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Abstract: Stygobiont species show common, typical traits derived from their adaptation to subter-
ranean life. Due to the general absence of light in cave environments, the majority of them are eyeless.
Although the absence of eyes generally does not allow them to perceive luminous stimuli, some
stygobionts still present phototaxis. Previous studies determined that different species of the eyeless
amphipod crustaceans of the genus Niphargus are able to react to light; this has been interpreted as an
adaptation to avoid dangerous surface habitats, even if recent studies suggest that this could also
be an adaptation to exploit them when a situation is less dangerous (i.e., during the night). Niphar-
gus thuringius is a stygobiont amphipod that can also be observed in spring environments despite
possessing all the main morphological features of subterranean organisms, such as depigmentation
and a lack of eyes. In the present study, we test how the species respond to light stimuli according
to the light cycle and predation risk experienced during a conditioning period. We assessed the
reactions to light stimuli of adult individuals of N. thuringius after 30 days of rearing in microcosms
with different conditions of light occurrence (total darkness or a light/darkness daily cycle) and
predation risk (without predators, with one predator, and with two predators). Both light stimuli
during the test and rearing conditions affected the behavior of Niphargus thuringius. With light stimuli,
individuals presented a strong photophobic response. Moreover, individuals reared in conditions of
high predation risk preferred a more sheltered environment during behavioral tests than individuals
reared in safe conditions. Our results add a new species to those of stygobiont amphipods known
to display negative phototaxis, confirming that this pattern is widespread and conserved in the
field. N. thuringius could be a good candidate model to perform further studies aiming to assess if
differences occur between spring populations and populations present in deeper groundwater.

Keywords: ecotone; spring; cave

1. Introduction

Animals living in ecotones are worth investigating in the scientific field for a variety
of reasons. Populations living at the edge of their species range generally afford ecotones
with more or less steep gradients of biotic and microenvironmental pressure changes
depending on the features of the adjacent habitats [1,2]. Various studies have shown that
biodiversity, population densities, and species variation tend to peak in ecotonal habitats,
even if exceptions to these outlines occur [3,4]. The evidence suggests that ecotones may
also be differentiation hotspots where new species/ecotypes may evolve [5,6]. As such,
species inhabiting ecotones deserve increased research investment.

However, studying species exploiting ecotones can be challenging because ecotonal
habitats generally display both features that are typical of their bordering habitats as well as
their own peculiar characteristics. This is the case for spring habitats that separate ground-
water and surface water [7,8]. While in groundwater, the absence of light causes trophic
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resources to be an important limiting factor, both the occurrence of primary producers
and a high supply from the surrounding terrestrial environment favor the occurrence of
well-developed trophic webs in surface freshwaters [9,10]. At the same time, groundwater
is a much more stable environment in terms of environmental conditions and hydroperiods,
which can also be safer for consumers and mesopredator species in terms of predation
risks with respect to the surface side of springs [11–14]. The transition between the two
environments can be more or less steep, but borders can be particularly obvious in springs
during the daytime when sunlight strictly demarks the limits [15].

This light-mediated limit is usually considered as particularly strong for groundwater
inhabitants called stygobionts [16,17]; they often present specific morphological, physiolog-
ical, and behavioral adaptations to living in subterranean, light-deprived environments.
These features are commonly referred to as troglomorphisms [18,19] and strongly link
stygobionts to groundwater for their entire life cycle, including reproduction, and likely
limit their possibility to exploit surface environments [19–22].

The main adaptations of stygobionts involve: (1) morphological changes, such as the
partial or total disappearance of visual organs and pigmentation; (2) physiological changes,
with effects on metabolism and life cycle; and (3) behavioral changes, mainly related to the
presence or absence of circadian rhythms.

Morphological adaptations involve a more or less pronounced lack of pigmentation [23,24].
At the same time, the reduction in or absence of visual organs (eyes or ocelli, in general) is
particularly important in stygobionts. As a cave environment is completely dark, possessing
functioning eyes would not only be useless, but a disabling form of energy expenditure [25].
Some crustaceans have visual structures in the larval or embryonic stages that gradually degrade
as they grow [23,26,27].

