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Abstract Stygobionts, namely animals with strong
adaptations to subterranean environments that are
unable to complete their life cycles outside ground-
water, can be observed in spring ecotones, but their
occurrence is generally considered accidental. The
aim of this paper is to assess if stygobiont occurrence
in springs is linked to specific environmental condi-
tions or if it is random, irrespective of their features.
For three years, we surveyed 59 spring sites record-
ing the occurrence of vertebrate and invertebrate sty-
gobiont species and assessing if spring features were
related to their distribution. Moreover, we recorded
the escape reactions of two easily identifiable stygo-
biont species. We detected six taxa usually considered
as strictly stygobiont based on their troglomorphic
features. Two of them were quite widespread: the
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salamander Proteus anguinus and the shrimp Troglo-
caris planinensis. Environmental characteristics were
significantly related to the distribution of stygobi-
onts. Hydroperiod and occurrence of flooding were
the factors that played the strongest role in affecting
occurrence. Our study suggests that the occurrence
of stygobionts in springs is linked to specific habitat
features rather than being a random mechanism and
that the exploitation of ecotones can be important for
the lifecycle of some species usually assumed to be
strictly associated to caves.

Keywords Ecotones - Community - Stygobite -
Macrobenthos - Fish

Introduction

Despite their key role in hydrological systems and
river networks, springs are often neglected in eco-
logical and zoological studies. Springs are ecotones
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that represent the boundary between groundwaters
and surface waters. Groundwaters are considered
among the most fragile natural environments in the
world (Kurwadkar et al., 2020). These environments
hold the biggest reservoir of unfrozen freshwater,
thus they represent a fundamental resource for life
on Earth (Gibert and Deharveng, 2002). Lack of
light strongly limits the abundance of primary pro-
ducers and consequently makes groundwater usu-
ally depleted of trophic resources (Barzaghi et al.,
2017). At the same time, groundwaters are more
stable and safer environments when compared to
surface waters. Across the year, they usually expe-
rience limited changes in terms of temperature,
water level, and chemical features (Riedel, 2019).
Furthermore, they are sheltered by the stress-
ing conditions posed by sun radiations or highly
oxidative environments and have simplified food
webs, thus some groundwater organisms suffer lim-
ited predation risk (Lunghi et al., 2016; Mammola
et al., 2019; Manenti et al., 2023; Pipan and Cul-
ver, 2013). Most subterranean species inhabiting
groundwaters are supposed to have fine-tuned their
behavioural, physiological, and metabolic responses
to the relatively narrow and stable characteristics
of their habitats (Culver and Pipan, 2019; Moldo-
van and Nastase-Bucur, 2019); for this reason, they
are also supposed to have lower adaptive potential
against environmental changes, compared to spe-
cies inhabiting surface freshwaters (Friedrich, 2013;
Mammola et al., 2019; Manenti and Ficetola, 2013).
Animals that live their entire life cycles in ground-
waters are called stygobionts (the suffix ‘stygo’
derives from the river Styx, the river flowing in the
mythological Greek underworld). They show the
highest degree of adaptation to subterranean fresh-
water environments and are often characterised by
a set of traits including blindness, depigmentation,
and elongation of appendages (Romero, 2011).
Conversely, surface freshwaters are characterised
by broader variation of physical features and are
generally richer in trophic content, because of both
the primary productivity of autotrophic organisms
and the subsidisation from the surrounding epigean
environments (Barzaghi et al., 2017). Surface habi-
tats thus host a large variety of organisms, some of
which may have more or less pronounced adapta-
tions to thrive in spring ecotones and even to colo-
nise groundwaters if conditions are favourable.

