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Abstract
Phenotypically similar species coexisting in extreme environments like sulfidic water are sub-

ject to two opposing eco-evolutionary processes: those favoring similarity of environment-

specific traits, and those promoting differences of traits related to resource use. The former

group of processes includes ecological filtering and convergent or parallel evolution, the latter

competitive exclusion, character displacement and divergent evolution. We used a unique

eco-evolutionary study system composed of two independent pairs of coexisting amphipod

species (genusNiphargus) from the sulfidic caves Movile in Romania and Frasassi in Italy to

study the relative contribution and interaction of both processes. We looked at the shape of

the multifunctional ventral channel as a trait ostensibly related to oxygenation and sulfide de-

toxification, and at body size as a resource-related trait. Phylogenetic analysis suggests that

the sulfidic caves were colonized separately by ancestors of each species. Species within

pairs were more dissimilar in their morphology than expected according to a null model based

on regional species pool. This might indicate competitive interactions shaping the morphology

of these amphipod species. Moreover, our results suggest that the shape of the ventral chan-

nel is not subject to long-term convergent selection or to the process of environmental

filtering, and as such probably does not play a role in sulfide tolerance. Nevertheless, the an-

cestral conditions reconstructed using the comparative method tended to bemore similar

than null-model expectations. This shift in patterns may reflect a temporal hierarchy of eco-

evolutionary processes, in which initial environmental filtering became later on superseded

by character displacement or other competition-driven divergent evolutionary processes.
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Introduction
Species sharing specific environments tend to resemble each other in traits that are adaptive
in those environments [1–2]. Such trait similarities can be the consequence of environmental
filtering of a few species from a larger regional pool or can be acquired through convergent
evolution after the species enter their new environment [3]. The more ecologically distinct
a certain environment is from its surroundings, the more conspicuous similarities can
be expected among co-occurring species. In extreme environments such as caves, even
members of different phyla attain striking similarity [4]. On rare occasions, such extreme
environments might get colonized repeatedly by closely related species. Consequently, re-
sources become depleted and interspecific competition may become an important source of
selection [5–6].

As a rule, competition-based selection is minimized if species exploit distinct ecological
niches [7]. The result of competitive interactions is limiting similarity among coexisting species
[8–10]. Hence, species coexisting in specific local environments are subject to two opposing
processes: ecological filtering that promotes similarity, and competition that promotes differ-
entiation [11–12].

If coexistence persists through time, the conflict between the two processes has probably
been resolved. This may had happened already during the assembly of the community by
ecological filtering, if the colonizing species possessed exaptations allowing them cope with
the new environment and at the same time to minimize competition for resources [3].
Alternatively, colonizers with insufficient exaptations may have undergone evolutionary
change under the new selective environment and/or character displacement induced by in-
terspecific competition [13–14]. These theoretical considerations raise two questions: first,
can we detect signatures of ecological filtering and interspecific competition in coexisting
species? And second, can we infer whether colonization happened with or without evolution-
ary change?

We address both questions using coexisting pairs of amphipods from sulfidic caves. The
studied amphipods belong to the genus Niphargus, the members of which live in caves and
other subterranean waters [15]. Although subterranean environments can generally be con-
sidered extreme on their own account, we focus here on caves characterized by a further ex-
treme environmental parameter, namely high concentrations of hydrogen sulfide (H2S).
Water with high concentrations of H2S is toxic: sulfide binds to cytochrome c oxidase and in-
hibits mitochondrial electron transport [16]. Only few species are able to colonize such envi-
ronments. The strength of sulfide-based environmental filtering is best illustrated by Mexican
fishes, where among 21 species present in the region only a single species, the cave molly (Poe-
cilla mexicana), successfully colonized sulfidic water [17]. In addition to this system, P.mexi-
cana independently colonized several other sulfidic localities, and the resulting populations
evolved convergent morphological and behavioral features that help them cope with toxic
H2S [18–20].

Niphargus species repeatedly colonized two sulfidic caves in Europe, Movile Cave in Roma-
nia, and the Frasassi cave system in Italy [21–22]. Here we used a recently developed ecomor-
phological framework for Niphargus [23–24] to test whether processes such ecological filtering
and interspecific competition have affected functional morphological traits that are likely to re-
late to different dimensions of the ecological niche. We predict that coexisting species will (1)
resemble each other in traits that reduce the toxic effect of sulfide, and (2) differ in traits that
correlate functionally to resource use. Furthermore, we reconstructed the morphologies of the
inferred ancestors of coexisting species pairs in order to check whether functional morphologi-
cal traits evolved over time.

