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ABSTRACT

Caves are extreme environments that impose stringent selective pressures on organisms. Consequently, many cave dwellers
show extreme adaptations such as the loss of eyes, depigmentation, and a low resting metabolic rate. Yet, how the initial stages
of adaptation to these extreme environments take place remains poorly understood. Calotriton asper is a species of salamander
that is ideal to understand the initial stages of adaptation to underground environments. This species presents two genetically
distinct morphotypes that live either in surface streams or in cave streams, yet without showing obvious morphological
differences. Here, we test for differences in the capacity to locate prey and differences in feeding kinematics between cave-
dwelling and surface-dwelling populations under different light conditions. To do so, we quantified prey location ability using a
Y-maze and filmed animals capturing prey using high-speed video cameras, both in light and in full darkness. Our results show
that animals change capture style and exploration behavior in function of light conditions suggesting an intrinsic plasticity in
the species allowing it to feed in both environments. However, the kinematics of capture suggest population-specific behaviors
allowing cave-dwellers to be more efficient in capturing prey under total darkness.

1 | Introduction zones, impose significant challenges due to temperature extremes,
mechanical forces, and physicochemical constraints like salinity,
dryness, and lack of light. These conditions often limit resource
availability, creating additional selective pressures. These selective
pressures push species to adapt and explore novel resources,
especially when resources are scarce (Herrel et al. 2008; Castilla
et al. 2011). Despite these challenges, many species have adapted
to thrive in such extreme environments, demonstrating remark-
able evolutionary adaptations.

The availability of trophic resources is a major factor driving the
evolution of feeding structures and their function (Schwenk 2000;
Herrel et al. 2019). For example, Darwin's finches show variation
in beak and head shape allowing them to efficiently use different
resources (Grant and Grant 2005; Herrel et al. 2005a, 2005b; Soons
et al. 2010, 2015). Extreme environments, such as arid regions,
small islands, polar areas, rocky coasts, and deep-sea aphotic
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Research Highlights

« Surface and cave Calotriton asper detect food equally
well, using both vision and olfaction.

« “Ram” compensatory-suction strikes dominate in the
light, while “static” inertial suction dominates in
darkness.

« Both populations shift toward the other's behavior
when light conditions are switched.

» Yet this shift lacks the finer kinematic tuning of the
native population, hinting at incipient local
adaptation.

« Switching an animal to the other population’s condi-
tion induces that population’s behavior, but without
its full kinematic subtleties.

Caves represent a unique environment characterized by the
absence of light, high humidity, and limited resources (Poulson
and White 1969; Culver and Pipan 2009). These factors make
energy acquisition a primary driver of evolution in caves. Cave
ecosystems are typically supported by two types of food chains:
detritus-based and chemo-litho-autotrophic bacteria-based
(Venarsky and Huntsman 2018). Species in these environ-
ments exhibit specializations such as slow life cycles and
metabolic rates (Moran et al. 2014; Hervant et al. 2000),
depigmentation, and eye loss (Cartwright et al. 2017), as well as
enhanced olfactory and tactile senses (Soares and
Niemiller 2020). For instance, the olm (Proteus anguinus), a
blind, depigmented, and neotenic salamander, has a highly
developed olfactory sense, capable of detecting prey at small
concentrations in water currents (Dumas and Chris 1998).
These salamanders also exhibit exceptional longevity (65 years
on average) and lack circadian rhythms, with a slow metabo-
lism and low activity levels in response to the limited resource
availability (Voituron et al. 2010; Hervant et al. 2000). Inter-
estingly, many salamanders have independently radiated into
cave environments making them a perfect group to understand
adaptation to life in the dark (Phillips et al. 2017).

The Pyrenean brook newt, Calotriton asper, provides an excellent
model for studying evolutionary adaptations to cave environments.
These largely aquatic newts are endemic to the Pyrenean moun-
tains, inhabiting altitudes from 100 to 2500m (Talavera
et al. 2023). Populations are divided between surface streams and
subterranean waters (cave-dwelling). These populations are highly
isolated, with minimal gene flow between them (Valbuena-Urefia
et al. 2018). Cave colonization occurred relatively recently, about
10,000 years ago (Issartel et al. 2010). Despite living in caves, cave-
dwelling populations do not display the extreme traits of obligate
cave dwellers (Guillaume et al. 2020; Hervant et al. 2001). Con-
sequently, comparing cave and surface-dwelling populations of
this species can shed light on the initial stages of adaptation to
cave environments. Due to the lack of light and resources, both the
ability to locate and the ability to capture prey are likely under
strong selection. Cave-dwelling salamanders typically adopt an
active foraging strategy (Uiblein et al. 1992; Manenti et al. 2020).
However, whereas most surface-active salamanders use visual
cues to locate and capture prey (Borghuis and Leonardo 2015)

cave-dwelling salamanders such as the olm (Proteus anguinus) use
mechanical and chemical cues. Previous studies have demon-
strated that facultative cave-dwellers like Calotriton asper use
predominantly visual cues under light conditions but switch to an
active widely foraging strategy when feeding in darkness (Uiblein
et al. 1992).

