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Abstract

The effective detection of both prey and predators is pivotal for the survival of mesopredators. However, the condition of being a
mesopredator is strongly context dependent. Here we focus on two aquatic caudate species that have colonised caves: the Pyrenean
newt (Calotriton asper) and the olm (Proteus anguinus). The former maintains both surface and subterranean populations, while only
cave-adapted populations of the latter exist. Both species are apex predators in underground waterbodies, while the Pyrenean newt is a
mesopredator in surface waterbodies. Shifting to a higher level of the trophic web through colonising caves may promote the loss of
anti-predator response against surface apex predators, and an increase in the ability to detect prey. To test these two non-exclusive
hypotheses, we integrated classical behavioural characterisations with a novel approach: the assessment of lateralisation (i.e. preference
for one body side exposure). Behavioural experiments were performed using laboratory-reared individuals. We performed 684 trials on
39 Pyrenean newts and eight olms. Under darkness and light conditions, we tested how exposure to different chemical cues (predatory
fish, prey and unknown scent) affected individuals’ activity and lateralisation. Both cave and surface Pyrenean newts responded to
predator cues, while olms did not. In Pyrenean newts, predator cues reduced the time spent in movement and time spent in lateralisation
associated with hunting. Our results show that predator recognition is maintained in a species where recently separated populations
inhabit environments lacking of higher predators, while such behaviour tends to be lost in populations with longer history of adaptation.

Significance statement

Predator recognition can be maintained in animals adapted to predator free habitats, but varies with their history of adaptation.
Species that are not at the apex of the food web can become top predators if they colonise subterranean environments. We
compared the behavioural responses of the olm, a strictly cave species with a long underground evolutionary history, and of the
Pyrenean newt, a facultative cave species that also has stream-dwelling populations. Moreover, we integrated a classical behav-
ioural characterisation, such as movement detection, with a novel approach: the assessment of lateralisation. While olms do not
respond to external predators scent, cave-dwelling newts still recognise it. This clearly indicates that predator recognition is still
maintained in species that have colonised predator-free environments more recently.
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Introduction

Predator and prey recognition is a key behavioural aspect
influencing the life history, evolution, and distribution of an-
imals (Peckarsky et al. 2008). A number of studies have
assessed behavioural responses during predator-prey interac-
tions, often with strong emphasis on the importance of pred-
ator recognition (Brown and Godin 1999; Policht et al. 2019).
The predator recognition continuum hypothesis (Ferrari et al.
2008) states that the ability of a prey to recognise predators
strongly depends on both the spatial and temporal likelihood
of being predated, and on the diversity of predators occurring
locally. Under this scenario, innate predator recognition abil-
ities are favoured in environments where the probability of
being attacked by predators is high, but the diversity of pred-
ators is low (Ferrari and Chivers 2009; Haddaway et al. 2014;
Diquelou and Griffin 2019). On the other hand, when the
diversity of predators is high and the risk of being predated
is not constant (e.g. because of seasonal variation of predator
occurrence), the ability of learning how to recognise predators
and modulating anti-predatory responses can be more advan-
tageous than innate recognition (Ferrari et al. 2008).

Species holding different trophic positions face strongly
differing constraints (Arim et al. 2007; Kishida et al. 2009;
Manenti et al. 2015). For apex predators, the main challenges
are represented by intraspecific competition and the effective
detection of prey. However, animals occupying intermediate
levels of food webs (mesopredators) hold the dual role of
being both prey and predator (Haidir et al. 2018; Roos et al.
2018). Thus, mesopredators experience both the constraints of
being potential prey, and of being predators needing effective
prey recognition. Thus, understanding their behavioural mod-
ulation can greatly help unravel predator-prey interaction
mechanisms. Even though being a meso- or an apex predator
is generally related to body size, with larger predators preying
upon smaller ones (Eklov and Svanback 2006; Donadio and
Buskirk 2016), the position of a species within food webs is
strongly context dependent and may differ between habitats
and ontogenic stage (Ritchie and Johnson 2009; Braga et al.
2019). In streams without fish, dragonfly larvae are a classical
example; at early life-stages, these organisms occupy an inter-
mediate position in the food webs while, once they grow, they
become the apex predators (Hopkins et al. 2011; Start 2018).