Coexisting Niphargus Species in Sulfidic Caves
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Materials and Methods

Study caves and study species
Movile Cave is situated in southeastern Romania on the Dobrogea Plateau (Fig 1). The sur-
rounding of the cave is ecologically homogenous and covered with steppe vegetation. The
fauna of the cave was extensively studied and includes 18 aquatic species. The macrofauna con-
sist of two amphipods, an isopod, and two possible predators—a leech and a water bug [21].
Our two focal species are Pontoniphargus racovitzai Dancău 1970 and a yet undescribed spe-
cies, provisionally named as Niphargus cf. stygius; both are endemic to the Movile Cave aquifer
and apparently inhabit sulfidic water as their primary habitat [25]. Pontoniphargus species con-
sistently appears nested in the genus Niphargus on molecular phylogenies (see [25] and the Re-
sults section of this paper), and its genus status is under revision (unpublished). Even though

Fig 1. Geographic position of the studied sulfidic caves (F = Frasassi cave system, M = Movile Cave). Shaded dots indicate the distributional range of
Niphargus in Europe, after [61].

doi:10.1371/journal.pone.0123535.g001
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south-eastern Romania is poorly explored, the vicinity of Movile Cave up to a radius of 24 km
has been a subject of thorough sampling. Apart from our focal species pair, five other Niphar-
gus species have been reported from this area making up a regional species pool. Pontoniphar-
gus ruffoi Karaman & Sarbu 1993 is another species thriving exclusively in sulfidic water but
restricted to a spatially separated sulfidic aquifer. Three further species (N. hrabei Karaman
1932, N. gallicus Schellenberg 1935, N. dobrogicus Dancău 1964) are apparently restricted to
sulfide-free waters. Finally, N. decui Karaman & Sarbu 1995 is widely distributed in Dobrogea,
mostly in sulfide-free water, but on rare occasions it was found in sulfidic waters as well.

The Frasassi cave system is located in central Italy, on the Adriatic side of the Apennine
Mountains, about 40 km from the coast (Fig 1). This cave system lies in a geographically and
geologically diverse area alongside a 500-meter deep and two-kilometer long canyon formed
by the Sentino River. The surface surroundings are covered by thermophilous Mediterranean
vegetation, pine forests and deciduous forests [22]. Although the fauna of this cave system has
been less extensively studied than in Movile, Niphargus amphipods are among the largest
aquatic animals there. Out of the four known species, one (Niphargus sp.4 in [26]) was collect-
ed only once and can be considered as an accidental visitor, whereas the other three are regular
inhabitants of the cave system. The focal species, N. ictus Karaman 1985 and N. frasassianus
Karaman, Borowski and Dattagupta 2010, dwell primarily in sulfidic water throughout the sys-
tem and coexist in some places at a distance of a few centimeters [26]. The third local species,
Niphargus montanarius Karaman, Borowski and Dattagupta 2010, has been found exclusively
in one sulfide-free pool. The area surrounding this cave system is ecologically more heteroge-
neous than the Movile area, and the regional amphipod species pool is less known. To achieve
robust estimations of the regional species pool despite this limitation, we considered for the
analyses all Niphargus species within a range three times larger than for Movile Cave (i.e., with-
in a radius of about 75 km); according to [27] these species are N. aquilex Schiödte 1855, N. ele-
gans Garbini 1894, N. longicaudatus Costa 1851, N. pasquinii Vigna-Taglianti 1966, N. orcinus
agg., N. spoeckeri sibillinanus Karaman 1984, N. stefanellii Ruffo & Vigna Taglianti 1967.

Samples for phylogenetic and morphometric analyses
The comparative analysis of morphological evolution of sulfide-dwelling Niphargus species re-
quires a wider phylogenetic context. For this purpose, we selected a subset of a large Niphargus
DNA dataset [23–26, 28–29] that includes representatives of all major lineages, and all close
relatives of our focal species. Altogether 44 Niphargus species were used to reconstruct phylo-
genetic relationships and ancestral morphologies. Lists of species, sampling sites, sequence ac-
cession numbers, and morphometric data are presented in the S1 and S2 Tables). No specific
permissions were required for these locations and the study does not include endangered or
protected species.

