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Summary

Over the past years, an increasing number of studies have provided empirical evidence
of the existence of consistent between-individual differences in behaviour, also known
as “animal personality”. However, we do not yet understand how these behavioural
differences between individuals arise in the first place, and how they are maintained in
animal populations. Throughout my thesis, | aimed to improve our understanding of
the evolutionary mechanisms that maintain between-individual variation in behaviour.
| investigated patterns in the distribution of behaviours across the natural and social
environment, and | studied how personality traits relate to behaviours that are shaped
by sexual selection. To do so, | used a combination of behavioural tests, molecular
parentage analysis and fithess measures in a closed, wild, free-ranging experimental
population of the Neotropical poison frog Allobates femoralis. Throughout the chapters
that | present here, | show that male and female poison frogs display several
personality traits that, combined with behavioural plasticity, helps them cope with
variation in their natural and social environment. Further, | show that personality traits
are related to several behaviours that are shaped by sexual selection, such as mate
choice, reproductive success, and reproductive output. | also showed that personality
traits can have different — even opposite — effects on the various components of
reproductive success, which can lead to the evolution of different reproductive
strategies. By studying variation in behaviour between and within individuals, |
increased our understanding of how behavioural variation is maintained and found
evidence that limited plasticity can arise because of a link with individual differences in

life-history trade-offs.



General introduction




General introduction

The history of animal personality research

Behavioural variation between and within individuals is ubiquitous in nature. For
instance, most zookeepers and pet owners would agree without any doubt that their
animals differ in their behaviours, e.g., with one of them being bolder or more active
than the other. Yet, between-individual variation in behaviour was not the focus of
scientific research for a long time, often accused to apply a too anthropomorphic view
on animal behaviour. Traditionally, focus was put on within-individual variation in
behaviour; i.e., phenotypic plasticity, to infer how individuals cope with changing
environmental conditions [1]. It is only recently that increasing attention has been given
to between-individual variation in behaviour. In the last decades, empirical evidence
has shown that individuals consistently differ in their behaviour and do not exhibit the
full range of variation in their species’ behavioural repertoire [2]. This concerns not only
animals close to humans, like primates, but also animals phylogenetically very distant
from human (e.g., hermit crab [3], anemones [4]). These between-individual
behavioural differences that are consistent across time and contexts are commonly
referred to as ‘animal personality’ [5].

The fact that animals differ in their behaviour has been acknowledged as early
as the late nineteenth century [6]. However, at that time, the study of human personality
was still at its very beginning. It was not until the end of the 20" century that
researchers adopted the conceptual framework of the psychology of human
personality to develop the field of animal personality. The study of animal personality
within behavioural ecology was then popularized by the work of Réale and colleagues
in 2007 [2]. The emergence of the field of animal personality has shifted classic thinking
in behavioural ecology in two ways [7]. First, it shifted the focus from behavioural
variation at the species/population/group-level to differences between individuals
within the same species [7]. Second, a novel way of thinking was to look at how

different behaviours are correlated across situations [7].

Terminology
Animal personality is characterized by two aspects: (1) within-individual consistency,
or limited behavioural plasticity, and (2) between-individual variation in behaviour

(Figure 1). Personality is commonly divided in five personality (or “behavioural”) traits



(a) (b) (c

N
W
/I

1
+
]

+ -
environmental gradient

+
1
+

Figure 1. Behavioural responses along an environmental gradient. Lines represent
behavioural responses of four hypothetical individuals to changes in time or context.
For instance, levels of boldness in four mice as a function of temperature. In panel a,
mice adjust to a change in temperature, but all individuals behave the same (there is
behavioural plasticity, but no between-individual behavioural variation). In panel b,
mice adjust to a change in temperature and behave differently (there is behavioural
plasticity and between-individual behavioural variation). In panel ¢, mice do not adjust
well to a change in the environment, and all behave differently (there is little
behavioural plasticity and there is between-individual behavioural variation). This is
when we find different personality types. Individuals can also differ in their levels of
plasticity (see manuscript 2), for instance with shy individuals showing higher
plasticity (panel d). Adapted from [74].
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Figure 2. Summary of the hypothesized causes of the emergence and maintenance
of consistent between-individual behavioural variation (i.e., “animal personality”).



(or “axes”): active/passive, aggressive/docile, bold/shy, exploratory/stationary, and
sociable/non-sociable [2]. Individuals vary in their phenotypic expression and can take
any value along these personality traits, thereby having a specific personality or
behavioural type (e.g., more or less aggressive). Personality traits can be seen as
latent variables that affect multiple quantifiable behaviours of an organism in certain
contexts [8,9]. For instance, aggressiveness can be seen as an unobservable (i.e.,
latent) variable that affects several observable behaviours during agonistic encounters,
which can be assessed and quantified in an experimental context (e.g., speed of
territorial reaction, number of attacks). Additionally, personality traits often appear to
be correlated into “behavioural syndromes”. For example, activity, exploration,
boldness, and aggressiveness are correlated in many animal species [10]. This axis of
(co)variation is commonly referred to as the reactive-proactive continuum, with
proactive individuals being more active, aggressive, explorative, and bold than reactive
individuals [11].

Between-individual behavioural differences have been shown to play a major role
in reproduction and survival, e.g., by affecting the risk of being detected and caught by
predators, the likelihood of dispersal, the foraging efficiency, and/or the attractiveness
to mating partners [12—-14]. While evidence for the influence of personality traits are
numerous, it is still largely unknown how consistent between-individual differences in

behaviour arise in the first place and why this variation is maintained.

How has animal personality emerged?

As mentioned above, personality traits are composed of several correlated behaviours
(e.g., latency to approach a conspecific, number of attacks, etc. for aggressiveness)
and are stable across time and contexts [2,5,8,9]. As a result, the existence of
personality traits suggests a limited degree of plasticity, such that an individual's
behaviour in one situation and at one point in time affects how it will behave in other
situations and at other times. Such inflexibility can seem maladaptive at first. In theory,
we would expect individuals to adjust their behavioural responses continuously and
flexibly according to the current situation [1]; or that natural selection should remove
all non-optimal behaviours from the population. Several non-necessarily mutually
exclusive hypotheses have been developed to explain the evolution of limited plasticity
and consistent between-individual differences in behaviours (summarized in Figure 2).

One hypothesis is that limited plasticity could persist, even when suboptimal



behaviours should be selected against, because of underlying proximate mechanisms
(e.g., hormones, genes, metabolism, and neuronal pathways). For instance, in the
songbird (Parus major), steroid hormones can affect boldness related behaviours, with
higher expression of mineralocorticoid and lower expression of glucocorticoid
receptors being associated with shyer personalities [15]. Proximate mechanisms could
also lead to between-individual differences in behaviour. Indeed, an individuals’ state
(morphology, physiology) is determined by proximate mechanisms, and influences the
costs and benefits of the individual’s actions, which in turn influences its behavioural
responses [16]. In the context of intrasexual competition, smaller individuals are more
likely to lose a fight and might be more at risk of dying from any injury, compared to
bigger individuals. Thus, we expect smaller individuals to show less aggression
compared to bigger ones, in order to avoid getting into costly fights. Furthermore,
underlying proximate mechanisms could lead to the emergence of behavioural
syndromes if they govern several behaviours [17,18]. Or, if behaviours are genetically
correlated (e.g., boldness-related, and aggressiveness-related behaviours), then
selection on one (e.g., increase in boldness level) could produce an indirect, correlated
response in the other (e.g., increase in aggressiveness level) and prevent it from
reaching its optimal value. In this case, the genetic correlations between traits act as
evolutionary constraints [19].

Another hypothesis is that limited plasticity could have evolved because
individuals benefit from being consistent in their behavioural responses [20-22]. Being
consistent could be advantageous if it influences the behavioural responses of
competitors in a way that will improve the focal individual’s fitness [22]. For example,
males would benefit from being constantly aggressive if other males adjust their
behaviour accordingly, by not engaging in a competition. Or, females could benefit
from choosing a male who is consistent in the level of care he provides to his offspring
[23].

Between-individual differences in behaviour could also reflect behavioural
strategies to cope with different environmental conditions [24,25]. For instance, while
aggressive individuals might do poorly in a mating context, by attacking potential
mates, they should do particularly well in situations with very high intra-sexual
competition. Situations where personality traits are non-randomly distributed across
the natural and social environment are typically referred to as “phenotype by

environment correlations” [24,25]. Selective pressures induced by the heterogeneity of
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the environment could maintain, or even generate, individual differences in behaviour
within a population [24,25]. For instance, in territorial species, only highly aggressive
individuals may succeed in establishing a territory in high-density patches, where they
have access to more mates but face elevated intra-sexual competition. Consistent
differences in foraging tactics have been observed in the bluegill sunfish (Lepomis
macrochirus) [26]. The most efficient foraging tactic differs between littoral and open
water zones. Individuals that employ a certain tactic are usually found in the habitat
that best fits their foraging tactic. In the open water, prey are more visible, and sunfish
forage at a higher speed compared to individuals living in vegetated habitat where prey
are more cryptic [26].

| aimed here at presenting several hypotheses explaining the evolution of limited
plasticity and between-individual differences in behaviours. These hypotheses are not
mutually exclusive. Understanding the evolution of animal personality will require to
study these hypotheses together, alongside with the hypotheses explaining the

maintenance of personality traits.

How is animal personality maintained?

Limited plasticity can seem maladaptive at first, yet we have evidence for the existence
of limited plasticity and between-individual behavioural differences in a lot of taxa [27—
31]. Which raises the question, why is selection not acting against suboptimal
behaviours? Several hypotheses, non-mutually exclusive, have been developed to
explain the maintenance of between-individual variation in behaviour (summarized in
Figure 2). For instance, mutation-selection balance could favour the maintenance of
genetic polymorphism [32]. Different personality types should co-exist due to a balance
between the production by mutation of new alleles (which affect a personality trait) and
the elimination (by natural selection) of those new alleles that do not bring the
personality trait to its optimum [33].

Also, frequency-dependent selection could facilitate the coexistence of different
behavioural types [34]. In the case of negative frequency dependent selection, different
behavioural phenotypes could coexist when the fithess payoffs of a given personality
type depends negatively on the frequency with which this personality type is spread in
the population [34]. However, frequency-dependent selection fails to explain why
animals are consistent in their behaviours [34]. Dall and colleagues [22] recently
suggested that several personality types can coexist when either the cost of flexibility
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is high, or the benefit of consistency is high. Being consistent could be advantageous
if it influences the behavioural responses of competitors in a way that will improve the
focal individual's fitness [22]. For instance, males who are highly aggressive when
competing for a resource could have an advantage in being predictable by signalling
to other individuals their aggressive tendencies. As a result, potential competitors will
be able to avoid costly fights with low prospects of winning [23].

Lastly, consistent between-individual differences in behaviour could be favoured
and maintained by life-history trade-offs, with individuals differing in their investment
into either current or future reproductive success [35,36]. For instance, we could expect
proactive individuals to be better at attracting mates, finding food and repelling
competitors but suffer from higher energy expenditure and an increased risk of
predation, resulting in higher annual reproductive success but lower probability of
surviving until the following reproductive season. Contrary, reactive individuals should
have lower annual reproductive success but benefit from increased longevity. Thus, in
the long run different behavioural phenotypes should contribute equally to the future
gene pool to become evolutionarily stable [37]. Empirical studies testing this
hypothesis have hinted towards the importance of personality as a component of life-
history strategies. For example, in the grey mouse lemurs (Microcebus murinus),
young males with low current but high expected future reproductive success are shyer
than older males with high current but lower expected future fitness [38].

Some of the hypotheses presented here, and in the previous section, explain
both the evolution and the maintenance of animal personality. More work is now
needed to disentangle the mechanisms behind the evolution and maintenance of

within-individual consistency and between-individual differences in behaviours.

Current state of knowledge

Despite the increasing number of studies showing the influence of personality traits on
reproductive success and survival over the past years, we still do not understand how
these behavioural differences between individuals arise in the first place, and how they
are maintained in animal populations. For example, we need more empirical data to
verify if personality types reflect behavioural strategies for coping with different
environmental conditions, and then to disentangle the causes and consequences of
non-random distribution of personality traits in the environment. We also need more

data to test the hypothesis that different behavioural phenotypes face different life-
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history trade-offs, but that resulting long-term fitness is equal. Specifically, the
relationship between personality traits and behaviours that are shaped by sexual
selection (such as mate choice, intra-sexual competition, and parental care) is poorly
understood. Long-term studies are required to understand the underlying mechanisms
explaining the evolution and maintenance of animal personalities. Since captive
individuals (compared to wild populations) are typically less repeatable in their
behaviours [39], future studies should focus on collecting long-term data from entire
wild populations.

Questions related to animal personality have mainly been studied in vertebrates,
and particularly in fish, mammals, and birds [40-45] (but see [46] for a study on
insects). However to date, amphibian personality remains largely unexplored [47,48].
Yet, because they undergo metamorphosis, amphibians are a particularly interesting
and suitable group to study how between-individual behavioural differences arise and
their link with physiology, morphology, or ecology [48]. In particular, when zooming into
the amphibian tree of life, Neotropical poison frogs (Dendrobatidae sensu
AmphibiaWeb [49]), feature behaviours with ideal prerequisites for within- and
between-individual variation in behaviour to arise, such as territoriality, elaborate
courtship behaviour, or complex parental care (e.g., [47,50-58]). Additionally, poison
frogs display notably diverse and often complex reproductive behaviours, which makes
them excellent systems to study the effects of personality on variation in reproductive
behaviour across various social and ecological contexts [54].

