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Body size is a trait of fundamental ecological and evolutionary importance that
is often different between males and females (sexual size dimorphism; SSD). The
island rule predicts that small-bodied species tend to evolve larger following a
release from interspecific competition and predation in insular environments.
According to Rensch’s rule, male body size relative to female body size increases
with increasing mean body size. This allometric body size — SSD scaling is
explained by male-driven body size evolution. These ecogeographical rules
are rarely tested within species, and has not been addressed in a cave-surface
context, even though caves represent insular environments (small and isolated
with simple communities). By analyzing six cave and nine surface populations of
the widespread, primarily surface-dwelling freshwater isopod Asellus aquaticus
with male-biased SSD, we tested whether cave populations evolved larger
and showed higher SSD than the surface populations. We found extensive
between-population variation in body size (maximum divergence being 74%)
and SSD (males being 15%-50% larger than females). However, habitat type did
not explain the body size and SSD variation and we could not reject isometry
in the male—female body size relationship. Hence, we found no support for the
istand or Rensch’s rules. We conclude that local selective forces stemming from
environmental factors other than island vs. mainland or the general surface vs.
cave characteristics are responsible for the reported population variation.

competition, body size, isopod, predation, sexual size dimorphism, adaptation,
evolution

1. Introduction

Body size correlates to various physiological and behavioral traits and it is often directly
linked to fitness, underscoring the evolutionary and ecological importance of this quantitative
trait (Peters, 1983; Roff, 1992; Stearns, 1992). The evolution of body size is shaped by different,
often opposite forces of natural selection. For instance, fecundity selection, inter- and intrasexual
selection usually favors large body size (Shine, 1989; Andersson, 1994). However, organisms do
not constantly evolve larger (Stanley, 1973; Blanckenhorn, 2000). The two main selective forces
acting against evolving larger are predation and interspecific competition. This is because prey-
size-unlimited predators actively prefer larger prey and the increased behavioral activity needed
for achieving and maintaining large body size increases general predation risk, while larger
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bodied competitors select against an evolutionary increase in body
size (Wilson, 1975; Lomolino, 1985; Blanckenhorn, 2000; Simberloff
et al., 2000; Herczeg et al., 2009). Considering the above detailed
selective forces, one would expect the release from the selective
pressures acting against large body size when small-bodied species
colonize islands, which are typically isolated and characterized by
simple communities. Such mechanism would result in gigantism of
small-bodied species evolving under insular conditions. On the other
hand, resource limitation combined with reduced prey-size-limited
predation pressure on islands could result in the dwarfism of large-
bodied species evolving under insular conditions. The evolution of
gigantism of small species and dwarfism of large species on islands
was observed long ago and referred as the island rule (Foster, 1964;
Van Valen, 1973a,b; Lomolino, 1985), which later received further
support (e.g., Lomolino, 2005; Benitez-Lopez et al., 2021). This rule,
originally proposed in an interspecific context was also supported in
intraspecific population comparisons (Herczeg et al., 2009; MacColl
et al., 2013; Runemark et al., 2015).

Adult body size also varies within population. A major source of
this variation is sexual size dimorphism (SSD). It is widespread among
1997).
invertebrates, typically females, while among endothermic vertebrates,