Phylogenetic reconstruction
We used two variable sections of the 28S rRNA gene adding up to approximately 2100 bp, and
a 330-bp section of the histone H3 gene. Primers and PCR protocols were as in [23–24]. The
28S rDNA sequences were aligned using MAFFT under the E-INS-i model (allowing for large
indels separating conserved blocks [30]). Gap-rich regions were removed from the alignment
prior to phylogenetic analysis with the help of Gblocks [31]. For the H3 sequences, no special
alignment procedure was required as they were all of equal length.

A concatenated matrix of the three sequence alignments was used for subsequent Bayesian
MCMC tree searches in MrBayes 3.2.1. [32]. Model parameters were set to six different substi-
tution rate categories and gamma-distributed rate heterogeneity with a proportion of invariable
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sites, and optimized during the search. All parameters except the topology were unlinked be-
tween the 28S and H3 partition. Two independent runs with four chains each were sampled
every 1000 generations until the standard deviation of split frequencies dropped below 0.002,
which happened after roughly 20 million generations. The first 5000 trees from each run were
discarded, and from the remaining 30,000 trees a 50% majority rule consensus was calculated.

Morphological analysis
Wemeasured two functional traits: the body size and the shape of the ventral channel. Each
trait was used as a proxy for an independent ecological niche axis. The landmarks we used
are described in [33]. We assumed that body size represents the trophic niche, and as such
evolves divergently under competition for food resources (e.g., [10]). We measured size of
adult animals.

The second trait, the shape of the so-called ventral channel, describes the hydrodynamic
flow of oxygenated water to the amphipod gills (cf. [24]). Amphipods are laterally flattened:
their ventrally elongated coxal plates, together with the bases of their pereopods, form a multi-
functional channel along the ventral side of their body. The broom-shaped appendages in the
posterior part of their body generate water currents that flow across the gills in the ventral
channel. This water flow may also be used for filter-feeding and jet propulsion [34]. The deeper
and the more closed the channel is, the stronger is the water current that delivers oxygen to the
gills. Adaptations to hypoxia (as is often the case in sulfidic waters) frequently include struc-
tures that enhance oxygenation and gas exchange [19]. We therefore expected the shape of the
ventral channel to be subject to environmental filtering and/or undergo convergent evolution
in sulfidic caves. We estimated the efficiency of the ventral channel in respect to water flow by
measuring the ventro-distal length of coxal plates II and III as well as the width of the bases of
pereopods V and VII [23]. Pereopods VI were found to be frequently damaged and were there-
fore excluded from our analyses. Measurements in millimeters were regressed onto species
body lengths and expressed as standardized residuals. All analyses of morphometric data are
based on species mean values.

Testing ecological predictions
If a particular trait has been subject to ecological filtering during colonization of a sulfidic cave,
that trait is expected to be more similar between colonizing species than between species select-
ed at random from non-sulfidic species in the corresponding regional pool. Conversely, if dif-
ferences between species from the sulfidic cave exceed those observed in the regional species
pool, that trait was probably affected by competition.

For each of the two caves, we first conducted a survey of faunistic data to establish the re-
gional pool of Niphargus species living in non-sulfidic subterranean waters in the vicinity of
both caves (see above and S3 Table). These species were measured for the same traits as de-
scribed above. As we could not collect all species in nearby localities, we also used specimens
from more distant populations. Unclear taxonomic records, e.g., “Niphargus orcinus aggregate”
was represented by data obtained from the actual N. orcinus Joseph 1869.

Since the regional species pools comprised only four species for Movile and seven species
for Frasassi, they were too small to allow for the generation of a statistically meaningful number
of random species pairs. Increasing the number of species by enlarging the geographic range
around each cave would have lead to the inclusion of species from other environments such as
alluvial plains of Northern Italy and the Dinaric Karst, where they experience completely dif-
ferent ecological conditions such as space limitation and predation by cave salamander. Be-
sides, natural dispersal from these areas to the studied sulfidic caves is highly unlikely. Hence,
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in order to avoid distorted and biased approximations of species pools [35] we resorted to a
simulation approach. Under the assumption that the morphological variability of all known re-
gional species represents the entire range of available ecological space, we simulated two re-
gional pools of 100 virtual species each as follows. Each virtual species was defined by the five
morphometric traits presented above. The values for simulated traits were drawn from a uni-
form distribution between the minimum and maximum value obtained from the actual species
pool (as in the similar univariate approach used in [36]), thereby simulating two regional pools
of 100 virtual species each. From each pool 1000 pairs of virtual species were drawn at random.
These species pairs were then used to calculate Euclidean distances for body size and ventral
channel shape, the distributions of which served as null models for comparison with our focal
species pairs. All analyses were made using the R language [37]. The scripts used are available
upon request.