Thesis aims

Throughout my thesis, | aimed to improve our understanding of the evolutionary
mechanisms that shape and maintain between-individual variation in behaviour.
Specifically, | used a free-living population of the Neotropical poison frog Allobates femoralis
and investigated the distribution pattern of behaviour across the natural and social
environment. | also studied how different personality traits relate to behaviours that are
shaped by sexual selection, such as mate choice, intra-sexual competition, and parental
care, and how they ultimately impact an individual’s reproductive success (summarized in
Figure 3). To better understand the role of behavioural variation in the ecological and
evolutionary dynamics of populations, | used a combination of behavioural tests and fithess

measures on a closed free-living experimental population living on a river island.
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Figure 3. Summary of the aims of my thesis. The numbers refer to the chapters. In
chapter 1, | investigated the existence of personality traits in Allobates femoralis, and
the link between personality traits and plasticity in territory defence. In chapter 2, |
studied the distribution pattern of personality traits across the natural and social
environment. In chapter 3 | investigated how different personality traits relate to
behaviours that are shaped by sexual selection, and how they ultimately impact an
individual’s reproductive success. Additionally, in appendix 2, | present a paper where
a student (who | co-supervised) investigated whether individual androgen levels can
explain between-individual variation in behaviours.

Figure 5. Belly pattern from three different Allobates femoralis adult individuals.
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Study species

Throughout my thesis, | used the poison frog Allobates femoralis (Figure 4) as a model
species. The brilliant-thighed poison frog A. femoralis has a pan-Amazonian
distribution with isolated local populations. Both sexes are iteroparous and polygamous
within prolonged but discrete reproductive periods that coincide with the rainy seasons
[59]. During the reproductive season, males call from elevated structures on the forest
floor to attract females and to announce their territory to male competitors, towards
which they react aggressively when they enter the territory [60—62]. Females commute
from their resting sites to males’ territories, and pair formation, courtship and mating
take place in the male’s territory [63—67]. Externally fertilized terrestrial clutches of
approximately 20 eggs are laid in the leaf litter. Tadpole transport takes place after 15—
20 days of larval development (appendix 1) and is mainly performed by males. Males
transport the tadpoles to water bodies located up to 200 m outside their territories and
allocate tadpoles across several water bodies, probably as a bet-hedging strategy
against total offspring loss [68—71]. Tadpoles require 40-50 days until metamorphosis
and sexual maturity is reached after 8 (males) and 10 (females) months [63]. Annual
survival of adult A. femoralis is low, with only about 20% surviving from one
reproductive season to the next ([59], personal observations).

| expected to find consistent between-individual differences in behaviour in both
males and females. Specifically, | expected to find evidence of the existence of the
personality traits aggressiveness and boldness in males, because they display
territorial aggression and face trade-offs between calling to secure a mating partner
and exposure to predators [61]. Since females have never been observed in any kind
of aggressive interaction with neither conspecific males nor females, | did not expect
to find evidence for the existence of the personality trait aggressiveness and therefore
did not test for it. Contrary, boldness might matter for females if it helps them deal with
predators when they travel to males’ territories or when they are foraging. Finally, |
expected to find consistent between-individual differences in exploration in both sexes
because males transport tadpoles to natural pools and females commute to male
territories [65,68,70,72].

Male and female A. femoralis are distributed across the space in a non-random
fashion (i.e., with patches of higher and lower density) [65], which makes them very

good model to study distribution pattern of personality traits. In addition, each single

15



adult individual is recognizable by a unique belly pattern (Figure 5), which facilitates
the repetition of behavioural tests on the same individuals. Finally, A. femoralis is also
suitable to study how different personality traits relate to behaviours that are shaped
by sexual selection for several reasons. First, both males and females mate multiple
time with multiple partners and, second, reproductive success can be accurately
assessed by collecting tissue samples and using genetic parentage analysis to infer
parent-offspring relationships [59]. Males also show paternal care, and we can elicit
care (e.g., tadpole transport behaviour) by adding a tadpole on the back of a foster-
parent [73]. It is also possible to manipulate tadpole deposition sites, as individual

readily deposit in artificial pools that can be moved in space.
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Chapters overview

Chapter 1. Animal personality and individual plasticity in the Neotropical poison
frog Allobates femoralis

Manuscript 1: “Repeatable territorial aggression in a Neotropical poison froq”

In this study we investigated the existence of consistent between-individual variation
in aggressiveness measured in a territorial defence context. We conducted repeated,
standardized behavioural tests to assess levels of territorial aggression, using a
playback call mimicking a conspecific intruding the focal male’s territory. We expected
to find consistent between-individual differences in the latency to react to the playback
(e.g., latency to orientate and to jump towards the intruder), and in the speed to
approach the intruder. We found moderate repeatability in the behaviours measured
in a territorial defence context, therefore hinting towards the existence of the
personality trait “aggressiveness”.

This paper is published in Frontiers in Ecology and Evolution.

Manuscript 2: “Poison frogs show similar levels of plasticity during territory defence

reqardless of their personality”

In this study we investigated how the personality trait “aggressiveness” is linked to
plasticity in a territory defence context. We conducted repeated standardized territorial
intrusion experiments mimicking territory intruders of different body sizes via playback
calls broadcasted at different peak frequencies. In general, we expected individuals to
be more cautious towards larger intruders, but if a correlation between aggressiveness
and plasticity exists, we expected less aggressive males to be more responsive, and
adjust their response to intruders of different sizes, while more aggressive male frogs
should be unresponsive and rely on routines. We found repeatability in the behaviours
measured in a territorial defence context and showed that both aggressive and less
aggressive males decreased their level of aggressiveness towards big intruders.
However, we found no support for a correlation between personality and plasticity. We
further discuss how the existence of such a link could vary in time or between contexts.

This paper will be summited to Biology Letters.
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Chapter 2: Links between animal personality and environment

Manuscript 3: “Exploring links between personality traits and their social and non-social

environments in wild poison frogs”

In this study we investigated the existence of consistent between-individual variation
in “aggressiveness”, “exploration”, and “boldness” in A. femoralis male and female, and
how these personality traits are linked to the frogs’ natural and social environment. We
repeatedly measured several behaviours in a territorial defence context and in a Novel
Environment Test. We expected that the three personality traits would encompass the
behaviours measured in the tests. Additionally, we measured aspect of the natural and
social environment of each individual male (e.g., complexity of the vegetation
surrounding the territory, territory size, number of male and female neighbours). We
found evidence for the existence of the three personality traits, but we did not find a
relationship between individual behaviours and the natural environment. We did find a
plastic response of males to changes in female density, probably reflecting how
individuals cope with their socio-ecological environment.

This paper is published in Behavioral Ecology and Sociobiology.

Manuscript 4: “The link between animal personality and habitat selection in a

neotropical poison froq”

In this study, we investigated whether the choice of a territory by males is influenced
by their personality types. While the previous chapter did not find any link between
males’ personality traits and properties of their natural environment, fine scale
vegetation structures within the territories are likely to be important for the ecology of
the species. In a laboratory population, we measured the repeatability of behaviours
expressed in the home terrarium (i.e., “activity”) and in a Novel Environment Test (i.e.,
“exploration” and “boldness”). Additionally, we performed a two-choice test between
habitats of varying complexity in their fine scale vegetation structures. We expected
proactive individuals to occupy areas of low complexity where they are easier to spot
for females, while reactive individuals were expected to occupy areas of higher
complexity with more places to hide. We did not find an effect of personality types on
habitat choice. However, we showed that personality traits measured in a highly

standardized artificial setup indeed reflects behaviours expressed in a natural setup,
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which is particularly relevant as the use of artificial setups to measure personality has
been highly criticized.

This paper is in revision in Behavior.

Chapter 3: The interplay between animal personality and sexual selection

Manuscript 5: “Mate choice in a promiscuous poison froq”

In this study we investigated the existence of mate choice by female A. femoralis. While
it was previously thought that females do not make an active choice, the possibility of
an active preference for novel mating partners and/or for males with specific call
characteristics had not been tested. We performed a two-choice test in a laboratory
population and investigated female preference towards a previous partner and a novel
mate. We also recorded call characteristics of both males. We expected females to
prefer novel mating partners to attenuate negative effects of mating with single low-
guality mates, and males with specific call characteristics, as they likely reflect male
guality. We found that females preferred previous mating partners and also males with
shorter advertisement calls. Females likely recognized their previous mating partners
based on individual call characteristics. Overall, our study provides first evidence for
female mate choice in a poison frog with sequential polyandry and was a necessary
step to better understand how personality traits affect mate choice (manuscript 6).

This paper is published in Ethology.

Manuscript 6: “Opposing effects of personality traits on mating and cross-generational

reproductive success”

In this study we investigated the influence of the personality traits “boldness”,
“aggressiveness”, and “exploration” on mating success, reproductive performance,
and reproductive output in a free-ranging population using a combination of
behavioural tests and genetic parentage analysis. On the one hand, we expected more
aggressive and bolder males to obtain more mating partners and produce more
clutches. On the other hand, males showing these characteristics might be more likely
to accidentally attack females crossing their territory, resulting in a lower mating and
reproductive success. These individuals likely have a greater probability to encounter

predators while transporting tadpoles, resulting in a lower reproductive output

20



compared to less aggressive or shyer males. We further expected exploration to have
a different impact on males and females. Males who spend more time exploring,
instead of calling for females, should have less mating partners and reproductive
success. On the contrary, females who are more explorative should have an advantage
when looking for males territories, and thus have more mating partners and a higher
reproductive success. We found that personality traits had opposing effects on mating
and reproductive output of males and females, which could lead to the evolution of
different reproductive strategies.

This paper will be submitted to Ecology Letters.

Manuscript 7: “Odour cues rather than personality affect tadpole deposition in a poison
frog”

In this study, we investigated how external cues and personality traits influence the ability

of individual males to find and use new rearing sites (i.e., paternal care). To do so, we
used a combination of behavioural tests and genetic parentage analysis in a free-ranging
population. We expected that proactive individuals should find new rearing sites quicker
and use a higher number of different sites, or sites located farther away from their territory.
We also expected odour cues from tadpoles to influence the likelihood of detection of a
new rearing site. We did not find an effect of exploration or boldness on the discovery and
use of new rearing sites. However, we found a positive influence of the presence of odour
cues on the likelihood of deposition in a rearing site. We show that olfaction, together with
a well-developed spatial memory, might play a key role when exploring for new rearing
sites, and discuss the potential effect of activity on paternal care.

This paper will be submitted to Molecular Ecology.

Appendices

Appendix 1: “A comparative table for staging anuran embryos from terrestrial clutches

based on the Brilliant-thighed Poison Froq, Allobates femoralis (Anura: Dendrobatidae)”

With this study we present a detailed description of the developmental stages of embryos
and tadpoles of A. femoralis from oviposition to hatching, with comparison to their
respective Gosner stages.

This paper is in press in Herpetology notes.
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Appendix 2: “Personality is linked to differential testosterone modulation after

behavioural challenges in male poison frogs”

In this study we investigated whether individual's androgen level, and or their
modulation, can explain between-individual behavioural differences in
aggressiveness-, boldness- and exploration-related behaviours. We took repeated
non-invasive water-borne hormonal samples of individual males before and after a
series of behavioural tests assessing aggression, boldness, and exploratory
tendencies. We found repeatability in testosterone levels and found a positive
correlation between testosterone levels measured after behavioural testing and the
frogs’ exploratory tendency. We also show that individuals with low baseline
testosterone tended to have increased testosterone levels after behavioural testing,
while it was the opposite for individuals with high baseline testosterone level. Our
results hint towards a possible effect of individual’s androgen level on between-
individual behavioural differences.

This paper will be submitted to Hormones and Behaviour.

All manuscripts are presented in the style of the journal they are published in/will be submitted to.
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Abstract

Intra-specific aggressive interactions play a prominent role in the life of many animals.
While studies have found evidence for repeatability in boldness, activity, and
exploration in amphibians, we know relatively little about consistent among-individual
variation in aggressiveness, despite its importance for male-male competition and
territoriality. Amphibians, and Neotropical poison frogs (Dendrobatidae) in particular,
are highly suitable for investigating among-individual variation in aggressiveness, as
most species exhibit strong territoriality in at least one of the sexes. In the present
study, we aimed to fill this gap in knowledge, by investigating within- and between-
individual variation in territorial aggression in a semi-natural population of the
Neotropical poison frog Allobates femoralis (Dendrobatidae) in French Guiana. We
conducted repeated, standardized behavioral tests to assess if the level of territorial
aggression is consistent within and different between individuals. Further, we tested a
possible link between body size and level of territorial aggression. We found moderate
repeatability in territorial aggressiveness, but no link to age and/or body size. In
conclusion, our study represents the first documentation of repeatable aggressive

behavior in a territorial context in amphibians.

Keywords

territoriality, aggression, animal personality, poison frogs, Allobates femoralis
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Introduction

An increasing number of studies have investigated within-individual consistency and
between individual variation of behavior over time and across contexts, termed animal
personality (Réale et al., 2007; Dingemanse et al., 2010; Zidar et al., 2017; Goursot et
al., 2019). Animal personality is typically characterized along five main axes, including
activity, aggressiveness, boldness/shyness, exploration/avoidance, and sociability
(Réale et al., 2007). These axes constitute behavioral traits that affect multiple
behaviors of an organism in specific contexts. Theoretical models and empirical
research have shown that behavioral differences, along any axis, can affect individual
fitness through their effects on survival and mating success (Sih et al., 2004a,b; Smith
and Blumstein, 2008; Amy et al., 2010; Réale and Dingemanse, 2010; Sih et al., 2012;
Wolf and Weissing, 2012).