Surface-dwelling salamanders have access to a larger number of
prey including insects, other invertebrates, and larvae found both
on land and in small rivers or lakes (Sanchez-Hernindez
et al. 2019). In contrast, cave-dwelling salamanders have a more
restricted diet, as caves typically harbor a lower diversity and
abundance of arthropods (Gibert and Deharveng 2002). However,
their diet remains similar, consisting mainly of small insects and
invertebrate larvae. Under water salamanders typically use suction
feeding. This method involves a rapid expansion of the buccal
cavity, creating a water flow that draws in prey (Deban 2003;
Larsen and Guthrie 1975). The mechanics of suction feeding
involve coordinated jaw and hyobranchial movements to generate
effective suction, crucial for capturing prey in water (Lauder and
Shaffer 1986). However, suction feeding is only effective right in
front of the mouth and fluid velocity declines rapidly with the
distance from the mouth (Day et al. 2005). Two types of suction
feeding have been described previously: inertial suction where the
animal remains immobile while the prey is drawn into the mouth,
or compensatory suction where the animal lunges forward and the
hyoid depression serves to offset the water pushed in front of the
animal, this preventing the prey from being displaced (Van
Damme and Aerts 1997). In dark caves, salamanders should
approach the prey more closely to ensure effective capture as the
chances of finding the prey again after escape are low. Moreover,
feeding near a substrate has been shown to extend the diameter
over which suction is effective (Nauwelaerts et al. 2007) suggesting
that cave-dwelling salamanders should try to take advantage of
this mechanism. Yet, whether cave-dwelling salamanders do so
and have adapted the kinematics of suction feeding remains
unknown.

Here, we test individuals from both cave- and surface-dwelling
populations in light and full darkness to explore whether prey
location and capture strategies are flexible or dependent on the
environment of origin. We hypothesize that animals from cave
environments will be more efficient at locating prey in total
darkness and that their feeding kinematics will allow them to
efficiently capture prey in total darkness by moving closer to the
prey and relying principally on inertial suction. Conversely, we
predict that surface-dwelling populations should show greater
behavioral flexibility allowing them to potentially explore both
environments.

2 | Materials and Methods
21 | Animals

Calotriton asper were maintained in the Moulis cave which is
part of the Theoretical and Experimental Ecology Station
(SETE) in the Pyrenean mountains, France. Individuals were
captured in caves or in surface rivers about 5-6 years prior to
this study and have since been maintained under experimental
conditions in this cave. None of the individuals used were born
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and raised in the facility. The salamanders were kept under the
light conditions corresponding to their environment of origin
either under 12 h light-dark cycles (surface dwelling popula-
tions) or in total darkness (cave populations). Animals from
surface populations were kept in glass aquaria with a continu-
ous water flow from the cave (10.13+0.19 ppm O,
9.90 + 0.21°C; Guillaume et al. 2020), in a room with a 12-h
light/dark cycle simulating natural conditions. Cave animals
were housed in similar aquaria but in a constantly dark area of
the cave. Oxygen concentration and temperature were mon-
itored wusing FireSting fiber optic oxygen detectors
(PyroScience). We used ten individuals for each experiment,
five surface-dwelling and five cave-dwelling. Different in-
dividuals were used to obtain a robust, independent sample for
each test. Body length and body mass are reported in Tables S2
and S3. No significant differences were detected between the
groups of origin for the olfactory/exploratory behavior experi-
ments (body mass: 8.04 vs. 8.25g; Student's t-test, p =0.85) or
the feeding kinematics experiments (body length: 7.12 wvs.
7.26 cm; Student's t-test, p=0.43). We used only females to
avoid potential sexual differences in behavior or kinematics. For
both experiments, each animal was tested under two light
conditions: light or dark. Four conditions were thus tested:
surface-dwelling individuals in light conditions, surface-
dwelling individuals in total darkness, cave-dwelling in-
dividuals in total darkness, and cave-dwelling individuals in
light conditions (Tables S1-S3).