When compared with surface habitats, subterranean envi-
ronments show strong differences in the abundance and diver-
sity of both predators and trophic resources, with conse-
quences for food web structure and the behaviour of animals
(Culver and Pipan 2019). In caves, the availability of prey is
reduced (Uiblein et al. 1992; Urban 2007). In turn, lack of
trophic resources limits the number of predators; thus when
an epigean mesopredator species is able to colonise subterra-
nean environments, it may easily become an apex predator
(Salvidio et al. 2017; Bradley and Eason 2018). A clear
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example is provided by the fire salamander Salamandra
salamandra, an amphibian breeding in both surface streams
and underground springs (Manenti et al. 2017). In surface
streams, larvae are mesopredators, being predated by both fish
and dragonfly (Manenti et al. 2009), while in caves, they are
apex predators (Barzaghi et al. 2017). The behavioural conse-
quences of shifting to a higher level in the food web remain
poorly known. For instance, it is not known if the shift from
meso to apex predator reduces the species’ ability to recognise
and avoid predator species, or increase prey detection ability
through behavioural modification.

Underground environments can represent excellent natural
laboratories in which to study such behavioural aspects, due to
their greatly simplified trophic webs and reduced environmen-
tal fluctuations (Culver and Pipan 2019). Among European
vertebrates, only one recently discovered fish (a loach of the
genus Barbatula) and two amphibian caudates have stable
populations in groundwater environments (Romero 2009;
Behrmann-Godel et al. 2017), namely, the olm (Proteus
anguinus) and the Pyrenean newt (Calotriton asper). The
olm is a cave specialist that can survive and breed only in
subterranean environments (Balazs et al. 2020), which it prob-
ably colonised approximately 820 Myr ago (Bulog 1994;
Trontelj et al. 2007). Conversely, the Pyrenean newt has sur-
face populations inhabiting headwaters, but also subterranean
populations that have a certain degree of physiological and
behavioural adaptation to cave life; these populations are be-
lieved to have only recently (after last glaciation) colonised
subterranean environments (Hervant et al. 2000; Miaud and
Guillaume 2005; Schlegel et al. 2009). Despite genetic differ-
entiation which exists among populations from different areas
of the Pyrenees, this process divergence is recent (beginning
around the Last Glacial Maximum), and there is no clear dis-
tinction between surface and subterranean environments
(Lucati et al. 2020). Both olms and Pyrenean newts are apex
predators in their respective groundwater environments, while
surface-dwelling Pyrenean newts are preyed upon by fish
(Carranza and Amat 2005; Manenti et al. 2013a).

In this study, we tested two hypotheses related to the im-
portance of predator and prey recognition in organisms
shifting to a different trophic position. Predator detection de-
crease hypothesis: shifting to a higher level of the trophic web
is expected to promote the loss of anti-predator responses to
cues released by higher predators. We hypothesised that,
while predator recognition is beneficial in populations
inhabiting environments where higher predators are present,
it may be reduced in populations exploiting safer environ-
ments, where higher predators are absent. Prey detection abil-
ity hypothesis: becoming apex predators in a resource-
depleted environment should favour the enhancement of prey
detection ability. We hypothesised that in subterranean envi-
ronments, characterised by low prey availability (Jimenez-
Valverde et al. 2017), active foraging behaviour is favoured
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by natural selection to increase prey detection, as observed in
fire salamander larvae from cave-breeding populations
(Manenti et al. 2013b). Here we performed behavioural tests
to assess these hypotheses using the olm and the Pyrenean
newt as model species, and measured their behavioural re-
sponses towards different chemical stimuli. An innovative
method to measure stimuli detection and predator/prey recog-
nition is to assess individuals’ lateralisation. Recent studies
showed that the left body side (connected to the right cerebral
hemisphere) is generally linked to fast reactions towards pred-
ators, while the right body side (connected to the left brain
hemisphere) is involved in predatory behaviours (Bonati et al.
2010, 2013; Schnell et al. 2016); yet, only few studies have
assessed lateralisation in urodeles (Izvekov et al. 2018). We
integrated the quantification of individuals’ activity with the
assessment of their lateralisation in response to different
chemical cues. Movement measurement in a risky or foraging
context is a classical approach to detect the effect of predators
and trophic resources on behavioural patterns. A reduction in
activity is an anti-predator response (Lima and Dill 1990;
Bleicher 2017; Chin et al. 2018), while in the absence of stress
or in presence of attractive stimuli (e.g. cues released by prey),
individuals should spend more time in exploring the environ-
ment (Meager and Batty 2007; Hughes et al. 2010).Lateralised
responses reflect the asymmetric processing of sensory inputs
in the contralateral brain hemisphere, and are believed to im-
prove composited motor activities such as recognising poten-
tial predators and in escaping (Fernandes et al. 2018).
Detecting behavioural differences between populations can
be challenging; thus, we used lateralised responses to better
understand the relative role of predator and prey stimuli on our
target species.