Several studies recently highlighted that frogs, toads, newts, and salamanders
display repeatable behaviors along at least three personality axes: boldness, activity,
and exploration (reviewed in Kelleher et al., 2018). Interestingly, no study to date has
focused on the aggressiveness axis in amphibians, despite its importance for male-
male competition and territoriality. This might be due to the focus so far being on
aquatic species and/or species from temperate regions that commonly do not establish
territories. However, aggressiveness is common in many amphibians where males
defend and fight over resources or territories (Mathis et al., 1995; Wells, 2007; Dyson
et al.,, 2013).This behavior is particularly well-known in Neotropical poison frogs
(Dendrobatidae, sensu AmphibiaWeb, 2021) who offer ideal prerequisites to study
within- and between-individual variation in aggressive behavior (e.g., Duellman, 1966;
Summers and Amos, 1997; Summers, 2000; Gardner and Graves, 2005; Poelman and
Dicke, 2008; Galeano and Harms, 2016; Gonzéales-Santoroet al., 2021; for a review
see Prohl, 2005).

Here, we use the Brilliant-Thighed Poison Frog Allobates femoralis
(Aromobatinae) to investigate within- and between-individual variation in male
aggressiveness in the context of territorial defense. This species occurs across the
Amazon Basin and Guiana Shield in local disjunct populations. Males are highly
territorial during the reproductive season and announce their territory to male
competitors and female mating partners via a prominent advertisement call

broadcasted from elevated structures like fallen branches or logs (Hodl et al., 2004).
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Females are not territorial but display site fidelity to perches from where they travel to
male territories for courtship and mating (Ringler et al., 2012; Fischer et al., 2020).
Territorial males approach and aggressively repel calling conspecifics that intrude into
their territory, as territory possession is a prerequisite for male mating success in A.
femoralis (Narins et al., 2003; Montanarin et al., 2011; Ringler et al., 2011; Ursprung
et al., 2011a; Stickler et al., 2019).

Although featuring individually distinct calls (Gasser et al., 2009), territorial A.
femoralis have been shown to react aggressively to familiar neighbors and strangers
in playback experiments, probably because during the reproductive season territory
intrusions by either neighbors or strangers are equally threatening to the territory holder
(Tumulty et al., 2018). A recent study further found that younger individuals were more
likely to attack a non-threatening model (i.e., mimicking a female or a non-calling male)
during acoustic playback than older, more experienced frogs, indicating the importance
of experience and learning for identifying and distinguishing potential mating partners
from rivaling individuals (Sonnleitner et al., 2020). Given that territorial advertisement
and defense are costly in terms of energy expenditure and risks of predator exposure
(Ryan et al., 1983; Taigen and Wells, 1985; Pough and Taigen, 1990; Wells, 2007,
Dyson et al., 2013), we expect that the corresponding costs-benefits trade-off should
lead to the emergence of the personality trait “aggressiveness” in males. Males
featuring high levels of aggressiveness might be better at defending their territory, but
might suffer from increased energy expenditure, risk of injury or predation. Males that
show lower levels of aggression might in turn benefit from higher survival chances until
the next season. Accordingly, we would expect to observe within-individual
consistency and between-individual differences in aggressive responses to acoustic

playbacks mimicking a territory intruder.

Methods

Ethical note

This study was approved by the scientific committee of the “Nouragues Ecological
Research Station” and the ethics board of the University of Veterinary Medicine
Vienna. Behavioral experiments were conducted in strict accordance with current
French and EU law, following the Study of Animal Behaviour (ASAB) guidelines ASAB
(2020). Permissions for working and sampling were provided by the CNRS Guyane
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(“Centre National de la Recherche Scientifique Guyane”), and by the “Ministére de la
Transition Ecologique et Solidaire” (permit number: TREL2002508S/303).

Study Population and Area

The study was conducted in a free-living population of A. femoralis, located on a ~5 ha
river island in the vicinity of the field camp “Saut Pararé” of the CNRS Nouragues
Ecological Research Station (4°02° N, 52°41'W; WGS84), within the nature reserve
“Les Nouragues” in French Guiana (Bongers et al., 2001; Ringler et al., 2016). The
population was established in 2012 by introducing 1,800 tadpoles to the island, where
A. femoralis had not occurred previously (Ringler et al., 2014). Since then, a stable
adult population of about 150 individuals has established, and detailed information
about genetic relatedness, body size and age of all individuals is available from a long-
term monitoring of the island population.

We conducted daily surveys of individuals in the study population to assess and
monitor their distribution and movements. Every frog was photographed on scale paper
from its dorsal- and ventral-side for later individual identification and assessment of
body size. We recorded the exact location, sex, picture numbers, and current activity
of each frog on a high-resolution background map of the island (Ringler et al., 2016),
using tablet PCs (WinTab 9, Odys, Willich, Germany) and the mobile GIS software
ArcPad 10.2 (ESRI, Redlands, CA, United States). Individuals were sexed based on
the presence (males) or absence (females) of vocal sacs. For individual identification,
we compared the pictures of the individually unique ventral patterns using the pattern
matching software Wild-ID (Bolger et al., 2012). To assess individual body sizes, we
measured snout-urostyle length with the aid of a scale paper using the software ImageJ
(Rasband, 1997-2021).

Quantification of Aggressive Behavior

For the present study, we measured the level of aggressiveness as the agonistic
response of an individual toward a simulated conspecific male entering its territory
(Reéale et al., 2007). During agonistic encounters, male A. femoralis typically orientate
their head/body, jump toward the intruder and wrestle (Hodl, 1987; Narins et al., 2003).
We simulated a territory intruder by broadcasting a standardized synthetic

advertisement call from a loudspeaker with an integrated music player (MUVO 2c,
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Creative, Singapore) positioned 2 m from and facing the focal male (Figure 1). A twig
from the forest floor was positioned 20 cm in front of the speaker as a perimeter marker
for a successful approach to the speaker. After placing the speaker, we waited 2 min
before starting the playback to take a suitable position to conduct the trial. The
synthetic call featured the average spectral and temporal parameters of another free-
ranging population of A. femoralis in French Guiana based on recordings by Gasser et
al. (2009); for a detailed description see Ursprung et al. (2009) and Ringler et al.
(2017). The playback contained 25 bouts of 10 calls each, with equally long interbout-
intervals, totaling a duration of 6 min 42 s, and was presented from WAV-files (16-bit,
44.1 kHz). We calibrated the speaker once per week with a sound pressure meter (SL-
100, Voltcraft, Hirschau, Germany) to produce the playback signal at a sound-pressure
level (SPL) of at least 69 dB (re 20 mPa; A, fast) at a 2 m distance, which lies within
the range of natural variation in this species and considered to be the minimum
threshold for eliciting a positive phonotactic response in A. femoralis (HodI, 1987).

During the playback, the experimenter stayed approximately 2 m behind the
speaker and documented the movements of the focal male using a voice recorder
(ICD-PX240, Sony, Tokyo). We recorded the following behaviors during the trial: first
head-body orientation (“head”), first jump toward the speaker (‘jump”), and when the
frog crossed within 20 cm of the speaker (“finish”). Trials were scored as successful
when either the frog came within 20 cm of the speaker or when the playback signal
ended. We scored trials as unsuccessful and excluded from the analyses when the
focal male began calling during the playback, as this can be interpreted as the
intruder/speaker being outside of the defended area of the male’s territory (Ringler et
al., 2011). Both behaviors, antiphonal calling as well as phonotactic approach, can be
interpreted as “aggressive” territorial behaviors, but in our experiment we only focused
on the phonotactic response as a measure of territorial aggression.

After the trials we captured the focal frog and took ventral and dorsal images for
identification. To account for local variation in sound transmission, we then measured
the SPL of the playback stimulus at the initial location of the focal frog, with the speaker
in the same location as for the trial. We successfully tested 32 individual males, and
replicated tests four times, with a minimum of 7 days between two consecutive trials to
minimize habituation effects to the experimental setup.

From the audio recordings we then extracted the latencies from the start of the

playback until the first head-body orientation, until the first jump, and until the arrival
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within 20 cm of the speaker using the software Audacity 2.2.1 (AudacityTeam, 1999-
2017). We further determined the approach speed over 1.8 m from the time between
the first jump and the arrival within 20 cm of the speaker (cf. Figure 1). Individuals who
did not react to the speaker were not given a threshold value to avoid right or left

censoring.

Statistical Analysis

All statistical analyses were conducted in R v3.6.0 (R CoreTeam, 2020) using the
integrated development environment RStudio v1.3.1093 (R Studio Team, 2019). To
investigate the prevalence of an aggressiveness personality trait in A. femoralis, we
calculated the adjusted repeatability of the measured behaviors, as the proportion of
phenotypic variation that can be attributed to between-subject variation (Nakagawa
and Schielzeth, 2010).

First, we transformed the data that deviated from normality. We used the
function “transformTukey” to apply a constant transformation on the latency until the
first head-body orientation, until the first jump, until arrival to the speaker and on the
speed to reach the speaker. We calculated repeatability from four linear mixed effect
models with the function Imer in the Ime4 package (Bates et al., 2016), each with one
of the transformed behaviors as the response variable. A behavior was considered as
repeatable when the 95% confidence intervals did not overlap zero. For each model,
we included the SPL, but also the trial number, and the individual size as fixed effects,
to account for habituation and effect of body size on aggressive responses. Previous
studies have shown that age influences the accuracy of aggressive responses in A.
femoralis, and that body size is positively correlated to age (Ursprung et al., 2011b;
Sonnleitner et al., 2020). In all models ID was included as random effect to account for
repeated measurements. We inspected model residuals for normal distribution using
diagnostic qgplots. Finally, we calculated the confidence interval using the function
“confint.” The model featuring the latency until the first jump failed to converge with all

possible optimizers, and therefore is excluded from our analysis.
Results

Males took on average 27.2 s (+ 70.6 SD) to orientate their body toward the speaker
and 43.8 s (+ 85.8 SD) to first jump toward the speaker. They took 85.5 s (+ 47.3 SD)
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Table 1. Mixed effect model results. The estimates, standard-error and p-values are

presented. Significant results (p-value < 0.05) are written in bold.

Latency until head-body

Latency to reach the

Speed to reach the

orientation speaker speaker

Fixed effects (EstimatezSE | p-value)
(Intercept) |-0.39+0.45 1.46+0.23 <0.01 |-1.02+0.42 0.015
trial 0.01+0.01 -0.01+£0.01 0.028 |0.02+0.01 0.016
size 0.13+0.13 0.03+0.07 0.667 |-0.03+£0.13 0.809
dB -0.00£0.00 -0.00£0.00 0.304 |0.00+0.00 0.186
Random effects (Estimate+SD)
ID 0.00+0.03 0.00+0.03 0.00+0.06
residual 0.02+0.13 0.00+0.05 0.01+0.08

)) o= >

20 cm i
loudspeaker twig focal male

Figure 1. Experimental setup to assess individual aggressiveness of territorial A.

femoralis males.
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on average to reach the speaker, with a mean speed of 3.8 cm s (+ 2.4 SD).

We found that phonotactic approach speed of A. femoralis males was
repeatable (R = 0.37, 95% CI = 0.22-0.45). When looking at the measurements, a
highly repeatable behavior would show low within-individual variability but high
between individual differences. In our case, individuals were indeed rather consistent
in their speed, while between-individual variation was large (Figure 2). However, we
did not find evidence for repeatability in the latency to perform a head-body orientation
or the latency to arrive at the speaker (respectively, R = 0.07, 95%CIl = 0-0.18 and R
= 0.23, 95% CI = 0-0.33). Individuals were highly variable in the time they took to
perform a head-body orientation, resulting in low among-individual variation and low
within-individual consistency and therefore low repeatability (Figure 2). Conversely,
individuals were more consistent in the time they took to reach the speaker, but
between-individual variation was still low, resulting in a low repeatability (Figure 2).
Finally, we observed that individuals reached the speaker quicker in the last compared
to the first trial (Table 1, p = 0.028 and p = 0.016). Body size and SPL were not related

to any behavioral measurement (Table 1).

Discussion

We designed a standardized in situ experiment to collect data on the agonistic
response of an individual toward a simulated conspecific intruding its territory, to
evaluate its applicability for population-wide studies on animal personality in terrestrial
anurans. Despite the small sample size in this study, we found repeatable differences
among individuals in the speed to reach the speaker, suggesting the existence of
personality along the aggressiveness axis in A. femoralis. These values lie in the range
of average repeatability scores previously reported in behavioral studies in amphibians
(R =0.24-0.39; Brodin et al., 2013; Carlson and Langkilde, 2013; Urszan et al., 2015;
Kelleher et al., 2017), and our choice of not censoring the data might have resulted in
rather conservative estimates of repeatability.

In A. femoralis, high levels of aggression could entice an individual to react
fiercer toward a conspecific intruding its territory or help a male to take over another
territory. This is particularly relevant because the possession of a territory by a male is
a prerequisite for reproductive success (Ursprung et al., 2011a). Aggressive individuals

will, however, probably be more likely to engage in energetically costly and potentially
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Figure 2. Latency to first head-body orientation, latency to arrive at the speaker and speed to arrive at the speaker for each of the 32
individual males. All variables have been transformed using a constant transformation. Males are ordered by median. For each
individual, the four dots represent the results of each of the four trials in which the individual reacted to the speaker, while the horizontal
bold line represents the median across these four trials. The upper and lower horizontal lines delimiting the boxes represent the first

and third quatrtiles.
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physically harmful fights. Future studies should investigate if levels of aggressiveness
are ultimately linked to the chance of winning or losing a territorial conflict, and also
how this is related to individual fitness.