@ Springer

The features of both groundwater and surface
freshwater interplay in characterising the selec-
tive pressures acting on animals exploiting springs
(Alfaro and Wallace, 1994; Cantonati et al., 2006).
This interplay between subterranean and surface hab-
itats may lead to the formation of heterogeneous envi-
ronments hosting relatively high species richness (Di
Lorenzo et al., 2005; Cantonati et al., 2022). At the
same time, ongoing climate change, with its effects
like droughts and intense precipitation events, poses
major constraints for both surface and subterranean
organisms (Di Lorenzo and Galassi, 2017; Wynne
et al,, 2021). Ecological analyses of springs often
focus on epigean organisms, neglecting the roles
played by stygobionts and the pressures they face in
these environments. The fact that the occurrence of
stygobionts in springs could affect both the dynam-
ics of these ecotones and the intrinsic traits of the
populations occurring in them, is poorly considered
in experimental and field studies. For instance, sty-
gobionts of the genus Niphargus were often reported
in springs (Vandel, 1920; Ginet, 1960; Kureck, 1967,
Fiser et al., 2007; Manenti and Pezzoli, 2019). How-
ever, in the past century, the occurrence of these crus-
taceans in springs was considered only accidental
through drift, with the water flow flushing them out
of their primary habitat (Miiller et al., 1963; Kureck,
1967; Mathieu et al., 1999; Malard et al., 2002).
This even if some author already noticed variation of
drifting rate between night and day (Kureck, 1967).
More recently, cases of active spring exploitation of
these crustaceans have been reported, suggesting that
they are likely to affect the dynamics of the ecotones
(Manenti and Barzaghi, 2021; Manenti et al., 2023).
Similarly, recent observations reported that the olm
Proteus anguinus, a highly specialised stygobiont,
can regularly occur in surface environments (Manenti
et al., 2024), but analyses on the whole communities
of springs are extremely scarce.

In this study we assess, at the community level,
whether stygobiont occurrence in springs is ran-
dom or is linked to specific environmental condi-
tions. Community assembly theory affirms that
environmental filtering, dispersal limitation, and
biotic interactions are the main processes shaping
the non-random species assembly (Rosati et al.,
2014; Kraft et al., 2015). Lack of clear associations
between stygobionts and specific environmen-
tal conditions of springs (i.e. random occurrence)
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would support the idea that stygobionts are occa-
sional inhabitants of surface environments, and
their occurrence is not linked to clear ecological
processes. Conversely, the identification of factors
favouring the occurrence of stygobionts in springs
(e.g. water flow, hydroperiod) would point out a
role of ecological filters affecting their exploita-
tion of surface habitats, as occurs with surface-
dwelling animals. Moreover, if stygobionts actively
exploit springs, we predict that in the presence of
disturbance, they are able to shelter or move back
to groundwater. Conversely, if their occurrence is
linked to random or passive mechanisms, we expect
a limited ability to re-enter groundwater, if needed.
To test our hypotheses, we performed an extensive
assessment of communities of springs in a karst
area of Eastern Italy where strong interconnections
between groundwater and surface freshwaters exist.
Teasing apart these hypotheses can have important
implications for the comprehension of the adaptive
consequences of the environmental filtering acting
at the interface between groundwaters and surface
waters.

Material and methods
Study area

The study area (Fig. 1) is situated between the
municipalities of Doberdo del Lago and Monfalcone
(NE Italy) in the north-western part of the Classical
Karst, which is the northernmost part of the East-
ern Adriatic karst territory, including areas made up
of limestone and dolomite (JurkovSek et al., 2016).
Here, we sampled sites extending in different poljes
and belonging to a system of karst lakes comprising
Lake Doberdo, Lake Pietrarossa, Lake Sablici, and
Lake Mucille, which were strongly altered by human
activities, especially around the 1950s. Karst lakes
are typical temporary lakes characterised by strong
variations of the hydroperiod and of the water level,
which can vary up to several metres and also become
completely absent (Knez and Slabe, 2005; Kovacic,
2014). Karst lakes are the expression on the surface
of the variations of the karst aquifer close to areas of
groundwater discharge (Culver and Pipan, 2014). The
hydro-ecological features of the study area allow the
occurrence of a wide variety of species and habitats
(Castello et al., 2021) including springs, sinkholes,

Fig. 1 Study area. In yellow are underlined the three polje/karst lakes around which we investigated springs. Precise locations of the
springs are omitted because of conservation reasons (Lunghi et al., 2019)
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and estavelles (i.e. openings which, depending on
aquifer level, can serve either as a spring or as a sink
of freshwater). For this study, we sampled both clas-
sic springs and estavelles.

Field surveys

For three years, from June 2020 to June 2023, we
surveyed multiple times (minimum: 10, maximum:
24) 59 spring sites (Fig. 2, Supplementary Table 1).
Surveys were carried out both during day and night.
During each survey, we visually recorded the occur-
rence of vertebrate and invertebrate aquatic animals,
distinguishing those considered strictly stygobionts
from those known to live in surface freshwaters. We
did not use dip-netting or other sampling methods to

avoid disturbance on spring sites in order to not influ-
ence stygobionts occurrence in subsequent surveys.
Stygobiont species, thanks to their whitish appear-
ance, are easy to spot when active. Their identifica-
tion was based on existing reports for the ground-
water fauna of the study area (Stoch, 2017). Visual
surveys lasted 20 min for each spring. During sur-
veys, we also recorded spring site features, such as
the area of the spring, the water presence and depth,
and the occurrence of macrophytes. In limnocrene
springs, we surveyed the spring mouths and estavelles
openings. In case of fissures and other openings feed-
ing rheocrene springs, we sampled the habitats for
a maximum length downstream of 1 m. During sur-
veys, we also used visual encounter surveys to assess
the occurrence of predatory fish species like pike

