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1  | INTRODUC TION

Behavioral innovation is an individual's invented new behavior 
or modified old behavior not present previously in the population 
(Reader, 2003; Reader & Laland, 2003), which seems to be a key asset 
for success in novel situations and thus a prerequisite of successful 
colonization of new habitat types (Mayr, 1965; Morse, 1980). It is a 

process that results in novel behaviors either in the sense of tech-
nical innovations (novel mechanism) or the use of novel resources 
(these two can work independently; Overington, Morand-Ferron, 
Boogert, & Lefebvre, 2009). The typical approaches in understand-
ing variation in behavioral innovativeness include comparative evo-
lutionary analyses based on phylogenetically corrected interspecific 
comparisons (e.g., Ducatez, Clavel, & Lefebvre, 2015; Garamszegi, 
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Abstract
Behavioral innovation is a key process for successful colonization of new habitat 
types. However, it is costly due to the necessary cognitive and neural demands 
and typically connected to ecological generalism. Therefore, loss of behavioral in-
novativeness is predicted following colonization of new, simple, and invariable en-
vironments. We tested this prediction by studying foraging innovativeness in the 
freshwater isopod Asellus aquaticus. We sampled its populations along the route of 
colonizing a thermokarstic water-filled cave (simple, stable habitat with only bac-
terial mats as food) from surface habitats (variable environment, wide variety of 
food). The studied cave population separated from the surface populations at least 
60,000 years ago. Animals were tested both with familiar and novel food types (cave 
food: bacterial mats; surface food: decaying leaves). Irrespective of food type, cave 
individuals were more likely to feed than surface individuals. Further, animals from all 
populations fed longer on leaves than on bacteria, even though leaves were novel for 
the cave animals. Our results support that cave A. aquaticus did not lose the ability 
to use the ancestral (surface) food type after adapting to a simple, stable, and highly 
specialized habitat.
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Erritzoe, & Møller, 2007; Overington, Griffin, Sol, & Lefebvre, 2011; 
Overington et al., 2009; Reader & Laland, 2002) or within-popula-
tion experimental studies (e.g., Laland & Reader, 1999; Taylor, Elliffe, 
Hunt, & Gray, 2010).

Comparative studies revealed a number of correlations with 
behavioral innovativeness, for instance, showing its positive link to 
brain size and learning capacity (e.g., Lefebvre, Reader, & Sol, 2004; 
Overington et al., 2009; Reader & Laland, 2002). These are inter-
esting results supporting the idea that cognition and innovativeness 
require relatively large brains (Buechel, Boussard, Kotrschal, Bijl, & 
Kolm, 2018; Collado, Montaner, Molina, & Sol, 2020; Sol, Lefebvre, 
& Rodríguez-Teijeiro, 2005). But what sort of environments select 
for increased innovativeness? One potential benefit of behavioral 
innovation is the ability to exploit a wider range of resources (Reader 
& MacDonald, 2003), which suggests that higher innovativeness is 
expected in ecological generalists. Overington et al. (2011) tested 
this idea on 193 North American bird species and found a positive 
correlation between habitat generalism and innovation rate. The 
correlations listed above can explain why innovative, large-brained 
ecological generalists are more likely to successfully colonize new 
habitats (Sol, Duncan, Blackburn, Cassey, & Lefebvre, 2005; Sol & 
Lefebvre, 2000; Sol, Timmermans, & Lefebvre, 2002). It has also been 
repeatedly shown that generalists are likely to have larger brains and 
better learning abilities than specialists, because generalists need to 
process more environmental information (Daly, Rauschenberger, & 
Behrends, 1982; Ratcliffe, Fenton, & Shettleworth, 2006). However, 
all studies mentioned in this paragraph are based on phylogeneti-
cally corrected interspecific comparisons. Such studies can be seen 
as the cornerstones of understanding evolutionary adaptation, but 
they suffer from the inherent difficulty in separating causation from 
correlation (Gonda, Herczeg, & Merilӓ, 2013). On the other hand, 
intraspecific studies, particularly between-population comparisons, 
are scarce at best (Reader, 2003). This is unfortunate, because un-
derstanding adaptive evolution of quantitative traits relies on esti-
mating (a) phenotypic variation, (b) selection acting on the variation, 
(c) the heritable component of the variation, and ultimately, (d) the 
genetic underpinnings of the variation. These goals can be achieved 
in intraspecific studies. The logical first step in this process is to 
compare phenotypes between populations adapted to their differ-
ent selective environments. Therefore, comparing behavioral inno-
vativeness between locally adapted populations of the same species 
would be an important addition to understanding the evolution of 
behavioral innovation.

