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1. INTRODUCTION

1.1. Overall description of the cave ecosystems
The first scientific exploration of caves began in Europe during the 17th and 18th centuries.
Later, around 1890 in Europe and 1900 in North America, the correct understanding of cave
geology started to gain attention. After 1900 in Europe, early biological studies focused on
faunal surveys and species descriptions (Poulson & White, 1969). During these studies in cave
biology, scientists observed that animals permanently residing in caves often shared similar

features, particularly in their morphological characteristics (Howarth & Moldovan, 2018).

However, studies in the 20th century recognized that when populations of animal species
colonize and adapt to the darkness of subterranean habitats, they must undergo not only
morphological changes but also physiological and behavioral adaptations. These traits are
described as "troglomorphic" (Pérez-Moreno et al., 2018), and animals exhibiting these traits
are referred to as "troglobionts” (Soares & Niemiller, 2018). The morphological, physiological,
and behavioral modifications of cave animals often converge across different taxa. The absence
of light is a key selective environmental factor in caves, leading to predictable and convergent
adaptations. These adaptations range from the more apparent changes in casual visitors to the
extreme modifications seen in various cave species, such as the loss of eyes and pigmentation,
the development of enhanced skin sensory organs, and the elongation of appendages. While
the convergent morphology of cave animals is well-documented, there is a relative scarcity of
studies that address the functions, behaviors, and fitness of these adaptations (Howarth, 1983;
Hippop, 2000; Derkarabetian et al., 2010; Culver et al., 2010; Trontelj et al., 2012; Soares &
Niemiller, 2018).

Caves and other subterranean habitats offer a complex and promising ecosystem for in-depth
studies of behavioral adaptations (Simonsen & Hesselberg, 2021). Adaptations conserved and
evolved through natural selection play a crucial role in an organism's life, enhancing survival
and fitness while enabling individuals to overcome various environmental challenges as they
develop and grow (Adkins, 2017). Both biotic and abiotic characteristics of subterranean
habitats—such as the absence of light, simplified communities, and reduced environmental
variation—affect nearly every aspect of an organism’s existence (Simonsen & Hesselberg,
2021). Cave organisms have also developed specialized sensory organs and behaviors
necessary for reproduction and foraging in these unique environments (Parzefall, 1986; Adkins,
2017; Simonsen & Hesselberg, 2021).



The term “cave” universally refers to natural underground openings formed by various
processes in different rock types, with most being solution or karst caves created by the
dissolution of carbonate rock by water (Gunn, 2004; Larned, 2012). Subterranean ecosystems
in karstic areas, which include caves, fissures, and cracks, are geologically stable environments

that can remain relatively unchanged for millions of years (Gibert & Deharveng, 2002).

Due to the absence of light, most subterranean habitats are resource-limited, with organic
matter from the surface being the main energy source, as chemosynthesis contributes minimally
(Soares & Niemiller, 2018). Food availability in caves is influenced by the cave type, surface
conditions, and geographical location, with detritus and other organic materials being the
primary resources, often introduced via flooding (Simon, 2019; White, Culver, & Pipan, 2019).
Energy limitations in cave ecosystems are determined not just by carbon, but also by the
availability of inorganic elements like iron, nitrogen, and sulfur, essential for
chemolithoautotrophic processes (Engel, 2007). Karst groundwater typically contains ions
such as Ca*", Mg?, HCOs~, Na', and SO+*", reflecting the unique geochemical environment of

these subterranean systems (Zak, Onac, & Persoiu, 2008).



1.2. Factors that shape the cave communities

Darkness.

Caves are characterized by environmental conditions that are fundamentally distinct from those
on the surface, such as constant darkness, reduced variability in abiotic factors like moisture
and temperature, and generally insufficient nutrient supply (Hippop, 2000; Lunghi & Manenti,
2020; Engel, 2019). Darkness is a defining feature of cave ecosystems, profoundly influencing
the organisms that inhabit them. In the absence of light, energy in cave food webs primarily
comes from microbial biomass produced by chemoautotrophs and from dead organic matter,
such as detritus—mainly leaves and wood—that enters from the surface through water flow
(Simon, 2019).

Carbon content.

The primary carbon inputs into karst basins are particulate organic carbon (POC) and dissolved
organic carbon (DOC), which enter through sinks and shafts as well as through diffuse flow
from the epikarst and soils (Simon et al., 2007, 2010; Spotl et al., 2011). Natural organic matter
in aquifer systems is generally measured as total organic carbon. However, the concentration
of total organic carbon in aquifer sediments differs from that in other sediments, such as marine
or lacustrine, and typically decreases with depth through the soil zone, being even lower in
aquifer sediments (Riddell et al., 2023).

Temperature.

The temperature in subsurface habitats, such as caves, is generally stable, though it can vary
depending on location and time. Cave streams and pools that are fed by epikarst water—the
interface zone between the surface and caves (Simon, 2019)—tend to have more stable
temperatures and chemistry compared to cave streams that are connected to the surface through
large openings (Hawes, 1939; Culver & Pipan, 2019).

Oxygen content.

Aquatic cave environments are generally hypoxic and poorly oxygenated, with highly variable
oxygen levels over short distances due to groundwater flow and subsurface oxygen
consumption, leading to fluctuating oxygen concentrations and intermittent hypoxia or near-
anoxia (Malard & Hervant, 1999; Hervant & Malard, 2012). The survival of aquatic organisms
in interstitial or karstic environments depends on their specific biochemical, behavioral, and
physiological adaptations, including specialized respiratory mechanisms and other essential

adjustments (Hervant et al., 1998).



Isolation (virtual island).

Caves function as "virtual” islands in a fundamental sense, being isolated habitats where cave-
adapted organisms are separated from surface environments and exposed to the associated risks
such as predators, sunlight, and environmental fluctuations (Mammola, 2019; Culver & Pipan,
2019). However, this analogy has limitations because karst landscapes contain interconnected
passages, fractures, and small solution tubes that allow subsurface connectivity between caves.
A more appropriate analogy might be the pools formed by dripping water from the epikarst,
where the epikarst acts as the mainland and the drip pools represent the islands (Culver &

Pipan, 2019).
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Figure 1. The relationship between epikarst, ceiling drips, pools (A), and the analogy between continents and

islands (see Culver and Pipan 2019). Migrating species from epikarst dripping to the drip pools are described in

Pipan et al. (2010).

Cave environments, while characterized by a poor nutrient supply, provide essential ecological
opportunities such as food, protection from predators, and suitable conditions for hibernation,
allowing various taxa to undergo extensive adaptive radiations and resulting in the
development of diverse populations and species (Romero, 2012). The composition and

structure of groundwater communities are influenced by multiple factors, including the size of
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pore spaces in sediments, broader geographical factors, the hydraulic conductivity of aquifers,
and local-scale hydrological exchanges (Thulin & Innova, 2008). Although light is not a crucial
factor for the successful colonization of subterranean habitats, species can thrive underground
if they have access to appropriate energy sources, food, and mates; however, the size of
organisms and the degree of contact between surface and subterranean environments limit the
extent of colonization, with smaller organisms typically entering through soil or cracks and
larger ones requiring more substantial connections (Trajano, 2012). The variation in
subterranean biodiversity across regions is driven by a complex interplay of ecological,
evolutionary, historical, and geographical factors, which provides key insights into the broader

mechanisms influencing overall biodiversity (Gibert & Deharveng, 2002).



1.3. Subterranean organisms and their classification
Scientific research has predominantly focused on terrestrial, marine, and freshwater animals,
with relatively little attention given to subterranean species, especially those in caves, such as
insects, isopods, fish, and spiders, over the past 200 years (Slaney & Weinstein, 2008). Cave
ecosystems are less densely populated than surface environments due to their stable conditions
and the need for predator avoidance, but groundwater systems host a diverse array of fauna;
approximately 7,000 species of stygofauna have been documented, though this number is likely
an underestimate given the current limitations in groundwater research (Mejia-Ortiz &
Hartnoll, 2006). Estimates by Culver and Holsinger (1992) suggest that there may be between
50,000 and 100,000 obligate subterranean species globally.

Recent reviews on the classification of subterranean organisms reveal that terminology and
classification principles are complex and not straightforward, reflecting the intricate
relationships between these organisms and their underground habitats (Sket, 2008). Different
classification systems have been proposed over time. Schiner (1854) categorized cave-dwelling
animals into three groups based on their ecological behavior: (1) surface-dwelling animals that
occasionally inhabit caves; (2) troglophiles, which live in areas with partial light and can also
be found on the surface; and (3) troglobites, which are exclusively adapted to cave
environments and rarely emerge, except in extreme conditions like floods (Howarth &
Moldovan, 2018; Culver & Pipan, 2019). Racovitza (1907) later refined this classification with
more precise definitions: (1) trogloxenes, which visit caves but do not reproduce there; (2)
troglophiles, which inhabit and reproduce in caves but can also be found outside; and (3)
troglobites, which are strictly cave-dwelling, residing primarily in the deepest parts of caves
and exhibiting significant morphological adaptations to life in complete darkness (Trajano,
2012; Howarth & Moldovan, 2018). Gibert et al. (1994) proposed an alternative terminology
for groundwater fauna, distinguishing three categories: (1) stygoxenes, which replaces
trogloxenes and refers to species that visit but do not reproduce in groundwater habitats; (2)
stygophiles, which replaces troglophiles and denotes species that live in groundwater
environments but can also be found in surface habitats; and (3) stygobionts, which replaces
troglobites and describes species that are exclusively adapted to groundwater environments,

with adaptations to life in complete darkness.

The term stygon was introduced by Husmann (1996) to define the community of organisms
inhabiting groundwater, and he coined the term stygobiology for the scientific study of

groundwater life (Husmann 1996, cited in Moldovan 2018). The earliest known cave-dwelling
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animals were aquatic species, with the first recorded discovery of such animals occurring in
China in 1436, when the local doctor Mao Lan identified a troglophilic fish, now known as
Sinocyclocheilus grahami, in South Yunnan (Ma & Zhao, 2012). In 1689, naturalist Janez
Vajkard Valvasor discovered the blind amphibian salamander Proteus anguinus in the Carniola
region of Slovenia, which was later described scientifically by Austrian naturalist Joseph
Nicola Laurenti in 1767 (Valvasor, 1689; Laurenti, 1767, cited in Romero, 2009; Sket et al.,
2004). Proteus anguinus is the only stygobiotic salamander in Europe and reaches over 25 cm
in length, making it the largest known stygobiont (Gibert & Culver, 2005).

Figure 2. Cave-salamander, Proteus anguinus (photo credit: Gergely Balazs, a member of the research group at
the Institute of Biology, E6tvos Lorand University, Budapest).