Fig. 2 Examples of springs surveyed. A estavella spring with
visible openings/connections with the groundwater level where
stygobionts were observed to be able to actively escape when
disturbed. B dry estavella spring. C rheocrene stable spring. D,

@ Springer

E: example of water level variation in an estavella spring, pic-
ture E provides example of a flooded spring where borders are
visible but underwater. F shallow rheocrene spring, typically
inhabited by Monolistra racovitzai stygobiont crustaceans
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(Esox lucius) gobies (genus Padogobius), and bull-
heads (genus Cottus).

Moreover, from October 2022 to March 2023,
during night surveys (minimum 1, maximum 5), we
recorded in 22 springs the reaction to our presence
of two easily identifiable stygobiont species: Proteus
anguinus Laurenti, 1768 and Troglocaris planinen-
sis BirStein, 1948 (Supplementary Table 3). Many
stygobiont species are known to be often photopho-
bic even when totally eyeless (Vandel, 1964; Galbi-
ati et al., 2023). If their occurrence was not caused
by drift alone, we expected that they would avoid
our lights during nighttime surveys and re-enter into
spring mouth. During each survey, we counted the
number of visible individuals and how many of them
escaped from the spring into the groundwater during
the first five minutes of our survey time (20 min). We
avoided small stygobiont species like Monolistra spp.
as it would have been difficult to distinguish between
their sheltering under stones/vegetation from active
re-entry into the spring mouth.

Statistical analyses

We used constrained redundancy analysis (RDA) to
evaluate the relative role of spring features on the
stygobiont species composition. RDAs are canoni-
cal analyses, combining the properties of regression
and ordination techniques, that allow evaluating how
much of the variation of the structure of one dataset
(e.g. community composition in a spring; endogenous
dataset) is explained by independent variables (e.g.
spring habitat features; exogenous datasets) (Bor-
card et al., 2011). We built a matrix of environmen-
tal features considering the whole study period and
composed by: (1) the maximum depth of each spring;
(2) if the spring dried or not; (3) the occurrence of
aquatic macrophytes; (4) if the springs were subject
at least once to flooding (i.e. water level overcame
spring mouth/border by at least 10 cm, overcoming
spring delimitation); and (5) if the springs hosted
predatory fish at least once during the three years of
survey. We used the matrix of species composition as
endogenous. A species was considered as present if
it occurred at least once in a spring during day/night
surveys of the whole study period. The RDA analy-
sis was performed for the five commonest stygobiont
species found during surveys (see results). Variance
partitioning was used to calculate the independent

and joint effects of spring features, while the signifi-
cance of explained variance was calculated by 10,000
permutation tests. RDA analyses were performed
using ‘rda’ and ‘permutation’ functions of R package
‘vegan’.

To address factors that could affect the ability of
stygobionts to actively escape springs and re-enter
groundwater, we used a binomial generalised linear
mixed model (GLMM). The dependent variable was
the number of escaped/remaining individuals at each
survey (Venables and Ripley, 2002). As a fixed fac-
tor, we included species identity and water level of
the springs during the survey, distinguishing between
flooded, stable but not flooded, increasing, and
decreasing. Site identity was included as a random
factor. We assessed the significance of the fixed fac-
tors using likelihood ratio tests (Bolker et al., 2008).
We assessed differences between the two species and
the three levels with a post hoc Tukey test using the
package emmeans.

Results

In springs, we detected six taxa usually considered
as strictly stygobiont on the basis of their troglomor-
phic features and/or of previous studies in the Karst
(Fig. 3; Supplementary Table 1). The most common
species were the olm, Proteus anguinus (23.3% of the
site) and Troglocaris planinensis (43.3%). The crus-
tacean isopod species Monolistra racovitzai and M.
schottlanderi were more localised in springs (they
occurred in 13.3% and in 5% of the sites, respec-
tively), still they were often observed with high abun-
dances of active individuals. Finally, we reported the
occurrence of two troglomorphic blind and depig-
mented taxa of planarians, one belonging to the genus
Dendrocoelum, and one to family Planaridaec with
size and external morphology resembling the genus
Atrioplanaria. The latter was found only on three
occasions in two sites, with a record of observing
more than 30 individuals simultaneously.