A comparative study on birds suggested a positive link between 
behavioral innovativeness and habitat generalism (Overington 
et al., 2011). Testing this hypothesis in an intraspecific context would 
require a species where populations inhabit environments with dif-
ferent levels of isolation and spatial or temporal variation. Behavioral 
innovation can be seen as a special form of (behavioral) phenotypic 
plasticity, which is a genotype's ability to express/develop alterna-
tive phenotypes (e.g., West-Eberhard, 2003). Similarly to various 
forms of phenotypic plasticity, behavioral innovation is not only ben-
eficial, but also involves various costs (DeWitt, Sih, & Wilson, 1998). 

These costs can be broadly divided into costs of (a) expression and 
(b) developing and maintaining the machinery (brain, sensory organs) 
needed to gather and process environmental information. For be-
havioral plasticity, the latter costs are dominant (Snell-Rood, 2013), 
especially in our case (see below). Therefore, populations inhabiting 
isolated, simple, and stable habitats where the benefit of behavioral 
innovation is minimal are expected to lose their costly innovative-
ness during the course of local adaptation. It is noteworthy that 
most studies on behavioral innovation are done on mammals and 
birds because these taxa usually exhibit higher cognitive abilities. In 
most invertebrates, however, simpler forms of behavioral innovation 
are expected. Overington et al. (2009) distinguished two foraging 
innovation types, i.e. technical and food type (resource) innovation, 
and the latter is definitely expected to be important across all ani-
mal taxa. We note that food type innovation in invertebrates might 
not require high cognitive performance, but it is still expected to be 
linked to energetically costly sensory and neural systems needed for 
perception as well as decision and choice.

In the present paper, we aimed to test whether a habitat and food 
generalist species would decrease food type innovation after adapt-
ing to a new environment with reduced habitat complexity and neg-
ligible food type diversity. Our model, the freshwater isopod Asellus 
aquaticus, is widespread in a wide variety of surface freshwater hab-
itats across the Western Palearctic (Verovnik, Sket, & Trontelj, 2004, 
2005) and has successfully colonized caves in Europe on several inde-
pendent occasions (Verovnik, Prevorčnik, & Jugovic, 2009; Verovnik 
& Konec, 2019). These cave-adapted populations are typically sus-
tained by organic matter coming from the surface. Here, we focused 
on an A. aquaticus population from a particular thermokarstic wa-
ter-filled cave (Molnár János Cave, Hungary), which is unique in the 
sense that organic material from the surface (e.g., logs, leaves, algae, 
soil) does not enter the cave and the only apparent food resource 
for the resident isopods is cave-growing bacteria forming mats. This 
is in stark contrast with the typical surface populations of A. aquat-
icus, which consume various forms of living and dead plant material 
(e.g., Bloor, 2011; Graça, Maltby, & Calow, 1993; Moore, 1975). The 
Molnár János Cave population is not physically separated from the 
neighboring surface populations due to the constant water outflow 
into a pond that is connected to a river. Nevertheless, the cave pop-
ulation shows adaptations typical for cave life (eye degeneration and 
body depigmentation). Further, based on mitochondrial and nuclear 
markers, this cave population diverged from the surface populations 
at least 60,000 years ago (Pérez-Moreno, Balázs, Wilkins, Herczeg, 
& Bracken-Grissom, 2017).