Some stygobiont species, which should be blind due to their pronounced microph-
thalmia or complete anophthalmia, are able to respond effectively to light stimuli [28,29].
This aspect has been highlighted in the literature, especially in the genus of underground
amphipods Niphargus, which show pronounced photophobic behavior [17,28]. Such a
behavioral response to light has been suggested as a mechanism to prevent the dispersal of
stygobiont Niphargus crustaceans into surface environments [16,17] where UV rays may be
dangerous for a depigmented animal. Light avoidance can also work as a useful behavioral
mechanism, allowing a relatively safe exploitation of the trophic resources occurring in
springs and in those surface environments that border groundwater [15,16,30]. A stygob-
iont that would maximize access to resources and reduce the negative impacts of light could
use the advantage of crossing such boundary at night, when UV radiation is absent [15].
To exploit springs during the day, it should avoid photic areas and instead inhabit dark
microhabitats under stones and other available shelters [16].

In addition, predators, such as fire salamander and dragonfly larvae that usually
occur in European springs, may be a strong selection agent in spring habitats [31,32],
driving subterranean amphipods, such as those of the genus Niphargus, to reduce their
activity in surface areas or sectors close to the surface [33,34]. The impact on stygobiont
species and their exploitation of surface habitats by competition and predation posed
by surface-dwelling species has rarely been quantified in the literature. Being eyeless,
stygobiont species are likely vulnerable to be visually oriented predators in springs during
the day; simultaneously, they can have more of an advantage during the night and in dark
microhabitats. However, stygobiont species that are adapted to food-deprived groundwater
areas might be poor competitors in richer surface environments where greater and more
rapid metabolic performances are advantageous [35]. Nonetheless, it is unknown which
environmental constraints, ranging from predation and interspecific interactions to light
impact and physical pressures, play a major role in affecting subterranean animals’ exploitation
of springs. The aim of this study is to add experimental evidence to the photophobic
responses present in Niphargus amphipods, by testing the effects of light stimuli on the
species N. thuringius, and to assess if the conditions of predation risk experienced by adults
may affect/interact with such responses. We hypothesize that if predation risk plays a
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major role in affecting the exploitation of surface habitats by organisms considered strictly
stygobiont, adults of N. thuringius reared in risky conditions display responses similar to
the reactions driven by light stimuli.

2. Materials and Methods
2.1. Study Species

Niphargus thuringius is a stygobiont amphipod crustacean found in the Prealpine area
of Northern Italy. The species has a strong specialization for living underground (it is
blind and depigmented), is common in subterranean environments, and is also recorded in
numerous spring habitats [34,36,37].

In Lombardy, 18 species of amphipods have been observed to date, 14 of which
belong to the genus Niphargus, and of these, as many as 13 are stygobites [37]. Niphargus
thuringius is the species with the greatest ecological value [37], capable of populating both
groundwater and springs.

2.2. Experimental System

Rearing and experiments were performed inside the study area in the laboratory of
subterranean biology “Enrico Pezzoli”, located in the Monte Barro Regional Park (NW Italy).
The laboratory was a 60 m long, ancient, artificial draining gallery, which was naturally
inhabited by N. thuringius. The laboratory was completely absent of light, equipped for
rearing aquatic animals, and, during the period of the experiment, had an average (±SE)
temperature of 10.628 (±0.002) ◦C.

To assess how light stimuli, predation risk, and dark/light conditions experienced
by the object of study affected the behavior of amphipods, depending on their degree of
adaptation to the subterranean environment, we designed microcosms with two distinct
light treatments and three different conditions representing risk of predation (Figure 1).
Half of the microcosms were exposed to constant darkness, while the other half were
exposed to a varying photoperiod of 12 h (from 7 a.m. to 7 p.m.) using a NICREW 3W
28 cm white LED light for aquariums. The illuminance rate in the tanks was 1800 lux.
All the tanks had the same water temperature level. The conditions representing risk
of predation included the following: controls (no predator); meso-predators (four fire
salamander larvae (Salamandra salamandra), permitted to wander across the microcosm);
and meso-predators plus one top-predator (four salamander larvae wandering across the
microcosm, plus one large dragonfly larva (Cordulegaster boltonii) placed in a small cage
inside the microcosm; see below). Salamander larvae are considered to be meso-predators
as, in nature, they are often preyed on by dragonfly larvae [32]. Fire salamanders were
widespread in the study area [38] and often bred in springs and subterranean environments
along with Niphargus amphipods [13,33].

In April 2021, we collected 80 individuals of N. thuringius from two different spring sites,
each in a hilly area (Mount of Brianza, Lecco district). Both springs have been artificially
managed to collect water; they are short draining galleries—“bottini di presa”—characterized
by a very low water depth at the first site (Figure 1A) and by a pool with an abundant mud
substrate (Figure 1B) at the second site. Both are perennial and the occurrence of N. thuringius
has been assessed by multiple surveys [39].