animals (Fairbairn, In ectothermic vertebrates and
males are larger (e.g., Fairbairn and Preziosi, 1994; Fairbairn, 1997;
Blanckenhorn, 2005). The degree of SSD often scales allometrically
with body size across species (Fairbairn, 1997). Rensch’s rule states
that in species with female-biased SSD, the level of SSD will decrease
(hypo-allometry), while in species with male-biased SSD, the level of
SSD will increase (hyper-allometry) with increasing body size
(Rensch, 1950, 1959). To emphasize that hypo- and hyper-allometry
are two parts of the same continuum, the rule was simplified (with the
same meaning) stating that male body size relative to female body size
increases with increasing mean body size (Meiri and Liang, 2021).
Rensch’s rule was supported in many taxa (mainly with male-biased
SSD; e.g., Fairbairn, 1997; Székely et al., 2004; Fairbairn et al., 2007).
However, in taxa with female-biased SSD, the rule has been questioned
(Webb and Freckleton, 2007; Liang et al., 2022) and there are even
examples of inverse Rensch’ rule (see Fairbairn, 1997). Opposite
trends have been observed even between closely related taxa (Piross
etal, 2019). Patterns following Rensch’s rule or the inverse of Rensch’s
rule are both accommodated by Fairbairns (1997) correlational
selection hypothesis. It states that allometric SSD patterns are resulting
from directional selection on body size acting primarily on one sex
(e.g., sexual selection on males or fecundity selection on females)
followed by correlational selection occurring in the other. In a wider
sense, if body size of one sex shows a stronger response to selection
stemming from geographic or ecological factors than the other, the
intraspecific level of SSD will vary (Blanckenhorn et al., 2006).
Similarly to the island rule, Rensch’s rule was originally proposed for
interspecific comparisons, but intraspecific tests have also started to
accumulate with mixed results (Herczeg et al., 2010; Wu et al,, 2014;
Liao et al., 2015; Yu et al., 2022).

Caves and other subterranean habitats are widespread in every
continent, yet they have some important general characteristics.
Organisms living in caves are typically faced with total darkness,
limited food supply, highly stable daily, seasonal, and annual
environmental conditions, and live in simple communities (Culver
et al,, 1995; Culver and Pipan, 2009; Romero, 2009, 2011). The latter
results in low or negligible predation and interspecific competition,
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which jointly with the typical high isolation from surface habitats and
other caves make caves insular habitats (e.g., Poulson and White, 1969;
Mammola, 2019). Adaptations to cave environment have attracted
1859).
Morphological adaptations observed across independent caves and

considerable scientific interest ever since (Darwin,
phylogenetically distant cave-adapted taxa were recognized early and
referred as troglomorphism (Christiansen, 1962). This term has been
since broadened to include any kind of cave-related adaptations.
Classic examples for cave adaptations are loss of pigmentation, eye
reduction, appendage elongation, decreased egg number/increased
egg volume, increased longevity, and loss of circadian rhythm (e.g.,
Voituron et al., 2011; Pipan and Culver, 2012; Beale et al., 2013;
Howarth and Maoldovan, 2018; Lunghi and BilandZija, 2022). Even
though cave-surface species or population pairs are rarely studied in
the island-mainland framework, perhaps because the general
environmental differences like the presence/absence of light seem
more important than the insular characteristics of caves, some results
can be interpreted from this aspect. For instance, Fiser et al. (2013)
showed that females of cave-dwelling Niphargus (freshwater amphipod
crustacean) species are generally larger than those of surface-dwelling
species and Mojaddidi et al. (2018) showed in a common garden
experiment that a cave Asellus aquaticus (freshwater isopod
crustacean) population has larger hatchlings than two surface
populations. These results are consistent with the predictions drawn
from the island rule. However, we are not aware of an intraspecific
study on the same effect with repeated sampling of cave vs. surface
habitats or any studies testing predictions of the Rensch’s rule, or even
simply comparing SSD between cave and surface species or
population pairs.

In the present paper, we performed an intraspecific test of the
predictions drawn from the island and Rensch’s rules, using cave vs.
surface habitats in an island-mainland context. We studied six cave
and nine surface populations of the common waterlouse, A. aquaticus,
species complex. This widespread surface-dwelling freshwater isopod
successfully colonized European aquatic cave habitats on several
independent and relatively recent occasions (Verovnik et al., 2003,
2004, 2009). Cave-adapted populations show troglomorph
characteristics, like eye reduction and depigmentation (Verovnik and
Konec, 2019). Body size is heritable in this species (Thompson, 1986),
and male-biased SSD has been recognized (Ridley and Thompson,
1979; Adams et al., 1985; Bertin and Cezilly, 2003). We tested two
predictions drawn from the island and Rensch’s rules. First and in-line
with the island rule, we predicted that A. aquaticus will evolve larger
in the low predation, simple communities of caves. Second, assuming
that the first prediction holds, we predicted that patterns in SSD will
follow the Rensch’s rule, resulting in larger male-biased SSD in caves
than in surface populations.