We compared the feeding behavior of A. aquaticus from one 
cave and three surface populations: (a) the Molnár János Cave, (b) 
a thermal pond formed by the water outflow at the entrance of the 
cave, (c) a nearby stream, and (d) a nearby moor. All individuals were 
tested against food sources that were either native or unknown in 
their original habitat (native in cave: bacterial mats; native in surface: 
decaying leaves). We predicted that the cave population adapted to 
consume the bacterial mats will not be able to switch to decaying 
leaves, while the generalist surface populations will readily consume 
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the bacterial mats. In other words, we predicted that adaptation to 
the cave environment involves a shift from feeding generalism to-
ward specialization including the loss of food type innovativeness. 
We note that the environment of the three surface populations 
was quite different, but they were similar in terms of high variabil-
ity of potential food sources and in the lack of the cave food type. 
Therefore, we predicted no difference among the surface popula-
tions in food type innovativeness. In addition, we also tested the 
general hypothesis that populations adapted to negligible predation 
will show elevated behavioral activity (e.g., Bell, 2005; Herczeg, 
Gonda, & Merilӓ, 2009; Magurran & Seghers, 1991). Here, we pre-
dicted that cave A. aquaticus living in a habitat without predators will 
display higher feeding activity.

2  | MATERIAL AND METHODS

2.1 | Molnár János Cave

To be confident about interpreting the outcome of our study, we 
need to be sure that A. aquaticus in the Molnár János Cave are not 
meeting with decaying leaves (or any exogenous food source) at all. 
The occurrence of particular organic matter of external origin in the 
cave is practically impossible for the following reasons. It has been 
shown that cave genesis in the study area is driven by the mixing 
corrosion effect of ascending thermal and lukewarm waters (Kovács 
& Müller, 1980; Mádl-Szőnyi, Erőss, & Tóth, 2017); therefore, the 
Molnár János Cave is a hypogene cave (i.e., water forming the cave 
did not come from the surface; Erőss, 2010; Klimchouk, 2007). 
Further, the effects of infiltrating descending waters (through po-
rous limestone bedrock and perhaps tiny fissures in the bedrock) 
are negligible (Leél-Össy et al. 2011). In accordance with this, Total 
Organic Carbon could only be detected in extremely low amounts 
in the waters of Molnár János Cave (Dobosy, Sávoly, Óvári, Mádl-
Szonyi, & Záray, 2016). Finally, during hundreds of dives over a dec-
ade in the cave, a single visible piece of organic material of surface 
origin was never observed, but cave A. aquaticus were routinely 
seen feeding on the bacterial mats (G. Balázs, personal observation). 
Therefore, we think that this cave's community is entirely based 
on organic material produced by chemoautotrophic bacteria living 
in darkness, similar to the Movile Cave in Romania (Sarbu, Kane, & 
Kinkle, 1996). We are aware that this claim is yet unproven, but we 
are confident that food common to surface A. aquaticus populations 
is entirely absent from the cave population's diet (apart from po-
tentially consuming cave animals’ carcasses). We note that the cave 
community is extremely simple and predators of A. aquaticus are 
completely absent in Molnár János Cave.

2.2 | Sampled populations

We used one cave and three surface populations of the fresh-
water isopod A. aquaticus. All populations live within or in close 

surroundings of Budapest, Hungary. The cave population dwells 
in Molnár János Cave and shows typical troglomorph adaptations, 
such as eye degeneration and depigmentation. The cave population 
has been genetically isolated from surface populations (including 
the Malom Lake population, see below) for at least 60,000 years, 
despite the absence of physical barriers and occasional surface indi-
viduals entering the cave (Pérez-Moreno et al., 2017). Molnár János 
Cave is a thermokarstic water-filled cave and A. aquaticus can be 
found in areas where water temperature is between 23 and 24°C all 
year round. The only apparent food source for this cave population 
of A. aquaticus is bacterial mats (see above). The cave's outflow to 
the surface forms a small lake (Malom Lake) right at the cave en-
trance (47.518277° N, 19.035999° E), harboring the first sampled 
surface population. Malom Lake is subjected to the natural surface 
light regime of the region, but the water temperature is similar to 
the one in the cave all year round. Apart from the constant water 
temperature, this habitat can be seen as a typical surface habitat. It 
is connected to the river Danube. The remaining two surface popu-
lations, i.e. the Csömöri Stream (47.593393° N, 19.121970° E) and 
the Dunakeszi Peat-moor (47.615613° N, 19.126392° E), experience 
natural surface light regime and temperature fluctuations typical to 
the region. These populations were chosen randomly, representing 
typical surface habitats. All three surface populations live in habi-
tats with diverse communities and various food sources, such as 
algae, living and dead plant material together with fungal and bacte-
rial overgrow.