2.2 | Y-Maze Trials

The Y maze was a round open field, 70 cm in diameter with two
25cm long, 10 cm diameter tunnels positioned at a 45° angle
from each other (Figure 1A). Light conditions consisted either

A) B)

Food tunnel

Food sector Stone sector

of overhead electric lights and infrared light or only infrared
light, outside the visual range of salamanders and therefore
likely not detectable by Calotriton asper (Dedolight DLED2Y
20 W infrared 860 nm LED lights). A Sony Handycam with a
nightshot option was placed to record the upper half of the open
field and the two tunnels. At the end of the tunnels, a rock, or a
tea bag full of blood worms, was placed. The rock, roughly the
same size and shape as the filled tea bag, was used as a visual
element to account for potential shelter preferences and to
ensure that the choice was based on food detection only. A few
additional free-ranging blood worms were added to the end of
the tunnel with the food. The placement of the food was ran-
domized between the left and the right tunnel. The maze was
filled with water from the cave and individuals were placed at
the furthest point from the two tunnels, at the far end of the
maze. Animals were recorded for 15 min. Each individual was
filmed twice a day for 10 consecutive days (with 5 h between
observations) to obtain 10 videos per individual for each light
condition (a total of 200 videos). We alternated the light con-
ditions each day. Videos were manually analyzed by splitting
the maze in 5 sectors: the lower half, the top right quadrant, the
top left quadrant, the right tunnel, and the left tunnel. For each
video, the time of first entry into a tunnel was recorded as well
as the time spent in each sector. The individual was considered
to enter a new sector when its head had fully entered it. See
Table S2 for raw value and Table 1 for means and standard
deviations of the variables.

2.3 | High-Speed Video Recordings of Prey
Capture

We use a high-speed video camera (Phantom Miro R 311; 1280
by 800 pixel resolution) recording at 700 or 1000 frames

O Labels (DPL)
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<L Headangle

Mouth opening

== Distance hyoids 1/2|
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FIGURE1 | (A) Experimental set-up used for olfaction and exploration tests. Schematic representation of the Y-maze used for recording videos

of Calotriton asper exploring their environment under light and dark conditions. In the light treatment, both light sources (white light and infrared)

are used, while in conditions of total darkness only infrared lights are present. The maze is an open-topped cylindrical structure filled with water,
divided into five main sectors: the food sector, the stone sector, and an empty sector. The red circle represents the location of the food source; the gray

circle represents the location of the rock. The black circle indicates the initial position of the individual before exploration begins. The placement of

the food and stone is randomized between trials. (B) Schematic representation of landmarks used and kinematic variables extracted.
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TABLE 1 | Means and standard deviations of the behavioral parameters extracted from the maze trials.
Origin Surface Surface Cave Cave
Light Condition Light Dark Light Dark
Time first entry (s) 297.2 +£130.92 420.64 +181.47 366.4 + 158.26 351.4+187.11
Time entry correct tunnel (s) 321.72 +170.53 310.9 +229.54 350.44 +199.08 285.82 + 239.32
Time in food sector (s) 320.86 + 96.34 360.52 + 185.82 387.4 +146.07 380.46 +176.12
Time in food tunnel (s) 152.92 + 88.60 205 +179.44 220.22 +154.99 179.62 +161.12
Time in food sector (%) 35.65+10.7 40.05 + 20.65 43.04 +16.23 42.27 +19.6
Time in food tunnel (%) 16.99 +9.84 22.78 +19.94 24.47 +17.22 19.96 +17.90
Time in stone sector (s) 257.8 +82.06 159.48 +109.87 207.3+111.64 197.66 +107.91
Time in stone tunnel (s) 105.7 +84.172 60.6 + 86.49 74.18 +90.44 66.16 + 76.31
Time in stone sector (%) 28.64 +9.12 17.72 +£12.21 23.03+12.40 21.96 +11.99
Time in stone tunnel (%) 11.74 +9.35 6.73 +9.61 8.24 +10.05 7.35+8.48
Time in empty sector (%) 35.7+7.05 42.22+13.51 33.92+10.32 3576 £11.48
Number of entries in food tunnel 1.44+0.75 0.78 +0.56 1.18+0.61 0.92 +0.59
Number of entries in the stone tunnel 1.26 +0.91 0.36 +0.49 0.62 +0.67 0.58 +0.70

per second to quantify prey capture kinematics. Animals were
transferred to a filming tank with water from the cave. The
camera was positioned in lateral view with a 1 cm grid in the
background used for scaling. Bloodworms were manually
introduced into the tank within the camera’s field of view.
Animals were filmed under the same two light conditions as the
previous experiment, either illuminated with overhead electric
lights and infrared lights or in full darkness, illuminated only by
infrared light. The high-speed camera was connected to a
computer running the Phantom Camera Control software
(V. 3.8). A total of 182 videos were recorded, with 5-11 videos
per individual.