Inferring evolution
In order to assess whether evolutionary change contributed to above-random similarity or dif-
ferences between coexisting Niphargus species, we estimated the trait values of their inferred
ancestors. The assumption needed for this assessment to be valid is that the last common an-
cestor of a sulfidic species and its non-sulfidic sister species had lived in non-sulfidic water.
The accuracy of ancestral state reconstruction is known to decrease when moving up the phylo-
genetic hierarchy of nodes [38–39], making such conjectures unreliable. In the present study,
we minimized this problem by restricting the reconstruction of ancestral morphologies to the
most recent common ancestors of sulfidic/non-sulfidic sister pairs, i.e. the first hierarchical
level only. All calculations were made using COMPARE 4.6b [40]. Based on the Akaike infor-
mation criterion, we found that the Ornstein-Uhlenbeck (OU) model of evolution outper-
formed the Brownian motion model and therefore conducted all our analyses under the OU
model. The reconstructed ancestral species pairs were then tested for evidence of filtering and/
or competition by comparing their divergence to null-model expectations as described above.

Results
Our molecular phylogenetic analysis demonstrates that the four focal species living in sulfidic
water belong to different clades, speaking in favor of four independent colonizations of the sul-
fidic caves (Fig 2). Their extant sister species live in sulfide-free water, except for a single occur-
rence of N. stefanellii in another sulfidic cave [41].

Comparison of body size and ventral channel shape of coexisting extant species from sulfi-
dic caves brought considerable support in favor of competition, and no support at all for eco-
logical filtering (Tables 1 and 2). In the Movile species pair, both the adult body size and the
shape of the ventral channel were significantly more different than expected under the null
model (body size p< 0.0001, body shape p = 0.002). In the Frasassi species pair, the ventral
channel shape differed significantly (p< 0.0001) but the body size did not (p = 0.365). Differ-
ences exceeding null model expectations suggest morphological overdispersion that might be
due to competitive interactions.

Comparison of extant and ancestral morphologies indicated that evolutionary change oc-
curred in all four species (Tables 1 and 2, Fig 3). In the Movile species pair, we detected sub-
stantial divergent change in the shape of the ventral channel. The inferred ancestral ventral
channel morphology of both species resembled each other more than expected under the null
model (p = 0.024, p value ranging from 0.007 to 0.171 depending on reconstruction, Table 2),
while to reach their present-day morphology, it had to diverge by a factor of 2.85–6.71. Body
size, on the other hand, differed already significantly more than expected (p< 0.0001) for the
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Fig 2. Phylogenetic relationships among 44 species of Niphargus obtained by Bayesian inference. The two studied species pairs from sulfidic caves are
indicated in bold. Numbers on the nodes indicate Bayesian posterior probabilities; only nodeswith support > 0.7 are indicated. Distinct yet undescribed species
from the ‘longicaudatus’ group are labeled geographically. The tree was rooted using topological information from a genus-widemolecular phylogeny [28].

doi:10.1371/journal.pone.0123535.g002
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reconstructed ancestral species, and the difference in their descendants remained higher than
expected (Table 1). Thus, the present-day morphological overdispersion of Niphargus body
size appears to have originated at the times when Movile Cave was colonized by ancestors of
our focal species.

In the Frasassi cave system, we found the direction of evolutionary change to be divergent
for both traits. The reconstructed ancestral species were more similar in body size (p = 0.031, p
values ranging from 0.023 to 0.040), and marginally more similar in ventral channel shape
(p = 0.056, p values ranging from 0.055 to 0.070) than predicted by the null model (Table 2).
Euclidean distances, reflecting the respective ecological differences within the ancestral and ex-
tant species pair, increased by factor 11.8 to 21.0 times for body size and 1.21 to 1.29 times for
ventral channel shape.