2.3 | Collecting and housing the 
experimental animals

Adult animals (N = 200; 25 males and 25 females per population) were 
collected between 16 and 17 August 2018. Cave diving was necessary 
to collect cave individuals. During this time of the year, water tempera-
ture at the surface localities was similar to the temperature of ther-
mal water at Malom Lake and Molnár János Cave, that is, 23–24°C. 
After collection, animals were immediately transported to the facili-
ties of the Biological Institute of Eötvös Loránd University (Budapest, 
Hungary). All animals were housed individually in 90 × 25 mm plastic 
Petri dishes. The bottom of all Petri dishes was coarsened with emery 
paper to enable animals’ normal movement (Fišer, Prevorčnik, Lozej, & 
Trontelj, 2019). Water collected at the source habitats was used to fill 
the Petri dishes to the half of their height and was regularly refilled as 
the water level dropped. Petri dishes with animals were then placed 
in light-controlled “recording chambers” (see below) and kept there 
during the whole experiment (i.e., acclimation and video recording). 
Surface populations were acclimated in a daily light cycle (16h light : 8h 
dark), while cave animals were acclimated in complete darkness. All 
manipulations of cave animals were done under red light. The tempera-
ture in the laboratory was 23–24°C. Animals did not receive any food 
apart from the food provided in feeding tests (see below). As some 
animals died during the first few days in the laboratory, we eventually 
tested 163 individuals (Molnár János Cave: 14 males (M) / 16 females 



4  |     HERCZEG Et al.

(F), Malom Lake: 25 M / 24 F, Csömöri Stream: 20 M / 20 F; Dunakeszi 
Peat-moor: 20 M / 24 F).

2.4 | Experimental setup

To video-record animal behavior in feeding tests in different light 
conditions, we used four similar custom made recording chambers 
(length: 100 cm, width: 55 cm, height: 105 cm). All recording cham-
bers were equipped with two light sources: LEDs imitating daylight 
(4,500 K, CRI > 90) at the top and infrared LEDs (920 nm) at the bot-
tom. Daylight was switched on only for assaying the surface popula-
tions but not for the cave population. Infrared light was switched 
on during all tests, since it was needed for video recording. Opal 
plexiglass was placed over the infrared LEDs to evenly diffuse the 
emitted light and at the same time to serve as a surface on which 
Petri dishes with animals were put. Each recording chamber could 
house a maximum of 50 animals. The chambers were closed from 
sides with nontransparent black plastic boards so that light did not 
scatter outside of the chamber. Inside each chamber, we mounted 
a webcam (Logitech C920 FullHD) that was technically modified to 
improve the quality of videos recorded in infrared light. OBS Studio 
software (OBS Studio Contributors) was used to capture videos at 5 
frames per second at HD resolution (1,280 × 720).

2.5 | Experimental design and protocol

After collection, all experimental animals were acclimated under 
their natural light regime without any disturbance and food. On 24 
August, we ran the first round of feeding tests followed by two days 
of rest and the second round of feeding tests on 27 August. The 
acclimation period before the first test ensured that animals got fa-
miliar with their artificial environment and they were eager to feed. 
The first feeding test likely did not satiate the test animals because 
they were more likely to feed in the second then in the first test (see 
Results). This way, we saw a feeding attempt in ca. 70% of the indi-
viduals. Feeding tests were done in the given population's natural 
light regime. All individuals within population were randomly divided 
into two groups (sexes represented equally). The first group was of-
fered their familiar food source in the first feeding test and the novel 
food source in the second feeding test, while the second group was 
first offered the novel and then the familiar food source. We used 
two food sources: decaying poplar (Populus sp.) leaves (familiar to 
the surface populations) and bacterial mats from the cave (familiar to 
the cave population). We used rubber rings (diameter: 5 mm, height: 
1 mm) in the Petri dishes holding the experimental animals to stand-
ardize the position of the provided food and to prevent its disloca-
tion during the recordings. Immediately prior recordings, we filled 
the food source into the rubber rings. Then, we video-recorded the 
animals’ behavior for 60 min. All recordings started at approximately 
11 a.m. After the recordings, we removed the remaining food from 
the Petri dishes.

We used three behavioral variables to describe feeding behav-
ior: (a) “drive to feed” (whether an individual fed in the given test or 
not), (b) “feeding duration” (total time spent with the food, includ-
ing both food handling and eating), and (c) “feeding bouts” (number 
of times an individual approached the food item). A feeding event 
began when the animal started to process the provided food (judged 
by body orientation and touching the food source) and ended when 
the animal moved away a distance equal to its body length. Only 
individuals that fed were included in the analysis of feeding duration 
and feeding bouts.