2.4 | Video Analysis

High-speed videos were played back and used to quantify the
‘capture type’. Three different behaviors were identified and
used to describe the type of capture for each video recorded.
These capture types were identified based on the displacement
of anatomical landmarks, such as the eye and the shoulder
(Figure 3A). No strict threshold was defined, as the two cap-
ture types were generally easy to distinguish: individuals ei-
ther exhibited a clear forward propulsion (i.e. animals used
ram feeding and compensatory suction) or showed little to no
forward movement (i.e. animals remained static and used
inertial suction). Videos in which the movement was ambig-
uous or intermediate were classified as intermediate
(Figure 3A). The “ram” behavior involved the entire body
accelerating towards the prey upon mouth opening, propelled
by the anterior limbs and tail, corresponding more closely to a
compensatory suction behavior (Figure 3A). The “static”
behavior consisted of the animal being positioned just above
the prey and opening its mouth rapidly without moving to-
wards it, the prey then being sucked in by hyoid depression
alone, corresponding to a pure inertial suction event
(Figure 3A). The “intermediate” behavior mixed these two
approaches: the individual was relatively close to the prey but
still moved forward to reach it.

Next, videos were trimmed to start at the beginning of mouth
opening and to end at the complete repositioning of the hyoid
apparatus. The videos were converted to.mp4 format for use
with DEEPLABCUT (Nath et al. 2019; Mathis et al. 2018). The
frame rate and scale were identified for each video. In DEE-
PLABCUT, 50 frames were extracted per video, with seven
markers manually placed on different body parts of the indi-
vidual: the eye, the upper jaw tip, the lower jaw tip, the corner
of the mouth, the ventral tip of the basibranchial (hyoid 1) and
the ventral tip of the epibranchial (hyoid 2), and the shoulder
(Figure 1B). The software used these manual annotations to
train a convolutional neural network to detect points of interest,
associating them with fixed structures in the images. Various
image transformations and modifications were applied to en-
hance analysis throughout training. A total of 200 epochs were
used to fully train the model that was then able to track the
markers across all videos with human-like accuracy (0-5 pixels
from exact target which is a negligible error; see Nath
et al. 2019; Mathis et al. 2018). After using DLC to position the
markers on each frame of the videos, each video was reviewed
to check whether the markers were correctly placed on every
frame. If the markers were accurate, the video and marker
positions were saved. If not, the markers were corrected on the
incorrect frames, and another DLC cycle was run. This process
was repeated until the marker positions were accurate for every
frame in each video. The likelihood was over 0.95 for all videos
at the end of the training and marker placement in DLC.
For each video, a.csv file was generated containing marker
coordinates.

Data transformation and analysis were then performed using R
with the “dplyr” and “tidyr” packages. Coordinates were
transformed using the defined scale for each video to obtain
values in cm for distance and velocity calculations. The marker
position was smoothed using the “smooth.spline” function from
R's base package to reduce artifacts while conserving biological
data (Korff and McHenry 2011; Reinsch 1967; Skandalis
et al. 2024; Wood 2017) and then calculate variables of interest.
From the smoothed coordinates we calculated the gape
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distance, the gape angle, the head angle (formed by the angle
between the markers on the tip of the lower jaw, the eye, and
the shoulder), and the hyoid depression distance at the level of
the basibranchial (hyoid 1) and the epibranchial (hyoid 2)
(Figure 1B). From the kinematic traces, we then extracted the
maximum gape distance, maximum gape angle, maximum jaw
opening and closing speed and acceleration, maximum head
angle, maximum depression of the hyoid at both levels, the
acceleration and speed of hyoid depression at both levels, the
time to reach each maximum displacement, and finally the jaw
and hyoid cycle duration. See Table S3 for raw values and
Table 2 for means and standard deviations of the variables.

2.5 | Statistical Analyses

For both experiments, behavioral variables were transformed
through a simple log transformation (log(x+ 1) to take into
account zeros). We then assessed normality by examining the
QQ-plot for each variable.

To test whether the choice of the first tunnel of the Y-maze was
random, the observations were compared to a binomial distri-
bution using a GLMER model with two parameters: light con-
dition (light vs. dark) and population origin (surface vs. cave),
with individual identity as a random effect. To compare the
number of entries into the tunnels, Wilcoxon tests were used for
each combination.