2. Materials and methods
2.1. Study system

The taxonomic status of distinct cave and surface A. aquaticus
populations has not yet been resolved (Verovnik and Konec, 2019).
Cave populations typically show troglomorphic traits and genetic
isolation from each other and from adjacent surface populations (e.g.,
Verovnik et al., 2009; Pérez-Moreno et al., 2017). They have been
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described as a new species, new subspecies or simply as an isolated
population (Turk-Prevor¢nik and Blejec, 1998; Verovnik et al., 2004,
2009; Pérez-Moreno et al., 2017; Sim¢i¢ and Sket, 2019). Similarly,
some surface populations have been given a subspecies status due to
differences in morphology (Sket, 1994). In the absence of comparative
genetic and phenotypic data to clarify the whole situation, we treat
each population used in this study as a sample from the “A. aquaticus
species complex” and refer to them as A. aquaticus populations
for simplicity.

The six caves sampled were not similar in their ecological
characteristics. Four of them are “typical” caves, in which meteoric
water and sinking rivers formed the subterranean passages (epigenic
speleogenesis), whereas Movile aquifer and Molnar Janos Cave are
hydrothermal cave systems, in which hypogean thermal water is
responsible for cave formation (hypogenic speleogenesis). The
temperature of a “typical” cave corresponds approximately to the
average annual temperature of the respective region, in our case
between 11°C and 12°C. In these caves, food is transported from the
surface by sinking rivers and is of limited quantity and, more
importantly, low quality (Poulson and Lavoie, 2000). The temperature
of a hydrothermal cave depends on the temperature of the thermal
water forming the cave and approximates 21-23°C in both Movile
aquifer and Molnéar Janos Cave. The ecosystems in the studied
hydrothermal caves are highly isolated from the surface and likely rely
on the endogenous production of organic matter by chemoautotrophic
bacteria (Sarbu et al., 1996; Herczeg et al., 2020, 2022). It is assumed
that the amount of available food is higher in hydrothermal caves than
in epigenic caves (Poulson and Lavoie, 2000).

2.2. Sampling and measurements

We collected 358 adult male and 298 adult female A. aquaticus
from six cave and nine surface populations spanning through
Slovenia, Italy, Hungary and Romania (Table 1; Figure 1). Sampling
was done with hand nets in all but the Molnér Janos Cave population,
where cave diving was necessary. The Movile aquifer was sampled at
the Dimitru Ana 9. well. According to Hasu et al., (2007) and Bloor
(2010), individuals larger than 3-3.5 mm can already be considered as
adults, however, we used a more conservative 4 mm threshold. Sex was
determined via visual inspection of gonopod morphology
under stereomicroscope.

Collected individuals were conserved in RNAlater (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, United States). For measuring
body size, digital images were taken with a Canon 600D (Canon Inc.
Tokyo, Japan) camera in a standardized setup and a millimeter scale
bar for reference. We used body length (distance between the end of
the pleotelson to the apical line of the head) as a proxy for body size
and measured it from the digital images with the TpsUtil 1.74 and
TpsDig2 2.30 softwares.! We performed two independent body length
measurements for each individual and the average value of the two
measurements was used in the analysis.

1 https://life.bio.sunysb.edu/morph/index.html
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2.3. Statistical analyses

Asellus aquaticus undergo indeterminate growth (e.g., Lafuente
etal., 2021) and thus using mean body size to compare populations
can be biased by variation in the relative contribution of different age
groups in the sample. Therefore, we analyzed the five largest males and
females from every population to correct for the potential bias (e.g.,
Stamps and Andrews, 1992; Kratochwil and Frynta, 2002). We note
that analyzing the complete dataset revealed qualitatively similar
results (data not shown). We also note that our approach could not
control for age effects directly, since the age of the sampled individuals
was unknown. Hence, there is a possibility that in the low predation
cave habitats the largest individuals were older, than the largest
conspecifics in surface habitats.