Material and methods
Animals

We performed our study using newts and olms reared in the
Subterranean Laboratory of Moulis (Ari¢ge, France). The
study was performed in August 2016 and involved 39 adult
newts (20 males and 19 females) and eight olms. Pyrenean
newts belonging to five caves (20 individuals) and three
streams (19 individuals) had been collected in 2007. The
caves of origin are Cave of Labouich, Cave Bernard, Cave
of Betharram, Cave of Pas du Loup and Cave of Vicdessos;
the streams of origin are Ribaui, Cailla and Olhadoko.
According to Lucati et al. (2020), the source populations of
Pyrenean newts likely belong to two closely related lineages.

The eight olms were born in the Moulis cave laboratory
between 1970 and 1976. The founder individuals of the breed-
ing population of olms were collected in 1952 in the Piuka

cave river near the town of Planina, Slovenia (Vandel and
Bouillon 1954; Juberthie 1991).

Since their collection, Pyrenean newts and olms collected
in caves have been reared and bred under darkness conditions,
while newts from surface streams have been reared under a
natural photoperiod using full spectrum daylight fluorescent
lamps (True-light ®Natural Daylight 5500K/Colour
Rendering 1A, Ra > 90) during daytime (12/12 h photoperi-
od). Pyrenean newts are reared in tanks of 80 x 30 x 20 cm,
while olms are in tanks of 500 cm 100 x 100 cm. Pyrenean
newts are hosted depending on their population of origin with
at least two tanks per population; in each tank, holed bricks are
provided as shelters. For both stream and cave newts, the
rearing temperature is constantly maintained at 12 °C. All
the individuals are fed with live Chironomus sp. and
Artemia salina prey; feeding happens once a week and both
newts and olms can prey ad libitum.

Behavioural tests

To assess the ability of surface- and cave-adapted urodeles to
recognise potential predators and prey, we used related cues.
The predator cue was obtained by collecting water from an
aquarium of 80 x 40 x 40 cm in which two adult trout (Sa/mo
trutta: one male and one female; size: 40 cm) were maintained
during the experiment. The aquarium was fed by a minimal
continuous water flow, and we kept the two trout for 24 h
without eating before collecting the water for the tests.
Previous tests have demonstrated that aquatic urodeles are
able to detect and respond to this kind of predator cue
(Manenti and Ficetola 2013; Winandy and Denoél 2013).
Prey cues were obtained by placing in a cylindrical tank (di-
ameter: 30 cm; water depth: 7 cm) 97 starved mayfly larvae
(40 larvae of the genus Baetis, 50 Ecdyonurus, two Ephemera
and five Caenis) for 24 h. We selected mayflies as they are
abundant in surface streams inhabited by newts (Manenti et al.
2013a; Manenti and Bianchi 2014) and are different to the
prey to which both urodele species were used to during their
rearing period; the assemblage used reflects that of streams
inhabited by the newts (Manenti et al. 2013a). The use of
mayflies allowed us to avoid the effects of habituation (that
could have arisen if we had used the Chironomus sp. or the
Artemia salina with which newts and olms are normally fed),
although this choice could potentially introduce a cue which
the amphibians failed to recognise as coming from a prey
species. We thus added to the test an additional cue, to control
for responses toward unknown chemicals: lemon juice.
Finally, we used water collected from the cave as a control.
Each cue was freshly collected before every behavioural test
session.