Chi-square (%) tests were performed to compare prey capture
strategies. For normally distributed variables, we fitted a linear
mixed-effects model with light condition, population of origin,
and their interaction as fixed effects, and individual identity as a
random effect. This was followed by a type II ANOVA when the
interaction was non-significant, and a type III ANOVA when it
was significant. For non-normal variables, we applied a rank
transformation using the ART package in R, fitting the same
model (origin and light condition as fixed effects, individual
identity as a random effect), again followed by a type III ANOVA.
Post-hoc tests with Bonferroni correction were then performed to
identify which groups differed from one another. For all models,

TABLE 2 | Means and standard deviations of the kinematic parameters extracted from the high-speed videos.
Origin Surface Surface Cave Cave
Light condition Light Dark Light Dark
Maximal gape distance (cm) 0.25+0.07 0.22+0.09 0.22 +£0.07 0.19 +£0.09
Time to maximal gape distance (s) 0.04 +0.01 0.04 +0.01 0.04 +0.01 0.04 +0.02
Maximal gape angle (°) 26.44 +10.00 23.28 +10.97 24.32 +£8.75 20.59 +9.65
Time to maximal gape angle (s) 0.04 +0.01 0.05+0.01 0.04 +0.01 0.04 +0.02
Duration jaw cycle (s) 0.10+0.03 0.10 +£0.02 0.08 +0.02 0.09 +0.04
Maximum opening speed (cm.s™) 11.49 +4.70 10.19 +4.12 11.87 +3.67 10.22 +4.07
Maximum closing speed (cm.s™) —12.29 +4.82 —10.38 +4.17 —11.60 +3.77 —9.96 + 5.05
Maximum opening acceleration (cm.s™?) 1060.41 + 719.5 1092.16 + 726.06  1758.37 + 1453.93 1299.71 + 856.71

Maximum closing acceleration (cm.s™2)

1139.16 + 767.91

Maximum head angle (°) 152.17 + 8.08
Time to maximal head angle (s) 0.05+0.04

Duration of hyoid 1 depression (s) 0.02 +0.02

Maximal hyoid 1 depression (cm) 0.37+0.10

Time to maximal hyoid 1 depression (s) 0.12+0.09

Duration hyoid 1 cycle (s) 0.87+0.43

Maximal speed hyoid 1 15.12 + 5.08
depression (cm.s™%)

Maximal speed hyoid 1 elevation (cm.s™%) —3.88 +2.12

Maximal acceleration hyoidl
depression (cm.s™%)

Duration hyoid 2 depression (s) 0.01 +0.02
Maximal hyoid 2 depression (cm) 0.56 +0.10
Time to maximal hyoid 2 depression (s) 0.09 +0.04
Duration hyoid 2 cycle (s) 0.89 + 0.40
Maximal speed hyoid 2 19.77 + 4.06
depression (cm.s™")

Maximal speed hyoid 2 elevation (cm.s™) —4.60 +1.97
Maximal acceleration hyoid 2 1577.70 + 979.86

depression (cm.s™%)

1570.94 +1092.03

963.97 + 547.96

1483.10 +1062.90

1153.99 + 855.79

144.97 £13.52 150.99 +£9.43 141.50 £ 11.69

0.16 +£0.28 0.07+0.15 0.16 +£0.28
0.01 +0.02 0.01 +0.02 0.01 +0.02
0.40+0.11 0.41+0.10 0.31+0.11
0.12 +0.09 0.09 +£0.05 0.12 +0.07
0.86 +0.42 0.67 +0.34 0.65+0.32
14.93 +5.08 18.51 + 6.04 12.22 +5.69

—4.26 +1.79 —=515+2.75 —4.05+1.71

1306.06 + 691.02

2316.60 + 1899.05

1423.39 + 836.97

0.01 +£0.02 0.01+0.02 0.01 £0.02
0.45+0.13 0.41+0.14 0.36 +£0.12
0.11 +0.06 0.09 + 0.08 0.11+0.10
0.85+0.42 0.67 +0.37 0.62+0.36
15.81 +4.79 17.02 £ 6.38 13.75 £ 6.05
—4.64 +1.89 —-535+241 —4.49 +£2.31

1338.27 + 811.83

2110.83 +£1662.31

1612.57 +1194.68
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we report effect sizes to complement the p-values: partial eta-
squared (nzp) for the main effects and the interaction, and a
standardized effect size for each pairwise comparison. For non-
normal variables (ART models), pairwise effect sizes are ex-
pressed on the rank scale.

3 | Results
3.1 | Olfactory and Exploratory Behaviors

The raw data are provided in Table S2, and the means +
standard deviations are reported in Table 1. Considering the
total number of tunnel entries, salamanders entered the
tunnel containing the food more frequently than the other
tunnels (Figure 2A). Although animals appeared to make
more tunnel entries under full-light conditions (Figure 2A),
statistical analyses revealed no significant effect of either
light condition or population of origin on the total number of
tunnel entries (light condition: F=9.71, p =0.089; popula-
tion: F=0.029, p =0.88).

