in an arid-
ity gradient from drier (negative values) to wetter conditions (positive
values). The OMI ordination was qualitatively similar but the first axis
was correlated with the aridity variables in the opposite way (from wet-
ter [negative values] to drier conditions [positive values]; Figure S2a).
The OMI showed a high niche overlap among the species (Figure S2b).
E. jesusarribasi and E. politus were located towards the driest conditions
and showed the highest marginality and the lowest tolerance values
(i.e., narrower niche breadth; Figures 4 and S2). Among the species
whose niches were located towards wetter conditions, E. ocrhopterus
was the one showing a higher marginality. E. bicolor and E. fuscipennis
were the most tolerant (i.e., wider niche breadth) species (Figure 2b,c).

Our results suggest a lack of congruence between the physiologi-
cal distances (that is, desiccation resistance or the fundamental aridity
niche) and environmental distances (realised aridity niche; see Mantel
tests results in Table 2 and Figure 5). This result was consistent for all
the different metrics of environmental distance used to characterise
the realised aridity niches of the species (Table S2). No phylogenetic
signal in desiccation resistance nor any of the environmental distance
metrics was detected, although the association between phyloge-
netic distances and those computed from the breadth of the aridity
niche of the OMI analysis showed a low p-value (Table S2).
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FIGURE 2 Physiological variables measured in desiccation
resistance experiments with Enochrus species: (a) water loss rate
(mean = SD); (b) total body water content (mean + SD); and (c) and
percentage of surviving individuals after recovery from desiccation
exposure (data from Pallarés, Arribas, et al., 2017). See also

Table S1

3.2 | Relevance of aridity variables as drivers of
species distributions

Ten out of 23 variables had VIF values <10 and were retained for
estimating their percentage contribution in species distributions
(Table 3). For most species, the variable with the highest percentage
of contribution to the Instability Index was a precipitation-related
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one (precipitation of the warmest or coldest quarter), with per-
centage contributions ranging between 19.0% and 25.2% among
the species (Table 3). The mean percentage contribution of aridity-
related variables was lower than that of non-related variables ex-
cept for E. jesusarribasi, E. politus, and E. salomonis. Presence areas
of these three species were characterised by drier conditions (i.e.,
higher and lower values of the aridity and climatic moisture indexes,
respectively), compared with the remaining species (Table 3). The
predicted distributions estimated by NOO are shown in Figure S3.

4 | DISCUSSION

Whilst a great focus has been put on temperature as a major bio-
geographic driver, less is known about the impact of aridity on ani-
mal species persistence and distribution (Ochoa-Ochoa et al., 2019).
Our results suggest a lack of association between estimates of the
realised and fundamental aridity niche. This, together with the rela-
tive minor influence of aridity-related variables in explaining the
distribution of the considered species, indicates that physiological
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TABLE 2 Results of Mantel permutation tests (number of
permutations = 9,999) used to analyse associations among
physiological (physiol), environmental (env) and phylogenetic (phylo)
distance matrices

Matrices r p-Value
physiol versus phylo -0.004 0.463
physiol versus env -0.066 0.597
env versus phylo 0.032 0.402

desiccation resistance was not an important constraint for the colo-
nisation of arid environments by this clade of water beetles.

4.1 | Lack of association between fundamental and
realised aridity niches

Most of the species, including those that showed the lowest des-
iccation resistance in physiological experiments (E. halophilus and
E. salomonis), are present in relatively arid areas. E. ochropterus was
the species with the least arid realised niche and it showed a rela-
tively high realised niche marginality (towards less arid conditions).
However, such restriction to relatively wetter areas seems to be
unrelated with a physiological limitation, as this species had a re-
sistance to desiccation comparable to that of its congeners present
in drier areas. Accordingly, we found no correlations between the
physiological distance matrix and any of the metrics used to charac-
terise the realised aridity niche. A previous study found a significant
correlation between salinity tolerance estimated from distribution
data and aridity climatic variables in Enochrus species, including
those studied here (Arribas et al., 2014). In light of our results on des-
iccation resistance, which are based on similar physiological mecha-
nisms to salinity tolerance (Bradley, 2009), the relationship found
by Arribas et al. (2014) may not hold if the fundamental instead of

E. testaceus

E. bicolor

E. jesusarribasi

E. fuscipennis

E. politus

[ E. jesusarribasi
{ E. bicolor

E. salomonis

E. halophilus

L
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the realised salinity niche were considered. Our results also indicate
a lack of phylogenetic signal in estimates of both the realised and
fundamental aridity niche, although such result should be confirmed
by a study with the complete clade using phylogenetic comparative
methods. The association between niche breadth (estimated with
the OMI analysis) and the phylogenetic matrix (p-value = 0.012 in
Mantel test) should be taken with caution because Mantel tests
may exhibit high type | error (Guillot & Rousset, 2013; Harmon &
Glor, 2010) and so it is recommended that conservative significance
levels (e.g. 0.01) are used.