Discussion
We introduce here a new eco-evolutionary study system composed of two pairs of separate, yet
closely related species having independently colonized an ecologically extreme environment
(sulfidic ground water). The existence of two parallel systems of this kind is globally unique
and deserves to be studied. However, the uniqueness of the system at the same time poses me-
thodical limitations to the comparative approach in our study. Inferring ecological processes
from current patterns is challenging, in particular when dealing with intrinsic limitations of the

Table 1. Difference in body size measured in Euclidean distances for pairs of co-occurringNiphargus species and their inferred ancestors.

species pair Movile Cave Frasassi Cave system
Euclidean distance ecological process Euclidean distance ecological process

extant 6.805 competition (p<0.001) 3.775 random (p = 0.365)

ancestral-lower 7.01 competition (p<0.001) 0.18 filtering (p = 0.023)

ancestral-mean 7.8 competition (p<0.001) 0.25 filtering (p = 0.031)

ancestral-upper 8.59 competition (p<0.001) 0.32 filtering (p = 0.040)

Species pair: upper, mean, lower—COMPARE provides estimates of ancestral states with standard errors. We calculated three estimates of ancestral

states, as mean, lower (reconstructed value—standard error) and upper (mean + standard error) and repeated the analyses for all three values.

Ecological process: the putative process leading to either significant similarity or significant difference of coexisting species. The p value indicates the

probability that species pair is more similar or different than expected when compared to pairs of species randomly drawn from the corresponding regional

species pool.

doi:10.1371/journal.pone.0123535.t001

Table 2. Difference in ventral channel measured in Euclidean distances for pairs of co-occurringNiphargus species and their inferred ancestors.

species pair Movile Cave Frasassi Cave system
Euclidean distance ecological process Euclidean distance ecological process

extant 2.8166 competition (p = 0.002) 3.386 competition (p<0.0001)

ancestral-lower 0.9876 random (p = 0.171) 2.63 random (p = 0.07)

ancestral-mean 0.5494 filtering (p = 0.024) 2.69 random (p = 0.056)

ancestral-upper 0.4197 filtering (p = 0.007) 2.704 random (p = 0.055)

Species pair: upper, mean, lower—COMPARE provides estimates of ancestral states with standard errors. We calculated three estimates of ancestral

states, as mean, lower (reconstructed value—standard error) and upper (mean + standard error) and repeated the analyses for all three values.

Ecological process: the putative process leading to either significant similarity or significant difference of coexisting species. The p value indicates the

probability that species pair is more similar or different than expected when compared to pairs of species randomly drawn from the corresponding regional

species pool.

doi:10.1371/journal.pone.0123535.t002
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model system. Although regional species pools counting four and seven species of a single
genus are not small for subterranean environments, testing procedure needed to be adjusted on
account of its rigorousness (i.e., using simulated species instead of real ones, see Methods). On
the other hand, both cave systems have changed only little over evolutionary time making in-
ference of evolutionary processes potentially more reliable than in other, less stable ecosystems
[4]. Also sulfidic concentration has been increased for the past 1–2 and 4–6 million years in
Frasassi and Movile [21–22], respectively. Keeping the strengths and omissions of the study in
mind, we find results interesting and somewhat unexpected.

Remarkably, amphipod species pairs inhabiting primarily sulfidic environments show no
increase in mutual similarity, neither by convergent evolution, nor as compared to random
species associations. However, when comparing the ancestral conditions inferred at the time of
colonization, similarity in most cases exceeded null model expectations. This shift in patterns
from ancestral to recent species pairs possibly reflects a chronology of eco-evolutionary pro-
cesses during which initial environmental filtering at the time of colonization become super-
seded by competition-driven divergent evolutionary change [42].

Multiple colonizations of sulfidic habitats have been reported for Mexican cave mollies
where researchers found a high degree of morphological and behavioral convergence among
independent lineages [18–20]. However, a direct comparison with the Mexican cave molly case
is not warranted here as the Mexican sulfidic habitats studied were colonized by a single species
only, precluding interspecific competition for resources. In our example, each sulfidic cave was
invaded independently by two unrelated niphargid species. Competitive interactions, if they
existed at the time of colonization, must have been resolved by divergent evolution of traits as-
sociated with resource use. Indeed, we found unexpectedly large morphological differences
among coexisting extant species, whereas their inferred ancestral morphologies where very
similar. This pattern is in accordance with a competition-driven processes of ecological [43]
and community-wide character displacement [44], the latter also called “species sorting” by
[43]. However, a simple competition model is not the only possible explanation for the ob-
served pattern. Both body size and the shape of the ventral channel can be subject to multiple
selective forces that may yield similar patterns of divergence. Ecological specialization, e.g.
shift in habitat use, may not be driven by competition, but can reflect different adaptive peaks