We did not find that the initial latency to respond to a conspecific intruder was
repeatable. We see two possible explanations for this result: First, the lack of
repeatability could be due to local variation in habitat complexity (i.e., vegetation
density, leaf litter, and perch height) at the specific location where each respective trial
was performed. Indeed, spectral degradation and reverberation have been found as
important cues for acoustic distance assessment in A. femoralis (Ringler et al., 2017).
Secondly, the absence of repeatability for the latency to respond to a conspecific
intruder could be the result of a cost-benefit trade-off of aggressive responses to
intruders. The latency to respond to an intruder might contain two discrete behaviors:
an evaluation of the circumstances (i.e., own breeding status, known neighbors, etc.)
and the decision, based on evaluated risks and benefits, of whether to make an
aggressive approach. Once the decision to approach is taken, the individual level of
aggressiveness takes over and drives the speed to approach the conspecific intruder,
therefore leading to repeatable results throughout trials. Future studies should
investigate how the different behaviors emitted in a given context are structured into
one or several functional units (i.e., personality traits) using structural equation
modeling (Araya-Ajoy and Dingemanse, 2014).

Simulating a territory intruder by broadcasting a standardized call proved to be
a powerful tool to repeatedly measure aggressive response of male A. femoralis.
Phonotactic experiments with simulated advertisement calls of conspecifics are a very
common method to study anuran behavior, for example to measure territory borders
of territorial amphibians (Narins et al., 2003; Rojas et al., 2006; Ringler et al., 2011),
female preferences for male call traits (Tarano and Herrera, 2003; Akre and Ryan,
2010), or acoustic properties for species discrimination (Schwartz, 1987; Bee et al.,
2001). However, such playback experiments had never been applied to assess
repeatability of aggressive responses in individual territory holders. In the present
study we used the same playback for all trials to assess individual consistency of
territorial aggression in the same context. Future studies should use a random set of
advertisement calls featuring a range of different spectral and temporal acoustic
parameters to better assess aggressive responses across contexts.

While animal personality has been broadly documented in mammals, birds, fish
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and even invertebrates (e.g., Bell, 2005; Dochtermann and Jenkins, 2007; Tremmel
and Miiller, 2013; Zidar et al., 2017; Goursot et al., 2019), unfortunately we only have
limited knowledge about within and between-individual behavioral variation in
amphibians (but see Kelleher et al., 2018).This is surprising, as amphibians might
provide key insights on the evolution of animal personality and its link to physiology,
morphology and ecology, as they face extreme shifts in their ecological niche when
they undergo metamorphosis (Wilson and Krause, 2012). Also many amphibians are
territorial and vigorously defend their territories against conspecific intruders (Wells,
2007), offering ample opportunities to investigate the link between male-male
competition and individual fithess. The present study is the first to investigate the
prevalence of repeatable among-individual differences in territorial aggressiveness in

free ranging terrestrial neotropical anurans.
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Abstract

Personality traits, or consistent between-individual differences in behaviour, can be
related to an individual's degree of plasticity. In such cases, individuals displaying
certain personality type will rely on routines (i.e., ‘unresponsive’ individuals), while
others will be more responsive to environmental cues. Since personality traits and
plasticity can affect male-male competition, integrating both can help better understand
the complexity of aggressive contexts. Here, we used a free-ranging population of the
Neotropical poison frog Allobates femoralis to investigate how territorial aggression is
linked to plasticity. Males are highly territorial and display aggressive behaviours
towards conspecifics intruding their territory. We conducted repeated standardized
territorial intrusion experiments mimicking territory intruders of different body sizes via
playback calls broadcasted at different peak frequencies. We found repeatability for
the latency to reach and approach an intruder (the loudspeaker), and observed that
both aggressive and less aggressive males decreased their level of aggression
towards big intruders. However, more aggressive individuals were restricted in how
much they could lower their level of aggression. While such a restriction might be
associated with a link between personality and plasticity, we found no support for a

correlation in the context of male territory defence during the breeding season.
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Introduction

Between-individual differences in behaviour that are consistent across time and/or
context -also termed ‘animal personality’- have been documented in a wide variety of
animal taxa [1-5]. While animal personality typically implies limited plasticity, it does
not entirely preclude the existence of plasticity [6,7]. Indeed, an individual’s average
level of a behaviour can be correlated to its degree of plasticity in that behaviour [8—
11]. In such cases, some individuals will function better under stable conditions and
rely on routines (i.e., ‘unresponsive’ individuals), and others will be more responsive to
environmental cues [10,11]. For instance, in mice (Mus musculus domesticus), less
aggressive individuals adjust their level of aggression according to social context while
highly aggressive individuals are more rigid [12].

Animal personality matters in terms of reproduction and survival by, for example,
affecting male-male competition, dispersal, or foraging efficiency [13—15]. In particular,
aggressiveness plays an important role in territorial species in which more aggressive
individuals are often more successful in acquiring and/or defending a territory, but more
at risk of engaging in potentially harmful fights [16]. Integrating both animal personality
and plasticity could help understand more comprehensively the complexity of
aggressive decisions during male-male competition.

Neotropical poison frogs (Dendrobatidae, sensu [17]) show particularly
prominent territory defence behaviour which can be easily provoked in the wild.
Allobates femoralis is a poison frog which acoustically establishes multi-purpose
territories during the prolonged breeding season [18-21]. Individual males’
reproductive success is directly linked to their ability to hold a territory [21], and
importantly, individuals show consistent differences in their level of territorial
aggression (referring to the personality trait ‘aggressiveness’ [22]). Furthermore, call
peak frequency is negatively correlated with body size in A. femoralis, so that bigger
individuals produce calls with lower frequencies [23].

In this study, we conducted repeated standardized territorial intrusion
experiments to investigate how territorial aggression is linked to plasticity in A.
femoralis by mimicking territory intruders of different body sizes via playback calls
broadcasted at different peak frequencies. In general, we expected individuals to be
more cautious towards larger intruders. However, if personality is correlated to

plasticity in A. femoralis, we expected less aggressive males to be more responsive,
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and adjust their response to intruders of different sizes, while more aggressive male
frogs should be unresponsive and rely on routines, by showing similar levels of

aggression regardless of intruder size.

Methods
Ethical note

This study was approved by the scientific committee of the “Nouragues Ecological
Research Station”. Sampling for this study was conducted in strict accordance with
current French and EU law and followed the (ASAB 2020) guidelines on the treatment
of study animals. Working and tissue sampling permissions were provided by the
CNRS Guyane (“Centre National de la Recherche Scientifique Guyane”), by the
“‘Ministere  de la transition ecologique et solidaire” (permit number:
TREL2002508S/303), and the Secretariat of the Convention on Biological Diversity
(APA declaration: TREL1734890A/34).

Study site

We used an experimental population of A. femoralis on a small (~ 5 ha) river island
(4°02' N 52°41" W; [24]) located within a lowland tropical rainforest in the Nouragues
Nature Reserve, French Guiana. We carried out the study between April-May 2022
corresponding with the reproductive period of the species and performed all tests
during the main peak calling activity, between 1400-1900 h.

Territorial defence test

In order to assess individual aggressiveness and plasticity, we used acoustic
playbacks (5 min in length) of advertisement calls simulating an intruder to induce
territorial defence behaviour in the territory holder (i.e. the focal male) [19,25].
Advertisement calls consist of four notes each sweeping up in frequency and range
between 2.5-4.1 kHz (centre frequency 3.4 kHz) [26,27]. Territory holders typically
respond to calling intruders by orientating their head/body towards the intruder,
jumping towards the intruder, and sometimes wrestling with the intruder
[19,25,26,28,29].

We used a music player with integrated loudspeaker (MUVO 2c, Creative,

Singapore) for playbacks. We centred the loudspeaker on top of a black PVC disc
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(radius = 15 cm) that was positioned at a distance of 2 m (measured with a laser
rangefinder, DLE 50, Bosch, Stuttgart, Germany) from a focal male facing it. The
experimenter stood an additional meter behind the setup and recorded the behaviours
performed by the focal male (head-body orientation, jump, touching the disc with at
least one part of the body) using a digital voice recorder (ICD-PX333, Sony, Tokyo,
Japan). Each focal male was given 30s acclimation time to resume normal behaviour
after installation of the setup. We ended the trial when the focal male touched the disc
or when the playback ended. If the focal male called during the experiment, we
excluded the trial from our analysis because focal males only call in response to
playbacks if the speaker is outside the defended area (cf. [19]).

To assess base levels of aggressiveness, we first repeatedly presented one of
seven synthetic calls (chosen randomly) mimicking an ‘average size intruder’. The
synthetic calls featured the spectral and temporal parameters of a nearby natural
population (peak frequency 3.4 kHz + 378 Hz SD), and varied in their inter-note and
inter-call intervals [26,27]). We then assessed individual responses to a synthetic low
and a high frequency call mimicking a ‘big’ and a ‘small’ intruder, respectively. These
two calls had similar features as those used in the base aggressiveness test, but we
changed the peak frequency by +3 standard deviations (SD) (representing a change
of 10.97 %). All playbacks were presented from the original WAV-files (16-bit, 44.1
kHz) with the same volume setting. Because sound can be reflected and/or distorted
by the dense vegetation within the forest, we ensured that the received sound pressure
level (‘'SPL’) was above 56 dB in all trials by measuring SPL (in dB) in each trial using
a sound pressure meter (SL-100, Voltcraft, Hirschau, Germany). Previous work
demonstrated that a minimum of 56 dB are necessary to elicit a behavioural response
in territorial males [30].

Data collection

Audio file names from the digital voice recordings were blinded. We extracted the
latency until the first head-body orientation (in sec), until the first jump (in sec), and the
speed to reach the speaker (in cm/s). A previous study performed on the same
population has shown that the latency until the first head-body orientation, the latency
until the first jump, and the speed to reach the intruder are repeatable, and that the
personality trait aggressiveness can be derived from the covariance between these
behaviours [22]. We assigned a censored value of O cm/s for the speed of males who
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did not reach the speaker. We also assigned a censored latency value of 300 sec (5
min = total duration of each trial) to males who did not perform a head-body orientation

or a jump.

Statistical analyses

First, we confirmed that male A. femoralis showed consistent between-individual
differences in the behaviours expressed during a territorial defence test. To this end,
we estimated the repeatability of each behaviour (i.e., latency until head-body
orientation and until first jump, speed to reach the speaker) using the ‘rptR’ package
[31]. We log-transformed the response variables to fit a normal distribution and
considered behaviours to be repeatable if the 95% confidence interval (Cl) did not
overlap zero.

To investigate if focal males adjusted their behavioural responses across
contexts: encountering an average size, big and small intruder, we performed a
random regression analysis [32] and fitted three models: for the (1) latency until head-
body orientation, (2) latency until the first jump and (3) speed to reach the speaker
(response variables). ‘Treatment’ (average, small or big intruder) was included as a
fixed effect [32]. Again, response variables were log-transformed to fit a normal
distribution. For each response variable, we compared a random intercept (individual
identity) model to a random intercept and slope model (intercept: individual identity,
slope: ‘treatment’). We used a Bayesian approach [33] and fitted the models using the
package ‘brms’ [34]. We compared model fit using the widely applicable information
criterion (WAIC [35]) and selected the best fitting model, with smaller values indicating
higher parsimony [32,36]. For all models we used an uninformative prior and ran two
Markov chains with 3,000 iterations each and a burn-in of 500. We selected every 2nd
posterior parameter sample after the initial burn-in [32]. We present estimates and
confidence intervals generated from the best fitting models. We made sure that our
models converged by ensuring that Rhat parameters were close to 1 [32]. All statistical

analyses were performed in R v3.6.0 [37].
Results

We repeatedly tested 64 males with a playback mimicking an average size intruder

resulting in a total of 199 trials (mean + SD = 3.11 £ 1.24 repetitions per individual). Of
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those 64 males, 34 were also tested with a playback simulating a small and a big
intruder. On average, consecutive trials with the same individual were 5.36 + 4.59 SD
days apart, and the minimum amount of time between two trials was 24 h [22]. Both
the latency until the first head-body orientation and the latency until the first jump had
a repeatability of R = 0.18 (first head-body orientation: p < 0.001, 95%CI = 0.06 - 0.30;
first jump: p < 0.001, 95%CI = 0.05 - 0.29). The speed to reach the speaker had a
repeatability of R = 0.30 (p < 0.001, 95%CI = 0.15 - 0.43).

In all cases, the simpler model including only a random intercept fitted the data
best (model (1) for the latency until head-body orientation: AWAIC = 1.79, model (2)
for the latency until the first jump: AWAIC = 0.48, model (3) for the speed to reach the
speaker AWAIC = 0.65), suggesting that plasticity was equal across the three
treatments. We only found moderate evidence for an effect of treatment on the latency
to orientate, as confidence intervals slightly overlapped zero. Overall, individuals were
slower to turn towards a big intruder (95%CI = -0.06, 0.93). We also found significant
evidence that treatment affected the latency to jump towards and the speed to
approach an intruder, as individuals were slower to jump towards (95%CI = 0.10, 1.15)
and approach (95%CI = -4.49, -0.02) a big intruder (Table 1, Figure 1). Individuals did
not differ in their behavioural responses towards a small and an average sized intruder
(Table 1, Figure 1).

Discussion

In this study, we used a wild population of the Neotropical poison frog Allobates
femoralis to investigate whether personality is correlated to the degree of plasticity in
male territorial defence behaviour. We found repeatability for the latency to approach
and reach an average size intruder. We also observed that both aggressive and less
aggressive males plastically adjusted their reaction to differently sized intruders, by
decreasing their level of aggressiveness towards big intruders.