Our results suggest that, despite the differences in desiccation
resistance among the studied Lumetus species, all of them appear to
have a high basal physiological capacity to cope with aridity. Many
aquatic lineages have had to survive more arid conditions than cur-
rently occur at some point during their evolutionary history (Dorn
et al.,, 2014; Pinceel et al., 2013), which could have promoted the
evolution of improved desiccation resistance. In line with this, our
results are congruent with the exaptation hypothesis proposed by
Arribas et al. (2014) and Pallarés, Arribas, et al. (2017) for Lumetus,
according to which a high ancestral desiccation resistance, which has
apparently remained conserved in this clade, facilitated the devel-
opment of salinity tolerance. Indeed, our findings indicate that such
a high desiccation resistance could have provided a physiological
advantage for the colonisation of inland waters in arid and semi-
arid areas. It is possible that this clade of beetles conserves a high
desiccation resistance from relatively recent terrestrial ancestors,
as secondary colonisations of the terrestrial medium (and back to
water) seem to have been frequent within the family Hydrophilidae
(Bernhard et al., 2006; Bloom et al., 2014; Short & Fikacek, 2013).
This raises the questions as to whether such hypothesised pre-
adaption to dry habitats is a peculiarity of this beetle lineage, and
the extent to which the ability of aquatic species to adapt to ongo-
ing aridification could be conditioned by their evolutionary history.
It is possible that other aquatic macroinvertebrates that lack such

E. politus E. fuscipennis

E. halophilus

E. salomonis E. politus

E. halophilus E. jesusarribasi

E. bicolor

E. fuscipennis E. testaceus

E. testaceus E. salomonis

30 25 20 15 10 05 00 15 10
physiological distance

environmental distance

00 60 s 20 0
phylogenetic distance

FIGURE 5 Dendograms representing species dissimilarities in physiological desiccation resistance (fundamental aridity niche), the
different estimates of the realised aridity niche and phylogenetic relatedness
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an ancestral desiccation resistance have poor capacity to adapt to
increasingly drying conditions, as a recent study has demonstrated
for several aquatic invertebrate species in south-western Australia
(Carey et al., 2021).

Indeed, extending comparisons of the fundamental and realised
aridity niche to other water beetle lineages, and also to other aquatic
invertebrate groups with different strategies to cope with desicca-
tion, would provide interesting insights to understand distributions
of aquatic species along aridity gradients (Datry, 2012). Some aquatic
taxa are able to survive desiccation through dormancy for long pe-
riods (e.g. some cladocerans or copepods—Lubzens et al., 2010).
Others can survive desiccation at any life stage such as some co-
pepods (e.g. Naess & Nilssen, 1991) or combine desiccation resis-
tance traits (desiccation-resistant eggs or juveniles) and resilience
traits (recolonising adults), such as some Odonata (Silsby, 2001) and
Trichoptera (Hoffmann & Resh, 2003; Whiles et al., 1999). Taxa with
these strategies could potentially show wide aridity realised niches
(as most of the species studied here), when compared with other
taxa highly sensitive to desiccation (e.g., some species of mayflies,
decapod shrimps, isopods, amphipods, or crayfishes that rely on pe-
rennial water refugees to survive drying; Boulton et al., 2014).

We acknowledge that our data may be limited by the use of sin-
gle population estimates of desiccation resistance to reflect species
estimates, ignoring the probable presence of microevolutionary
intraspecific variability and phenotypic plasticity (e.g., Rajpurohit
et al., 2013; Whitman & Ananthakrishnan, 2009). Populations in
more arid areas might have developed enhanced desiccation resis-
tance by local adaptation, but in any case, this would not change our
conclusions about the high basal desiccation resistance of the study
species. Plasticity in desiccation resistance has been observed at
least in one of the species studied here, E. jesusarribasi (Botella-Cruz
et al., 2021; Pallarés et al.,, 2017). In any case, although intraspe-
cific comparisons could provide important insights about adaptation
to desiccation stress, we could assume that variation in desicca-
tion resistance between species is larger than that within species.
This assumption is supported by a recent study that explores inter
and intraspecific variation of cuticular hydrocarbons (which deter-
mine the waterproofing capacity of the cuticle) in Enochrus species
(Botella-Cruz et al., 2019). Furthermore, it has been suggested that
physiological plasticity (Terblanche & Hoffmann, 2020), and plastic
desiccation responses in particular (Kellermann et al., 2020), might
have a limited impact on species distributions, perhaps due to its

associated fitness costs (Eriksson & Rafajlovi¢, 2022).