The animals were transferred to the subterranean biology laboratory and mixed in a
tank; then, we randomly assigned 5 N. thuringius individuals to 16 microcosms. Initially,
we planned to obtain 18 microcosms, such as three replicates for each condition presented
in Figure 2. However, we were able to collect fewer animals than expected, and we only
had two replicates for each control condition, for which we expected a higher survival rate
(and, thus, a final number of animals comparable to that of the predator treatments). The
partially imbalanced final dataset was accounted for in the statistical analyses. Microcosms
were present in 40 × 30 × 22 cm tanks, with an 8 cm water depth, sharing the same features,
i.e., a 5 cm stone as shelter on the right-hand side; two Cabilock, white, plastic bowls (6 cm
in diameter); and a pierced, transparent bottle (10 cm in diameter). The white plastic bowls
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were refilled each week, one with chironomids for the fire salamander larvae and two fresh
Tetra Cory ShrimpWafers tablets. The animals were left to acclimatize for 15 days to avoid
behavioral alterations caused by stress (Ginet, 1960). Following the acclimatization stage,
we added top and meso-predators to the tanks, according to the different risk treatments
(Figure 2). In the tanks containing two predators, the fire salamander larvae were free to
wander around and the dragonfly larva was placed in the pierced bottle. Dragonfly larvae
were collected from a different spring on the Mount of Brianza. Fire salamander larvae
were collected from two of the initial straits of two streams in the karst locality of “Alpe del
Viceré” in the Como district. The rearing lasted for 30 days.
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Figure 1. Sites of collection of Niphargus thuringius amphipods used during the experiment.
(A) Short draining gallery in the locality of Valle Tolsera, Airuno municipality (Lecco, Northern
Italy). (B) “Bottino di presa” in the municipality of Castello di Brianza (Lecco, Northern Italy).
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Figure 2. Disposition and composition of the microcosms in the laboratory of Subterranean Biology
“Enrico Pezzoli”. In brown, the stone provided as a form of shelter; in white, two Cabilock, white,
plastic bowls (6 cm in diameter); in blue, a pierced, transparent bottle (10 cm in diameter).

2.3. Behavioural Tests

At the end of the 30-day experiment, a test to assess the response to light stimuli was
conducted on the surviving N. thuringius. This behavioral test was performed for all the
surviving animals during the 31st day, from the beginning of the experiment.
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For this behavioral test, black, plastic arenas measuring 14 cm × 7 cm and containing
2 cm of water were constructed. The procedure consisted of placing N. thuringius individ-
uals at the center of the arena, which was half-covered; then two tests were conducted
for each individual: the first one consisted of illuminating the arena with a flashlight
perpendicular to it to keep one side illuminated and the side in shadow; the second test
consisted of keeping the arena completely in the dark. During the test, the light was placed
25 cm over the experimental arena, providing ~250 lumen of illuminance. In total-darkness
conditions, we used an IR night visor to observe the amphipods. Each test was repeated
twice for each individual; each trial lasted 3 min, with a minute of acclimatation between
one trial and another. Four arenas were managed simultaneously by the same observers.

The entire test arena was covered with a box to avoid interference from the external
environment. Both tests had a duration time of three minutes and were conducted in a
random order to avoid any form of bias. At the end of the three minutes, after uncovering
the box, the positions of the Niphargus thuringius were recorded using a ruler placed at the
base of the arena.

Movement was recorded starting from a value of zero placed at the midpoint of the
arena; the scale ranged from −7 cm to +7 cm; and negative values referred to the covered
half and positive values to the uncovered half of the arena, which was illuminated during
the tests.

At the end of the test, the amphipods were released into the collection site.

2.4. Statistical Analyses

To understand the patterns of the individuals’ activity in laboratory conditions,
we built a linear mixed model (LMM), which can also deal with partially imbalanced
datasets [40,41]. The amphipods’ preference for the side location (i.e., distance from the cen-
ter) was the response variable, and light-exposure treatment (dark and light) was included
as the fixed factor. We used orthogonal contrasts to perform the comparison between
the rearing conditions. Orthogonal contrasts allow for pairwise comparisons without
increasing type I and II errors, as they would occur when using post hoc tests [42]. To test
the hypothesis that the predation risk of the rearing habitat affects the adult behavior of
groundwater-dwelling amphipods, we used contrasts to compare the risk-rearing (two and
one predators) and no-risk (without predators) conditions. Subsequently, for the no-risk
conditions, we compared the tanks exposed to a daylight photoperiod to those in constant
darkness. We then contrasted the tanks with two predators with those with only fire
salamander larva, and then we contrasted, in both risky conditions, the tanks exposed to
a daylight photoperiod against those exposed to constant darkness. Each contrast was
included as a fixed factor in the model.