The experimental design consisted of multiple behavioural
sessions in which the amphibians were individually exposed
to the different cues (prey; predator; unknown; control)
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separately. For both newts and olms, behavioural sessions
were performed after 7 days of starvation. The full test in-
volved two replicates, so individuals were exposed twice to
each different cue, for a total of eight trials. For newts, the test
was performed both under light (600 lux) and under total
darkness conditions; thus, each individual experienced 16 be-
havioural trials. Tests on olms were performed only under
total darkness due to the sensitivity of this species to light
and the likely stress induced. The order of cue presentation
was completely randomized to minimise potential biases re-
lated to the sequence of cue exposure (Altmann 1974; Melotto
et al. 2019).

Behavioural tests were performed in a 50 x 40-cm plastic
arena (depth: 15 cm) filled with water from the cave. The
regular weekly feeding of animals was arranged to have all
individuals starving for 7 days prior the tests. Before starting
the test, Pyrenean newts were let acclimatise in the arena for
7 min and olms for 30 min; as olms are more sensitive to
stress, we decided to keep a longer time of acclimation
(Uiblein et al. 1992). After the acclimation phase, 5 ml of
the selected cue treatment was injected in the centre of the
arena and then the trial started. Trials lasted for 5 min, during
which the arena was video recorded using an H.264 DVR
recording system connected to a Z210C IR camera. After
trials, individuals were placed alone in a tank for 10 min re-
covering before the subsequent test. During this time, arenas
were carefully washed three times with ground water to re-
move traces of cues from the previous test. After tests, indi-
viduals were fed as usual.

Video analysis and behavioural parameters

We analysed the videos using the software BORIS (Friard and
Gamba 2016). BORIS is an event-logging software, which
allows setting an ethogram coding behavioural displays of
interest.

To describe activity and space use of both newts and olms,
we considered three parameters describing their activity and
space use. First we quantified total time spent in movement.
Furthermore, we assessed the presence of a lateralised re-
sponse by evaluating the time spent oriented in clockwise
direction (exposing the right side of the body towards the
centre of the arena) and the time spent oriented in anticlock-
wise direction (exposing the left side of the body towards the
centre of the arena). In so doing, we considered individuals’
orientation and quantified the exposure of each body side
towards the centre of the arena. This allowed us to measure
the occurrence of a lateralised response. During behavioural
tests, urodeles tend to spend most of their time close to the
tank borders, a behaviour interpreted as seeking what they
perceive as the safest area of the experimental arenas.
Moreover, during our tests, we injected cues in the centre of
the arena, which can be considered the most exposed and
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potentially risky areca (Manenti et al. 2013b). In our experi-
mental arena, when individuals were in a clockwise orienta-
tion, they exposed their right side to central area, which ac-
cording to lateralisation theory suggests them to be acting as
predators (and also more prone to being preyed upon them-
selves), and conversely, individuals in anticlockwise orienta-
tion exposed their left side indicating a predator avoidance
behaviour. While analysing the videos, we considered indi-
viduals to be oriented if they were with at least half of their
bodies inside the border area (2 cm from the arena margin)
with < 45° of inclination towards the arena edge, and if their
heads were not perpendicular to the border or along the bisec-
tor of the corner (Fig. 1a). When the head was perpendicular to
the arena edge or along the bisector of the corner, we consid-
ered individuals to have no orientation (Fig. 1b). This pro-
duced three possible orientation conditions (clockwise; anti-
clockwise; no orientation), with the time spent in clockwise
and anticlockwise orientation being two distinct not correlated
parameters, and not merely the inverse of each other. A blind
video analysis was performed by two operators: i.e. operators
were not aware of the typology of trial they were going to
analyse; this procedure allows us to limit biased interpretation
(MacCoun and Perlmutter 2015).