In A. femoralis, male reproductive success is directly linked to territory
ownership [21]. Loss of a territory to a rival male would result in complete loss of
reproduction with little chance to reproduce in the following season because only about
20% of all adults survive until the next reproductive season [21]. Thus, plasticity in the
level of aggression should provide an advantage in maintaining territory ownership and

avoiding costly fights. Yet, we observed a consistent difference in the responses
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Table 1. Results of the Bayesian random regression models fitted with a random intercept (for

the individual). Estimates and confidence intervals (I-95% and u-95%) are presented. The

response variables are log-transformed. Significant confidence intervals (i.e., non-overlapping

zero) are written in bold.

Response Estimate  Co0T'0°  195%  u-95%
Group-Level Effects (ID):
sd(intercept) 0.73 0.15 0.46 1.04
Population-Level Effects:
Latency to intercept 1.86 0.17 1.54 2.19
orientate high frequency call 0.04 0.25 -0.46  0.53
low frequency call 0.43 0.25 -0.06 0.93
Family specific parameters:
sigma 1.32 0.07 1.19 1.48
Group-Level Effects (ID):
sd(intercept) 0.80 0.15 0.43 1.04
Population-Level Effects:
Latency to |intercept 2.64 0.18 2.30 2.99
jump high frequency call -0.01 0.28 -0.54 0.54
low frequency call 0.62 0.27 0.10 1.15
Family specific parameters:
sigma 1.41 0.08 1.27 1.57
Group-Level Effects (ID):
sd(intercept) 4.32 0.70 3.08 5.87
Population-Level Effects:
intercept -4.40 0.91 -6.17 -2.59
Speed .
high frequency call -0.20 1.12 -2.33 1.97
low frequency call -2.20 1.13 -4.49  -0.02
Family specific parameters:
sigma 5.91 0.32 5.33 6.59
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Figure 1. Individual latency to orientate, latency to jump and speed to approach an

average size intruder (average frequency call), a small intruder (high frequency call)

and a big intruder (low frequency call). For each variable the left panel presents the

prediction lines assuming males adjust their behaviour equally between the three

treatments (random intercept), and the right panel presents the prediction lines

assuming males differ in the extent to which they adjust their behaviour between the

three treatments (random intercept and slope). Each line represents a different

individual. The three response variables are log transformed.
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towards large intruders between more and less aggressive males. When faced with a
bigger intruder, more aggressive males decreased their level of aggression but not to
the point it would match the level of less aggressive individuals. While plasticity is
advantageous in territorial defence in A. femoralis, more aggressive males are either
not capable of fully adjusting their behaviour — for instance due to a correlation between
personality and plasticity — or choose not to because the benefits of minimising the risk
of a fight might not outweigh the costs linked to plasticity [38]. However, we found no
support for a correlation between personality and plasticity in our data. Individuals
showed differences in defence behaviour (i.e., personality) and plasticity, but did not
adjust their reaction to differently sized intruders depending on their personality.

The existence of a link between personality and plasticity might be conditional
on the costs and benefits such a link would bring in a given context. A correlation might
be adaptive in one context but disadvantageous in another. For instance, male song
sparrows (Melospiza melodia) respond more intensely to strangers than to neighbours
when their mate is not fertile, but respond similarly to neighbours and strangers when
their mates is fertile [39]. In A. femoralis, territories are only maintained during the
breeding season [18], but in species maintaining year-round territories with specific
mating seasons (e.g., the spotted antbird, Hylophylax n. naevioides), we could expect
a correlation between personality and plasticity during the non-fertile period, when
fithess expectations are lower. Less aggressive males should be more flexible (e.qg.,
not responding to their neighbours and only responding lightly against strangers), while
more aggressive males should be more rigid and be less efficient in differentiating
between neighbours and strangers. In A. femoralis, future studies should investigate
whether a correlation between personality and plasticity exists with other personality
traits, and /or in periods when fitness expectations are not as high as in the middle of
the breeding season.

Lastly, we found repeatability of aggressive behaviours in a range consistent
with what has been shown in A. femoralis previously and in other personality studies
on amphibians [22,40-43]. Our results show that some individuals reacted more
quickly to conspecific intruding their territory, while other individuals responded more
passively. While being constantly highly aggressive might provide an advantage in
repelling competitors, it also means that individuals will likely engage more often in
potentially harmful fights. Contrary, less aggressive individuals might be at risk of losing

their territory to competitors but benefit in an increased survival.
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Now that we have more sophisticated statistical analysis tools available we are
able to disentangle personality and plasticity. We want to encourage more studies
aiming to investigate this link in a range of species and contexts in the future, improving
our understanding of when it pays off to be plastic and when it is better to be consistent.
Species with distinct life phases, such as amphibians, are particularly good models to
study the temporal variation and context specificity of the correlation between
personality traits and plasticity. Individuals face different challenges and exploit
different habitats across their life, and consequently, a correlation could emerge across
certain life phases.
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Abstract

An animal’'s behavioral phenotype comprises several traits, which are hierarchically
structured in functional units. This is manifested in measured behaviors often being
correlated, partly reflecting the need of a coordinated functional response.
Unfortunately, we still have limited understanding whether consistent differences in
animal behaviors are due to underlying physiological constraints or a result of plastic
adaptation to their current environment. Therefore, characterizing the spatial
distribution of behaviors can provide important insights into causes and consequences
of behavioral variation. In the present study, we quantified behaviors in a wild, free
ranging population of the Neotropical frog Allobates femoralis. We investigated how
these behaviors were linked to the frogs’ natural and social environment and quantified
the extent to which these behaviors consistently differed among individuals (i.e., animal
personality). We assessed levels of aggressiveness, exploration, and boldness by
measuring several underlying behaviors expressed in a set of experimental assays,
and found evidence for consistent among-individual differences along these axes.
Contrary to our expectation, there was no relationship between individual behaviors
and their natural environment, but we found a plastic response of males to changes in
female density, which might reflect how individuals cope with their socio-ecological

environment.
Keywords

behavioral variation, animal personality, poison frogs, non-random distribution,

environment
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Introduction

Behavioral variation is ubiquitous in nature. Behaviors may vary considerably among
species; and within species, we find variation both among and within individuals.
Behavioral variation at all of these levels plays a major role in reproduction and
survival, for example affecting the risk of being detected and caught by predators,
likelihood of dispersal, foraging efficiency, and/or the attractiveness to mating partners
(Pigliucci 2005; Réale and Dingemanse 2010; Sih et al. 2012). This variation can occur
in the form of consistent among-individual differences in behavior, referred to as animal
personality, which has been documented in many animal taxa (Bell 2005;
Dochtermann and Jenkins 2007; Tremmel and Mdller 2013; Zidar et al. 2017; Goursot
et al. 2019). Animal personality, however, does not preclude the existence of individual
plasticity (Dingemanse et al. 2010), and we need to take into consideration both
sources of variation when thinking about adaptive significance of behavioral variation
in animals.

Five main personality traits are generally characterized in animals along the
following axes: active/passive, aggressive/docile, bold/shy, exploratory/stationary, and
sociable/non-sociable (Réale et al. 2007). Personality traits can be seen as latent
variables that affect multiple quantifiable behaviors of an organism in certain contexts
(Pigliucci 2003; Araya-Ajoy and Dingemanse 2014). For instance, aggressiveness can
be seen as an unobservable (i.e., latent) variable that affects several observable
behaviors during agonistic encounters, which can be assessed and quantified in an
experimental context (e.g., speed of territorial reaction, number of attacks). Situations
where personality traits are non-randomly distributed across space are typically
referred to as “phenotype by environment correlation”, where environment refers to
both the natural and social surroundings of the individual (Conover and Schultz 1995;
Dingemanse and Araya-Ajoy 2015). For example, anemones (Condylactis gigantea)
living in areas with higher seagrass were found to be shyer than those living in more
open areas (Hensley et al. 2012) and western bluebirds (Sialia mexicana) modify their
aggression to match the level of aggressive behavior of their mate (Duckworth and
Kruuk 2009).

Since personality traits can vary simultaneously within and among individuals,
associations between behavior and environment can originate from multiple

processes, such as a non-random distribution of behaviors and/or phenotypic plasticity
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(Sprau and Dingemanse 2017). A non-random distribution of behaviors might be a
direct effect of certain phenotypes (caused by genes and permanent environmental
effects) showing a preference for certain environments. Alternatively, selective
pressures induced by the heterogeneity of the environment can also maintain or
generate individual differences in behavior within a population (Dingemanse et al.
2004). For instance, in territorial species, only highly aggressive individuals may
succeed in establishing a territory in high-density patches, where they have access to
more mates but face elevated intra-sexual competition. In turn, the link between
aggressiveness and population density could also be caused by individual plasticity
allowing individuals to match their aggressiveness to competition levels. Regardless of
the mechanisms linking behavior and environment, identifying non-random spatial
distribution of behaviors provides important insights into their function and their role in
allowing organisms to cope with environmental variation. Long-term studies of the
distribution of behaviors in the wild are thus a necessary first step towards
understanding the mechanisms underlying the non-random distribution of behavioral
traits (Archard and Braithwaite 2010).

Amphibians, and in particular Neotropical poison frogs (Dendrobatidae, sensu
AmphibiaWeb 2022), are great models to study behavioral variation across their
environment. Many species show territoriality or site fidelity that facilitates repeated
measurements in wild individuals (Wells 2007; Kelleher et al. 2018), which can then
be linked to local environmental parameters. Many species also exhibit elaborate
courtship behavior, terrestrial oviposition, and obligatory tadpole transport of hatched
larvae to aquatic sites (e.g. Crump 1972; Roithmair 1994; Prohl 2005; Pasukonis et al.
2013; Rojas and Pasukonis 2019; Yang et al. 2019; Souza et al. 2021), offering ideal
prerequisites for within- and between-individual variation in behavior to arise. In the
present study we aim to quantify how male-male aggression, exploratory, and anti-
predator behaviors are expressed as functional units that can be described as latent
variables reflecting three personality axes (referred to by one dimension of the axis as
“aggression”, “exploration”, and “boldness”). We also aim at identifying how behaviors
relate to the individual’'s natural and social environment using a free-ranging population
of the Neotropical poison frog Allobates femoralis (Dendrobatidae).

Based on the natural history of A. femoralis, we make multiple predictions. In
males, we expect to find consistent among-individual differences in boldness and

aggression. During the reproductive season, males produce loud advertisement calls
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to warn intruders and to attract females (Ringler et al. 2011; Chaloupka et al. 2022).
Differences in personality traits across males might be related to differences in the
trade-off they face between calling to secure mating and exposure to predators. As
females do not display territoriality but merely perch fidelity (Fischer et al. 2020) and
are never observed in any other aggressive interaction, they are generally considered
non-aggressive; we have no clear expectation if and how varying degrees of boldness
could be maintained in females. However, we expect to find consistent individual
differences in exploration in both sexes, because males transport tadpoles to natural
pools located up to 200 m away from their territory and females commute to male
territories within 20 m distance of their perch for mating (Ringler et al. 2012, 2013,
2018; Fischer et al. 2020). Finally, we expect males’ personality traits to be non-
randomly distributed across space because individual males face distinct challenges
based on their social and/or natural environment. On the one hand, we expect more
aggressive and bolder individuals to occupy areas of low complexity (e.g., with sparse
vegetation and few ground structures) where they are easier to spot for females, while
more passive or shyer individuals should occupy areas of higher complexity with more
places to hide. On the other hand, we expect bolder and more aggressive individuals
to occupy territories in areas with a higher population density than those occupied by

more passive or shyer individuals.

Methods

Ethical note

This study was approved by the scientific committee of the “Nouragues Ecological
Research Station” and the ethics and animal welfare committee of the University of
Veterinary Medicine Vienna in accordance with Good Scientific Practice (GSP)
guidelines and national legislation. Sampling for this study was conducted in strict
accordance with current French and EU law and followed the (ASAB 2020) guidelines
on the treatment of study animals. Working and tissue sampling permissions were
provided by the CNRS Guyane (“Centre National de la Recherche Scientifique
Guyane”), by the “Ministere de la transition écologique et solidaire” (permit number:
TREL2002508S/303), and the Secretariat of the Convention on Biological Diversity
(APA declaration: TREL1734890A/34).
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Study population and area

We conducted our study in a population of A. femoralis on a lowland rainforest river
island of approximately 5 ha. The island is situated in the “Les Nouragues” nature
reserve in French Guiana (4°02" N, 52°41°W; Bongers et al. 2001), near the “Saut
Pararé” field camp of the CNRS Nouragues Ecological Research Station. The
population was introduced in 2012 and has reached a stable size of approximately 150
adult individuals (see Ringler et al. 2014). The experiments took place from February
to April of 2019, coinciding with the breeding season. We surveyed the population
every day during its most active hours from 0900 to 1800 h, aiming to sample all adult
males and females on the island in the course of the study period.

We caught frogs using a transparent plastic bag to minimize stress and direct
contact, thereby limiting the potential influence of handling on behaviors. We identified
all frogs via digital pictures of their distinct ventral patterns and with the help of the
pattern matching software Wild-ID (Bolger et al. 2012), and sexed them by the
presence (males) or absence (females) of vocal sacs. Ventral patterns clearly differ
among individuals and are consistent across their adult lifespan, providing a reliable
method of identification. Information on the age of individuals was available from a
concurrent long-term monitoring project of the island’s population since its origins in
2012. We recorded the locations of all frogs on a detailed digital map (Ringler et al.
2016) using the mobile GIS software ArcPad 10 (ESRI, Redlands, CA, USA) on rugged
Win10 tablets (CAT T20, Bullitt Group, Reading, UK), and further handled the data in
ArcGIS 10.6 (ESRI). We determined body size of all adults (snout urostyle length; SUL)
from dorsal photographs in front of a reference scale using the software Image J 1.52a
(Rasband 1997-2021).