The microcosms’ identity was considered as a random factor for each treatment, to ac-
count for the different number of replicates and individuals belonging to the same replicate.

We assessed the significance of the fixed factors using a Wald F test [43], and we
verified the models’ assumptions by verifying the absence of multicollinearity issues
through a VIF calculation [44]. All statistical analyses were performed in R (version 3.6.0)
using lmerTest, lme4, and glmmTMB packages.

3. Results

Overall, 34 individuals (42.4%) of N. thuringius survived and were used for the behav-
ioral test. For both predators, the survival rate was 13.3%, while it increased to approxi-
mately 50% only for fire salamander larvae and was 75% without predators. In particular,
at the end of the 30 days of the rearing period, in the microcosms that contained both
Cordulegaster boltonii and Salamandra salamandra larvae, only 4 Niphargus thuringius out of
the original 30 survived. In the tanks containing only Salamandra salamandra larvae, the
surviving Niphargus thuringius increased to 16 out of 30 individuals. The tanks without
predators showed a very high survival outcome of Niphargus thuringius individuals, with
16 surviving individuals out of the original 20. In the constant-darkness condition, the



Diversity 2023, 15, 290 6 of 11

rate of survival was 55%, while in intermittent-light/darkness conditions, the survival
rate was 30%.

Behavioral tests conducted on surviving Niphargus thuringius revealed a strong nega-
tive phototaxis presented by this species: indeed, a significantly higher number of animals
preferred the covered side of the arena (Table 1; Figure 3). Adults responded to light
stimuli, irrespective of the light conditions for rearing experiments (Table 1). Moreover, the
hypogean amphipods that survived the rearing test with predators presented a significant
preference for the borders of the covered (and safer) part of the test arena in comparison to
those obtained from the microcosms without predators (Table 1; Figure 4).

Table 1. Results of the LMM considering the relationship between the behavioral response of the
surviving Niphargus thuringius with light stimuli during the test and rearing conditions experienced
(statistically significant effects (p < 0.05)) are highlighted in bold). NumDF = degree of freedom at the
numerator; DenDF = degree of freedom at the denominator.

. Estimate NumDF DenDF F p

Light stimuli −4.76 1 145 49.04 <0.001
Reared with predators vs. without predators −0.68 1 145 9.10 <0.01

Tanks without predators, intermittent-light conditions vs. constant darkness 0.54 1 145 1.01 0.31
Tanks with two predators vs. tanks with only one predator −0.98 1 145 2.51 0.11

Tanks with two predators, intermittent-light conditions vs. constant darkness −4.85 1 145 3.63 0.06
Tanks with one predator, intermittent-light conditions vs. constant darkness −0.83 1 145 2.18 0.14
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towards the uncovered half of the arena.
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indicate an arrangement towards the covered half of the arena, whereas positive values indicate an
arrangement towards the uncovered half of the arena.

4. Discussion

Our results show that the stygobiont amphipods of the species Niphargus thuringius,
which are as eyeless as all the representatives of the genus Niphargus, respond to light
stimuli and avoid lighted areas, preferring darker ones.

The photophobic behavior of Niphargus amphipods is already known in the literature
for other species [45,46], and has been tested multiple times in recent years [17,28]. While
some authors have observed in the literature that subterranean amphipods seem to display
stronger photophobic responses than those that inhabit the surface [17], others observed no
particular differences or surface species displaying stronger photophobia [47,48], suggest-
ing that negative phototaxis is a widespread characteristic in freshwater amphipods, even
if not strictly linked to subterranean environments. Our results confirm that this pattern
is widespread and conserved among niphargids. N. thuringius is one of the species in the
North of Italy with the highest ecological plasticity; it can be observed both in deep ground-
water and surface habitats close to springs [34,37]. The adult individuals collected for this
experiment belonged to two different springs characterized by artificial buildings, named
“bottini di presa”, used to collect water in the past. Both sites are obsolete and contain
unused buildings; past surveys revealed a very limited occurrence of other aquatic inverte-
brates in the area, suggesting a very poor occurrence of trophic resources [49]. It is, thus,
possible that N. thuringius individuals living in these sites are attracted by the higher num-
ber of trophic resources that occur in the small creeks that originate from the two springs
sampled in our experiment. Being able to perceive light and exploit surficial sites when
UV light is absent—during the night or day, sheltering under leaves and materials that
provide shadow—could limit the risk of light exposure to these unpigmented amphipods.
On the other hand, if we consider that the individuals collected for this experiment were
obtained from spring areas bordering an epigean environment and, thus, somehow likely
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used to perceive light during the day, it can be assumed that individuals obtained from
deeper-lying habitats, not familiar with variations in light-intensity levels, can present even
more marked responses. In this case, a stronger response displayed by individuals obtained
from deeper-lying environments would not only suggest that avoiding light is a highly
conserved behavioral pattern, but that it is also linked to the necessity to always avoid
surface, sub-optimal, risky habitats and remain in the optimal subterranean environment,
as already suggested for different species of Niphargus. In our case study, no differences
occurred between individuals that experienced light/darkness and total darkness; thus,
phototaxis seems to not be affected by short conditioning periods of rearing. Recent studies
performed on the stygobiont amphipod Stygobromus tenuis determined that this species
is more sensitive than surface amphipods to variations in light wavelengths, although
they are not strongly photonegative [47,48]. S. tenuis shows increased photonegativity in
response to long wavelengths of light and an augmented positive phototaxis in response to
shorter wavelengths [47]; this pattern could reflect adaptations to light stimuli occurring in
spring ecotones. Our results suggest that N. thuringius could be a good candidate model to
perform further studies aiming to assess if differences exist between spring populations
and populations occurring in deeper groundwater.