Statistical analysis

We used the total time spent in movement, the time spent in
clockwise orientation (exposing the right side deputed to prey
search) and the time spent in anticlockwise orientation (expos-
ing left side deputed to predator recognition) as dependent
variables to build linear mixed models (LMMs): for both spe-
cies, independent variables were the treatment (control, lem-
on, trout and prey), and for newts only, we also included the
condition in which the test was performed (darkness vs. light)
and the environment of origin (cave vs surface). Olms were
tested in total darkness only and all shared the same origin. In
models considering the time spent in clockwise orientation
and the time spent in anticlockwise orientation as dependent
variables, the initial orientation of individuals was added as a
covariate. We tested all the possible pairwise interactions be-
tween independent variables; non-significant interactions
were excluded from the final models. We included three ran-
dom factors: the population of origin of the individuals (for
newts only), the individual identity and the replicate. A pre-
liminary test (GLM), found sex, snout-vent length and the
operator that performed the video analysis to be not signifi-
cant. Time spent in clockwise and anticlockwise orientation
was log transformed to better fit a normal distribution. We first
used control-treatment contrasts to compare the different ex-
perimental conditions against the controls (Field et al. 2015).
Subsequently, we performed Tukey post hoc tests to assess
differences between the different treatments for both newts
and olms (Hothorn et al. 2008).We performed all the analyses
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Fig. 1 Orientations considered (a) and not considered (b) in the
assessment of lateralised responses of both Pyrenean newts and olms to
the different cues tested during behavioural trials. We recorded the time of
clockwise or anticlockwise orientation if the individuals were with at least

in R 3.4.1 (R Development Core Team 2017) environment
using the packages /merTest (Pinheiro and Bates 2000) and
multcomp (Hothorn et al. 2008).

Data availability

The datasets generated and/or analysed during the current
study are available from the corresponding author on reason-
able request.

Results
Behaviour of Pyrenean newts

Overall, we performed 684 behavioural tests. Pyrenean newts
from surface populations moved on average (+ SE) for 120.58
+2.17 s, while those from caves moved for 107.54 +2.97 s.
Newts from caves moved on average for 146.6 = 1.36 s when
in darkness, while in light conditions, they moved on average
for 143.72 + 2.01 s; newts from streams moved for 148.7 +
0.53 s when in darkness, while in light, they moved for 148.09
+0.80s.

Both predator cues and light conditions significantly affect-
ed the total movement time of Pyrenean newts. Predator cues
caused a significant reduction in the duration of movement,
while light significantly increased movement (Table 1a; Fig.
2a, ¢). When predator cues occurred, newt movement was
lower than control cues (Table 1a, P < 0.001), but also than
prey cues (Tukey’s post hoc: z = — 6.46, P < 0.001) and
unknown cues (z = — 5.99, P < 0.001). The movement of
newts was unaffected by either prey cues (Table 1a; #5777 =
—0.7, P =0.48), or by the unknown cues (#5754 = — 0.25, P =

half of their bodies in the border area parallel to the border with no more
than roughly ~ 45° inclination; the time spent in all the other possible
positions was not considered

0.79). Analyses did not show any effect of the environment of
origin (#53 = 0.86, P = 0.42) or any significant interaction
between treatment and origin (all P > 0.05); thus, both cave
and surface Pyrenean newts responded similarly to predator
cues.

Predator cues also affected the time spent by the newts in
clockwise orientation. Predator cues caused a significant re-
duction of the time spent by newts in clockwise orientation
(less exposure of the right side, linked to prey search; Fig. 3a);
the reduction was even stronger under light conditions
(Table 1b; Fig. 3c). The orientation of the animals at the be-
ginning of the test affected the time spent in clockwise orien-
tation (Table 1b). Moreover, with predator cues, newts spent
significantly less time in clockwise orientation than with con-
trol conditions (Table 1b, P < 0.01), prey (z = — 3.75, P <
0.01) and unknown cues (z = — 4.17, P < 0.01). Clockwise
orientation was unaffected by prey cues or newts’ origin.
None of the factors affected the time spent in anticlockwise
orientation, except for the effect of the orientation of the ani-
mals at the beginning of the experiment (Table 1c¢).