Stygobiont taxa were significantly related to
spring features (F=3.01; P<0.001). Recorded
environmental features explained the 22.15% of the
variation of stygobiont communities. The first RDA
axis was related to springs not subjected to flood-
ing, that are perennial, with predators and macro-
phytes, while the second RDA axis was associated

@ Springer
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Fig. 3 Frequency of stygobionts occurrences in nine springs monitored between the municipalities of Doberdo del Lago and Mon-

falcone (NE Italy) in the north-western part of the Classical Karst

with temporary springs without predators (Fig. 4;
Supplementary Table 2). Proteus anguinus was
related to temporary springs without predators and
subjected to flooding. Troglocaris planinensis was
associated with slow flowing springs subjected to
flooding, but perennial. Both Monolistra isopod
species were positively associated with the first

RDA axis. No strong relationships were evidenced
for Dendrocoelum sp. planarians.

Stygobionts were able to escape the spring mouth,
sheltering towards groundwater. On average (+ SE)
99+1% of P. anguinus individuals and 69.4+4.7%
of Troglocaris planinensis individuals escaped to
underground shelters within five minutes after we

Fig. 4 Constrained redun- Proteus anguinus
dancy analysis showing N * :
the relationship between o ] Monolistra $chottiaenderi
stygobiont species (in blue) ~imonolistra racovitzai
and some environmental O e e e e m e
.o . o Dendrocoelum sp.
characteristics of springs - 5
o acrophytes
(orange). Constraining Y o ;
variables are represented by g Q Subject to flooding Maximuin Depth
black arrows
g — Troglocaris planinensis Predator fish occurrence
T
Perennial
©
o
T
T I I T |
-1.0 -0.5 0.0 0.5 1.0
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approached springs (Supplementary Table 3). The
rate of escape was significantly different between spe-
cies (*>=9.17, P<0.01) and was related to the trend
of spring water level (y?=15.08, P<0.01). Post hoc
Tukey test showed that P. anguinus had higher escape
rates than 7. planinensis. For both species, escape
rates were higher when the springs were flooded or
stable than when the water level was decreasing
(Table 1).

Discussion

This is one of the few studies assessing the occur-
rence of stygobiont species in springs at the com-
munity level. The presence in springs of groundwa-
ter-dwelling animals with pronounced adaptations to
live underground is well reported (Lescher-Moutoué,
1973; Rouch, 1986; Malard et al., 2002; ; Cantonati
et al., 2011; Aljancic, 2019 ). However, these reports
occur often in the grey literature or as uncritical
associations with passive drift (Manenti and Piazza,
2021). Drift and passive mechanisms, especially after
heavy rains, can explain stygobiont observations in
surfaces where they occur without the possibility
of returning to the underground environment (Hus-
mann, 1976; Mori et al., 2015). However, in our study
area, the distribution of stygobiont species was sig-
nificantly related to specific environmental features,
rather than being a passive random mechanism, and
was characterised by the ability to quickly return to
groundwater under disturbance.

Occurrence of stygobionts in springs was quite
widespread, with both iconic subterranean vertebrates

Table 1 Results of post hoc Tukey test on the fixed factors
(species identity and water level trend) of the GLMM assess-
ing the escape rate of stygobionts from springs to groundwater

Water level

Contrast Estimate  SE z P

Flooded—decreasing 2.78 1.06 259  0.04
Flooded—increasing 1.76 1.34 133 0.54
Flooded—stable 2.01 1.03 1.99 0.21
Decreasing—increasing ~ —0.98 0.87 -1.12 0.67
Decreasing—stable -0.74 027 =272  0.03
Increasing—stable 0.23 0.85 028 0.99

Bold font indicates statistical significance, p-value < 0.05

like the olm, Proteus anguinus and invertebrates not
studied in surface environments like the crustaceans
Troglocaris planinensis and Monolistra racovitzai.
Moreover, we observed unidentified species of pla-
narians, possibly not yet described.