Quantification of aggressive behaviors

Aggression is often measured via “an individual’'s agonistic reaction towards a
conspecific” (Réale et al. 2007). To assess individual levels of aggression, we used
acoustic playbacks to evoke territorial defense behavior in focal males (Fig. 1;
Ursprung et al. 2009). During agonistic encounters, male A. femoralis display typical
responses consisting of an orientation of their head/body, jumps towards the intruder
and sometimes direct attack (i.e., wrestling) (H6dl 1987; Narins et al. 2003). We expect

that in the context of territorial defense, the personality trait “aggression” affects the
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latency until the first head-body orientation, the latency to the first jump, the probability
to jump during moments when the intruder does not call, and the speed to approach
the intruder (Chaloupka et al. 2022). Aggressive territorial behavior was only assessed
in males, as females do not defend territories.

We used a music player with integrated loudspeaker (MUVO 2c, Creative,
Singapore), centered on top of a black PVC disc (radius = 15 cm), 2 m from and facing
the calling focal male (Fig. 1). We established the 2 m distance between the focal frog
and the loudspeaker with a laser rangefinder (DLE 50, Bosch, Stuttgart, Germany).
The experimenter remained a further 1 m behind the loudspeaker. We gave a 30 s
acclimation period to the frog, which was enough for the frog to return to normal
behavior and calling, before randomly presenting one of seven synthetic calls. The
calls varied in their inter-note and inter-call intervals to avoid habituation over the
course of the experiment. Each synthetic call featured the spectral and temporal
parameters of a nearby free-ranging population of A. femoralis (Narins et al. 2003;
Gasser et al. 2009). Each of the playbacks lasted for 5 min and was presented from
the original WAV-files (16-bit, 44.1 kHz) using the same volume settings across all
trials.

Using a digital voice recorder (ICD-PX333, Sony, Tokyo, Japan), we
commented on the behavior of the focal male, noting its first head-body orientation, its
jumps, and its arrival at the speaker (i.e., touching the disc with at least one part of his
body). The trial ended when the male entered the 15 cm perimeter or when the
playback stopped after 5 min. Trials where a focal male began to call were stopped
and excluded from further analysis, as this was most likely the result of the speaker
being positioned outside the defended area of the focal male’s territory (cf. Ringler et
al. 2011). Vegetation density may cause the sound to be reflected and/or distorted, so
we measured the received sound pressure level (“SPL” in dB) of the signal after each
trial using a sound pressure meter (SL-100, Voltcraft, Hirschau, Germany). In all cases,
the received SPL was above the threshold of 56 dB to elicit a behavioral response
(H6dl 1983). The minimum duration between two consecutive tests with the same
individual was 24 h (on average tests were 12.11 + 7.92 SD days apart). Allobates
femoralis typically lives for 1.5 years (Ringler et al. 2009; Ursprung et al. 2011a, b) and
males only display aggressive reactions to territory intruders during the reproductive
season. In our study, we aimed to test individuals with similar among- and within-

individual inter-test intervals to cover several weeks of the reproductive season.
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Fig. 1 Picture of the territorial defense trial, presenting the speaker and a male on top

of the perimeter.

a Fig. 2 Schematic (A) and picture (B) of
the Novel Environment Test. The cooler
box measured 50 x 25 x 29 cm, with a
10 cm PVC tube attached on one side of
the box. A sliding door separated the
shelter from the box. Two LED tubes and
a Hero Black 5 Go pro camera were
attached to the lid of the box. Three solid
PVC tubes (10 cm height, 5 cm

diameter) were placed inside the box as

visual obstacles at randomized positions
every day. A grid was drawn on the floor
of the cooler box to help randomize the

position of the obstacles. A mesh net

was placed in the cooler box at 20 cm
height to prevent the frog from jumping
on a wall outside of the camera range.

&£



Therefore, an average interval of 12 days between tests represents an effective
compromise across the available time and life span of the species.

We blinded audio file names prior to analysis and coding to avoid observer bias.
From the dictaphone recordings of the territorial defense trials, we extracted the latency
until the first head-body orientation (in s), the latency until the first jump (in s), the speed
to reach the speaker (in cm/s), and if the male jumped (1) or not (0) during inter-bout-
intervals (hereafter “inter-bout jumps”, cf. Ursprung et al. 2009) using the software VLC
(VideoLAN 2021). Males that did not reach the speaker were coded a censored speed
of 0 cm/s. Following the same reasoning, males that did not perform a head-body
orientation or a jump were given a censored latency of 300 s (corresponding to the
total duration of the experiment). In total we conducted 163 valid territorial defense

trials with 51 males (mean + SD = 3.20 + 1.31 repetitions per individual).

Quantification of exploratory tendency and boldness

To assess levels of exploratory tendency and boldness in male and female A. femoralis
we used a Novel Environment Test (NET), an approach that has been commonly used
in personality studies (Carter et al. 2013; Kelleher et al. 2018). “Boldness” (or the
corollary “shyness”) is defined as “an individual’s reaction to any risky situation”, and
‘exploration” as “an individual’'s reaction to a new situation” (Réale et al. 2007).
Therefore, we expected the personality trait “boldness” to affect the latency to go out
of a dark shelter into a bright (novel) environment and the probability to enter the novel
environment, and the personality trait “exploration” to affect the distance travelled, the
number of jumps performed, and the area covered in the novel environment. Those
behaviors were chosen in accordance with previous amphibian personality studies
(Kelleher et al. 2018). Although counterintuitive at first, the number of jumps and the
area covered are both important aspects of a frog’s exploratory tendency. Indeed, two
individuals performing an equal number of jumps can visit more or fewer distinct areas
of the box depending on their respective average jump lengths. Individuals were tested
at the same location they were found. Males were tested immediately after the
territorial defense test, and females were caught at their encounter location and put
straight inside the NET (Fig. 2). Although this method prevents us from comparing
levels of exploratory tendency and boldness between sexes, it was chosen to keep
handling as minimal as possible on males.

The NET setup consisted of a cooler box (50 x 25 x 29 cm, hereafter “Novel
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Environment”), with a 10 cm PVC tube attached on one side of the box (hereafter
“shelter”). An opaque sliding door separated the Novel Environment from the shelter.
In the lid of the box, we installed a wide-angle video camera (Hero Black 5, GoPro,
San Mateo, CA, USA) and two elongated, battery powered LED lights (LUMIstixx,
Osram/Ledvance, Garching, Germany) for homogeneous illumination. We set the
camera to “superview”-mode to ensure full visibility of the Novel Environment. We
installed a mesh net in the Novel Environment at 20 cm height to prevent the frog from
jumping on a wall outside of the camera range. We used three solid PVC tubes (10 cm
height, 5 cm diameter) as visual obstacles, to motivate the frogs to explore the entire
Novel Environment. The positions of the obstacles were changed daily and their
positions were determined using a random number generator.

At the beginning of each trial, we placed all individuals in the shelter for 10 min
to allow them to acclimatize. The shelter remained accessible throughout the trials to
encourage natural behaviors within the Novel Environment (Carter et al. 2013; Kelleher
et al. 2018), as the individual was free to remain inside or return to the shelter at any
time. After this acclimation period, we switched on the lights and the camera, closed
the lid of the Novel Environment, opened the sliding door between shelter and Novel
Environment and filmed for 15 min. The minimum duration between two consecutive
tests with the same individual was 24 h (on average tests were 11.36 + 8.43 SD days
apart).

We blinded video file names prior to analysis and coding to avoid observer bias.
To analyze the video recordings obtained during the NET, we used the software
TRACKER (Brown 2019) to correct for distances that were distorted by the camera
wide-angle lens. Using the coding software BORIS (Friard et al. 2016), we assessed
the latency from the opening of the sliding door until frogs left the shelter (in s) and the
number of jumps performed inside the Novel Environment. For individuals who stayed
inside the shelter during the entire experiment, the time spent in the shelter was
censored to a value of 900 s (corresponding to the total duration of the experiment).
We also coded the decision to enter the Novel Environment (1) or not (0) as a binomial
response. Using the automated tracking software TOXTRAC (Rodriguez et al. 2018),
we measured the distance travelled (in pixels) as well as the area visited inside the
Novel Environment. For the latter variable, the software divided the floor of the Novel
Environment into a 9 x 8 grid and automatically counted the number of distinct squares

a frog visited during a trial. As individuals varied in the time they spent inside the Novel
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Environment, we standardized the data collected by only considering movements
performed during the first 2 min after leaving the shelter. On average, individuals spent
624.21 s inside the Novel Environment (+ 303.13 SD). This timeframe allowed for
meaningful levels of movement to occur but maximized the available data. Using this
criterion, 21 out of 259 tests had to be excluded from the exploration analysis, leaving
a total of 238 valid NET trials with 52 males and 35 females (mean + SD = 2.74 £ 1.33
repetitions per individual). Only very few individuals did not leave the shelter in all

repetitions.

Territory size, habitat complexity, and number of neighbors

To find out the distribution patterns of behaviors with respect to a male’s natural and
social environment, we determined the territory size and the local complexity of the
habitat, as well as the number of female and male neighbors for each male. This was
only studied in males, as in A. femoralis males acquire and defend non-overlapping
territories, while female display only site fidelity (Ringler et al. 2009, 2011, 2012,
Fischer et al. 2020). We used Dirichlet tessellation in ArcGIS to approximate male
territories as Voronoi polygons (Voronoi 1908) on a day-to-day basis (for more
information see Supplementary Materials). For the daily territory estimation, we applied
a roving-window approach, using all capture points of the last 5 days a male was seen,
including the focal day, but excluding all points where a male was likely found outside
its territory (i.e., all capture points linked to tadpole transport). To ensure that the sizes
of territories located at the population periphery were not over-estimated (Ringler et al.
2009), we included the vertices of the island outline into the Dirichlet tessellation
procedure, to establish a buffer from the edge of the island until halfway to the
outermost capture points of peripheral males. To ensure that estimates at the
beginning and end of the season were not impacted by individuals not being captured
we used the POPAN formula (Schwarz and Arnason 1996) in program MARK (White
and Burnham 1999; White 2020) to correct our population estimates at these points in
the breeding season (for more detailed information see Supplementary Materials).
After conducting the Dirichlet tessellation, we dissolved the resulting Voronoi
polygons based on male identity to obtain “Voronoi territories” for each male and then
calculated territory sizes in ArcGIS. We also counted the direct male neighbors for
each focal male from the daily Voronoi territories. To obtain the number of female
neighbors we calculated female centroid points (mean center) across the entire
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season. Based on the typical distances females commute for mating (Ringler et al.
2012; Fischer et al. 2020), we constructed 20 m buffer circles and counted the number
of contained centroid points of male Voronoi territories.

To determine the complexity of the habitat for each individual male we took four
photographs (camera in automatic (P) mode, focal length 50 mm, no flash, jpg images)
from each of the cardinal directions (0°, 90°, 180°, and 270° towards magnetic north)
of a 100 cm x 100 cm red fabric. The fabric was placed at 3.5 m from the centroid point
of each male’s territory at forest floor level as this represents half the radius of the
typical male territory (cf. Ringler et al. 2011). We positioned the camera 20 cm above
the forest floor, corresponding to the perch location of a male during territorial
advertisement calling. We calculated habitat complexity as the average percentage of
red fabric that was covered by vegetation on the four pictures, with increasing coverage
of the fabric representing more complex habitat. For that, we cropped each image in
Paint.net v4.1.6 (Brewster 2019) to show only the lower half of the red fabric as this
would represent the most visually relevant part of the habitat for the frogs. Finally, we
counted the number of pixels of visible fabric to calculate the percentage of fabric
covered by vegetation. To facilitate this process, we aimed at increasing the
differences between fabric and vegetation by setting the image hue to 180 and
decreasing the luminance and contrast to - 20. If males changed their territory location
during the study period, analysis of habitat complexity was performed in the territory in
which most experimental trials had been conducted.

Statistical analysis

We conducted all statistical analyses in R v3.6.0 (R Core Team 2020) using the

integrated development environment RStudio v1.3.1093 (RStudio Team 2019).

Structure of behaviors: To determine how the measured behaviors are structured into

functional units (i.e., aggression, exploration and boldness), we investigated the
phenotypic covariance structure among different measurements during the behavioral
tests. To infer a latent variable describing aggression from behaviors measured during
the territorial defense test (e.g. speed to reach the speaker, latency until the first head-
body orientation, latency until the first jump, inter-bout jumps), using the SEM package
we applied structural equation modelling to the phenotypic covariance matrix derived
from the means of each behavior for each individual, in order to avoid pseudo-
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replication (Fox et al. 2020). Models were compared, to determine the most
parsimonious model (for details see Supplementary Fig. 1), based on differences in
Akaike’s information criterion (AIC) values, with small values indicating higher
parsimony and a AAIC = 2 indicating significant differences (Burnham and Anderson
2002). We expected the best model to have a latent variable explaining the covariance
among the four measurements. We applied the same technique to determine whether
two latent variables describing boldness and exploration can be inferred from the
behaviors measured during the NET (i.e., distance travelled, number of jumps, number
of areas, time spent in the shelter and probability to enter the box, for details see
Supplementary Fig. 2). We expected the best model to have two correlated latent
variables, one that would explain explorative behaviors (e.g., distance travelled,
number of jumps, number of areas), and one that would explain boldness related
behaviors (e.g., probability to enter the box, time spent in the shelter). In addition,
Bayesian generalized linear mixed models were used to confirm that there were no
impacts from the fact that SEM analysis combines within and between individual effects

(for details see Supplementary Material).