Behaviour of olms

Olms moved on average for 68.1 £ 2.94 s. Under control
conditions, olms moved on average for 74.15 + 5.23 s; with
unknown scent, they moved for 77.59 + 6.57 s, with prey cues
68.31 + 6.30 s and with predator cues 55.11 = 7.45 s (Fig. 4a).
However, none of the treatments affected the total movement
of olms, compared to the controls (all P > 0.05; Table 2).
Compared with unknown cues, olms moved less when pred-
ator cues occurred (Tukey’s post hoc: z =—3.08, P = 0.01).
All the other comparisons among treatments were not signif-
icant (Supplementary Materials 1). For both orientations
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Table 1 Behavioural responses

of Pyrenean newt C. asper to the Estimate SE df t P

treatments and test conditions

depending on their origin (A) Total movement
Unknown cues (lemon) - 1.16 4.59 578.44 -0.25 0.79
Prey cues -3.25 4.60 577.70 -0.70 0.48
Predator cues —30.92 4.61 578.01 -6.69 <0.001
Surface origin 13.81 16.01 5.84 0.86 0.42
Light condition 21.83 325 578.08 6.70 <0.001

(B) Clockwise time
Unknown cues (lemon) 0.10 0.30 604.49 0.34 0.72
Prey cues 0.22 0.30 604.51 0.76 0.44
Predator cues - 1.02 0.29 604.54 —340 <0.001
Surface origin 0.32 0.24 4.60 1.31 0.23
Light condition 0.04 0.30 604.93 0.16 0.86
Light : Predator 1.36 0.42 605.03 3.18 <0.001
Starting clockwise orientation 1.68 0.17 609.17 9.55 <0.001
(C) Anticlockwise time

Unknown cues (lemon) 0.18 0.22 579.41 0.82 041
Prey cues 0.39 0.22 578.09 1.78 0.07
Predator cues -0.11 0.22 578.69 -0.52 0.59
Surface origin 0.21 0.21 521 0.98 0.36
Light condition - 0.09 0.15 582.00 -0.62 0.53
Starting clockwise orientation - 1.67 0.20 587.65 -8.14 <0.001
Starting no orientation -1.97 0.18 611.75 - 10.75 <0.001

The Table reports the control-treatment contrasts; significant effects are in bold. Only significant interactions are

reported

(clockwise and anticlockwise), we detected a significant effect
of the initial orientation at the beginning of the test (Table 2).
Considering the time spent in clockwise orientation (such as
acting as a predator), prey cues differed to predator cues as
olms showed a weak but significant tendency to spend more
time in clockwise orientation with prey cues (z = 1.97, P =
0.05). We only detected a relationship close to significance
when considering anticlockwise orientation: olms spent ap-
parently less time in anticlockwise orientation when unknown
cues occurred (Table 1; Fig. 4b).

Discussion

Our study revealed complex and heterogeneous responses
of cave-dwelling urodeles to predator and prey cues. We
hypothesised that shifting to a higher level in the trophic
web might promote the loss of anti-predator responses
(Predator detection decrease hypothesis). The limited re-
sponses in olms, which are the apex predators in ground-
water, are in agreement with this hypothesis. However, this
hypothesis is not confirmed for newts, as populations living
in surface habitats (where fish are top predators) and pop-
ulations occupying caves (safe environments) showed no
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difference in predator avoidance, and both maintained the
capacity to express anti-predator responses when exposed
to fish odours. This pattern can be explained by different
processes. First of all, the isolation between surface and
cave populations of the Pyrenean newt is likely very recent
(Miaud and Guillaume 2005), even though a certain degree
of physiological and behavioural differentiation between
them already exists (Dreiss et al. 2009; Schlegel et al.
2009). Gene flow between cave and surface populations
may have occurred until relatively recent times, allowing
the maintenance of some behavioural traits typical of sur-
face populations (Bachmann et al. 2020) even if popula-
tions from caves show lower genetic diversity compared
with streams (Valbuena-Urena et al. 2018). Moreover, trout
are likely still present in surface streams and newts could
associate trout cues with the surface with its riskier envi-
ronment. The retention of ability to identify physical or
chemical cues typical of surface areas has been reported
for some invertebrates inhabiting groundwaters that use
these cues to avoid risky or suboptimal habitats. For in-
stance, photophobic responses to light has been observed
in cave amphipod crustaceans (FiSer et al. 2016) and avoid-
ance of interface habitats rich in predators is reported for
Niphargus crustaceans and planarians (Manenti and
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Fig. 2 Total time spent in
movement by Pyrenean newts
depending on the different cues
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Pezzoli 2019); it is possible that the perception of preda-
tors’ chemical cues by the cave newts acts in a similar way.