The analysis of the first tunnel entered showed no significant
difference from random choice under most experimental con-
ditions (all p > 0.05), with correct first choices ranging from
52% to 62% (all p>0.05 Figure 2B). The only exception was
cave-dwelling individuals tested under full-light conditions,
which entered the food-containing tunnel first significantly
more often than expected by chance (33/50, 66%; p =0.03;
Figure 2B)

Overall, salamanders spent significantly more time in the food
area (40.2% of the trial; Table S2; upper food quadrant + food
tunnel; Figure 1A) than in the stone area (22.8%; Table S2;
upper stone quadrant + stone tunnel; Figure 1A) or either of
the two empty lower quadrants (18.5% each; Figure 2C;
Table S2). No differences in the time spent in the food tunnel
were detected between light conditions or populations. How-
ever, surface-dwelling individuals spent less time in the food
tunnel under full-light conditions compared to total darkness
(Figure 2D; Tables 1 and 3; p =0.04).

The time spent in the stone area was significantly affected by
light condition, with a strong interaction effect between light
condition and population (Table 3). Under full-light conditions,
salamanders spent more time in the stone section and stone
tunnel (Table 1). Conversely, they spent less time in the empty
sections under full light (Table 1). Finally, surface-dwelling
salamanders entered their first tunnel more rapidly under full-
light conditions (Tables1 and 3; p=0.008), whereas cave-
dwelling individuals were the fastest to enter the correct tunnel
containing the food in total darkness (Table 1).

3.2 | Type of Approach

The high-speed video analysis revealed different capture
behaviors (Figure 3A) based on light conditions and the popu-
lation of origin (surface-dwelling or cave-dwelling). The anal-
ysis shows a significantly higher proportion of “ram” behaviors
in light conditions independent of the population origin
(¢ = 50; p<0.001; Figure 3B). In contrast, more “static”

captures (inertial suction) are observed under dark conditions
(¢ =21.28; p <0.001; Figure 3B). The “intermediate” type of
approach showed no differences between the conditions
(¢ =1.09; p = 0.297;Figure 3B).

3.3 | Feeding Kinematics

Raw kinematic data are provided in Table S3 and means +
standard deviations are provided in Table 2. Surface-dwelling
and cave-dwelling individuals differed in gape distance and
head angle with surface-dwelling individuals showing a greater
gape distance and a greater head angle (Table 2). The distance
and speed of hyoid 2 depression (epibranchial; Figure 1B) are
also greater in surface-dwelling individuals (Table 2 and 4).
Comparing surface-dwelling individuals under both light con-
ditions, the head angle, and hyoid 2 depression metrics are
higher under light conditions (Tables 2 and 4). When compar-
ing surface-dwelling and cave-dwelling populations under light
conditions, cave individuals show a faster mouth opening,
higher hyoid 1 speeds, and a greater maximum hyoid 2 distance
(Tables 2). In darkness, the hyoid 1 and 2 depression are more
pronounced in surface-dwelling individuals (Table 2). Cave-
dwelling individuals under light conditions displayed a greater
head angle and an increased distance, speed, and acceleration of
hyoid 1, as well as a greater hyoid 2 depression speed
(Tables 2 and 4).

4 | Discussion

The aim of this study was to determine whether differences
exist in the feeding behavior of individuals of Calotriton asper
from cave-dwelling and surface-dwelling populations. Given the
extreme conditions of cave environments, we hypothesized
behavioral differences, particularly in prey detection, capture
techniques, and feeding kinematics. Unexpectedly, no differ-
ence from random was observed for the first entry into a tunnel
of the Y-maze, except for cave-dwelling individuals under light
conditions showing a preference for the tunnel containing food
(Figure 2B). However, regardless of the population origin or
observation condition (light vs. darkness), individuals spent
more time in the area with the food (Figure 2C) and entered the
associated tunnel more frequently. This suggests that food
detection might occur both in light and darkness through both
olfactory and visual cues. The observation conditions signifi-
cantly influenced the amount of time spent in the sector with
a stone, with individuals observed under light conditions
spending more time there (Tables 1 and 3). This pattern also
applied to the frequency of tunnel entries (Figure 2A), likely
due to the easier visual detection of tunnel entrances under
light conditions, allowing for more exploration of the tunnel
containing the stone.