2.6 | Statistical analyses

Testing our main question about food type innovation was straight-
forward: we could simply observe whether a test animal consumed 
the unfamiliar food item or not. However, based on population and 
treatment effects, we could also test for additional patterns in the 
above three variables. To analyze drive to feed, we used a gener-
alized linear mixed model (GLMM) with a binomial distribution and 
a logit link function. In this model, drive to feed was included as a 
binary response variable (presence vs. absence of feeding), while 
food type (familiar, novel), population (Molnár János Cave, Malom 
Lake, Csömöri Stream, Dunakeszi Peat-moor), sex (male, female), 
and all their two- and three-way interactions were added as cat-
egorical fixed effects. We controlled for habituation to the labora-
tory setting by adding the centered order of trials as a fixed effect. 
Individual identity was added to the model as a random effect. We 
also considered random slopes (i.e., individual × habituation interac-
tion), but we left the random slopes term in the final model only if 
it improved the model fit. Feeding duration and feeding bouts were 
analyzed using GLMMs with negative binomial distribution and log 
link function; fixed and random effects were the same as in the 
previous model. Error distribution and link function applied in the 
GLMMs were chosen after inspection of Q-Q plots of the model re-
siduals. Fixed effects were tested by Wald's chi-squared tests and 
random effects by likelihood ratio tests. P values for the likelihood 
ratio tests were calculated following Zuur, Ieno, Walker, Saveliev, 
and Smith (2009). We note that neither sex, nor its interactions were 
significant in any of the models. Leaving these predictors out of the 
models did not change the results qualitatively; hence, we report the 
full models (Forstmeier & Schielzeth, 2011). All GLMMs were built 
using the R packages lme4 and lmerTest (Bates, Maechler, Bolker, 
& Walker, 2015; Kuznetsova, Brockhoff, & Christensen, 2016). All 
analyses were run in R 3.6.1 (R Developmental Core Team, 2019).

3  | RESULTS

Out of 163 individuals, 48 did not feed at all, irrespective of food 
type. Out of the 326 feeding tests, there were 157 cases without 
feeding. The results of binomial GLMM implied that drive to feed 
significantly varied between the four populations (Table 1; Figure 1). 
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Specifically, the cave-adapted A. aquaticus were more likely to feed, 
irrespective of food source, than their surface-adapted conspecifics. 
We also found a marginally significant effect of habituation (Table 1). 
Namely, animals were more likely to feed in the second than in the 
first trial (data not shown). Individual differences in drive to feed 
were marginally nonsignificant, but cannot be ruled out (Table 1).

The first negative binomial GLMM revealed a significant popu-
lation × food type interaction effect on feeding duration (Table 1; 
Figure 2): cave-adapted A. aquaticus fed longer on the novel, while 
surface-adapted populations fed longer on the familiar food. In other 
words, animals of all populations spent more time feeding on de-
caying poplar leaves than on bacterial mats, irrespective of whether 
it was included in their natural diet or it was novel for them. We 
also found a significant effect of habituation (Table 1): animals spent 
more time feeding in the second than in the first trial (data not 
shown). Further, individual behavioral trends differed significantly 
(Table 1). We found individuals differing significantly in the duration 
of feeding (Table 1). The second negative binomial GLMM on feeding 
bouts revealed no significant effect (Table 1).

4  | DISCUSSION

Behavioral innovation is regarded as a key process for successful 
colonization of novel habitat types (e.g., Mayr, 1965; Morse, 1980). 
However, evolutionary analyses of behavioral innovation are almost 
exclusively based on interspecific comparisons, where separating 
causation from correlation is notoriously hard. Therefore between-
population comparisons within the same species are warranted. 
Further, while behavioral innovation is beneficial for allowing the 
exploitation of a wider array of resources, it is also costly due to the 
demand for the development of the energetically costly sensory and 
nervous system (e.g., Aiello & Wheeler, 1995; Kotrschal et al., 2013). 
Therefore, an evolutionary loss of innovativeness is expected upon 