4.2 | Minor role of aridity predictors in species
distributions

Aridity was not an important predictor able to explain the geograph-
ical distribution of the studied species in our analyses. The predicted
distribution of all of the species, except from E. ochropterus, encom-
passed arid areas, and the comparative influence of aridity-related
variables was in general relatively minor. Together with the lack of
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association between estimates of the fundamental and realised arid-
ity niche, these results are overall consistent with the hypothesis that
desiccation resistance was not an important physiological constraint
for the occupation of arid areas in the species studied (Figure 1c).

Despite the general poor capacity of aridity predictors to ex-
plain species distributions, it is worth noting that the species for
which such explanatory capacity was higher in our models are those
more restricted to drier (rather than wetter) conditions (E. jesusar-
ribasi, E. politus, and E. salomonis). These species had the narrow-
est aridity niches, and E. jesusarribasi and E. politus also showed a
relatively high niche marginality, indicating a preference for drier
conditions. Many species from other animal groups present in ex-
treme arid environments are broadly distributed along aridity gradi-
ents (e.g., Wiens et al., 2013). The occupation of the most extreme
part (i.e., more stressful conditions) of the aridity gradient in these
desiccation resistant Enochrus species is therefore intriguing, as
no apparent physiological constraint would limit the occupation of
wetter conditions, and suggest that other non-physiological factors
are important in shaping their distributions, in line with the second
hypothesis proposed here (Figure 1b). Specialisation of the realised
niche occurs also in most aquatic insects along salinity gradients, as
saline-tolerant species are rare in freshwaters despite being physio-
logically capable to survive in such conditions (Arribas et al., 2019).
It is possible that specialisation in abiotically stressful environments
such as saline or arid aquatic habitats provides refugee from compe-
tition and predation, which are more intense in less stressful habitats
(Berdugo et al., 2019; Herbst, 2001). Therefore, a comprehensive
understanding of the distribution patterns observed here would
need to consider the interactions between biotic interactions and
stress tolerance in driving habitat occupation across stress gradi-
ents, as well as the role of historical factors (Davis & Scholtz, 2001)
and dispersal limitation, and other processes that occur at smaller
spatial scales, requiring the use of proximal environmental predic-
tors (Anderson et al., 2021; Schultz et al., 2022).

It is important to note that in our distributional dataset, most
records were concentrated in Europe and only a few records of some
species were found in eastern Asia and southern Arabian Peninsula.
Despite this possible sampling bias, we used the best available in-
formation to characterise species climatic niches, considering as far
as possible the heterogeneity of environmental conditions in which
they are present. In any case, it is likely that the addition of new
records in such under-sampled areas would reinforce, rather than
change our conclusions, as these areas have similar or higher aridity

than the most sampled ones.

4.3 | Implications in a context of aridification

In many arid regions of the world, which already contain temporary
water bodies, aridification is expected to change water regimes from
perennial to temporary and from temporary to ephemeral (or ter-
restrial) (Kundzewicz et al., 2008; Strachan et al., 2015), with pro-
found impacts on aquatic biota (e.g., Atkinson et al., 2021; Carey
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et al., 2021). In the face of such changes, species may shift their
geographical distribution or persist (Davis et al., 2013; Grimm
et al., 1997; Rahel, 2002). The water beetle species studied here
could be relatively resilient in this context, thanks to their high physi-
ological desiccation resistance, and could even benefit from a pos-
sible decrease in competition in arid environments as less tolerant
species are removed.

If we aim to predict aquatic species responses to aridification
and establish appropriate management actions, comparative stud-
ies relating species’ physiological, behavioural, and morphologi-
cal traits to cope with desiccation with distributions are needed.
Although a growing number of experimental studies are providing
data in such direction for a number of aquatic taxa (e.g., Gough
et al., 2012; Guareschi & Wood, 2020; Jermacz & Kobak, 2015),
there is still an important research gap on this issue. Mesocom or
field studies would be also helpful in assessing how desiccation re-
sponses measured in the laboratory translate into real-world con-
texts. Furthermore, our study shows that physiological constraints
by themselves are not sufficient to explain species distributions
along aridity gradients. Therefore, the integration of interac-
tions between physiology and environment at local, organismal
scales could greatly contribute to better understand the ecology
and distribution of aquatic species, as well as their responses to
aridification.
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