For testing habitat-dependent body size and SSD trends, we ran a
Linear Mixed Model (LMM) with body length as the dependent
variable, habitat, sex and their interaction as fixed effects and
population nested in habitat as a random effect. We checked model
residual distribution via Q-Q plots. This model revealed no significant
habitat effect, but a highly significant population effect (see Results).
Therefore, to compare populations directly, we also ran a Linear
Model (LM) with body length as the dependent variable and
population, sex and their interaction as fixed effects. We judged
differences between groups based on 95% confidence intervals. This
is a conservative approach, because according to Payton et al. (2003),
the lack of overlap between 83% and 84% confidence intervals is
analogous to p<0.05.

We note that Rensch’s rule could be present in our sample
irrespective of the validity of island rule. With other words, an
allometric SSD-body size relationship could be present in the absence
of habitat-dependent body size or SSD patterns (i.e., the outcome of
the previous models). For testing Rensch’s rule directly (see Herczeg
et al, 2010), we calculated the mean size for each sex in every
population and then regressed log,, male body length against log,,
female body length. This allowed us to test whether the slope differed
from zero (i.e., the size of the sexes is not independent) and from one
(i.e., there is a departure from isometry, supporting Rensch’s rule or
its inverse). Because in such case neither variable is fixed, or with other
words, both variables are measured with error, ordinary least squares
(Model I) regression would be statistically incorrect and thus major
axis (Model II) regression is recommended (Fairbairn, 1997).
However, this view was challenged recently, and the parallel usage of
Model I and II regressions were recommended (Meiri and Liang,
2021; Liang et al., 2022).

All analyses were done in the R 4.0.3 statistical environment (R
Core Team, 2020). We used the Ime4 (Bates et al., 2015), ImerTest
(Kuznetsova et al., 2017), emmeans (Lenth, 2020), and Imodel2
(Legendre, 2018) packages.

3. Results

The LMM revealed a significant sex effect, but no habitat or
habitat x sex effects (habitat: F, ;3=2.17, p=0.16; sex: F, ;3;=468.59,
p<0.001; habitat x sex: F, ;33=0.32, p=0.57). SSD was male-biased
(least squares means and 95% confidence intervals in mm; male: 8.95
[8.27-9.63]; female: 6.81 [6.13-7.49]). The lack of habitat effect
rejected the island rule, because there was no sign of larger size in the

frontiersin.org


https://doi.org/10.3389/fevo.2023.1155261
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://life.bio.sunysb.edu/morph/index.html

Herczeg et al. 10.3389/fevo.2023.1155261

TABLE 1 Sampled Asellus aquaticus populations and sample sizes.

Population ID Population Habitat Country GPS coordinates Female (N) Male (N)
(oYer1114Y
M]J Molnér Janos Cave Cave Hungary 47.518° N, 19.03608° E 17 26
ML Malom Lake Surface Hungary 47.518277° N, 19.035999° E 18 22
CS Csomor Stream Surface Hungary 47°35/35.03"N 19°07'21.78"E 14 19
DL Dunakeszi Lake Surface Hungary 47°36/23.15"N 19°07°24.63"E 16 20
DA Dimitru Ana well Cave Romania 43°4923.59"N, 28°3401 45"E 17 27
KO Kara-Oban Lake Surface Romania 43°50"46.0"N 28°33'59.1”E 9 11
TB Turkish bath spring Surface Romania 43°49'12.15”N 28°29'28.26"E 11 13
PL Planina Polje Surface Slovenia 45°4956.2”N 14°1530.0”E 28 28
PI Pivka Channel of Cave Slovenia 45°49'11.6"N 14°14’44.4"E 27 24
Planina Cave
CE Cerknica Polje Surface Slovenia 45°46'23.0"N 14°19'31.2"E 29 29
ZE Zele Cave Cave Slovenia 45°47'26.4"N 14°18'12.6"E 24 28
19 Ljubljana Marsh Surface Slovenia 45°58702.9”N 14°32'52.0"E 28 28
KR Krska Cave Cave Slovenia 45°53/24.0"N 14°46'16.5"E 24 26
TI Timavo Spring Surface Italy 45°47'15.8"N 13°35728.7"E 26 28
LA Labodnica Cave (Grotta Cave Ttaly 45°41704.1”N 13°49'42.9"E 10 29
di Trebiciano)
Total 298 358