colonizing a new habitat where the benefits of innovativeness are 
diminished or lost. We tested this hypothesis in a system where 
generalist surface individuals of A. aquaticus successfully colonized 
a thermokarstic water-filled cave offering a simple and stable, but 
highly specialized environment with only one food source that is 
unknown to surface individuals. Surface A. aquaticus is known to 
consume a variety of food sources, from algae to fungi growing on 
decaying leaves (e.g., Bloor, 2011; Graça et al., 1993; Moore, 1975), 
while the only apparent food source in the cave is bacterial mats. 
We predicted that surface A. aquaticus will be able to switch to the 
cave food type (albeit preferring the surface food type), while cave 
A. aquaticus will not be able to use the surface food type. Contrary 
to our prediction, all populations fed on both food types and animals 
of all populations preferred the surface food type. This implies that 
cave A. aquaticus has maintained the ability to recognize and con-
sume surface food, and in fact shows preference for surface food. 
We note that we interpreted feeding duration as a measure of pref-
erence, but alternative explanations are also possible. For instance, 
it sounds intuitively realistic that the herein studied cave A. aquaticus 
evolved a feeding apparatus that is specialized to consuming bacte-
ria, and thus, it took more time for them to process decaying leaves. 
However, in a preliminary morphological analysis, we did not find 
any apparent differences between the mouthparts of the different 
populations (unpublished data).

We did not detect the predicted evolutionary change in food 
type innovation (sensu Overington et al., 2009). In other words, we 
found no support for our prediction that food generalism in surface 
populations has eventually changed toward food specialization in 
the cave population, but our data suggest an evolutionary rigid gen-
eralist feeding strategy. It is noteworthy that cave versus surface 
populations differed in their feeding time and not in the number of 
feeding bouts, suggesting that the observed difference is not con-
founded by general activity. There are at least two potential expla-
nations for these results. First, it is possible that the costs of food 

TA B L E  1   Results of models for drive to feed, feeding duration and feeding bouts of Asellus aquaticus. Significant effects are in bold font. 
Nonsignificant individual × habituation interactions are shown here, but were removed from the final models.

Model term

Drive to feed Feeding duration Feeding bouts

χ2 (df) p-value χ2 (df) p-value χ2 (df) p-value

Fixed effects

Population 21.82 (3) <.001 15.15 (3) .002 6.37 (3) .09

Sex 0.46 (1) .49 0.07 (1) .79 0.03 (1) .86

Food type <0.001 (1) .99 5.05 (1) .03 2.19 (1) .14

Population × sex 4.19 (3) .24 3.55 (3) .32 1.73 (3) .63

Population × food type 2.33 (3) .51 9.76 (3) .02 2.37 (3) .50

Sex × food type 1.14 (1) .29 0.002 (1) .97 0.36 (1) .55

Population × sex ×food type 2.29 (3) .51 4.16 (3) .25 5.74 (3) .12

Habituation 3.89 (1) .05 5.16 (1) .02 2.55 (1) .11

Random effects

Individual 2.62 (1) .052 109,918.3 (1) <.001 <0.001 (1) .5

Individual × habituation <0.001 (1) .99 91,229 (1) <.001 3.74 (1) .10
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type innovation are negligible. For instance, A. aquaticus individu-
als are constantly sampling the environment and simply consume 
anything edible. However, this strategy still relies on the machinery 
needed to separate edible from nonedible matter (sensory appara-
tus and brain), so it does not convincingly explain the reported pat-
tern. Alternatively, it is possible that food type innovation is not lost 
during the course of evolution due to some proximate constraints. 
For instance, the genetic and physiological background of the de-
velopment of the costly sensory and neural machinery might be 
involved in other vital processes. However, adaptation to the cave 

environment can include the loss of entire sensory systems like the 
eye or complex physiological functions like the circadian rhythm 
(McGaugh et al., 2014; Protas, Trontelj, & Patel, 2011; Yoshizawa 
et al., 2015), so this argument is not too convincing either. Perhaps 
the machinery has other important functions than food choice, for 
instance, in social communication or in orientation. Further experi-
ments are needed to test these alternative explanations.