The main drivers of stygobionts occurrence were
related to spring hydroperiod (temporary or peren-
nial), spring flooding, and predator occurrence. Both
P. anguinus and T. planinensis were associated with
springs subject to flooding. Since stygobionts in
spring habitats are often reported during floodings
(Bressi et al., 1999; Malard et al., 2002; Aljancic,
2019; Manenti and Piazza, 2021), the association of
stygobionts with springs subject to flooding could
suggest that they are the result of passive drift from
groundwater, pointing out a role for passive process.
However, in our surveys the occurrence of stygobi-
onts in springs was frequent across the study area and
did not occur only during floodings. Most of these
ecotones are estavelles, i.e. depressions that, when
the water level of the polje raises, are very slowly
flooded, generally without strong water flow. Both
P. anguinus and T. planinensis preferred slow flow-
ing springs that form a small pond-like habitat when
water level rises. In this perspective, our results pro-
vide a possible explanation for the fact that most sty-
gobiont observations in surface habitats are reported
during floodings. Stygobionts may exploit resources
that become available during such events, but this
increases the possibility of drift or being spotted by
researchers. The active exploitation of surface envi-
ronments by stygobionts is also supported by the
observation that, even during floods, stygobionts are
able to shelter in groundwater once disturbed, and
behavioural responses were stronger when water level
was declining. This is supported by studies on stygob-
ionts in springs, which showed that Niphargus crusta-
ceans, once drifted, are able to actively migrate back
to groundwater (Miiller et al., 1963; Kureck, 1967),
and by short-term observations in Slovenia suggest-
ing that P. anguinus observed in surface habitats are
able to re-enter groundwater (Premate et al., 2022).
Moreover, the troglomorphic amphipod Niphargus
valachicus is known to enter the surface waters,
likely to exploit the available food resources (Copilas-
Ciocianu et al., 2018; Markovic et al., 2018). Our
results thus underline that, at the interface between
groundwater and surface, at least some species usu-
ally considered as a strict stygobiont taxon may find

@ Springer
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specific resources and even extend their ecologi-
cal niche towards the surface, with implications for
spring communities. In spring ecotones, flooding
events can allow stygobionts to exploit resources that
are usually stored in terrestrial environments. When
groundwater reaches soils that border temporary
spring mouths, soil animals are forced to exit from
soil as air-breathing becomes impossible, and thus
can be easily captured by spring-dwelling predators.
Moreover, terrestrial prey not exploited by surface-
dwelling species may become available to subterra-
nean predators, as suggested by the observations that
P. anguinus prefers not only sites that are subject to
flooding, but also temporary springs, where it can
feed on earthworms (Manenti et al., 2024). Recent
studies have highlighted that springs are complex
ecotones involving more than just the groundwater
runoff (Reiss and Chifflard, 2017; Cantonati et al.,
2020), and that some subterranean animals exploiting
springs can retrieve most of their food from organic
matter of terrestrial origin (Nair et al., 2021). Our
results call for further studies on the diet of P. angui-
nus both in springs and in subterranean environments
with varying water level, and suggest that the inputs
provided by the multiple surface habitats that border
groundwater should be included when studying the
biology of subterranean animals.

Our results reveal also that, at least in the case of
P. anguinus, the use of temporary springs can also
be linked to the necessity to avoid predator fish like
the pike that usually occur in stable freshwater envi-
ronments. These results suggest that further investi-
gations could try to assess responses of stygobionts
towards surface predators and the role played by the
landscape of fear in affecting freshwater surface envi-
ronments and exploitations by stygobiont species.

Contrary to P. anguinus, T. planinensis atyids
were related to perennial springs, suggesting that also
these environments can provide important trophic
resources, and highlighting that different stygobionts
can exploit different microhabitats. Other impor-
tant stygobiont components of springs communi-
ties included Monolistra crustacean isopods, which
seemed to avoid springs subjected to flooding and
prefer shallow sites, but did not show particularly
strong relationships with the features assessed in
this study. Monolistra isopods are scrapers that can
reach high abundances in subterranean habitats (Sket,
1997). Their biomass and role as scrapers can be

@ Springer

important also in the dynamics of spring communi-
ties and should be investigated in the future.

The fact that stygobiont occurrence in springs is
linked to specific habitat features implies that epi-
gean habitat filtering plays a role, and their occur-
rence is not just determined by random or passive
mechanisms. It might be argued that springs are
simple extensions of the stygobionts’ primary habi-
tat, especially during nighttime. However, our study
highlights a role of multiple environmental features
suggesting complex patterns of occurrence of sty-
gobionts at the boundary between groundwaters and
the surface. Thus, studying groundwater environ-
ments without recognising the functional role of their
ecotones could hamper a complete understanding of
stygobionts’ biology and of the functioning of these
critical ecosystems.
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