Conversely, olms likely colonised caves through multiple
and spatially different events that are supposed to have oc-
curred from 8 to 20 Myr ago (Trontelj et al. 2007). All the
olm lineages show strong adaptations to subterranean life,
including reduction of eyes and depigmentation. Even though

there are occasional reports of individuals outside groundwa-
ters and some populations live in contact to springs and show
eyed and pigmented morphotypes (Ivanovic et al. 2013), no
stable surface populations exist, and isolation between popu-
lations living in different drainage catchments is strong (Voros
et al. 2019). The only responses we detected was a reduction
in total movement between predator and lemon cues, and a
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weak increase of the time in clockwise orientation with prey
cues, compared with predator cues, in agreement with
lateralisation patterns already described in other urodeles.
Our results suggest that during the process of adaptation to
subterranean environments, where they play the role of apex
predators, olms decreased the ability to recognise fish as pred-
ators. Maintaining unnecessary behaviours is costly for spe-
cies, so when olms adapted to a predator-free environment, the

@ Springer

ability to detect predators and the related behavioural traits
were lost through evolutionary processes (Burns et al. 2011).

On the other hand, we found no support for the prey detec-
tion ability increase hypothesis. Both Pyrenean newts and
olms spent more time in clockwise orientation (thus acting
as predators) with prey cues than with trout cues, and for olms,
this relationship was close to the significance threshold. The
prey used, from common Ephemeroptera genera, is typical of
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Table 2 Behavioural responses
of Proteus anguinus to the

treatments

Estimate SE df t P
(A) Total movement
Unknown cues (lemon) 0.19 0.10 49.46 1.78 0.08
Prey cues 0.03 0.10 49.00 0.01 0.98
Predator cues -0.11 0.10 49.01 -1.23 0.22
(B) Anticlockwise time
Unknown cues (lemon) —-1.23 0.62 54.00 -1.98 0.05
Prey cues —0.63 0.58 54.00 - 1.08 0.28
Predator cues -0.88 0.58 54.00 - 1.52 0.13
Starting no orientation -0.62 0.72 54.00 -0.86 0.39
Starting clockwise orientation -2.35 0.45 54.00 -5.19 <0.001
(C) Clockwise time
Unknown cues (lemon) 0.67 0.86 49.82 0.78 0.43
Prey cues 1.28 0.80 47.13 159 0.11
Predator cues —0.69 0.79 48.07 -0.87 0.38
Starting no orientation 0.96 1.01 51.34 0.95 0.34
Starting clockwise orientation 2.99 0.62 53.03 4.78 <0.001

The Table reports the control-treatment contrasts; significant effects are in bold

the surface freshwaters inhabited by C. asper (Manenti et al.
2013a), but rare in caves, into which they would only enter
accidentally (Martynov and Vargovitsh 2015). We had chosen
to use the cues of these animals instead of those of the prey
with which the animals are reared in order to test for innate
response. The results obtained clearly show that anti-predator
responses, at least in Pyrenean newts, are stronger that those
related to potential prey recognition.

Considering olms, the methods followed are similar to
those applied in other behavioural studies as was the number
of individuals that were available for the experiment.
Considering predatory behaviour, the olm is able to detect
their prey’s chemical cues over a longer distance than
Pyrenean newt (Uiblein et al. 1992); olms generally explore
the substrate actively searching for prey especially in the sed-
iment (Schlegel et al. 2009). Both mechano-, chemo- and
eventually electro-perception are used to detect prey
(Schlegel 1997).