Groundwater species richness is significantly greater in Europe, with approximately 2,000
species, compared to Asia with 561 species, North America with 500 species, Africa with 335
species, and Australia with 500 species (Gibert & Culver, 2005). Groundwater ecosystems
support a wide range of biodiversity, encompassing unicellular organisms such as protists
(Gonzalez-Lépez et al., 2013) and multicellular organisms including sponges (Sket &
Velikonja, 1986), hydrozoans (Zagmajster et al., 2011), flatworms (Leal-Zanchet et al., 2014),
rotifers (Simdes et al., 2013), mud dragons (Sgrensen et al., 2000), roundworms (Reiss et al.,
1999), ribbon worms (Moore & Gibson, 2006), water bears (Jergensen et al., 2014), segmented
worms (Gonzalez et al., 2018), molluscs (Culver, 2012), crustaceans (Galassi, 2001), water
mites (Gerecke et al., 2018), aquatic beetles (Leys et al., 2004), fishes (Romero, 2001), and
amphibians (Sket, 1997).
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Crustaceans, including copepods, ostracods, amphipods, isopods, mysids, and decapods, are
among the most characteristic inhabitants of aquatic cave environments (Mejia-Ortiz &
Hartnoll, 2006). The class Crustacea includes approximately 35,000 described species, the
majority of which are aquatic (Biggs et al., 2008). These invertebrate arthropods occupy
diverse habitats worldwide, ranging from marine and freshwater to terrestrial and subterranean

environments (Marshall et al., 1999; Romero, 2009).
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1.4. Adaptation of animals in subterranean environments (caves)

Adaptation is a result of natural selection, a fundamental evolutionary process through which
organisms adjust their traits to better fit their environments (Mitton, 2002; Lenski, 2017,
Trontelj, 2019). According to Darwin’s theory, adaptation occurs gradually through small,
advantageous changes and, when combined with concepts of mutation and inheritance,
explains how organisms become well-suited to their surroundings (Lande, 2009; Lenski, 2017).
In cave environments, adaptation has often involved instances of convergent evolution,
resulting in a range of physiological (e.g., circadian rhythms in cave-dwelling Astyanax
mexicanus, see McGaugh et al., 2014), morphological (e.g., specialized locomotion in cave-
dwelling arthropods, see Krajl-Fiser et al., 2020), and behavioral traits (see Berisha et al.,
2023). These adaptations have led cave-dwelling animals to exhibit shared troglomorphic
characteristics (Protas & Jeffery, 2012; Floréz et al., 2021).

1.4.1. Behavioural adaptations

Behaviors are among the most flexible traits in the animal kingdom, and understanding them
requires examining interactions with the environment throughout development (Wecislo, 2003;
Beekman, 2019). Behavioral differences are often observed over time and across various
contexts, where animals exhibit consistent patterns that distinguish them from other individuals
within the same population. This phenomenon, known as "animal personality,” categorizes
individuals based on their stable behavioral tendencies, such as being consistently more
aggressive, exploratory, or bold than others. The term "personality” refers to these underlying
behavioral tendencies that vary among individuals but remain stable within each individual
over time, affecting how they behave in different contexts. These consistent individual
differences in behavior are often heritable and related to fitness (Beekman, 2019; Bergmdiller,
2010; Bell et al., 2009; David et al., 2011; Stams & Groothuis, 2013).

Overall, individual plasticity contributes significantly to phenotypic variation in natural
populations (Sultan & Spencer, 2002). The development of phenotypes occurs over time,
during which the environment may change unpredictably and the organism may face selective
pressures. Consequently, only the environmental conditions preceding significant selection

episodes are crucial for the evolution of plasticity (Moran, 1992; Tufto, 2000; Lande, 2009).

Relationships between personality and plasticity, known as reaction norms, between
individuals and variations in their environment create irreversible variations in the traits of

individuals (Piersma & Drent, 2003). These variations are described as polyphenism, an
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animal’s ability to produce two or more discrete phenotypes from the same DNA to
accommodate seasonal changes in the environment, and are present among arthropods and
other invertebrate species (Piersma & Drent, 2003; VVogt, 2023).

In my thesis, | examined personality traits such as activity (the general level of movement of
an individual), exploration (the individual’s response to novel situations), and shyness-
boldness (the individual’s reaction to risky situations) (Réale et al., 2007). These behavioural
traits, including aggressiveness (defined as harmful behaviour directed towards other animals
to gain access to food, shelter, mates, and territory, as described by Benus et al., 1991) and
sheltering (hiding under cover, Horvéth, et al., 2021), have garnered extensive scientific
attention in the study of animal behaviour (Réale et al., 2007; Martin et al., 2007; Aryomo &
Watt, 2012).

Studies on animal personality suggest that most behavioural variations arise from
intraindividual differences (Bell et al., 2009; Jolles et al., 2019). From an adaptive perspective,
individuals within the same population can modify their behaviour based on current
environmental conditions, leading to consistent individual differences over time and across
various contexts (Jolles et al., 2019). Such variations are observed across numerous species
(Dall & McNamara, 2004).

Behavioural traits, like other phenotypic traits, result from the complex interplay between an
individual's genetic inheritance and environmental influences, with behavioural plasticity being
a primary mechanism through which organisms adapt to environmental changes. Both
phenotypic and behavioural plasticity can be ecologically advantageous by allowing a genotype
to endure a wider range of environmental conditions (Ghalambor et al., 2010). Plasticity, as a
trait with genetic variation, can evolve in response to natural selection (Ghalambor et al., 2015;
Gibert et al., 2019). In the colonisation of new environments, behavioural plasticity is crucial
for adaptation and is a key factor influencing survival (Westrick et al., 2019; Gunn, 2004).
Understanding behavioural changes in response to environmental shifts is crucial for
comprehending how animals adapt to hypogean environments, as these adaptations impact
various aspects of their behaviour, including activity, feeding, reproduction, social interactions,
photophobic responses, and circadian rhythms (Gunn, 2004). Given the absence of
photosynthetic organisms in caves, primary productivity is lacking, and nutrient availability is

usually limited (BilandZzija et al., 2020).
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2. The aim of the research

In my thesis research, | utilized the freshwater crustacean isopod Asellus aquaticus as a model
organism, which is recognised for its capacity to effectively colonise cave environments and
exhibit troglomorphic adaptations (Pérez-Moreno et al., 2017; Herczeg et al., 2022). In addition
to typical troglomorphic features such as eye reduction and depigmentation, cave-adapted
populations of A. aquaticus demonstrate distinct changes in morphology, physiology, and
behaviour, resulting in the formation of separate ecomorphs (Vitagliano et al., 1991; Protas et
al., 2011; Pérez-Moreno et al., 2018; Zidar et al., 2018; FiSer et al., 2019; Verovnik & Konec,
2019; Balazs et al., 2021).

The aim of my thesis research was to investigate population variation in three behavioural
traits—movement activity, exploration, and risk-taking—and to compare these traits between
cave and surface populations of Asellus aquaticus. | applied various experimental

manipulations to assess each behavioural trait.

The cave population studied, which is genetically isolated from its nearest surface counterpart
for approximately 60,000 years based on molecular data (Pérez-Moreno et al., 2017), is located
in Budapest, Hungary. This population resides in the Molnéar Janos Cave (referred to as MJC
cave hereafter), a hydrothermal cave known for being predator-free (Gergely, 2019). Surface

populations were selected randomly for comparison.

1. | first investigated the movement activity of one cave population and three surface
populations of Asellus aquaticus in a controlled laboratory environment. Individuals
from each population were tested under both light and dark conditions (see the
experimental setup in Chapter I) to observe their behavioural responses to different light
regimes. | predicted that the cave-adapted population would exhibit heightened
sensitivity to light, given that light is an unfamiliar stimulus for them, compared to the
surface populations, under a 16-hour light and 8-hour dark cycle. As cave-adapted
populations are free from predation due to the absence of predators, unlike surface
populations which encounter numerous and diverse predators, | predicted that the
increase in movement activity would be more pronounced in the cave-adapted

population.

Furthermore, since males of Asellus aquaticus are known to be more active in their

search for mating compared to females, particularly in novel environments (Bertin et
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al., 2002; Karlsson et al., 2010), | predicted that males would show higher movement
activity in their search for females. Thus, | hypothesised that movement activity in cave-
adapted males would be greater than in cave-adapted females. | also predicted that
mate-searching behaviour would be more pronounced in males (Bertin et al., 2002).

Next, | examined the exploratory behaviour of one cave population and four surface
populations of Asellus aquaticus in a controlled laboratory environment. All
populations were tested under both light and dark conditions (see the experimental
setup in Chapter I1) to assess their responses to these lighting conditions. Given that
caves are ecologically isolated environments with low variability, | predicted that
exploratory behaviour would be reduced in cave-adapted populations compared to
surface populations. | hypothesised that recent cave colonists (surface-type) would be
more exploratory compared to their surface conspecifics from the source population,
and | predicted that individuals from populations entering a completely new habitat
would exhibit the highest levels of exploratory behaviour compared to the average
levels observed in their source populations.

Lastly, I investigated the risk-taking behaviour of one cave population and three surface
populations of Asellus aquaticus in a controlled laboratory environment. All
populations were tested under light and dark conditions (see the experimental setup in
Chapter 111 for details) to observe their plastic responses to light. Given that cave-
adapted populations lack predators, | predicted that their risk-taking behaviour would
be more pronounced compared to surface populations, which face numerous and varied
predators, as well as environmental and human interactions. | tested whether bold
individuals would take greater risks (e.g., escape behaviour) in response to an
unsuccessful predation threat compared to surface populations. Additionally, | assessed
whether individuals would exhibit freezing behaviour or take fewer risks to escape
(Fraser et al., 2001; Réale & Festa-Bianchet, 2003; Brown et al., 2007).
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3. STUDY ORGANISM

3.1. Characteristics of the animals studied.
My thesis uses the freshwater isopod crustacean Asellus aquaticus (see Figure 3) as the research
model. The order Isopoda encompasses over 11,000 species, which occupy a diverse range of

aquatic and terrestrial environments (Hobbs, 2005).

Figure 3 and Figure 4. Surface (left side) and cave-adapted (right side) Asellus aquaticus (photo credit: Gergely
Balazs, a member of the research group at th, Institute of Biology, E6tvds Lorand University, Budapest).

3.1.1. Taxonomy:
(Based on Boyko et al., 2023)

Kingdom: Animalia

Phylum: Arthropoda

Class: Malacostraca

Order: Isopoda

Family: Asellidae

Gens: Asellus

Species: Asellus aquaticus Linneus 1758

3.1.2. Distribution
Asellus aquaticus is a highly eurytopic and eurythermal species, found in a variety of
freshwater habitats ranging from coastal zones of lakes, small water reservoirs, and rivers to
slightly brackish surface waters and some subterranean freshwaters (Oleszkiewicz et al., 2001,
Prevorcnik et al., 2004; Verovnik et al., 2005; Prevorcnik et al., 2009). This species is widely
distributed across Europe and North America. Although it is absent from some Mediterranean
regions, A. aquaticus has successfully dispersed throughout Europe and has become
established across the continent (Maltby, 1991; Turk et al., 1996; O’Callaghan et al., 2019). It

is believed to have originated in the western part of the Pannonian Basin during the late
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Miocene, with its initial distribution in temperate regions of Asia (Sworobowicz et al., 2015).
A. aquaticus has also colonised numerous subterranean (cave) waters in Europe, where its cave-
dwelling form displays morphological and other traits characteristic of troglobitic animals (see
Figure 3) (Turk et al.,, 1996; Protas & Patel, 2009). Alongside its wide environmental
distribution, phenotypic variation across environments and habitats in A. aquaticus indicates
its high capacity for phenotypic change via phenotypic plasticity and genetic adaptation
(Williams, 1962; Aston & Milner, 1980; Murphy & Learner, 1982; Tufto, 2000; Sultan &
Spencer, 2002; Hargeby et al., 2004; Leimar et al., 2006; Hargeby et al., 2007; Lande, 2009;
Richardson et al., 2014; Lrig et al., 2019).