insular cave environment than in surface habitats. The lack of habitat
x sex interaction revealed no systematic difference in SSD between
cave and surface habitats. The random effect of population nested in
habitat was highly significant (likelihood ratio test: y*=171.14, df=1,
p<0.001), indicating high between-population variation in body size.

Our LM revealed significant population, sex and population x sex
effects (population: Fyy5=70.61, p<0.001; sex: F=784.18,
p<0.001; population x sex: F;5=6.89, p<0.001). Between-
population variation in body size was large, reaching 74% difference
between the smallest and largest population (Molnar Janos Cave vs.
Movile aquifer; Figure 2). Male-biased SSD was present in every
population, showing large variation from 15% (Molnar Janos Cave) to
50% (Movile aquifer; Figure 2).

The Model I and II regressions revealed a significant relationship
between male and female body size across populations (R*=0.77; p
(for both regressions) <0.001). However, the slope did not differ from
one (Model I: #=0.96; 95% confidence interval [CI]=0.65-1.27;
Model II: f=1.1; CI=0.79-1.54), indicating no violation of isometry
(Figure 3). With other words, the level of SSD was unrelated to size,
and thus our data reject the Rensch’s (or inverse Rensch’s) rule in
our system.

4. Discussion

The most salient finding of our study is that there is high variation
in body size and the level of SSD across the studied 15 A. aquaticus
populations. However, habitat type (cave vs. surface) did not explain
a significant proportion of the variation and the female-male body
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size relationship across populations did not diverge from isometry.
Therefore, we found no support for the island and Rensch’s rules in
our study system.

We expected an increase in body size in cave habitats based on the
predictions of the island rule (e.g., Lomolino, 1985, 2005; Benitez-Lopez
et al,, 2021). According to this rule, the relaxation of predation and
interspecific competition in insular environments (McNab, 1994;
Lomolino, 2005) would allow for an evolutionary increase in body size
due to its advantages in fecundity, and inter- and intrasexual selection in
small-bodied species (Clutton-Brock et al., 1982; Andersson, 1994). Our
data rejected this expectation. While the two populations with the largest
body size were indeed from caves, the population with the smallest body
size was also a cave population and the rest of the cave populations were
within the (large) range covered by surface populations. The lack of
habitat effect is definitely not because the cave populations had no time
to adapt. The estimated divergence times between cave and surface
populations exceeds 60,000years (Verovnik et al., 2003, 2004; Konec
etal, 2015; Pérez-Moreno et al,, 2017) and the typical troglomorphic
adaptations, like eye degeneration and depigmentation, are observed in
all cave populations studied (Verovnik et al., 2009; Pérez-Moreno et al,,
2017; Balazs et al,, 2021). Adaptive variation in body size can be the
result of various environmental factors other than predation and
interspecific competition. For instance, resource levels, prey size, and
intraspecific competition can be important sources of selection on body
size (e.g., Case, 1978; Forsman, 1991; Clegg and Owens, 2002; Wu et al.,,
2006; Herczeg et al.,, 2012), and even random events might be responsible
for it (Wasserzug et al., 1979; Biddick and Burns, 2021). Obviously, there
are other characteristics of caves that are not related to their insularity,
such as the absence of light or scarcity of food (Culver and Pipan, 2009;
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FIGURE 1

Map showing the geographical locations of sample sites. Black dots in the middle of colored circles denotes cave populations. For the population
abbreviations, see Table 1. Note that MJ (cave) and ML (surface) populations are very close to each other, hence, they are represented by the same
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Body length variation of female (F) and male (M) Asellus aquaticus from the cave (MJ, KR, LA, PI, ZE, DA) and surface (DL, CS, ML, KO, TB, LJ, CE, PL, Tl)
populations. Estimated marginal means and 95% confidence intervals are shown. The population codes are explained in Table 1.