The only weak and not significant effect that we recorded
was a tendency to expose less the left side deputed to predator
detection when unknown cues occurred; moreover, olm did
not show significant neophobic responses to these cues. In
several subterranean environments, there is an important input
of allochthonous organic matter originating from the surface
(Manenti et al. 2013c; Lunghi et al. 2017), part of which can
be unknown for cave species that can be attracted by curiosity/
exploration. Absence of neophobic responses towards un-
known cues has been observed also as a side effect in plastic
and quick-breeding fish reared in safe conditions (Brown et al.
2013); however, the lack of predation risk is the natural con-
dition of olms and their rearing conditions respect those of
natural groundwaters. In our study, we could consider a

relatively low number of olms, due to logistical limitations.
We used a number of individuals comparable with previous
evolutionary zoological studies performed on both Pyrenean
newts and olms (Uiblein et al. 1992; Guillaume 2000; Hervant
etal. 2001), and we performed an extensive number of tests to
achieve reliable results. Even if we cannot exclude that in-
creasing the number of olms or considering individuals deriv-
ing from different populations could evidence potential re-
sponses, we believe that the results obtained provide useful
insights to extend such kind of behavioural experiment to
other cave-dwelling taxa with more abundant populations.
While cave-dwelling amphibians have a long history of zoo-
logical studies, but are often numerically rare, cave-dwelling
invertebrates are much less studied and known, but show larg-
er subterranean populations (Manenti et al. 2020) and can
provide a tractable system for further researches.

Our results also provide insights on the importance of con-
sidering lateralisation in the behaviour of urodeles (Izvekov
etal. 2018). A common basic pattern of lateralisation is likely
to occur in all the vertebrates (Robins 2006). The investigation
of lateralisation is important for behavioural studies on many
taxa, including humans (Rogers 2010), and can allow us to
increase our ability in detecting possible responses and pat-
terns that may go unnoticed with classical parametrisations.
Integrating lateralisation in the behavioural parameters
allowed us to better understand the effect of predator cues.
However, our results underline also that caution must be used
in the assessment of lateralisation during experimental ap-
proaches. In all analyses, the initial orientation of the individ-
uals played a significant effect on the total time spent moving
in a certain orientation. Especially for less reactive and more
slow-moving animals like olms (Hervant et al. 2000; Balazs
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Fig. 4 Total time spent by olms moving (a) and in anticlockwise orientation (thus exposing the left body side involved in predator recognition) (b)
depending on the different cues used during tests. Grey area identifies 95% confidence intervals; blue line indicates median

et al. 2015), this could represent an aspect to be attentively
considered during experiments.

Finally, newts moved more in light conditions than in dark-
ness conditions. This result is in contrast with a similar exper-
iment performed on salamander larvae, which have higher
activity and improved foraging performance in darkness
(Manenti and Ficetola 2013). It may also appear to contrast
with the findings of field surveys who found Pyrenean newts
to be more active at night (Manenti et al. 2013a; Mir6 and
Ventura 2020). Pyrenean newts mainly use visual cues to
catch prey (Uiblein et al. 1992, 1995); we can interpret their
increased activity in light condition as a preference to actively
hunt using visual cues when they have this possibility.
Furthermore, the absolute darkness of laboratory conditions
is very different to the situation in a natural setting where there
will be moonlight and other sources of illumination, albeit at
quite low levels.

For many years, organisms that are strongly adapted to
subterranean environments have been key models for

@ Springer

understanding evolutionary mechanisms (Romero 2011;
Culver and Pipan 2014; Manenti et al. 2018). Taxa that are
usually epigean but show some periods of subterranean activ-
ity, or have some populations colonising subterranean habi-
tats, can be particularly important to understand the complex
processes occurring during adaptation to these extreme envi-
ronments (Manenti et al. 201 1; Lunghi et al. 2017). The broad
implication of our results is that predator recognition is main-
tained across populations of the same species occupying both
meso- and apex predator levels, but this occurs when differ-
entiation is recent, while the ability of detecting surface pred-
ators is lost in species with longer history of adaptation to
subterranean environments.
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