Asellus aquaticus exhibits tolerance to organic pollution but is sensitive to prolonged exposure
to high temperatures, which can adversely affect its survival, growth, and reproduction rates.
While it shows tolerance to a variety of toxic heavy metals, A. aquaticus is particularly sensitive
to ions of chromium (Cr), iron (Fe), lead (Pb), nickel (Ni), zinc (Zn), cadmium (Cd), mercury
(Hg), and copper (Cu). The presence of these heavy metals in its aquatic habitats is typically
linked to runoff from urban watercourses (Migliore & Guidici, 1990; Mullis et al., 1994; Pavel
et al.,, 2021). Additionally, A. aquaticus serves as a valuable organism for studying the
bioavailability of sediment trace metals such as palladium (Pd), platinum (Pt), and rhodium
(Rh) (Moldovan et al., 2001). Furthermore, A. aquaticus displays pronounced fluorescence, a
phenomenon where absorbed photons are re-emitted at a longer wavelength. Specifically, it
exhibits fluorescence of green to yellow light (550 nm <A < 750 nm) when observed under
ultraviolet light (300 nm < A < 400 nm) (Chambers, 1977; Zimmer et al., 2002). A. aquaticus
is associated with b-mesosaprobic waters of the paleoarctic, an area characterized by low
oxygen consumption and significant mineralization of organic materials with end products

such as nitrates (Pavel et al., 2021)

3.1.3. Feeding
Asellus aquaticus is known to primarily feed on decaying vegetation, microscopic algae, fungi,
and small invertebrates (Marcus & Willoughby, 1978; Grieve & Lau, 2018; Herczeg et al.,
2020; Pavel et al., 2021; Horvath et al., 2022). In freshwater ecosystems, A. aquaticus
encounters leaf litter, from which it can digest cellulose and lignin (plant biomass comprising
cellulose, hemicelluloses, and lignin; see Brautest & Ellingsen, 2011), phenolics (a diverse
group of compounds with a benzene ring and a hydroxyl group; see Ayad & Akkal, 2019), and
other recalcitrant components (synthetic compounds that are either slowly biodegradable or

non-biodegradable, ranging from simple halogenated hydrocarbons to complex polymers; see
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Faber, 1979) from terrestrial plants (Zimmer & Bartholmé, 2003). The successful colonisation
of A. aquaticus is attributed to the acquisition of gut microbial communities that produce
enzymes necessary for the digestion of plant detritus (Zimmer et al., 2001). Additionally, A.
aquaticus harbours bacterial endosymbionts in two digestive structures, the hepatopancreas
and the hindgut, where endogenous digestive enzymes are secreted (Zimmer & Bartholmé,
2003; Wang et al., 2007; Bredon et al., 2019).

3.1.4. Morphology

Asellus aquaticus adults have a body plan consisting of a dorsoventrally flattened structure
divided into three main regions: the cephalon (comprising the head and the first thoracic
segment, which bears the maxillipeds), the pereion (comprising seven thoracic segments, each
with a pair of walking legs, or pereopods), and the pleotelson (which includes the uropod,
endopod, and exopod) (see Figures 5 and 6 for details) (Verovnik et al., 2009; Vick & Blum,
2010). The body length of A. aquaticus typically ranges from 12 mm to 20 mm (Chambers,
1977).

Cephalon

| Pereion

Pleon

Pleotelson

Tmm

—

Figure 5. Dorsal view of (adult) Asellus aquaticus (photo source: see Millman, 1984)

Antenna
Antennule

Thoracopods
(pereopods)

Figure 6. Morphological features of adult Asellus aquaticus (photo source: see Millman, 1984).
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3.1.4.1. Differences between surface and cave individuals

Studies on the surface-cave divergence of Asellus aquaticus have provided extensive and
detailed genetic and developmental analyses for this species, leading to significant efforts to
establish it as a model organism for studying evolution in cave environments (Protas et al.,
2011; Konec et al., 2015; Mojaddidi et al., 2018). Compared to its surface ancestors, cave
populations of A. aquaticus (see Figure 3) exhibit several distinctive features, including a
reduction in optical units, depigmentation, more elaborate sensory structures, and the
elongation of certain appendages. Morphological differences, such as variations in eye size,
pigmentation, and the number of antennal articles, emerge during embryonic development and
are indicative of differential gene expression. These genes are likely involved in processes such
as phototransduction, photoreception, and eye development (Turk et al., 1996; Prevor¢nik et
al., 2004; Protas et al., 2011; Yoshizawa et al., 2012; Soares & Niemiller, 2013; Mojaddidi et
al., 2018; Konec et al., 2015).

3.1.5. Reproduction
Asellus aquaticus is a gonochoric species with eight homomorphic chromosome pairs (2n =
16) in both sexes (Montalenti & Rocchi, 1964; Salemaa, 1979; Bertin et al., 2002; Valentino
et al.,, 2009). Breeding seasons for A. aquaticus commence in early spring and autumn
(Oleszkiewicz et al., 2001). The species typically produces three generations per year: one in
spring or early summer, another in late autumn or early winter, and a third in the following
spring (Chambers, 1977; Oleszkiewicz et al., 2001). In Asellus aquaticus, copulation is
preceded by a period known as mate guarding, during which a male guards a female by carrying
her in precopula until insemination (see Figure 5 for further details on the life cycle and
reproduction of A. aquaticus) (Adams et al., 1985). This behaviour represents a competitive
strategy employed by males when fertilisation opportunities are limited (Bertin et al., 2002).
The morphological and sexual dimorphisms associated with this mating behaviour are well-

documented in A. aquaticus (Bertin et al., 2002; Biro et al., 2021).
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Figure 6. Life cycle and reproduction in Asellus aquaticus in a schematic view (image source: see Lafuente et al.,
2021).

3.1.6. Behaviour
Asellus aquaticus serves as an excellent model for examining the relationship between
environmental variability and diversification, particularly in terms of phenotypic plasticity.
This species displays considerable variation within and between populations, across both
continental and local scales, offering insights into the evolution of adaptive traits in response

to diverse ecological pressures (Lafuente et al., 2021).

In cave environments, A. aquaticus populations exhibit distinct troglomorphic traits such as
body depigmentation and loss of vision, adaptations that have evolved in response to the
darkness and limited resources characteristic of subterranean habitats (Prevorcnik et al., 2004;
Lafuente et al., 2021). These adaptations are believed to be critical for energy conservation in
an environment where food scarcity is prevalent and where energy expenditure needs to be

minimized to enhance survival (Hervant et al., 1997).

Behavioural adaptations in A. aquaticus significantly influence their survival strategies. These
adaptations include movement, exploration, and risk-taking behaviors that are essential for

navigating and exploiting new environments, allowing them to locate food sources and safer
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habitats effectively (Cote et al., 2010). For instance, dispersal and exploration behaviors are
particularly well-studied, highlighting how these traits influence foraging success and mating

opportunities in different ecological settings (Martins et al., 2007).

Defensive behaviors are crucial for predator avoidance, where A. aquaticus frequently utilizes
vegetation and leaf litter for protection. These natural shelters provide not only safety from
predators but also access to food resources, effectively integrating shelter and foraging needs
(Horvath et al., 2021; Lafuente et al., 2021). The strategic use of shelters is aligned with the
species’ need to balance predator avoidance with resource acquisition, demonstrating an

adaptive behavior that maximizes survival (Calizza et al., 2013).

The influence of predation on the behavior of A. aquaticus is considerable, where predation
pressure dictates their activity levels. In environments with high predation risk, the species
exhibits reduced movement to decrease predation risk, adapting their behavior to minimize
exposure to predators while still fulfilling basic life functions like feeding and mating (Bell &
Sih, 2007; Herczeg et al., 2009). Despite their evolutionary adaptations to cave life, A.
aquaticus populations retain a preference for traditional surface food sources, indicating a
conservative dietary strategy influenced by their ancestral dietary habits and the limited food
availability in their cave habitats (Herczeg et al., 2020; Herczeg et al., 2022).

Sexual dimorphism is evident in A. aquaticus, influencing reproductive strategies and
outcomes. Larger males or those with longer antennae have advantages in mate-finding due to
their increased visibility and ability to dominate smaller rivals, showcasing how morphological
and behavioral adaptations are shaped by reproductive and survival pressures (Ridley &
Thomson, 1979; Bertin & Cézilly, 2003; Balazs et al., 2021). These morphological traits not
only facilitate successful mating but also enhance the individuals' ability to evade predators,
illustrating a multifaceted adaptation that serves multiple ecological functions (Harris et al.,
2013).

Mate guarding behavior in A. aquaticus is significantly influenced by the presence of predators.
During predation events, males may abandon mate-guarding to evade predators, thus reducing
their predation risk but potentially impacting their reproductive success (Karlsson et al., 2010;
Verrell, 1985). This behavior underscores the trade-offs that individuals must navigate between
immediate survival and reproductive success, a common theme in the behavioral ecology of

species facing high predation pressures (Dingemanse et al., 2003; Cote et al., 2010).
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Furthermore, factors such as population density and sex ratio profoundly impact the mating
behavior of A. aquaticus adults. Higher population densities can increase competition for
mates, thereby influencing the mating strategies of males and females differently (Karlsson et
al., 2010). These dynamics are crucial for understanding how A. aquaticus populations adapt
their reproductive behaviors to local ecological conditions, highlighting the complex

interactions between demographic structures and behavioral strategies (Gomes et al., 2019).

Asellus aquaticus provides a rich case study for understanding how ecological and evolutionary
pressures such as predation, resource availability, and environmental variability shape the
behavioral ecology of species. Their adaptive behaviors, particularly in response to predator
presence and resource distribution, underline the complex interplay between evolutionary
adaptations and environmental challenges, offering valuable insights into the mechanisms
driving behavioral diversification and ecological success across diverse habitats (Schuett et al.,
2018; Dingemanse et al., 2007).
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3.2. Study system
The model system includes a cave population residing in the hydrothermal Molnéar Janos Cave
in Budapest, Hungary, which is a predator-free environment, as well as three surface
populations from the cave's vicinity. These surface populations inhabit areas with complex

communities, comprising various predators and diverse food sources.
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Figure 7. Map illustration of collected populations of Asellus aquaticus (image sources: Google).

The corridors of the Molnar Janos Cave (MJC) extend beneath a highly urbanised area,
specifically Budapest, Hungary. The primary section of this cave system is submerged,
reaching a maximum depth of 100 metres, with the known passages extending a total length of
5.5 km. The cave entrance is situated near the Danube River. Formed through thermal karst
processes, the cave is generated by hot springs and lies below the karst water table, providing
an exceptional opportunity to study solution processes both below and above this level. The
cave is named after Janos Molnar, a pharmacist who first hypothesised its existence as part of
the same water system as the nearby Malom Pond, which was dammed in the 13th century to
supply water mills in the area. MJC is classified as a hypogene cave, meaning the water that
formed it originates from underground rather than surface sources. The cave is filled with
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thermal water at temperatures of 23-24 °C. Chemical analyses reveal that the air within the
MIC contains 6.5% CO- (Erdss et al., 2006; Bodor et al., 2015; Suranyi et al., 2010).

The Molnar Janos Cave (MJC) is a predator-free environment, relying solely on endogenous,
chemoautotrophic, mat-forming bacteria for its ecosystem. The first surface population used in
this study is from Malom Lake (ML; 47.518277°N, 19.035999°E), a small pond at the entrance
of MJC, formed by the cave's outflow. The water temperature in ML matches that of the cave
and remains constant throughout the year. However, ML is exposed to natural surface light and
is considered a typical surface habitat, with the presence of fish predators such as guppies
(Poecilia reticulata), which were introduced in the 20th century (Berczik, 1956) and now occur
in extremely high densities due to the absence of native fish. Molecular data indicate that the
cave-adapted population of Asellus aquaticus has been isolated from its closest geographically

surface population for at least 60,000 years.

Other surface populations included in this study are from Dunakeszi Peat-moor (DM;
47.615613°N, 19.126392°E), Csomor Stream (CS; 47.593393°N, 19.121970°E), and Gotes
Lake (47.354357°N, 19.22980°E). These sites experience the natural surface light regime and
temperature fluctuations typical of non-thermal freshwater environments in the region. DM
and CS are inhabited by a variety of vertebrate predators (including unidentified fish,
amphibians, water birds, and semi-aquatic mammals) and invertebrate predators (such as
odonate and dytiscid larvae, and erpobdellid leeches). All tested populations of A. aquaticus

are located in Budapest or its nearby surroundings.
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CHAPTER I

Berisha H, Horvath G, Fiser Z, Balazs G, Fiser C, Herczeg G 2023.