Personality traits: To investigate if A. femoralis exhibits personality (i.e., between-

individual variation in behaviors), we assessed the repeatability (R) of all measured
behaviors using the “rpt” function in the rptR package (Stoffel et al. 2017). Latency until
the first head-body orientation and until the first jump had to be log transformed to
achieve normal distribution. We used the function “transformTukey” to apply a constant
transformation on the speed to reach the speaker, the distance travelled, and the time
spent in the shelter. Repeatability was estimated based on the models applied to the
transformed data. We estimated repeatability from models fitted with a Gaussian error
distribution for the latency until the first head-body orientation and until the first jump,
the speed to reach the speaker, the time spent in the shelter and the distance travelled.
We estimated repeatability from models fitted with a Poisson error distribution for the
number of jumps and the number of areas, and from models fitted with a binary
distribution for the inter-bout jumps and the probability to enter the box. For all models,

ID was included as a random effect.

Distribution of behaviors across the natural and social environment: We used a

bivariate approach to study how behaviors measured during the territorial defense trial

74



and the NET correlate with variation in the habitat complexity, territory size, and
number of male and female neighbors at the among- and within-individuals level using
Bayesian generalized linear mixed models (Hadfield 2010). In the analyses, the latency
until the first jump, distance travelled, and time spent in the shelter were chosen as
they best represented the latent variables of aggression, exploration and boldness
respectively (see the “Structure of behaviors” section and Fig. 3). Although the
probability to go inside the box was slightly more correlated to boldness than “time
spentin shelter’, we decided to use the latter variable to avoid using a binomial variable
in the model. Models were built with the transformed data (see the “Personality traits”
section).

To investigate the among-individual covariance between behaviors and
environment variables, we divided each of the environmental variables by their mean
value and added all of them as response variables (see Houslay and Wilson 2017).
We included age (i.e., as a binomial trait: newly encountered adults vs. recaptures from
previous years) as a trait-specific fixed effects to control for effects of age on all our
response variables. To calculate the variance due to differences among individuals
and the covariance between measured behaviors, we fitted an unstructured covariance
matrix for the grouping variable ID. We then used the posterior distributions to estimate
the among and within-individual correlations and covariances between each of the
behavior measured and the environment. We assumed statistical significance if the
95% credible intervals did not overlap 0 and performed the same model verification as
previously (see the “Structure of behaviors” section). We also fitted these relationships
between behaviors and environment variables with univariate linear mixed models

corrected for multiple comparisons, which led to the same biological conclusions.

Results

Personality traits

Among the measures taken from the territorial defense test, all were considered
repeatable and ranged in repeatability from 0.17 to 0.37 (Table 1; Fig. 4a). The best
SEM model supports a latent variable explaining the covariance of the four behavioral
responses measured in a territorial defense test (Fig. 3a; Supplementary Fig. 1b).
Together, these results suggest that A. femoralis exhibits a personality trait

“aggressiveness” encompassing the latency until the first head-body orientation and
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Table 1 Repeatability (R) and confidence intervals (Cl) of the behaviors measured

during the territorial defence test and the Novel Environment Test (NET).

Test Variable R 95% ClI
Territorial Latency until head-body orientation 0.17 | [0.02;0.34]
defence Latency until first jump 0.24 | [0.07;0.40]
test Speed to reach the perimeter 0.37 | [0.19;0.53]
Inter-bout jumps 0.20 {[0.001;0.37]
Probability to go in the box 0.44 | [0.13;0.89]
Time spent in the shelter 0.30 | [0.15;0.44]
NET Distance travelled in the box 0.36 | [0.21;0.49]
Number of jumps 0.45 | [0.27;0.62]
Number of areas visited 0.48 | [0.30;0.62]
b
Probability to enter
a the box: R? = 0.99 ‘%‘01)
Latenczy until HBO: & T »
R2=0.77 ime spentin
0.88 {0.23) shelter: R =0.78 ‘%_22)
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Latent 1.05 . R?=1.00 (0.00)
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speaker: R?=0.28 {0.72) ' R2=088 1% 12)

Fig. 3 Path diagrams of the best structure equation models (SEMs) (based on
difference in Akaike’s information criterion (AIC) values) explaining the covariance
structure among four behaviors assessed during an aggressivity test (A), and five
behaviors assessed during a Novel Environment Test (B). ‘HBO’ refers to the latency
until the first head-body orientation. Squares represent the variances of the different
behaviors explained by the SEM structure (R?). Numbers associated with arrows are
standardized factor loadings which represent how behavioral responses are predicted
to change based on changes to the latent variable. Number in brackets represent
variances of residuals or error variances (e) associated to each behavior. All simulated

models can be found in the Supplementary material (Supplementary Fig. 1, 2).
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Fig. 4 Range of variation in the three behaviors that best represented the latent
variables of aggression, exploration and boldness. The latency until the first jump (a),
the time spent in the shelter (b), and the distance travelled in the Novel Environment
Test (c) are presented for individual males. All variables have been transformed using
a log (a) or constant (b and c) transformation. Boxes indicate the inter quartile range,
with the central line depicting the median and the whiskers extending to 1.5*IQR. Dots
represent the results of each trial. Males are ordered by their median (represented as

a horizontal bold line).
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until the first jump towards a calling intruder, the speed to reach the intruder and the
probability to jump during inter-bout. However, the residual variances were high (Fig.
3a; Supplementary Fig. 1b) and another model encompassing two latent variables, had
an AIC score close to the best model (A AIC = 1.7; Supplementary Fig. 19).

Similarly, we measured individual behavioral responses in a NET, where we
found significant repeatabilities in all behavioral measurements (Table 1; Fig. 4b, c).
Based on the comparison of the SEM, the best model supported the existence of a
latent variable explaining the covariance patterns of three behavioral measurements
(distance travelled, number of jumps and number of areas). It also supports that
another latent variable can be derived from the covariance of two behavioral
measurements (time spent inside the shelter and probability to enter the box). The two
latent variables are correlated (Fig. 3b; Supplementary Fig. 2h). Together, these
results suggest that A. femoralis males and females exhibit a personality trait
“‘exploration” encompassing the distance travelled, the number of jumps performed,
and the area covered in a new environment. The results also suggest the existence of
the personality trait “boldness”, encompassing the latency to leave a safe place and
enter a new environment and the probability to enter a new environment.

For both the behaviors measured in the territorial defense test and in the NET,
the phenotypic covariances in the SEM were mostly driven by the within-individual
variances. The results of the Bayesian models also show that the direction of the
among and within individual covariances was similar (Supplementary Tables 2, 3).
Therefore, doing the SEM using only the among- or within-individual covariance matrix

would have resulted in a similar interpretation of the results.

Behavior and the characteristics of an individual and its environment

Next, we investigated the correlation between the behaviors measured during the
territorial defense trial and habitat complexity, territory size, and the number of male
and female neighbors. On average, habitats were relatively complex with 82.77% of
the fabric covered by vegetation in the measure of habitat complexity (SD = 9.31).
Males occupied territories of 669.31 m? on average (SD = 440.99). Males had on
average 7 female and 5 male neighbors (mean of individual means) across the season
(absolute range females: 1-15, absolute range males: 1-10). Throughout the season,

the average variation in the number of both female and male neighbors was 2 for
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individual territory holders (range females: 0—7; range males: 0-6).

There was no relation between the aggressive responses of a male during a
territorial defense test and its social or natural environment. However, there was a
significant relation between the level of exploration and boldness of a male and the
number of female neighbors at the within-individual level (Supplementary Table 4).
This suggests that individuals respond plastically to their social environment,
increasing their level of exploration and boldness when the number of females around
increases. The spatial setup of the territories on the day with the most individuals
present at the same time (07th of March 2019) is presented in Fig. 5. The average
response of each individual in terms of latency until the first jump, time spent in the

shelter and distance travelled in the box is also represented.

Discussion

In the present study, we investigated the structure of potential personality traits in A.
femoralis and determined how behaviors related to aggressiveness, exploration, and
boldness are structured into functional units (i.e., personality traits). We also
investigated how individual behaviors relate to an individual’s natural and social

environment in a wild, free ranging, entire population of A. femoralis.

Personality traits

Our analysis showed that the repeatability of the variables measured in the territorial
defense trial (0.17 to 0.37) was in the lower range of the repeatability found in most
studies (with overlapping confidence intervals; Bell et al. 2009; mean = 0.37, 95%
confidence limits = 0.35-0.38) but consistent with the average findings in other
personality studies on amphibians (Brodin et al. 2013; Maes et al. 2013; Gifford et al.
2014; Gonzalez-Bernal et al. 2014). Moreover, we found that a latent variable explains
the covariance of the four behaviors measured during a territorial defense test (i.e., the
latency until the first head-body orientation and until the first jump towards a calling
intruder, the speed to reach the intruder and the probability to jump during the inter-
bout interval). Together, these results suggest that A. femoralis males exhibit a
personality trait “aggressiveness”. However, a great portion of the speed and the inter-
bout jumps measured during the territorial defense trial were explained by exogenous

factors. Together with the existence of another model with similar support, these results
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suggest that the behavioral measures capture different aspects of aggressiveness. In
this model (Supplementary Fig. 1g), a latent variable explains the covariance of the
latencies until the first head-body orientation and until the first jump. Another latent
variable explains the covariance between the speed to reach the speaker and the inter-
bout jumps. We interpret these two latent variables as reactivity and offensiveness,
respectively. Males of many amphibian species defend and fight over territories using
acoustic and visual displays (Ho6dl and Amezquita 2001; Toledo et al. 2007). For
instance, in the Bornean rock-skipper frog (Staurois latopalmatus), males perform foot-
flagging and advertisement calls to defend their territories against conspecific intruders
(Preininger et al. 2009). Our results show that more aggressive males react fiercer
towards conspecific territory intruders. This is of particular ecological relevance,
because territory possession is the most important prerequisite for male reproductive
success in this species (Ursprung et al. 2011a). However, high levels of aggression
might also come with a cost, if more aggressive individuals engage more often in
energetically costly and potentially harmful fights.

We also found that the probability to enter a novel environment and the time it
took to do so were highly repeatable, and a latent variable explained a relatively large
part of the covariance among the two variables. Together, these results suggest the
existence of the personality trait “boldness” in A. femoralis males and females.
Boldness relates to the reaction of an individual to a predator, a novel object, or a
conspecific and is relevant in many contexts such as predator avoidance, feeding, or
mating (Réale et al. 2007). In A. femoralis, a generally high propensity to take risks
might be reflected not only in the response to a predation threat, but also in how
prominently the advertisement call is presented. Thus, higher risk taking could be
reflected in males calling at higher rates, higher amplitude, over longer durations, from
more exposed locations, or moving/turning more during calling. In A. subfolionidificans,
a closely related species, calling activity has been found to be positively related to
reproductive success (Souza et al. 2021). Being bold, however, can also be costly as
it might lead to more frequent encounters with predators. Future studies are needed to
identify the link between calling activity and individual reproductive success, in order
to investigate possible trade-offs in A. femoralis.

Finally, we found that the distance travelled, the number of jumps performed,
and the area covered in a new environment were highly repeatable. Moreover, we

found that a latent variable explained some of the covariance among the three
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behavioral measurements. Together, these results suggest that A. femoralis males and
females exhibit a personality trait “exploration”. Exploration behavior is especially
relevant for dispersal and resource acquisition (Dingemanse et al. 2003; Gruber et al.
2017). In A. femoralis, males rely on spatial memory to find water bodies (PaSukonis
et al. 2016) and distribute their tadpoles across multiple sites to decrease risks of losing
entire clutches due to desiccation or predation (Erich et al. 2015; Ringler et al. 2018).
Therefore, being more explorative might enable males to find more sites for tadpole
deposition or a better territory to settle, while females put their explorative behaviors at
use when looking for a mate and, more rarely, for tadpole transport (Ringler et al.
2015). A highly explorative individual will, however, be more conspicuous to predators

or at risk of losing its territory during periods of absence.

Distribution of behaviors across the natural and social environment

Contrary to our expectation, we did not find a relationship between individual behaviors
and their natural environment (i.e., habitat complexity and territory size). However, we
cannot exclude that other habitat characteristics that we did not measure, such as
guantity and quality of the leaf litter, tree species, or canopy cover, are linked to
individual behavior. Likewise, we did not find any relationship between individual
behavior and territory size, as more aggressive and bolder individuals settled in
territories of varying sizes (Fig. 5a, b). This is in line with the previous finding, that in
A. femoralis only the possession of a territory is important for reproductive success,
but not territory size (Ursprung et al. 2011a), and as a consequence males cannot
increase their reproductive success by extending territorial space. As already
suggested in a previous study, variation in territory sizes is probably strongly
dependent on characteristics of the natural environment (Ringler et al. 2017) rather
than a consequence of varying levels of aggression in A. femoralis males.