Besides testing for food type innovation, we also analyzed drive 
to feed. Here, we found that cave A. aquaticus are more likely to ini-
tiate feeding irrespective of food type than their surface-dwelling 

F I G U R E  1   Drive to feed in the 
four tested populations of Asellus 
aquaticus (significant population effect). 
Means ± standard errors are shown. 
Significant post hoc pairwise differences 
are also shown (Tukey test; ** denotes 
p < .01, while *** p < .001).

F I G U R E  2   Feeding duration on 
familiar and novel food types in the four 
tested populations of Asellus aquaticus 
(significant population × food type 
interaction). Means ± standard errors are 
shown.
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conspecifics. Higher feeding activity has its obvious benefits (in-
creased energy uptake) and costs (increased exposure to preda-
tion). Since the cave community in focus is extremely simple and 
lacks predators, we predicted increased feeding activity for cave 
A. aquaticus, and our data fully support this prediction. Similar 
population patterns of increased behavioral activity under negli-
gible predatory risk were found in several studies (e.g., Magurran 
& Seghers, 1991; Bell, 2005; Herczeg et al., 2009; but see Brown, 
Jones, & Braithwaite, 2005; Brown, Burgess, & Braithwaite, 2007). 
However, there is an alternative, but nonexclusive explanation too: 
in caves, food availability is typically low compared to surface en-
vironments (Culver & Pipan, 2009). Therefore, unit energy uptake 
needs higher behavioral activity directed towards finding food in 
caves. In support of this explanation, there are several cave spe-
cies that display increased food-searching activity (Hüppop, 2000). 
Further, the well-studied evolutionary model Astyanax mexicanus 
cavefish exhibits increased appetite and increased locomotor ac-
tivity coupled with “sleep loss” compared to their close surface rel-
atives (e.g., Aspiras, Rohner, Martineau, Borowsky, & Tab in, 2015; 
Jeffery, 2001; Yoshizawa et al., 2015). However, food scarcity as a 
general environmental stressor in caves is true for caves relying on 
exogenous food sources. In our case, the food source is the endog-
enous bacterial mats, which can be found in large quantities and 
might have higher nitrogen and calorific content than plant material 
(e.g., Prochazka, Payne, & Mayberry, 1970; Smith & Palmer, 1976; 
Vanbeveren, Gebauer, Plichta, Volařík, & Ceulemans, 2016).

A. aquaticus is known for its ability to colonize cave habitats 
and such colonizations occurred on several independent occasions 
(Verovnik & Konec, 2019). However, most of the colonized cave sys-
tems’ communities are sustained by organic matter coming from the 
surface. There are only two caves inhabited by A. aquaticus known so 
far where organic matter is not of surface origin: the Molnár János Cave 
(present study) and the Movile Cave in Romania (Sarbu et al., 1996). We 
tried to repeat the study presented here in the Movile Cave, but due 
to certain logistic problems, data gathered during that attempt could 
not be tested with scientific rigor; therefore, we decided not to pres-
ent it. However, we note that patterns observed in Movile Cave were 
different to what we report here. Therein, cave-dwelling A. aquaticus 
preferred the bacterial mats collected in the cave over surface food. 
Further, Mösslacher and Creuzé des Châtelliers (1996) showed that 
surface A. aquaticus collected in Austria spent more time feeding than 
cave A. aquaticus from the Movile Cave system when provided with 
surface food type. However, in both our and Mösslacher and Creuté 
des Châtelliers’ (1996) studies, A. aquaticus from Movile Cave did feed 
on surface food. Therefore, our findings about preference toward 
surface food based on the cave population from Molnár János Cave 
cannot be generalized. However, A. aquaticus from both Molnár János 
Cave and Movile Cave could identify surface food as food, providing 
examples where the ability to switch food types is maintained even 
after long isolation with only one main food source.

Taken together, we found that the generalist-opportunistic feed-
ing strategy of Asellus aquaticus did not change after being isolated 
for at least 60,000 years in a highly specialized and stable habitat 

with only one food type (absent in other habitats) being available. 
This finding suggests that (a) food type innovation has only negligi-
ble costs in this species or (b) there are developmental, genetic, or 
physiological constraints acting against the evolutionary change of 
this trait. To further test our hypothesis, future efforts should aim to 
target food preference and the reaction to food that is novel to all 
populations, to quantify behavioral plasticity and behavioral innova-
tion on the individual level to assess its evolvability, and to investi-
gate feeding behavior in the Movile Cave in more detail.
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