In contrast, in darkness, surface-dwelling individuals seem to
rely more on olfaction and spend more time in the sector and
tunnel with food (Table 1 and 3). Previous research has shown
that Calotriton asper relies primarily on vision for feeding
(Uiblein et al. 1995), which could interfere with other senses.
Thus, under light conditions, the surface-dwelling animals
might focus more on vision and less on olfaction, possibly
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FIGURE 2 | Results of Y-maze trials. (A) Reaction norm of the total number of entries into both tunnels of the maze based on observation
conditions (light vs. dark) and population of origin. Sample size: N =10 individuals, each tested 10 times in both conditions (total of 200 tests).
Individuals were considered as random variables. (B) Reaction norm of the proportion of correct first entries into the tunnel containing food. The
cave-dwelling animals in light conditions are the only ones to show a significant difference from random. Sample size: N = 10 individuals, each tested
10 times in both conditions (total of 200 tests). Individuals were considered as random variables. (C) boxplot of the percentage of time spent in the
three sections of the maze, separated by observation conditions (light vs. dark). The Empty sector had twice the surface area (two quarters) of the
food sector (one quarter) and the stone sector (one quarter). Therefore, to make the scale comparable, the raw data for the empty sector was divided
by two before creating the boxplots. Sample size: N =10 individuals, each tested 10 times in both conditions (total of 200 tests). D) boxplot of the
percentage of time spent in one of two tunnels containing either food or a rock, by observation condition (light vs. darkness). Sample size: N =10
individuals, each tested 10 times in both conditions (total of 200 tests).

explaining the reduced time spent near food, while in darkness,
they might rely primarily on olfaction, which appears to en-
hance their focus on food. A study on snakes showed decreased
performance under sensory conflict (Chen et al. 2012), but no
such research has been conducted on salamanders. Surface-
dwelling individuals under light conditions explored more, and
spent less time in the food zone (Table 1). This exploratory
behavior was greatly reduced in darkness where they stayed

closer to the food once located (Table 1). Conversely, cave-
dwelling individuals in light conditions appeared more ex-
ploratory than surface-dwelling individuals in the dark, enter-
ing and exiting tunnels more frequently (Figure 2A). This
increased exploration in light conditions contrasts with other
research which suggested that cave animals are more efficient
at finding food in darkness. In cave environments, heightened
exploratory behavior seems advantageous for locating scarce
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between the time points represented by the images. (B) Reaction norm showing the number of captures by type based on experimental light condition

and the origin of the population.

food sources which may explain the results observed here
(Manenti and Ficetola 2013; Manenti et al. 2013). In summary,
as expected, a preference for the food zone was detected
(Figure 2; Table 1), but no significant differences were observed
between populations. The observed differences were instead
tied to environmental conditions, indicating plasticity in ex-
ploratory behavior and sensory cues used in both cave-dwelling
and surface-dwelling populations. This behavioral flexibility
could enhance adaptation to different environments, facilitating
the colonization of caves by Calotriton asper (Crispo 2008).

Concerning prey capture, differences emerged between popu-
lation origin and lighting conditions. The capture technique
differed strongly based on lighting conditions. In the light, in-
dividuals, irrespective of the population, could see their target
and adopted a more ram-like strategy (Figure 3). During this
behavior, animals maintain a greater distance, move rapidly

towards the prey, and open their mouth later to perform com-
pensatory suction. In contrast, in the dark, vision could not be
used and prey capture relied on other senses. Here, animals
positioned themselves closer to the prey, with a lower head
angle, and performed mostly inertial suction to capture prey
directly in front of their mouths (Figure 3). Moreover, by po-
sitioning their mouths close to the surface, they likely took
advantage of wall effects which have been shown to improve
suction performance (Nauwelaerts et al. 2007). These changes,
including the head angle (Table 2 and 4), were significantly
different in light versus darkness. Importantly, this shift in
capture style was independent of the population of origin
(Figure 3). This demonstrates behavioral plasticity in both
groups, with the species capable of employing both suction
types depending on the situation (Van Damme and Aerts 1997).
This plasticity underscores again the advantage of this species
in colonizing new environments.
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(Continued)

TABLE 4

Surface light vs Surface dark vs

Dark Cave

Light Interaction Surface light Cave light Light cave
versus dark versus surface versus Surface

condition

Population Of

Cave light

1 (ES

Cave dark

versus dark

effect
0.198 (n*

origin

Variables

0.30)

<0.001

(ES
1 (ES

0.110

(ES

0.002

(ES

0.769

(ES
1 (ES

0.022

(ES

0.09)

<0.001
(n?=0.44)

< 0.001
(n®=0.63)

0.457 (1* =0.04)

Maximal hyoid 2
depression (cm)

1.66)

0.73)

1.23)
0.11)

0.44)

0.93)

=0.33)

1 (ES

0.38)

=0.05)

1 (ES

1 (ES

0.27)

=0.44)

1 (ES

0.01)

0.705 (1*

0.322
(m*=0.06)

Time to maximal

hyoid 2 depression

=0.09)

1 (ES

=0.00)

1 (ES

=0.07)

1 (ES

=0.02)

1 (ES

=0.02)

1 (ES

=0.07)

0.00) 1 (ES

0.927 (n?