Sex-dependent increase of movement activity in the freshwater isopod Asellus aquaticus

following adaptation to a predator-free cave habitat. Current Zoology 69:418-425

SCIENTIFIC BACKGROUND

The behavior and movement of initial colonists in novel environments are critical for their
survival and the successful establishment of populations. When organisms venture into
unfamiliar habitats, they must first adapt to their new surroundings. This acclimatization
process is crucial as it facilitates efficient resource utilization and enhances predator avoidance,
both of which are vital for the survival and eventual proliferation of the species in new
ecological niches (Russell et al., 2009). Predation exerts a profound selective pressure,
influencing survival directly and thus affecting the probability of future reproduction (deRivera
et al., 2003).

Furthermore, the interaction between predation pressure and basic behavioral activities such as
foraging and mate searching is intricate. Typically, increased movement activity enhances
foraging efficiency and the success of finding mates, but it concurrently elevates the risk of
encountering predators (FiSer et al., 2019). This dynamic illustrates a fundamental ecological
trade-off where the benefits of increased activity must be balanced against the potential costs
of predation. Interestingly, the implications of increased movement activity can differ
significantly between sexes, influenced largely by sex-specific roles in foraging and
reproduction (Gwynne, 1987; Sakkaluk & Belwood, 1984).

Research spanning various taxa has highlighted how sex-specific responses to predation risk
can lead to distinct behavioral adaptations. For instance, studies on the Bahamas mosquitofish
(Gambusia hubbsi) have shown that in environments with high predation risk, behavioral
lateralization becomes more pronounced, especially among females who exhibit increased
rates of foraging and food consumption. In contrast, males in these environments display a less
pronounced response, suggesting differing evolutionary pressures between the sexes (Hulthén
etal., 2021).

Similar patterns have been observed in guppies (Poecilia reticulata), where females have been

shown to adopt more risk-taking behaviors when experienced with predators compared to their
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predator-naive counterparts. This adaptation potentially increases their chances of survival in
predator-rich environments. Males, however, tend to exhibit consistent behavior regardless of
previous predator encounters, indicating a possible inherent risk aversion or different adaptive
strategies that do not fluctuate with predation pressure (Hulthén et al., 2021; Parssinen et al.,
2021; Harris et al., 2010).

In environments such as caves, where predation pressure is typically low and food resources
are scarce, the behavioral strategy shifts. Here, animals might exhibit increased movement
activities to optimize foraging and mating opportunities despite the higher energy costs
associated with such activities. This adaptation is particularly advantageous in resource-limited
environments where the benefits of locating scarce food and mates outweigh the risks
associated with higher activity levels (Wilkens et al., 2000; Salin et al., 2010).

In my first thesis study, the movement activity of Asellus aquaticus was examined under two
distinct conditions: comparing movement between cave and surface populations and assessing
differences in movement activity between the sexes within these populations. Given the
minimal predation in cave environments, it was hypothesized that cave populations would
exhibit higher movement activity compared to surface populations, which face significant and
varied predation threats. It was also anticipated that males would demonstrate increased
movement activity, particularly in their pursuit of mates, considering the critical role of
movement in reproductive success. The assessment of movement activity was conducted both
in the presence and absence of light to determine the influence of light on movement patterns
and to explore whether behavioral adaptations to darkness in cave populations manifest
differently compared to surface populations. This multifaceted approach provides a
comprehensive understanding of the ecological dynamics and evolutionary implications of
behavioral adaptations in A. aquaticus across different environments (Gomes et al., 2019;
Herczeg et al., 2020).

METHODOLOGY

Collecting and housing the experimental animals

For the first study on movement activity, a total of 200 adult Asellus aquaticus (25 males and
25 females from each population) were collected from one cave population (Molnar Janos Cave
(MJC)) and three surface populations (Malom Lake (ML), 47.518277° N, 19.035999° E;
Dunakeszi Peat-moor (DM), 47.615613° N, 19.126392° E; and Csomor Stream (CS),
47.593393° N, 19.121970° E) between 16th and 17th August 2018. The collected individuals
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were transported to the aquacultural facilities at the Institute of Biology, E6tvos Lorand
University. Upon arrival, the animals were housed in plastic Petri dishes (90 x 25 mm, diameter
x height), with the bottoms of the dishes roughened using emery paper to facilitate normal
locomotion. The Petri dishes were filled to half their height with water from the respective
source habitats and were regularly topped up to counteract evaporation. Throughout the
experiment, the Petri dishes were maintained within light-controlled "recording chambers" (see
Figure 9). Food sources from the original habitats were used for each population: dead leaves
for the surface individuals and bacterial food for the cave-adapted individuals.

The laboratory temperature was maintained at 23-24 °C, matching the water temperature of
the source habitats. Surface populations were acclimated to a daily light cycle similar to that
of their original environment (16 hours light and 8 hours dark), whereas cave-dwelling
individuals were acclimated to total darkness in a separate recording chamber. This acclimation
was crucial for familiarising the animals with the new artificial environment and minimising
stress-related behaviours during subsequent observations. All handling of cave-dwelling
animals was conducted under a red-light regime. During the initial days in the laboratory, some
animals perished, leaving 164 individuals for testing: 10 males and 16 females from MJC; 23
males and 23 females from ML; 24 males and 23 females from DM; and 22 males and 23

females from CS.

Experimental Setup

Acclimation and behavioural tests were conducted in four custom-designed recording
chambers, each with dimensions of 100 x 55 x 105 cm (length x width x height). The
acclimation period lasted four days before testing commenced. Each chamber was equipped
with two types of lighting: LEDs at the top to simulate a daylight cycle (colour temperature =
4500 K, colour rendering index >90), and infrared (IR) LEDs at the bottom (920 nm). An
opaque plexiglass sheet covered the IR LEDs to diffuse the light and provide a stable surface
for placing Petri dishes containing the animals. The IR light was continuously illuminated

during all recordings. Each chamber contained 50 Petri dishes (see Figure 9).
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Figure 8. The custom-made recording chambers (note that their fronts could be closed to block out light
completely). One the right side, the Petri dishes used for measuring movement activity are shown as being placed
in the chambers.

The chambers were sealed with black plastic boards on the sides to prevent light from
penetrating the interior. Each chamber was equipped with a webcam (Logitech C920 FullHD)
to improve video quality under infrared light conditions. Video recordings were captured using

OBS Studio software at five frames per second with HD resolution (1280 x 720 pixels).

Observations were conducted over two rounds on the 20th and 21st of August 2018. Each
population was randomly divided into two groups with equal representation of sexes. One
group was observed under daylight conditions on the first day and in darkness on the second
day, while the other group experienced the reverse order. Animals from both cave and surface
populations were randomly assigned within the same recording chamber for each light
condition. Recordings commenced around 11 am and lasted for 60 minutes, with a 15-minute
acclimation period prior to recording to allow animals to adjust to the experimental light
conditions. Following recordings, the light was returned to the acclimation regime for all

animals.

Although the dark treatment might seem less relevant for surface populations, recent research
(Chapter 2, Horvath et al., 2023) suggests that Asellus aquaticus exhibits significant nocturnal
activity, potentially surpassing diurnal activity. Given the incomplete understanding of how
light or its absence affects isopod behaviour, a full-factorial experimental design was employed
to account for these effects. Each video was analysed for 15 minutes, divided into three 5-
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minute intervals: the start (0—5 min), middle (27.5-32.5 min), and end (55-60 min) of the 60-
minute footage. Movement was tracked using the digitising tool DLTdv (Hedrick, 2008). Raw
tracking data were processed into behavioural variables using a custom Excel macro.
Behavioural data for each interval were calculated separately and then averaged. The following
five variables were extracted for analysis: total distance moved, total time moving, number of

movement bouts, and the mean and standard deviation of the distance moved per bout.

Statistical Analysis

Spearman rank correlations revealed strong relationships between the variables, as shown in
Table 1. Consequently, a Principal Component Analysis (PCA) was conducted using IBM
SPSS Statistics 25.0 (SPSS Inc., Chicago, IL) to identify independent principal components
(PCs) that account for the majority of the observed variation. The Bartlett's test of sphericity
was significant, confirming that the correlation matrices differed significantly from identity
matrices. Following the Kaiser-Guttmann criterion, which suggests retaining only those PCs
with eigenvalues greater than one, a single principal component was identified, explaining
64.8% of the total variation. High scores on this component were associated with individuals
exhibiting both high movement activity and considerable variability in their activity levels
(standard deviation), whereas low scores corresponded to less active individuals with lower

variability in their activity levels.

To evaluate the effects of population, sex, and light regime on movement activity, a linear
mixed model (LMM) was constructed using the Ime4 package (Bates et al., 2014) in R version
4.1.2 (R Core Team, 2021). In this model, "movement activity" (i.e., PC1) served as the
dependent variable, with "population,” "sex," "light regime™ (light vs. dark), and all possible
2- and 3-way interactions included as fixed factors. To control for habituation effects, the order
of trials was included as a fixed effect but was not involved in any interactions. Individual
identity was accounted for as random intercepts. The model's estimated marginal means were
computed using the emmeans package (Lenth, 2019). Post hoc analyses were performed, and
P-values were adjusted for multiple comparisons using the Benjamini and Hochberg (1995)

false discovery rate method to assess the significance of between-group differences.

RESULTS

Our analysis revealed significant effects of population, as well as a significant interaction
between population, sex, and light regime, on movement activity (see Table 1). Post hoc
comparisons indicated that individuals from the cave population exhibited significantly higher
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movement activity compared to those from the surface populations. Specifically, cave-dwelling
individuals demonstrated a pronounced male-biased sexual dimorphism in movement activity

under dark conditions, with males being notably more active than females.

Additionally, a significant habituation effect was observed across all populations, indicating
that individuals generally exhibited reduced activity in the second round of observations
compared to the first. This reduction in activity was consistent regardless of whether the

individuals were from the cave or surface populations.

Furthermore, the analysis identified a significant random effect, highlighting notable
differences in movement activity between individual animals (see Figure 10). This variation
suggests that individual differences significantly contribute to the observed movement activity

patterns.

Table 1. Results of the Linear Mixed Model on movement activity of Asellus aquaticus (statistically significant
effects (P < 0.05) are bolded).

Model term

Fixed effects F (dfy, dfy) P-value
Population 46.43 (3; 164) <0.001
Sex 3.88 (1; 164) 0.05
Light regime 1.97 (1; 164) 0.16
Population x sex 0.42 (3; 164) 0.74
Population x light regime 0.4 (3; 164) 0.75
Sex x light regime 3.44 (1; 164) 0.07
Population x sex x light regime 3.03 (3; 164) 0.03
Habituation 8.49 (1; 164) 0.004
Random effect X2 (df) P-value
Individual 17.37 (1) <0.001
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Figure 9. Movement activity of male and female Asellus aquaticus in (A) light and (B) darkness. Movement
activity is the first principal component of a PCA on five behavioural variables measured from videos; higher
values on the y-axis denote higher activity. Estimated marginal means + standard errors are shown. Statistically
significant (P<0.05) between-group differences revealed by post hoc comparisons are letter-coded (grouping
factors were sex, populations, and treatments). Note that treatments marked with the same letter are not
significantly different, even between panels (A) and (B).

DISCUSSION

The results of this study substantiate the initial predictions concerning movement activity in
Asellus aquaticus populations. Specifically, the cave population from Molnéar Janos Cave
(MJC) exhibited significantly higher movement activity compared to the three surface
populations: Malom Lake, Dunakeszi Peat-moor, and Csémor Stream. This finding supports
our first hypothesis that cave-dwelling A. aquaticus show increased movement activity relative
to their surface-dwelling counterparts. Additionally, the increase in movement activity was
notably more pronounced in males than in females under natural conditions, such as darkness,

thereby confirming our second hypothesis.