Fig 3. Schematic summary of the results. The y-axis shows the normalized ecological difference between
coexisting species as inferred from Euclidean distances, whereas the dashed lines indicate the theoretical
minimal and maximal Euclidean distances. Normalized Euclidean distances were calculated as (actual—
theoretical minimal Euclidean distance) / (theoretical maximum—theoretical minimal Euclidean distance).
Theoretical Euclidean distances were calculated based on regional species pools and can be exceeded in
ancestral species pairs. The x axis represents ancestral (open symbols) and extant (solid symbols) species
pair. Arrows are oriented from ancestral to extant species pairs for each studied trait. Frasassi species are
labeled with diamonds, Movile species with circles. Differences between ancestral species pairs were
calculated using the mean, upper and lower estimates for a given trait. Note that the direction of evolutionary
change in all but one case indicates competition-driven divergent evolution.

doi:10.1371/journal.pone.0123535.g003
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[45–46]. In the case of our amphipods, species with slender bodies might prefer small pores,
whereas species with stouter bodies might prefer open waters. Furthermore, in Movile Cave
predation by a leech and a water bug could have initiated evolutionary divergence in trade-offs
between predation and habitat use in our focal Niphargus species e.g., [47]. For example, the
large body size of N. cf. stygius could make it less exposed to predation e.g., [48], whereas the
smaller body size of P. racovitzaimay allow it to position itself upside-down right under the
oxygenated upper water layer [21]. Nevertheless, the possibility that the differences observed
between our species could be related to differential phylogenetic trends (e.g., Cope's rule; re-
viewed in [49]) or developmental constraints [49] can be ruled out, as previous studies have
shown that small and large body sizes evolve frequently independently [23, 24, 28] and that de-
velopmental constraints are unlikely to act on these traits [50].

Whether divergence was driven by competition alone or by a combination with other forces,
the two studied functional traits, body size and ventral channel shape, appear not to be subject
to long-term convergent selection or to the process of environmental filtering. While evolu-
tionary divergence was expected for body size, we were surprised to observe the same pattern
for the ventral channel, since we initially thought that it may play a role in coping with high
sulfide concentrations. We can think of two explanations to be tested in future research.

The first one is that most or allNiphargus species are able to survive high sulfide concentra-
tions. Two indirect lines of data support this idea. First,Niphargus species that live in sulfidic caves
belong to different lineages of the genus. The number of sulfide-dwelling lineages might be even
higher, as some authors reported other species living in water presenting the characteristic smell of
H2S [41, 51]. Therefore, it is possible that some form of resistance to sulfide is present in many if
not all extant species. In that case, the trait responsible for resistance is likely a plesiomorphic, phy-
logenetically shared trait [52–53]. Another hint comes from the observations that the Frasassi spe-
cies pair resist to concentrations of sulfide higher than the ones actually measured in the cave [54].
It is unlikely for selection to produce adaptation exceeding environmental demands. Rather, this
high sulfide tolerance might be the side effect of some other physiological mechanism and may
therefore represent an exaptation. There is increasing evidence thatNiphargus species survive an-
oxic conditions for prolonged periods and that they efficiently recover their oxygen debt [55–57].
Thus, the survival in sulfidic water of variousNiphargus species may be explained by a general tol-
erance of this genus to anoxia, possibly coupled with specific behaviors (see below).

The second explanation might be that although sulfide represents a constraint that triggers
environmental filtering and convergent selection, we did not look at the traits involved in its de-
toxification. These may include symbiosis with Thiotrix bacteria [58], physiological resistance
mechanisms [20, 59–60], or adaptive behaviors that improve oxygen uptake. Plath et al. [18]
noted an uptake of atmospheric oxygen in sulfide-dwelling fishes Poecilla mexicana. Likewise,
regular movements to better oxygenated upper water layers and an upside-down crawling behav-
ior under the water surface were reported inN. ictus and P. racovitzai, respectively [21, 26, 58].

In any case, the mechanism of resistance to H2S in these species remains unknown. While
we were not able to find exclusively shared phenotypic similarities among the two traits stud-
ied, it seems unlikely that species inhabiting such extreme environments possess no common
adaptations. Future comparative physiological and behavioral research are therefore needed to
reveal whether such traits may exist outside the realm of morphology.

Supporting Information
S1 Table. List of species used in the phylogenetic analysis with their localities and the Gen-
Bank accession numbers of their sequences.
(XLS)
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S2 Table. Morphometric data used for reconstructing ancestral morphologies.
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