The fact that N. thuringius can respond to light stimuli, despite being eyeless, also
suggests that this species should possess non-visual, extra-ocular photoreceptors. Light
detection can also occur directly at the level of the diencephalon, as demonstrated in
different fish species [50]; this fact was previously hypothesized for some stygobiont
crustaceans, including Niphargus amphipods [51], but was never demonstrated in the field.
Moreover, photoreceptors can also occur at the skin level, a fact previously well-reported
in the literature for planarians [52], even if it seems less likely in animals characterized by a
strong exoskeleton, such as amphipods. Further studies, using molecular tools, such as in
situ hybridization for neural genes involved in light-detection activity, could be performed,
and good candidates for this practice are invertebrates, such as ascidians, whose larvae can
display negative phototaxis [53].

The most intriguing result of our experiment is that adult individuals of N. thuringius
displayed different choices when considering the test arena’s sectors, according to the
conditions in which they were reared during the 30 days prior to the test. Amphipods reared
with predators stayed closer to the border of the covered half of the arena than individuals
reared without predators. This is one of the first attempts to assess the behavioral effects of
predation risk on Niphargus amphipods. While recent phylogenetic studies revealed that
predator–prey interactions are important in shaping antipredator morphological structures
in Niphargus species [54], behavioral studies do not acknowledge this concept, which
is similar for studies conducted on stygobiont crustaceans. An enhanced sensitivity to
different predator cues exists in surface-dwelling freshwater amphipods [55–58], and
this suggests that similar investigations can also be performed on subterranean-dwelling
species. In our experiment, we used adult individuals, for which it was not possible to
know their age or previous experience. The individuals were more cautious if reared with
epigean predators (such as the fire salamander and dragonfly larvae) than individuals
reared without predators. Therefore, only 30 days were sufficient enough to affect the adult
behavior of subterranean-dwelling amphipods. This study provides new insights into the
potential role played by predation risk in affecting the exploitation of surface habitats by
stygobiont organisms. Predation by surface species can be a factor limiting the activity
of stygobionts. However, a limitation of our study that requires further investigations
is linked to the relatively low number of both collected (which reduced the number of
replicates performed) and surviving individuals. Surviving amphipods were those that
were more cautious in general, or that already experienced predation risks during their
lifetime. In any case, they were able to survive the attacks from predators; it is also likely
that they developed cautious behavior as a response to the predation risk they experienced.
Further studies could assess if N. thuringius can distinguish predators’ chemical cues from



Diversity 2023, 15, 290 9 of 11

other cues and assess if differences between populations present in springs and deeper
groundwater exist.

The limitation of working with adults, without a knowledge of their experiences and
age, is a problem that can affect different studies focusing on stygobiont species. Stygobionts
are in fact characterized by long life cycles and reduced fecundity, which makes it difficult
to work with newborn larvae/individuals that could allow us to disentangle the effect of
the environment/experience on their behavioral patterns.

The behavioral outcomes presented in this study deserve further research and could
represent, together with investigations focusing on the study of the circadian cycles of
subterranean amphipods, interesting points for comparative studies between surface and
subterranean species as well as between populations of the same species of stygobionts.
In conclusion, it can be inferred from the results obtained during this experimental work
that low light intensity and a reduced presence of predators could represent decisive
factors for stygobiont species, such as Niphargus thuringius, in the successful exploitation of
ecotonal environments.
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