However, it is crucial to interpret these results with caution. The substantial individual
differences observed in movement activity should not be hastily interpreted as indicative of
inherent animal personality traits. Several factors constrain the generalisability of these
findings. Firstly, only two measurements per individual were recorded, which might not fully
capture the range of variability in movement activity. Secondly, the measurements were taken
over a brief period, which may not accurately represent long-term behavioural patterns. Lastly,

the artificial light conditions used during testing may not perfectly simulate the cave
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environment, potentially affecting the behaviour of cave-dwelling A. aquaticus. The behaviour
observed under these conditions should, therefore, be interpreted with an understanding of

these potential limitations.

In natural settings, the correlation between behavioural activity and predation risk is well-
documented across various taxa. However, the effects of negligible predation risk on the
evolution of sex-specific behavioural traits are less frequently studied. Research has shown that
increased movement activity in surface-dwelling animals is often correlated with the presence
of predators, whereas in subterranean habitats, such activity is typically associated with the
search for food and mates (Kasumovic et al., 2007). Predation serves as a powerful selective
force that shapes the evolution of defensive adaptations and behavioural traits such as activity
levels, exploratory behaviour, and boldness (Tollrian & Harvell, 1999; Kortet et al., 2010). In
the cave environment, where predation pressure is minimal, cave-adapted A. aquaticus may
exhibit heightened movement activity as an adaptive strategy to address challenges related to
food scarcity and mate-finding (Lima & Dill, 1990; Hervant et al., 1997; Kasumovic et al.,
2007). This increased activity likely enhances their foraging efficiency and reproductive

success in the absence of significant predatory threats.

Regarding the second hypothesis, the divergence in movement activity between cave and
surface populations was more pronounced in males than in females. This male-biased sexual
dimorphism in movement activity was evident under dark conditions, while no such
dimorphism was observed in surface populations, including Malom Lake. Such sexual
dimorphisms are often associated with sex-specific ecological roles and niche specialisation,
which can influence traits such as body size, shape, and habitat utilisation (Thomson &
Manning, 1981; Morris, 1984; Bertin & Cézilly, 2003; Balazs et al., 2021; Gherardi, 2004).
The higher movement activity observed in male cave-dwelling A. aquaticus may be attributed
to reduced predation pressures and lower population densities in the cave environment
compared to surface habitats. Surface populations face varying predation pressures: guppies in
Malom Lake, and fish and larval dragonflies in Csémdér Stream and Dunakeszi Peat-moor
(Horvath et al., 2021). These predatory pressures likely contribute to the observed differences

in movement activity and the pronounced sexual dimorphism in the cave population.

Furthermore, the adaptation of cave-dwelling A. aquaticus to their unique environment likely
includes behavioural adjustments to cope with the specific conditions of their habitat. The

increased movement activity in cave individuals may reflect an evolutionary trade-off where
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the benefits of enhanced foraging and mating opportunities outweigh the costs associated with
higher energy expenditure in an environment with limited food resources. This adaptive
behaviour may also be crucial for maintaining genetic diversity and ensuring reproductive

success within the cave environment.

The observed differences in movement activity and sexual dimorphism underscore the
importance of considering both environmental and evolutionary contexts when studying
behavioural adaptations. Future research should aim to explore these behavioural patterns
further, particularly under more natural light conditions, and investigate how these adaptations

contribute to the overall fitness and survival of A. aquaticus in varying environments.
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CHAPTER lI

Horvath G, Kerekes K, Nyitrai V, Balazs G, Berisha H, Herczeg G 2023.

Exploratory behaviour divergence between surface populations, cave colonists, and a
cave population of water louse, Asellus aquaticus. Behavioral Ecology and Sociobiology
77:15

SCIENTIFIC BACKGROUND

Animals exhibit a range of behavioural responses when confronted with novel environments,
driven by both exploratory and avoidance mechanisms (Sommer-Trembo et al., 2022).
Exploration, a key aspect of behavioural ecology, involves an individual interacting with new
objects or environments to gather information essential for survival. This behaviour is
particularly crucial for dispersing animals, as it aids in locating resources and identifying
potential threats (Oosthuizen, 2020; Velasco et al., 2022; Blecher & Oosthuizen, 2023).

Exploratory behavior in animals is influenced by a complex mix of environmental,
physiological, and social factors, with external elements like resource availability and
environmental complexity playing crucial roles in shaping how animals interact with their
surroundings. (Oosthuizen, 2020). Internally, an individual's exploratory tendencies are
influenced by factors such as hormonal levels, cognitive capacity, and physical condition. For
example, hormonal fluctuations can impact an animal’s willingness to explore new
environments, while cognitive abilities dictate how effectively it processes and responds to
novel stimuli (Sommer-Trembo et al., 2022). Moreover, social dynamics, including
competition with conspecifics, can also affect exploratory behaviour, as individuals may adjust
their behaviour based on social interactions (Velasco et al., 2022).

Exploratory behaviour is not uniform across all contexts and is often adapted to specific
environmental conditions. Factors such as light conditions, genetic background, age, sex, and
social or reproductive states further influence exploratory tendencies (Oosthuizen, 2020;
Blecher & Oosthuizen, 2023). For example, environmental complexity and light conditions can
significantly impact an animal’s exploration patterns, as these factors affect the sensory

information available to the animal and its ability to navigate its environment (Trabalon, 2022).

Exploratory behavior in animals is constrained by a range of environmental, genetic, and
developmental factors, with abiotic elements like habitat type and resource availability, as well

as biotic factors such as predation risk and competition, significantly influencing their
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exploration patterns. (Trabalon, 2022). Genetic factors, including sexual dimorphism, can lead
to differences in exploratory behaviour between males and females. For instance, some studies
have shown that males and females may exhibit different exploratory tendencies based on their
evolutionary and ecological roles (Tanaka, 2020; Oosthuizen, 2020). Maturation constraints
also influence exploratory behaviour. The physiological state of an organism, including its age
and developmental stage, can impact its exploratory tendencies. Younger or less mature
individuals may exhibit different exploration patterns compared to older or more experienced
ones (Rusell et al., 2010).

Research on exploratory behaviour spans a wide range of taxa, providing insights into how
various animals adapt to their environments. Studies have examined exploratory behaviour in
mammals, including pigs (Studnitz et al., 2007) and rodents (Tanaka, 2020; Oosthuizen, 2020;
Blecher & Oosthuizen, 2023), as well as in birds (Velasco et al., 2022), fishes (Sommer-
Trembo et al., 2022), and spiders (Trabalon, 2022). These studies highlight the diverse ways in
which animals explore and adapt to their environments, reflecting the complex interplay of
ecological, physiological, and social factors.

This study focuses on exploratory behaviour in surface and cave-adapted populations of Asellus
aquaticus (Isopoda: Crustacea). By examining these populations, the study aims to determine
whether adaptation to the unique and ecologically isolated cave habitat results in decreased
explorativeness compared to their surface-dwelling counterparts. The research involves
assessing dispersal-related exploration and dispersal speed in both the presence and absence of
light. This approach will help elucidate how adaptation to different environmental conditions
influences exploratory behaviour and whether recent colonists exhibit different exploration

patterns compared to their source population.

METHODOLOGY

Collecting and housing the experimental animals

In this project, a comprehensive study was conducted involving multiple populations of Asellus
aquaticus (Isopoda: Crustacea) to explore differences in behaviour and adaptation between
surface and cave-dwelling individuals. Specifically, three surface populations were selected:
Lake Gé6tés (47.354357° N, 19.22980° E), Dunakeszi Peat-moor (47.615613° N, 19.126392°
E), and Malom Lake (ML). Additionally, one cave population was sampled from Molnéar Janos
Cave (MJC). To examine recent adaptations, surface-type individuals from Malom Lake,
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which were collected approximately 250 meters from the entrance of Molnéar Janos Cave, were

included as recent cave colonists.

Sampling took place over three days, from 16th to 18th May 2019. For the surface populations,
individuals were collected using hand sorting, a method that involves manually sifting through
their habitat to capture the target species. In contrast, the cave population required a more
specialized approach. Due to the challenging conditions within the cave, a modified Sket bottle
was employed to collect specimens, and cave diving was necessary to reach the sampling sites.
Only individuals with a size greater than 4 mm were selected for the study, ensuring that all
sampled individuals were adults and thus comparable in terms of developmental stage. Upon
capture, all specimens were transported to the aquacultural facilities at the Institute of Biology,
Eo6tvos Lordand University, for controlled laboratory observation. Each animal was housed
individually in plastic Petri dishes with dimensions of 90 x 25 mm (diameter x height) to
minimize stress and prevent interaction between individuals. The laboratory conditions were

carefully regulated to mimic natural environmental parameters as closely as possible.

For the cave and colonist populations, a constant darkness environment was maintained to
replicate their natural habitat conditions. In contrast, the surface populations were subjected to
a controlled light cycle of 16 hours of light followed by 8 hours of darkness, reflecting the
natural diurnal light regimes typical of their habitats. The laboratory temperature was kept at
23-24 °C, which closely matched the temperature of their natural water sources, ensuring that

temperature fluctuations did not influence behavioural observations.

To support the health and well-being of the animals, different feeding regimens were
implemented based on their natural diets. Surface-dwelling individuals were provided with
dead leaves, which are a natural food source in their typical habitats. In contrast, cave-dwelling
and colonist individuals were fed bacterial food, reflecting the detrital diet they are adapted to
in the cave environment. The study involved testing the following numbers of adult individuals:
10 males and 8 females from Molnéar Janos Cave (MJC); 8 males and 5 females from the
colonists; 17 males and 13 females from Malom Lake (ML); 14 males and 13 females from
Lake G6tés (GT); and 14 males and 15 females from Dunakeszi Peat-moor (DM). This sample
size was chosen to ensure a robust analysis of behavioural differences and adaptations across

the different populations.
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Experimental Setup
Tests were run between 21% May and 1% June on 12 consecutive days. Animals had to be

acclimated in a period of three days, under their natural light regime, without any disturbance,
where potential colonists were acclimated in the dark. The tests started at approximately 11.00
am daily. Individual behaviour was tested in the chambers described below. A cluster of 18

open-top mazes made of Plexiglas (see Figure 11) was used to test novel area exploration and

dispersal speed.
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Figure 10. Schematic representation of one experimental arena with 18 mazes (top). Thick lines indicate a single
arena maze with an individual in the starting position (bottom); note that the animal on the picture was magnified
for better visibility (image source: Horvéth et al., 2023)
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Figure 11. Arena test — Exploration in a maze (image taken during research work)
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Statistical Analysis

A generalised linear mixed model (short: GLMM) with negative binomial distribution and logit
link function was used to analyse population, treatment and sex effects on maze area
exploration. Here, ‘population’ ‘treatment’ (light vs dark), and sex and their interactions were
added as fixed effects. Error distribution and link function applied in the GLMMs were chosen
after inspection of Q-Q plots of the model residuals. To avoid over-parameterization, only the
two-way interactions were included. The standardized (mean = 0, sd = 1) order of trials was
added as a single fixed effect to control habituation to the test setup. Fixed effects were tested
by Wald’s chi-squared tests, and random effects by likelihood ratio tests. P - values for the

probability ratio tests were calculated following Zuur et al. (2009).