0.699
(m*=0.01)

Duration hyoid 2 cycle 0.029 (* = 0.26)

=0.18)

1 (ES

<0.001

(ES

0.415

(ES

0.55)

0.194 (ES

0.082

0.00) 0.048
(ES (ES

0.857 (n*

<0.001
(n*=0.51)

0.002 (* =0.38)

Maximal hyoid 2

depression

1.23)

0.49)

0.68)

0.74)

speed (cms™!)

0.40)

0.541 (ES

=0.04)

1 (ES

=0.08)

=043) 1(ES

0.323 (ES

0.262

(ES

=0.04)

0.15) 1(ES

0.091 (n*

0.148
m*=0.11)

0.191 (> =0.09)

Maximal speed hyoid

2 elevation

0.48)

=0.54)

0.263 (ES

=0.06)

1 (ES

=0.18)

1 (ES

0.30)

1 (ES

0.979

(ES

=0.24)

0.01) 1 (ES

0.737 (?

0.078
(m*=0.16)

0.150 (1*=0.11)

Maximal acceleration
hyoid 2 depression

0.36)

Note: Table entries are p values, each followed in parentheses by its effect size: partial eta-squared (nzp) for the main effects and interaction, and the standardized effect size (ES) from the model for the pairwise comparisons. Pairwise

p-values are Bonferroni-corrected. Non-normal variables are underlined. Bolded values highlight significant differences.

While different capture techniques exist between surface-dwelling
and cave populations in other species such as Astyanax mexicanus,
these are generally rooted in more profound genetic and ana-
tomical differences (Gallman et al. 2020; Yoshizawa et al. 2010). It
is rare for an individual to exhibit both techniques and show
flexibility based on light conditions. The two morphotypes of
Astyanax mexicanus show pronounced morphological differences,
including eye loss, depigmentation, and other traits adapted to
cave life, which are not present in the Calotriton populations of the
Pyrenees. The divergence between Astyanax morphotypes oc-
curred relatively recently (< 30,000 years; Fumey et al. 2018),
while the formation of different Calotriton lineages in the Pyrenees
dates to the Last Glacial Maximum (20 000 to 14 000 years ago;
Lucati et al. 2020). Although limited gene flow occurs between
populations today (Valbuena-Urefia et al. 2018) Their relatively
recent differentiation compared with that of Astyanax, suggests
that certain typical cave-dwelling traits may not yet have evolved.

Finally, comparisons between surface and cave-dwelling in-
dividuals under their natural lighting conditions showed the most
differences in prey capture kinematics. Surface-dwelling in-
dividuals seem to exhibit more exaggerated movements, including
a wider mouth opening and greater hyoid depression (Table 2).
However, although surface-dwelling individuals were able to
adapt their capture style to darkness, some differences remained
between populations. For example, although surface-dwelling in-
dividuals in darkness depressed their hyoid less and more slowly
compared when they fed in light (Table 2), they still showed more
movement than cave-dwelling individuals (Figure 3B). This sug-
gests that in darkness cave-dwelling individuals may be more
efficient and may take greater advantage of wall-effects. Similarly,
cave-dwelling individuals in light opened their mouths faster and
deployed their hyoid apparatus more forcefully than surface-
dwelling individuals under the same conditions (Table 2). There-
fore, it seems that when individuals experience environmental
shifts, they tend to overcompensate in their movements, poten-
tially leading to a less efficient capture. It would be interesting to
explore whether the differences observed between surface and
cave-dwelling populations diminish over time when kept in dark
or light conditions, respectively suggesting acclimatization to light
conditions.

Despite these insights, several limitations must be acknowl-
edged. First, the lack of directly comparable model systems
is limiting our ability to contextualize these results
broadly. Second, the experiments were conducted under con-
trolled conditions, which do not fully replicate the ecological
dynamics in natural cave systems. Third, small sample sizes and
population variability may influence the interpretation of the
observed patterns and future work should be done including
more individuals. Moreover, testing whether individuals change
behaviors over time when kept under different light conditions
would be insightful.

5 | Conclusion

We observed significant differences in the capture style
depending on the light conditions with both populations
showing flexibility. Exploratory behavior was overall rather
similar between populations and was influenced by light
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conditions, with animals in darkness exhibiting less exploration
and staying closer to food sources. Cave-dwelling individuals
did not detect prey faster, contrary to our expectations. Detailed
analyses of feeding kinematics revealed differences in the
mouth opening angle and movement of the hyoid apparatus,
with higher speeds and accelerations under light conditions.
Although some of these differences result from changes in
capture style, individuals in environments different from their
natural habitat did not exhibit the same kinematics. In con-
clusion, while the two populations of Calotriton asper differ in
their capture styles, they both display a high degree of behav-
ioral plasticity. Subtle adaptive differences may provide ad-
vantages in their respective habitats, but both populations can
adapt to variable light conditions.
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