Romero, 2009). For instance, food scarcity, especially in caves that rely
on exogenous organic material, might have led to smaller body size in
caves (Fiser, 2019). It is conceivable that this factor counterbalanced the
above detailed selective forces stemming from the caves insular
characteristics and thus constrained body size evolution. Sexual or

Frontiers in Ecology and Evolution

fecundity selection also acts differently between cave and surface
A. aquaticus populations (Balazs et al., 2021), but their effects on body
size might be different from that predicted by the island rule. For
instance, the generally lower population densities in caves (Mammola
etal, 2021) might relax selection for traits used in male-male aggression
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FIGURE 3
Lack of deviation from isometry in male-biased sexual size
dimorphism in Asellus aquaticus. Ordinary Least Squares (Model I)
regression line (=0.96) and its 95% confidence interval (shaded area)
are shown. The thick gray line depicts isometry (f=1) without sexual
size dimorphism.

(e.g., body size) and target traits aiding mate finding (e.g., sensory
systems; Bertin and Cézilly, 2005; Thiel and Dufty, 2007; Elipot et al.,
2013; Baldzs et al., 2021). At any rate, body size is not a conservative trait
in the studied A. aquaticus species complex: body size divergence
reached up to 74% in cave (Molnar Janos Cave vs. Movile aquifer, the
two hydrothermal cave systems) and 47% in surface populations
(Dunakeszi Marsh vs. Timavo Spring). It seems that variation among
cave populations is considerably larger than among surface populations,
suggesting that divergent selective forces acting on body size are stronger
in caves, which are intuitively more similar to each other than surface
environments. Speculating about cave colonizations might also invoke
founder effects, bottlenecks and subsequent genetic drift as an
evolutionary driver. Therefore, understanding the striking body size
variation in A. aquaticus, especially among its cave populations, warrants
future studies.

Various selective forces can result in SSD, for instance, sexual
selection acting on males, fecundity selection acting on females or
divergent ecological selection acting on both sexes (e.g., Shine, 1989;
Andersson, 1994). If the relationship between SSD and body size was
allometric (as predicted by Rensch’s rule or the inverse of Rensch’s rule),
size of one sex shows greater variation than size of the other sex
(Fairbairn and Preziosi, 1994; Fairbairn, 1997). The correlational
selection framework (i.e., establishing which sex shows higher body size
variation; Fairbairn, 1997) allows researchers to see that body size
divergence in a certain system is a result of selection acting mainly on
males or females. In our study, we detected large variation in male-
biased SSD (from 15% to 50% difference), but found no allometric SSD-
body size relationship. Here, the conclusion drawn from the correlational
selection hypothesis would be that there is no general environmental
trend resulting in selection acting mainly on one sex’s body size, but
rather locally variable selective forces acting on males, females, or both
sexes are responsible for the pattern. This is an attractive explanation,
especially considering that even such an extreme environmental
difference as the one seen between cave and surface habitats did not
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explain a significant proportion of variation in SSD. Since body size is a
trait that might contribute to fitness in various ways in both sexes and
be constrained by a variety of factors (resource levels, competition and
predation), environmental variation within cave or surface habitats
might cause the lack of clear habitat divergence in SSD, in contrary to
certain morphological traits with marked habitat-dependent sexual
dimorphism (Baldzs et al., 2021). All we can say is that the male-biased
SSD in our system is a sign that sexual selection on male body size is a
stronger force than fecundity selection on female body size. This seems
plausible when considering the importance of precopulatory mate
guarding in male reproductive success (Ridley and Thompson, 1979;
Adams etal,, 1985; Bertin et al., 2002). It is interesting to note that in the
Molnér Janos Cave population (with which we have been working
intensively in the last years both in the field and in the laboratory:
Herczeg et al., 2020, 2022; Balazs et al., 2021; Horvath et al., 2021, 2023;
Berisha et al.,, 2022), which is the smallest in size and has the lowest SSD,
precopulatory mate guarding was never observed (personal observation).