The model’s estimated marginal means were extracted using the emmeans package (Lenth
2019). Further, A report was built to assess the proportion of variance by given fixed factors
(marginal R?) and by both fixed and random factors (conditional R?) present in the MuMIn
package (Barton, 2009) based on the method of Nakagawa & Schielzeth (2010). Dispersal
speed data were transformed into the square root to achieve average model residual
distribution. The behavioural variables (exploration and dispersal) were analysed using a linear
mixed model (LMM) built in the same way described for the GLMM above. The GLMM and
the LMM (with the R packages Ime4 and ImerTest, see Bates et al., 2015; Kusnetzova et al.,
2017, respectively) were made in R 4.1.0 (R Developmental CoreTeam 2021). The ‘rptR’
(collection of functions that calculate point estimates, interval estimates and significance tests
of the repeatability as well as variance components in mixed effects models, see Stoffel, et al.,
2022) add-on package was used to calculate repeatability (a statistical test for animal
personality's presence and ‘strength’, i.e., consistent among-individual differences over time
or across ecological contexts). Enhanced agreement repeatability (hereafter: eaR) for novel
area exploration and dispersal speed in the pooled sample (i.e., all populations combined) was
calculated separately for light regimes. A GLMMs was built for the negative binomially
distributed novel area exploration data, following Nakagawa and Schielzeth's (2010) methods,
which utilise a multiplicative overdispersion GLMM with a logit-link and using penalised
quasi-likelihood (PQL) estimation for repeatability on the original scale. The significance of
eaR estimates (i.e., for random terms) was provided by randomisation tests, giving strong
measures of statistical significance in the case of non-Gaussian data (Nakagawa and Schielzeth
2010). Quantification of uncertainty for the variance justified by fixed effects (as for other

variance components) was provided by parametric bootstrapping. LMMs were run to estimate
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repeatability for dispersal speed. Cls were calculated by nonparametric bootstrapping, while
significance for eaR estimates is provided by likelihood ratio test, both sampled at each 1000th

iteration.

RESULTS

Recent colonists have performed higher dispersal activity than their source surface population.
Further, the results from this study show that individuals from cave-adapted A. aquaticus are
significantly less explorative and move slower than surface-type populations. Repeatability
estimates for novel area exploration and dispersal speed are given (see Table 2 below). For
novel area exploration, estimates in the pooled sample indicated significant, moderate
repeatability in both treatments (light: eaR = 0.29 (95% CI = 0.13-0.35); dark: 0.22 (0.09-
0.28)). Repeatability for dispersal speed in the pooled sample was present only in the presence
of light, showing moderate strength (eaR = 0.21 (0.11-0.33)).

Population, treatment, and their interaction affected novel area exploration (see Table 2 below).
All other populations in both treatments showed higher novel area exploration than cave
individuals in the dark (see Figure 13 below). Surface populations were explorative more in
the dark than in light, and the trend is weak in Dunakeszi Peat-moor. Treatment did not affect
the potential colonists’ exploration. Colonists explored the light more than surface populations,
including their source population (Malom Lake), but their exploration in the dark was similar

to the surface populations.

Table 2. Results of the GLMM on novel area exploration and the LMM on dispersal speed behavioural types of
Asellus aquaticus. For the GLMM, type 111 Wald’s chi-squared test was used, while in the LMM, the significance
of the fixed effects was estimated based on Satterthwaite approximation. Non-significant individual x habituation
interactions are shown here but removed later from the final models (Statistically significant effects p value
<0.05).

Novel area exploration Dispersal speed

X2 (df) P F (dfy, dfy) P
Fixed effects
Sex 3.46 (1) 0.07 1.96 (1, 116.36) 0.16
Population 13.88 (4) 0.007 3.18 (4, 116.42) 0.016
Treatment 34.13 (1) <0.001 0.63 (1, 580.1) 0.43
Population x sex 2.00 (4) 0.74 0.39 (4, 116.42) 0.81
Population x treatment 1155.03 (4) <0.001 9.56 (4, 580.17) <0.001
Sex x treatment 24.7 (1) <0.001 0.03 (1, 580.16) 0.87
Habituation 70.11 (1) <0.001 35.9 (1, 580.66) <0.001
Random effects
Individual 8275.23 (1) <0.001 36.67 (1) <0.001
Individual x habituation 2971 (1) <0.001 <0.001 (1) >0.99
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Statistically significant effects (P < 0.05) are bolded.

651 W dark
[ light

501

% % i

Exploration (number of obstacles crossed)

DM GL ML C(ML) MJC
Population

Figure 12. Exploration in the absence vs presence of light (significant population x environment interaction).
White background indicates surface-type individuals (DM, GL, ML), light grey indicates surface-type individuals
from the Malom Lake (CML) found in the cave, and dark grey indicates cave-adapted individuals (MJC). Back
transformed estimated marginal means and 84% confidence interval (Cl) are shown. Note that non-overlapping
84% Cis indicate significant differences at the P < 0.05 (Payton et al. 2003).

Furthermore, a significant sex x treatment interaction effect was found (see Figure 14): Males
were more active than females in the dark but not in light (see Table 2). Habituation was also
significant: individuals became less active over time. Finally, individual differences in novel
area exploration and habituation were both significant. The fixed effects explained 36.9% of
the total variance, and the full models explained 74.2%. A significant population and

population x environment interaction effect on dispersal speed was found (see Table 2).

All populations in the dark and Dunakeszi Peat-moor (DM) and potential colonists in light
dispersed faster than the cave population in the dark (see Figure 15). Cave A. aquaticus showed
comparable dispersal speed to the surface populations in the — for them unnatural — light
treatment. Potential colonists from Malom Lake dispersed faster than their source population
(Malom Lake) in light and tended to do so in the dark (see Figure 15). Significant habituation
in dispersal speed was found, with a decrease over time. Individual differences in dispersal
speed were significant. The fixed effects explained 12.2% of the total variance, and the full

models explained 27.2%.
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Figure 13. Exploration in the absence vs. presence of light in the female and male Asellus aquaticus (significant
sex X environment interaction). Back transformed estimated marginal means and 84% confidence interval (CI)
are shown. Note that non-overlapping 84% Cis indicate significant differences at the P < 0.05 (Payton et al. 2003).
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Figure 14. Dispersal speed in the absence vs presence of light in the four tested populations of Asellus aquaticus
(significant population x environment interaction). White background indicates surface-type individuals (DM, GL
and ML), while light grey indicates surface-type individuals from the Malom Lake (CML) found in the cave, and
dark grey indicates cave-adapted individuals (MJC). Estimated marginal means and 84% confidence interval (Cl)
are shown. Note that non-overlapping 84% Cis indicate significant differences at the P < 0.05 (Payton et al. 2003).
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DISCUSSION

The exploratory behaviours of Asellus aquaticus within the intricate cave labyrinths highlight
the species' unique adaptations to extreme cave environments. This study was designed to
explore how these behavioural adaptations—especially in isolated or "dispersal trap”
habitats—affect the evolution of dispersal-related behaviours. The results confirm that surface
populations of A. aquaticus exhibit higher exploratory tendencies compared to their cave-
adapted counterparts, regardless of light conditions. Specifically, surface populations
consistently demonstrated greater exploration behaviour than cave-adapted individuals when

tested in the dark, underscoring the inherent differences between these populations.

Surface populations of A. aquaticus are likely more exploratory due to their need to constantly
search for resources and avoid predators. This contrasts with cave-adapted populations, which
have evolved to thrive in a stable, predator-free environment with less need for extensive
exploration. This evolutionary adaptation allows cave-dwelling individuals to conserve energy

and reduce unnecessary movement in their predictable environment.

Interestingly, while dispersal speed patterns were comparable for surface populations when
tested in the dark, there was a minor divergence in behaviour between individuals from G6tés
Lake and Malom Lake when tested in light conditions. Recent cave colonists exhibited faster
dispersal speeds than their surface source populations, suggesting that individuals with
heightened exploratory tendencies are better suited for colonising new environments. This
observation supports the hypothesis that exploratory behaviour plays a critical role in the
successful establishment of individuals in novel habitats.

The unique cave environment appears to act as a dispersal trap. Although cave-adapted A.
aquaticus displayed activity levels similar to surface populations under artificial light
conditions, this increased activity is likely a result of photophobia. Despite their reduced eye
structures, cave-dwelling individuals retain some ability to detect light, which can induce stress
or heightened activity under unnatural lighting conditions (Pérez-Moreno et al., 2018; FiSer et
al., 2016). In natural dark conditions, cave-adapted individuals showed decreased exploratory
activity, reflecting their adaptation to a stable and risk-free environment where there is little

need for additional exploration.

Surface populations, on the other hand, exhibited increased exploration of novel areas in the
dark compared to light conditions. This finding is consistent with Andrikovics’s (1981)

observation that surface-dwelling A. aquaticus are more active at night, likely due to reduced
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predation risk in darkness. This nocturnal activity enhances their ability to locate resources and

avoid predators, which may contribute to their success in colonising subterranean habitats.

Additionally, males of A. aquaticus were found to be more explorative than females in dark
conditions. This behaviour is likely related to mate-searching activities or other reproductive
behaviours (Kasumovic et al., 2007). The increased activity of males in darkness may be a
strategy to increase mating opportunities or to compete more effectively for resources.

Dispersal is a critical behaviour influencing various ecological and evolutionary processes,
including gene flow, species distribution, and environmental adaptation. Personality-dependent
dispersal is a well-documented phenomenon, with bolder and more explorative individuals
often dispersing further and colonising new habitats more effectively (Cote et al., 2010; Spiegel
et al., 2017). The results of this study support the hypothesis that surface populations of A.
aquaticus with higher exploratory tendencies are more likely to colonise new environments.
This is further evidenced by the observation that potential colonists from Malom Lake

demonstrated higher exploratory behaviour compared to other surface populations.

However, an alternative explanation for the increased behavioural activity of potential colonists
is food scarcity rather than inherent exploratory tendencies. Observations indicate that these
potential colonists preferred surface food over cave-specific resources (Herczeg et al., 2022),
suggesting that they may be experiencing food deprivation in the cave. This scarcity could lead

to increased foraging behaviour as individuals search for their preferred resources.

The study has several limitations, including the lack of data on how long potential colonists
have been in the cave and the inability to distinguish between genetic and environmental effects
on behaviour. While the observed behavioural differences are significant, it is unlikely that
these are solely due to evolutionary adaptations. Instead, phenotypic plasticity—where
individuals adjust their behaviour in response to immediate environmental conditions—
provides a more plausible explanation for the observed behavioural variations. Future research
should address these limitations by incorporating genetic analyses and exploring the long-term
impacts of environmental conditions on behavioural traits. This approach would offer a more
comprehensive understanding of how cave-adapted and surface populations of A. aquaticus
adapt to their respective environments and how these adaptations influence their dispersal and

colonisation strategies.
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CHAPTER Il

Berisha H, Horvath G, Herczeg G. Negligible divergence in risk-taking between surface
vs. cave populations of the water louse, Asellus aquaticus. Manuscript.

SCIENTIFIC BACKGROUND

Risk-taking behavior refers to an individual's behavioral responses in threatening or risky
situations (Krenhardt et al., 2021). Alterations in risk-taking behavior can occur due to a wide
range of internal states and life history factors, such as nutritional state, survival probability,
social dominance, body condition, and internal thermal state (Betini & Norris, 2012; Briffa et
al., 2013; Eccard & Herde, 2013; Lima, 1998; Shuai, Zhang, & Zeng, 2016; Briffa et al., 2008;
Carter, Goldizen, & Heinsohn, 2012; Dosmann & Mateo, 2014; Moschilla et al., 2018). The
risk that animals are willing to take for a given resource depends on their energy budget and
varies between individuals with different personality traits (Dammhahn & Almeling, 2012).
The expression of personality traits has both ecological and evolutionary consequences,
particularly when an individual's fitness is closely tied to the expression of a behavioral
phenotype in a specific environmental context (Brown et al., 2005). Individual variability in
behavior can often be predicted by examining demographic variables (e.g., size, age, or sex) or
intrinsic factors, including reproductive status (Wilson et al., 1994). Individuals exhibit
consistent behavioral differences across various circumstances or contexts, which are
indicative of personality traits (Gosling, 2001). These behavioral differences have been
observed in many animal groups (Boissy, 1995; Gosling, 2001). Personality traits, such as risk-
taking, have been extensively studied (Adams et al., 1998; Wilson et al., 1993; 1994; Brown et
al., 2005). Risk-taking behavior is thought to have an intrinsic component that leads to
consistent individual differences in response levels (average behavioral expression) and
response plasticity (behavioral changes when environmental conditions change) (Dammhahn
& Almeling, 2012).

Individuals often differ in their risk-taking behavior, with some consistently bolder than their
conspecifics (Sinn et al., 2010). In various species, bolder individuals are found to take more
risks in the presence of predators (Jones & Godin, 2009; Smith & Blumstein, 2010; Brown et
al., 2007; Dammhahn & Almeling, 2012), achieve greater foraging success (Dyer et al., 2009;
Brown et al., 2007), explore novel environments more, and disperse further (Fraser et al., 2001;
Reale & Festa-Bianchet, 2003; Brown et al., 2007) compared to their shyer counterparts, who
tend to avoid unfamiliar situations and react by retreating or becoming quiet and vigilant
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(Wilson et al., 1993; Réale et al., 2000). Fear responses, such as freezing, often accompany the

behavior of shy individuals in novel situations (Brown et al., 2007).

Predator-induced phenotypic changes includes behaviour (from adjusting risk-taking to
alterning habitat choice), physiology (from locomotor performance to toxin production), life
history (from growth to fecundity) and morphology (from shape to defensive armour) (Tollrian
& Harvell, 1999). It is also found to play an important role in species coexistence (Brown, et
al., 1988). It particularly affects animals’ risk-taking behaviour during foraging (when
resources and predators coexist), parental care (during the breeding season when parents
protect their nest), and mating (Oers et al., 2005; Moschilla et al., 2018; Krenhardt, et al., 2021).

Regarding exposure to predations, individuals within populations are known to have different
personalities (Stamps, 2007) in response to predation, with bold individuals taking more risks,
and with shy individuals taking fewer risks (Martins, et al., 2007). This kind of behavioural
personality trait against predators is found to be present in different taxa, including mammals
(grey lemurs, Microcebus murinus, see, Dammhahn & Almeling, 2012; kit fox Vulpes
macrotis, Hall, et al., 2021) birds (Zebra finches Taeniopygia guttata, Martins, et al., 2007,
Ariyomo & Watt, 2012), fish (threespine stickleback, Gasterosteus aculeatus, Huntingford,
1976; Herczeg et al., 2009), and arthropods (field crickets, Teleogryllus oceanicus, Moschilla
et al., 2018; hermit crabs, Clibanarius vittatus, Gorman, et al., 2018). In addition to studies
observing predation's influence on risk-taking divergence within population, predation-
mediated risk-taking divergence among populations of the same species is a widespread
phenomenon across various animal taxa (Seghers, 1974; Giles & Huntingford, 1984,
Dingemanse et al., 2007; Bell & Sih, 2007; Brydges et al., 2008; Herczeg et al., 2009). This
variation in risk-taking behavior is influenced not only by predation pressure as a primary
selective factor (Herczeg et al., 2009; Bell, 2005) but also by other factors such as habitat type,
competition, and temperature fluctuations (Dingemanse et al., 2007; Bell & Sih, 2007; Herczeg
et al., 2009).Predation pressure, a key evolutionary driver, varies significantly between surface
and cave environments, with surface aquatic animals often adopting anti-predator behaviors
such as minimizing surface time and seeking predator-free zones to mitigate predation risks
(von Ende, 1979; Louw, et al., 2022). Compared to the surface, subterranean environments
(i.e., caves) are considered to have less or negligible predation, however, behaviour assays on
cave taxa are rare (Fiser, et al., 2019). In this study, the risk-taking behaviour of a cave-adapted

population of Asellus aquaticus (Isopoda: Crustacea) is compared to surface populations’.
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Asellus aquaticus is present in different freshwater habitats in Europe, including surface and
cave freshwater habitats (Turk et al., 1996). Asellus aquaticus offers an excellent model for
evolutionary studies (Pérez-Moreno, et al., 2017; Lafuente, et al., 2021; Lomheim, et al., 2023).
Asellus aquaticus is found to experience negligible predation in the studied Molnar Janos Cave,
and most of its behaviour activity is considered to be linked to foraging and reproduction,
however, less or nothing is known about its behavioural response to the new environmental
cue of predation. As predation is negligible in this cave, | predicted that cave-adapted Asellus
aquaticus individuals show increased risk-taking behaviour compared to surface conspecifics.

Here, | had no clear predictions regarding sexual differences.

METHODOLOGY

Collecting and housing the experimental animals

A sampling of populations from Molnér Janos Cave (MJC; 47.3148° N, 19.2992° E), Malom
Lake (ML; 47.31709° N, 19.21232° E), and two different surface populations, Gétés Lake (GL;
47.354357° N, 19.22980° E) and the Dunakeszi Peat-moor (DM; 47.615613° N, 19.126392°
E) happened in the first week of October 2021. Samples were collected by hand sorting, except
for the animals from the MJC, where cave diving was necessary. G6tés Lake and Dunakeszi
Peat-moor populations were chosen randomly to represent ‘typical’ surface populations. They
experience natural surface light regimes and temperature fluctuations of normal, non-thermal
freshwaters typical to the region. All animals were moved immediately after capture to the
aquacultural facilities of the Institute of Biology at the E6tvds Lorand University (Budapest,
Hungary). Animals were housed individually in 90 x 25 mm (diameter and height) plastic Petri
dishes. Cave individuals were kept in constant darkness, while surface populations were in a
16-h light with 8-h dark daily light cycle. The temperature in the lab was set at the same
conditions to the water source habitats (23-24 °C). Water from the natural habitats was used
for keeping and testing throughout the laboratory. Individuals from surface populations were
fed with decaying leaves from their habitat, while bacterial food collected from MJC was
provided for cave-adapted individuals. A total of 82 individuals from all populations were
tested: 8 males (M) / 8 females (F) from MJC; 9 M/ 11 F from ML; 12 M/ 11 F from GL; and
12 M/ 11 F from DM.

Experimental Setup
The tests occurred for eight consecutive days between 4" and 11" October 2021. Animals were
allowed to acclimate under their natural light regime without any disturbance. Individuals were

acclimated in a period of two days before starting the tests. Individual behaviour was tested
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and video recorded in the chambers (a similar experimental setup was used in the first study,
Chapter I). All individuals were tested twice in dark and light. Each population was randomly
split into two groups, one was tested in the presence of light, while the other was in darkness.
After 48 hours, treatments were changed. Each subgroup was alternately measured in light and

dark. Two rounds of observations were done from 4™ to 11" October 2021.

Recordings started at approximately 11 am daily. Petri dishes were filled with water from the
habitat, and a pipette was used to transport individuals from their acclimatization-Petri dishes
to the test-Petri dishes placed in chambers. The quick capture and release with the pipettes was
used as mimicking an unsuccessful predatory attempt, resulting in release in a new, unfamiliar
environment. Recordings started once the individual was released from pipettes. Each
individual were tested in an interval of 5 minutes. Two individuals placed in two Petri dishes
were placed in test chambers and were replaced by two other individuals after each 5 min. The
following behaviours were extracted from the analyzing videos: latency to freeze/stop (sec);
duration (sec) of the first stop; number of the stops during the observation period (count
variable); and total duration (sec) of all stops during the observation period. Latency to first
stop was used as a proxy for the immediate escape behaviour and duration of first stop as a
measure of ‘freezing’ behaviour. The remaining two variables were envisoned to grasp relevant

aspects of the general behavioural activity right after a mimicked predatory attack.

Statistical Analysis

To analyse population, treatment and sex effects on behavioural traits describing risk-taking,
separate generalised linear mixed models (short as: GLMM) were used. This latter method was
chosen as the transformation (log or square root) of count data is generally contraindicated
(O'Hara & Kotze, 2010). Error distribution and link function applied in the GLMMs were
chosen after inspection of Q-Q plots of the model residuals: we applied Poisson error
distribution with log link in all models. All models were parameterized similarly: the
behavioural trait in question was the response variable, while ‘population’ (the four sampled
populations), ‘treatment’ (light vs. dark), sex and their two-way interactions were added as
fixed effects. To avoid overparametrization, we did not include the three-way interaction. The
standardised (mean = 0, sd = 1) order of trials (hereafter, ‘time’) was added as a single fixed
effect to control habituation to the test setup. Individual identity as a random intercept was
added. Random slopes (individual x time) as a random term were also added, but left in the
final model only if it improved model fit. Fixed effects were tested by Wald’s chi-squared tests,

and random effects by likelihood ratio tests. P-values for the probability ratio tests were
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calculated following Zuur et al. (2009). Pairwise post hoc comparisons were made via the False
Discovery Rate method (Benjamini & Hochberg 1995). The model’s estimated marginal means
were extracted using the emmeans package (Lenth 2019). The GLMMs were fitted with the R
packages Ime4 and ImerTest (Bates et al., 2015; Kusnetzova et al., 2017, respectively) in R
4.3.0 (R Developmental CoreTeam 2023).

RESULTS

Our initial Generalised Linear Mixed Model (GLMM) revealed significant interactions
between population and treatment, as well as between treatment and sex, concerning the latency
to the first stop (Table 3). Although several significant post hoc comparisons were identified,
no consistent divergence was observed between surface and cave populations (Figure 16).
Females exhibited a tendency towards increased latency to the first stop in dark conditions

compared to light, a pattern that was not observed in males (Figure 17).

Table 3. LMMs on risk-taking variables of Asellus aquaticus

Latency to Duration of Number of Duration

first stop first stop stops of all stops

2 (df) P 2 (df) P ¥ (df) P ¥ (df) P
Fixed effects
Sex 0.76 (1) 0.38 0.22 (1) 0.64 0.32 (1) 0.57 0.18 (1) 0.68
Population 6.86 (3) 0.08 0.56 (3) 0.91 6.02 (3) 0.11 4.93 (3) 0.18
Treatment 53.82 (1) <0.001 21.62(1) <0.001 0.07 (1) 0.79 7.49 (1) 0.007
Population x  1.99 (3) 0.57 6.71 (3) 0.08 2.95(3) 0.39 0.85 (3) 0.84

Sex

Population 295.72 (3) <0.001 230.07 (3) <0.001 1.72(3) 0.63 28.98 (3) <0.001
X

Treatment

Sex x 56.22 (1) <0.001 28.86 (1) <0.001 0.001 (1) 0.97 9.36 (1) 0.002
Treatment

Habituation  0.01 (1) 0.92 8.57 (1) 0.003 3.78 (1) 0.052 6.61 (1) 0.01

Random
effects

Individual  8001.94 (1) <0.001 1122.25 <0.001 1327(1)  <0.001 59989 (1) <0.001

Individual x 4295.9 (1) <0.001 819.6 <0.001 <0.001(1) >0.99 <0.001 (1) >0.99
Habituation
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Figure 15. Differences in latency to first stop across different populations of Asellus aquaticus in dark (red) and
light (blue). DPM = Dunakeszi Peat-moor, GL = G6tés Lake, ML = Malom Lake, MJC = Molnar Janos Cave.
Significant post hoc pairwise differences are also shown (False discovery rate; * denotes p < 0.05, while *** p <
0.001).
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Figure 16. Differences in latency to first stop between female and male Asellus aquaticus in dark (red) and light
(blue). Significant post hoc pairwise differences are also shown (False discovery rate; *** denotes p < 0.001).

The duration of the first stop was influenced by significant interactions between population and
treatment, as well as between treatment and sex (Table 3). However, no consistent pattern
emerged between surface and cave populations (Figure 18). Males tended to exhibit a longer
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duration of the first stop in light conditions compared to dark, while females showed no such

difference. Nevertheless, this pattern was relatively minor (Figure 19).
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Figure 17. Differences in the duration of the first stop across different populations of Asellus aquaticus in dark
(red) and light (blue). DPM = Dunakeszi Peat-moor, GL = G6tés Lake, ML = Malom Lake, MJC = Molnar Janos
Cave. Significant post hoc pairwise differences are also shown (False discovery rate; * denotes p < 0.05, ** p <
0.01, and *** p < 0.001).
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Figure 18. Differences in the duration of the first stop between female and male Asellus aquaticus in dark (red)
and light (blue). Significant post hoc pairwise differences are also shown (False discovery rate; *** denotes p <
0.001).