We must note that the body size range utilized in the present study
is narrower (but not by magnitudes—note that we use body length here,
while many studies use body mass) compared to the ranges in
interspecific studies on Renschs rule (e.g., Colwell, 2000; Kratochwil
and Frynta, 2002; Székely et al., 2004; Webb and Freckleton, 2007). On
the contrary, similar ranges in intraspecific comparisons were sufficient
to detect significant allometry in other species (e.g., Herczeg et al,
2010). Further, the sample size from some populations might not
guarantee that even by using only the largest individuals from the
population sample we could avoid biased sampling of different age
groups, especially that the samples could not been collected at the same
time of the year. However, we are working with the studied populations
for more than a decade now and based on our experience, the sample
representation is adequate. Hence, we think that the conclusion
regarding locally variable selective forces being responsible for the body
size and SSD variation in the studied A. aquaticus system is plausible.
One potential problem is that even though cave communities are
indeed simpler than surface communities in the typical A. aquaticus
habitats, some of the studied caves can be considered harboring diverse
communities by subterranean standards. For example, the Postojna-
Planina Cave System harbors 50+ aquatic species including predators,
and can be considered as a hotspot for subterranean biodiversity
(Zagmajster et al., 2021). The Movile Cave, which is one window of
access to the Movile aquifer, harbors 20+ aquatic species, also including
aquatic predators (Brad et al, 2021). However, hand-dug wells
(including our sampling site), providing further windows of access to
the Movile aquifer in and around the town Mangalia, are predator-free
and harbor lower diversity (Serban Sarbu, pers. comm.). It is possible
that in an intraspecific context, only insular environments with
extremely simple communities will induce body size evolution in line
with the island rule. For instance, in the case of the nine-spined
stickleback, Pungitius pungitius, a single larger-bodied competitor
species could inhibit the evolution of gigantism in insular environments
(Herczeg et al., 2009).

We note that two of the studied cave populations were not typical
in the sense that they were not cold-water epigenic caves relying on
organic material of exogenous origin. The Molnar Janos Cave in
Hungary and the Movile aquifer in Romania are both hypogenic
hydrothermal cave systems with no exogenous organic material being
present, with communities relying on endogenous bacteria of
chemoautotroph origin (proven for Movile aquifer: Sarbu et al., 1996;
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proposed for Molnér Janos Cave: Herczeg et al., 2020, 2022). Despite
this fact, A. aquaticus from these two caves showed the highest body
size and SSD divergence among all possible population pairs (Movile
aquifer > Molndr Janos Cave for both body size and SSD). We can only
speculate about the environmental factors that led to this divergence.
The water temperature is similar in the caves (between 21°C and 23°C)
and both caves are characterized by stable and low flow velocity. Water
chemistry is intuitively harsher in Movile aquifer with extremely low
oxygen and high sulfur (Sarbu et al., 1996; Brad et al., 2021). Still, the
Movile aquifer population had the largest body size among all
populations tested. The endogenous bacterial mats in Molnar Janos
Cave are likely to represent low quality food source (Herczeg et al.,
2020, 2022), which might explain that this population have the smallest
body size of all studied populations, but the extremely large body size
in Movile aquifer definitely requires further studies.

Taken together, even though we found large population
variation in body size and SSD, we found no support for the island
rule, habitat-dependent SSD or Rensch’s rule in our system of six
cave and nine surface A. aquaticus populations. We conclude that
the marked general environmental differences between cave and
surface habitats, like lack of light or differences in food sources and
food availability, might override differences stemming from the
island-mainland characteristics. Further, local selective forces
unexplained by the major environmental divergence between cave
and surface habitats govern variation in both body size and SSD,
without one of the sexes being the driver of body size evolution in
the study system. For a better understanding of body size evolution
in cave and surface A. aquaticus, common garden experiments are
warranted to separate the genetic and environmental contributions
to body size variation.
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