51



The Generalised Linear Mixed Model (GLMM) analysis conducted on the number of stops
made by individuals did not reveal any significant effects associated with population,
treatment, sex, or their interactions (Table 3). This suggests that, across the different
populations and conditions tested, there was no discernible pattern in the frequency of stops
that could be attributed to these variables. However, a more detailed examination of the total
duration of stops using a separate GLMM did uncover significant interactions between
population and treatment, as well as between treatment and sex (Table 3). Despite these
statistically significant interactions, no clear or consistent pattern emerged when comparing

surface populations to cave-adapted populations (Figure 20).
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Figure 19. Differences in total duration of all stops across different populations of Asellus aquaticus in dark (red)
and light (blue). DPM = Dunakeszi Peat-moor, GL = G6tés Lake, ML = Malom Lake, MJC = Molnar Janos Cave.
Significant post hoc pairwise differences are also shown (False discovery rate; *** denotes p < 0.001).

In particular, the data indicated that males tended to have shorter total stop durations when
exposed to light conditions compared to when they were in the dark. This difference suggests
a possible light-induced reduction in stopping behaviour for males, which could be indicative
of increased activity or a heightened response to the light environment. Conversely, females
did not exhibit a significant difference in total stop duration between light and dark conditions,
suggesting that their stopping behaviour was less influenced by the environmental lighting
conditions (Figure 21). This divergence in behavioural responses between males and females
highlights potential sex-specific adaptations or behavioural strategies that could be at play,
though the absence of a consistent surface versus cave pattern indicates that these effects are
not directly related to the habitat of origin.
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Figure 20. Differences in the duration of the first stop between female and male Asellus aquaticus in dark (red)
and light (blue). Significant post hoc pairwise differences are also shown (False discovery rate; *** denotes p <
0.001).

Despite the significant population x treatment or treatment x sex effects, there are no systematic
differences between the surface- and cave-adapted populations.

DISCUSSION

Accordig to general theory, negligible predation should select for increased boldness, including
risk-taking behaviour, given its low costs. This hypothesis was tested in several systems with
supporting results (Herczeg et al., 2009; Dingemanse, et al., 2007), but not yet in the cave
(negligible predation risk) vs. surface (high and diverse predation risk) scenario. Our results
from this study showed that the cave-adapted Asellus aquaticus population did not differ
significantly from the surface poulations, neither in the light, nor in the dark regimes in four
behavioural measures estimating risk-taking following a mimicked unsuccessful predatory
attack. In general, there were population x treatment interactions, however, these were based

on population variations unexplained by habitat type.

Compared to surface populations of Asellus aquaticus (G6tés Lake, Dunakeszi Peat-moor, and
Malom Lake), which face diverse and significant predation pressures, the cave environment of
Molnar Janos provides negligible predation pressure. Behavioral studies on cave-adapted
populations have been scarce (Fiser et al., 2019) but have started to accumulate recently
(Herczeg et al., 2020; Horvath et al., 2021; Berisha et al., 2022; Horvéth et al., 2023). This is
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especially relevant for risk-taking behavior, where our study did not support the predictions.
This result is somewhat surprising, as predation-mediated risk-taking divergence among
populations of the same species is commonly observed across various animal taxa (Seghers,
1974; Giles & Huntingford, 1984; Dingemanse et al., 2007; Bell & Sih, 2007; Brydges et al.,
2008; Herczeg et al., 2009). Other factors may be driving the observed variations rather than
the cave-surface differences. Behavioral traits and populations' life histories are influenced by
ecological conditions, including resource distribution and predation risks (Gomes et al., 2019).
Therefore, the population variations detected in our study may be attributed to other
environmental factors beyond the marked cave-surface differences or could represent random,

non-adaptive deviations.

We observed weak sex x treatment interactions, indicating that males spent more total time
immobile in the dark compared to the light, while females exhibited an increased escape
response in the dark. Although these patterns were statistically significant, their biological
significance appeared limited due to the relatively small magnitude of the observed differences.
Sexual differences in the behavior of A. aquaticus are well-documented (Manning, 1980;
Bertin & Cézilly, 2003; Ridley & Thompson, 2010; Berisha et al., 2022), including findings
detailed in the previous chapters. However, explaining the minor differences observed in the

present study would be speculative, so | prefer to refrain from such explanations.

Taken together, our findings revealed no divergence in risk-taking behavior between the cave-
adapted A. aquaticus population (which experiences negligible predation) and some surface-
adapted populations (which face diverse and high predation). The cave-adapted population has
been isolated from the nearest surface population for over 100,000 years (Pérez-Moreno et al.,
2017), exhibiting various morphological and behavioral adaptations (Berisha et al., 2022;
Horvath et al., 2023, Chapters 1-2). Therefore, the lack of divergence in risk-taking behavior
is unlikely due to insufficient time or a lack of genetic basis for adaptation. The methods and
variables used in this study are well-established (Urzcén et al., 2015, 2018), making it unlikely
that the lack of divergence is an artifact of the experimental approach. To further investigate
the reasons behind the absence of divergence in risk-taking behavior—contrary to other
behaviors tested in the A. aquaticus system (FiSer et al., 2019; Herczeg et al., 2020; Horvath et
al., 2021; Berisha et al., 2022; Horvath et al., 2023)—I recommend repeating the experiment
with other closely or distantly related species and employing different methodologies within

the same system.
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CONCLUSIONS

The results from my doctoral studies suggest that the behavioral variation seen is the studied
surface —cave Asellus aquaticus system is driven by different selective pressures. From the
point of environmental selection, the negligible predation pressure and the seasonal and annual
stability of the environment seems to be the key factors. However, patterns often differed
between sexes, emphasizing that phenotypic variation in the wild is driven by natural selection
operating via relative fitness, which is affected by environmental, sexual and fecundity
selection in a habitat- and sex-specific way. This emphasises the importance of including both

sexes in evolutionary population comparisons.

Variation in movement activity in a familiar environment followed my predictions, and could
be explained by habitat-dependent predation pressure and sex-dependent benefits of the
inreased activity under negligible predation risk. However, other factors, such as food
availability and population density, might also contribute to this pattern. Further studies are
necessary to determine the typical trajectory of Asellus aquaticus movement activity,
particularly whether it is influenced by specific combinations of biotic and abiotic factors or

results from other stochastic evolutionary events.

Patterns in exploration behaviour also followed my predictions, painting a picture where only
the most explorative individuals from a surface population will disperse into the cave, but after
successful adaptation to the cave environment, explorativeness will drop. This is because only
the boldest part of a population might enter into a markedly different habitat, especially when
the transition zone is as narrow as it is between caves and surface habitats. Hence, the founders
of the cave populations are explorers. Later, as evolutionary adaptation to the unique cave
habitat starts to take place over generations, explorativeness will provide no benefits within the
homogenous and stable cave environments, while leaving the caves for cave-adapted
individuals (e.g. having their eyes reduced and lost their pigments) is not really an option due
to their highly likely inferiority in competitive or predatory situations. Therefore, | conclude

that cave act as “dispersal traps”.

We also found that surface individuals moved more in an unfamiliar environment in dark than
in light conditions. This is intuitively surprising in a species that is considered diurnal.
However, earlier observations already indicated this possibility in other populations, hence,
this pattern might be general in the species. Having higher exploratory drive in dark can be

explained by the lowered predatory pressure of visually hunting predators and can be seen as a
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potential preadaptation to the cave environment, explaining while Asellus aquaticus is one of

the rare species that could successfully colonise caves in several independent occasions.

My predictions regarding risk-taking behavior were not supported. The observed variations
between populations may be influenced by factors other than cave-surface differences.
However, even the significant findings did not reveal strong biological patterns.Whether this
is a true biological phenomenon, or differences could be detected by applying different assays

and tests is remain to be seen in furthr studies.

It is important to note that my studies focused on a single, highly specialized cave population.
As a result, the findings cannot be generalized over caves but should instead be viewed as an
example of how a species can colonize and adapt to a specific, unique cave environment—one

that offers negligible predation risk and large quantities of food.
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SUMMARY

Colonization of new environments has driven species to undergo morphological, physiological,
and behavioral adaptations. While numerous studies have examined the adaptation of species'
populations to new habitats, research on populations inhabiting subterranean environments—
particularly those capable of colonizing caves—remains limited and often lacks clear
definition, especially in terms of behavior. The Molnar Janos Cave offers an excellent study
system to explore the colonization process of Asellus aquaticus (Isopoda: Crustacea), enabling
the investigation of the evolution of troglomorphic features (such as reduced eyes and lost
pigmentation) as well as behavioral traits in a cave environment. This thesis presents three
studies focusing on three personality traits of high ecological and evolutionary relevance using
the Asellus aquaticus species complex: movement activity (movements in a familiar,
perceived-safe environment), exploration (movements in a new, potentially dangerous
environment), and risk-taking behavior (movements following a simulated predatory attack in
a new environment). This species is known for successfully colonizing caves in Europe on
multiple independent occasions. In my thesis, | used the troglomorphic population from Molnér
Janos Cave (Budapest, Hungary) as my model population and compared it to surface
populations found nearby. Behavioral assays were conducted repeatedly under both light and
dark conditions because: i) light is unnatural for the cave-adapted population, necessitating
measurements in the dark; ii) surface Asellus aquaticus is considered a diurnal species, thus
requiring measurements in the light; and iii) limited information exists on the behavior of
surface-adapted individuals, aside from an old observation suggesting they are more active in
the dark, making the comparison of behavior under different light conditions scientifically

relevant for the surface populations.

The negligible predation in Molnar Janos Cave is expected to reduce the costs associated with
movement activity for mate-searching and foraging in cave-adapted individuals. To test this
hypothesis, | studied the movement activity of the populations under both light and dark
conditions to determine whether movement activity increases in the cave population. Since
males are expected to benefit more from increased movement activity due to its role in mate
searching, I hypothesized that this increase would be greater in cave males than in females. To
this end, | compared adult individuals of both sexes. This study included three surface
populations, one of which (Malom Lake) shares the same water characteristics as the cave-
adapted population due to its direct connection with the cave. The findings showed that cave-

adapted individuals exhibited increased movement activity in the darkness compared to surface
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conspecifics, supporting my first hypothesis. Additionally, the study found a greater increase
in the movement activity of cave-adapted males compared to females, supporting my second

hypothesis.

In addition to cave-adapted individuals, recent colonists from Malom Lake are also present in
Molnar Janos Cave. This allows me to test potential divergence in explorativeness (a good
proxy for dispersal drive and ability) at two levels. Given that adaptations to the cave
environment would make individuals highly vulnerable in surface environments (characterized
by light and high predation), | hypothesized that caves act as dispersal traps, resulting in
reduced explorativeness. Furthermore, because colonizing markedly new habitats is
challenging, I hypothesized that new colonists would exhibit higher explorativeness compared
to the average observed in their source population. Both hypotheses were supported by the
data: cave-adapted individuals tested in the dark were more explorative than surface-adapted
individuals, and recent colonists were more explorative than individuals from Malom Lake.
Additionally, | found that surface-adapted individuals are more explorative in the dark than in
the light, suggesting that the studied species may be somewhat pre-adapted to the cave

environment.

In the third study, | focused on risk-taking, a personality trait most directly associated with
variation in predation risk. | hypothesized that cave-adapted A. aquaticus would exhibit greater
risk-taking behavior compared to surface conspecifics. However, this hypothesis was not
supported by the data. The observed significant variation in risk-taking among populations
could not be explained by differences between cave and surface environments.
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