More explorative individuals were not necessarily located near the artificial pools
on the island (Fig. 5c), although water bodies are of critical importance for individual
fitness, given that they are obligate for tadpole development after hatching. Previous
studies have shown that males distribute their tadpoles across multiple water bodies
located outside their territories (Ringler et al. 2013, 2018; Erich et al. 2015; Beck et al.
2017). This suggests that the ability of an individual to find water bodies once it has
settled in a territory is critical, while the location of the territory is not. Finding water
bodies in A. femoralis is strongly related to olfactory sensing (Serrano-Rojas and
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Fig. 5 Maps showing the spatial distribution of individual performance of male frogs on
the island in the behavioral essays. The maps use the Voronoi territories of 07 March
2019 when the most individuals were present at the same time on the island. The maps
show the mean value, calculated over all respective trials of (A) the individuals’ latency
to jump in the territorial defense trial, (B) the time spent in the shelter during the Novel
Environment Test (NET), and (C) the distance travelled in the NET. All color ramps
have 20 equal intervals across the full range of the respective value; darker colors
represent shorter latency in (A), shorter time spent in the shelter in (B), and longer
distances in (C). Black squares indicate the 14 artificial pools that were in place on the
island since 2018; thin grey lines show 50 cm elevation isoclines; the blue area shows
the river Arataye. The territories of two males that were not tested in the behavioral
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assays are shown with a hatched white pattern.



PaSukonis 2021) and spatial memory might help in revisiting such sites once they have
been encountered (PaSukonis et al. 2016; Beck et al. 2017). Taken together, our
results suggest that A. femoralis males establish their territories independent of large-
scale resource distribution and the wider structure of the habitat. And likewise, the
characteristics of their natural environment apparently are not associated with
individual differences in behavior.

We also did not find support for a relationship between aggressiveness and the
social environment. We initially expected more aggressive individuals to occupy
territories in high density areas, where they would be more likely to find mating partners
but also face elevated male-male competition. However, with this trade-off between
female availability and intra-sexual competition, males might have equal reproductive
outcomes regardless of their level of aggressiveness and independent of the overall
density, as long as they manage to establish a territory at all. Future studies should
investigate how the interplay between aggressiveness and population density affects
reproductive success.

Our results show that exploration- and boldness-related behaviors were
positively linked to the number of females in the vicinity to male territories. Since
significant correlations were only found at the within-individual level, this suggests that
the link between exploration or boldness and the social environment is mainly driven
by individual plasticity. This indicates that males, who mostly have stable territories
and move little, increase their overall levels of exploration and boldness when the
number of females around their territory increases. There are currently no studies
showing any direct mechanisms how males could assess the presence and number of
nearby females. We suggest that future studies should investigate secondary or
indirect cues, such as distribution or density of feeding sites, that might determine
female density and that might allow males to identify areas with more females.
However, because the among-individual effects have broad credible intervals that are
not centered around zero, we cannot rule out the possibility of non-random settlement.

Our study does not claim or identify any causal relationship between behaviors
or personality traits and their natural and/or social environment. Still, the identification
of such relationship in a natural free-ranging population of animals provides a first step
towards understanding the mechanisms underlying the distribution of behaviors across
space (cf. Archard and Braithwaite 2010).
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Conclusion

We studied the structure of personality traits and the distribution of behaviors across
the environment in an entire free-ranging population of the poison frog A. femoralis by
measuring several behaviors in situ in different contexts. We found that A. femoralis
indeed exhibits animal personality along the aggressiveness, exploration and boldness
axes. Furthermore, we found non-random distribution of behaviors across the animals’
social environment, which may allow individuals to cope with their complex socio-
ecological environment. While amphibians have been largely overlooked in animal
personality research, this study is one of the first comprehensive study of animal
personality in amphibian in the wild. By providing a detailed description of how
behavioral measurements are structured in functional units, that allow individuals to
cope with their socio-ecological environment, it broadens our understanding of the
functional role of behavior in frogs and offers a first step towards understanding the
mechanisms that play a role in the emergence and maintenance of behavioral

variation.
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Supplementary material

Manuscript 3: “Exploring links between personality traits and their

social and non-social environments in wild poison frogs”

Territory size approximation via Voronoi polygons

We used Dirichlet tessellation in ArcGIS to approximate male territories as Voronoi
polygons (Voronoi 1908) on a day-to-day basis. With this temporal fine-scale approach
we accounted for eventual territory shifts and dynamic fluctuations within the
population. While Voronoi polygons tend to overestimate absolute territory size, as
they partition the entire available space amongst all individuals, they however provide
good relative estimates of the space to which an individual has exclusive access.
Compared to other polygon methods, Voronoi polygons yield stable area estimates
with very low numbers of capture points, and they are robust against differences in the
number of capture points between individuals (Wray et al. 1992).

Across the field season, we are confident that we sampled most, if not all, adult
males on the island in this period, but we did not manage to sample the entire
population of males every day. This daily under-sampling would have resulted in an
overestimation of territory sizes in the beginning and in the end by partitioning the entire
available space only amongst the males actually sampled during this time. Prior to our
personality assessment trials we performed five days of baseline capture-recapture
sampling. Thus, for early trial days we did not need to compensate our territory
estimations for incomplete sampling. To compensate for males that were not captured
anymore during the last days of trials, and to not overestimate late territory sizes, we
used the mark-recapture data from our baseline sampling to estimate the true
population size at the end of the field season. We used daily individual capture histories
of all individuals (males and females) with the POPAN formulation (Schwarz and
Arnason 1996) in the program MARK (White and Burnham 1999; White 2020). We
estimated groupwise (g; based on sex) day-to-day survival probability (¢), probability
of detection (p), probability of entry into the population (pent), and cumulative
population size (N), from where we derived daily estimates of male and female
population size. We used the following link functions for our model parameters: @: sin;

p: sin; pent. MLogit; N: log. We built several group/sex (g) dependent models with
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constant (.) and time dependent (t) parameters and selected the best supported model
for our data based on its Akaike’s Information Criterion corrected for small sample sizes
(AICc) (Supplementary Table 1).

We compared our population estimates with the number of males known to be
alive (i.e. individuals sampled within the last 5 days in 2019 and those found to be still
alive in 2020). We then went backwards in the capture histories and incorporated
capture points of further males in the territory estimation, assuming that they still had
been alive during the last days but had not been captured anymore. We did this until
the number of males included in the territory estimation matched the number of males
estimated from the best fitting POPAN model.

Supplementary Table 1 Models evaluated in our POPAN estimation using the
parameters apparent survival (@), recapture probability (p), probability of entry (pent),
and cumulative population size (N). Indices denote constant (.), time-dependent (t),

and group/sex-dependent (g) parameters.

Model AlC, A AIC.

@(..9). P(t.9), pent(t,g), N(g) | 5079.44

9(.,9), p(.,9), pent(.,g), N(g) | 5137.27 57.83

@(t.9). P(,9), pent(t,g), N(g) | 5411.13 331.68

@(..9), P(,9), pent(t,g), N(g) | 5437.55 358.11

@(t), p(t), pent(t), N(g) 5503.57 424.13

o(t,9), p(t,9), pent(t,g), N(g) | 5539.30 459.85

(t.9), p(.,g). pent(t,g), N(g) | 16250.09 11170.64

@(.,9), p(t,g), pent(.,g), N(g) | Never reached numerical convergence
@(t,9), p(t,9), pent(..9), N(g) | Never reached numerical convergence

Bayesian Generalized Linear Mixed Models

Since the covariance used in the SEM represents a combination of within and between
individual effects, we also built two multivariate models using Bayesian Generalized
Linear Mixed Models (Hadfield 2010) to study how the behaviors measured during the
territorial defense trial and the NET vary within and among individuals. To investigate
the among- and within- individual covariance between behaviors we scaled all the
behaviors (i.e., centered to their mean value and standardized to units of 1 phenotypic
standard deviation), with the exception of the binomial variables (i.e., inter-bout jumps
and probability to enter the box). We included as response variables the four behaviors
measured during the territory defense trial in one model, and the five behaviors

measured during the NET in the second model. We used the function ‘transformTukey’
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to apply a constant transformation on the speed to reach the speaker, the distance
travelled, and the time spent in the shelter. We included age as a trait-specific fixed
effects to control for effects of age on all our response variables. To calculate the
variance due to differences among individuals and the covariance between measured
behaviors, we fitted an unstructured covariance matrix for the grouping variable ID. To
get the same information at the within-individual level, and to account for the repeated
measurements, we fitted an unstructured covariance matrix for the residual
(co)variation. We then used the posterior distributions to estimate the mean and
credible intervals for the among and within-individual correlations and covariances
between each of the behaviors measured (Supplementary Tables 2, 3). We verified
the absence of autocorrelation (correlation between lags <0.1; Hadfield 2010),
sufficient mixing (visual inspection of plots of Markov-Chain-Monte-Carlo chains), and
performed a Heidelberg and Welch diagnostic test to assess that the Markov chain

was run for long enough.

Supplementary Table 2 Covariance and 95% credible intervals between behaviors
measured during a territorial defense trial. Estimates were calculated based on a
MCMCglmm model investigating the correlations between the four behaviors
measured (‘latency until head-body orientation’ and ‘until the first jump’, ‘inter-bout

jumps’ and ‘speed to reach the speaker’).

among-individual

within-individual

head — head
jump — head
speed — head
inter-bout — head
head — jump
jump — jump

speed — jump
inter-bout — jump
head — speed

jump — speed

speed — speed
inter-bout — speed
head — inter-bout
jump — inter-bout
speed — inter-bout
inter-bout — inter-bout

0.24 (0.05; 0.53)
0.22 (0.05; 0.5)
-0.24 (-0.48; -0.06)
-0.52 (-1.4; -0.01)
0.22 (0.05; 0.5)
0.24 (0.07; 0.52)
-0.26 (-0.51; -0.09)
-0.57 (-1.42; -0.06)
-0.24 (-0.48; -0.06)
-0.26 (-0.51; -0.09)
0.38 (0.16; 0.72)
0.52 (0.04; 1.21)
-0.52 (-1.4; -0.01)
-0.57 (-1.42; -0.06)
0.52 (0.04; 1.21)
1.85 (0.11; 6.03)

0.84 (0.64; 1.09)
0.73 (0.55; 0.95)
-0.25 (-0.41; -0.11)
-0.77 (-0.98; -0.39)
0.73 (0.55; 0.95)
0.84 (0.65; 1.07)
-0.34 (-0.51; -0.2)
-0.85 (-1; -0.63)
-0.25 (-0.41; -0.11)
-0.34 (-0.51; -0.2)
0.67 (0.51; 0.88)
0.25 (-0.16; 0.62)
-0.77 (-0.98; -0.39)
-0.85 (-1; -0.63)
0.25 (-0.16; 0.62)
1(1;1)
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Supplementary Table 3 Covariance and 95% credible intervals between behaviors

measured during a Novel Environment Test (NET). Estimates were calculated based

on a MCMCglmm model investigating the correlations between the five behaviors

measured (‘time spent in the shelter’, ‘probability to enter the box’, ‘distance travelled’,

‘number of jumps’ and ‘number of areas visited’ in the NET).

among-individual

within-individual

time-time
jump-time
areas-time
distance-time
goin-time
time-jump
jump-jump
areas-jump
distance-jump
goin-jump
time-areas
jump-areas
areas-areas
distance-areas
goin-areas
time-distance
jump-distance
areas-distance
distance-distance
goin-distance

0.39 (0.22, 0.63)
-0.33 (-0.52, -0.19)
-0.34 (-0.53, -0.2)
-0.39 (-0.59, -0.23)
-1.7 (-2.82, -0.93)
-0.33 (-0.52, -0.19)
0.4 (0.22, 0.64)
0.33(0.17, 0.55)
0.41 (0.23, 0.66)
1.69 (0.9, 2.83)
-0.34 (-0.53, -0.2)
0.33(0.17, 0.55)
0.34 (0.18, 0.56)
0.39 (0.21, 0.62)
1.62 (0.88, 2.7)
-0.39 (-0.59, -0.23)
0.41 (0.23, 0.66)
0.39 (0.21, 0.62)
0.47 (0.28, 0.73)
1.93 (1.07, 3.18)

0.65 (0.53, 0.8)
-0.01 (-0.11, 0.08)
-0.01 (-0.11, 0.08)
-0.04 (-0.13, 0.04)
-0.51 (-0.69, -0.31)
-0.01 (-0.11, 0.08)
0.66 (0.53, 0.81)
0.58 (0.46, 0.73)
0.54 (0.43, 0.67)
0.43 (0.21, 0.64)
-0.01 (-0.11, 0.08)
0.58 (0.46, 0.73)
0.69 (0.56, 0.84)
0.59 (0.48, 0.73)
0.51(0.29, 0.7)
-0.04 (-0.13, 0.04)
0.54 (0.43, 0.67)
0.59 (0.48, 0.73)
0.58 (0.47, 0.7)
0.56 (0.38, 0.71)

time-goin -1.7 (-2.82, -0.93) -0.51 (-0.69, -0.31)
jump-goin 1.69 (0.9, 2.83) 0.43 (0.21, 0.64)
areas-goin 1.62 (0.88, 2.7) 0.51 (0.29, 0.7)
distance-goin 1.93 (1.07, 3.18) 0.56 (0.38, 0.71)
goin-goin 8.59 (3.65, 17.58) 1(1,1)
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Supplementary Table 4 Between- and within-individual covariance and slope
between three behaviors that best represents the personality traits aggressiveness
(‘latency until first jump’), exploration (‘distance travelled’) and boldness (‘time in

shelter’) and measurements of the natural and social environment. We present the

mean and 95% credible intervals.

covariance slope
among- within- among- within-
individual individual individual individual
behavior environmental | mean mean
measure (95% Credible Interval) (95% Credible Interval)
habitat 0 0 0.08 i-zgdi?s "
complexity (-0.03;0.03)  (0; 0) (-2.26:236)  g50529)
. . 0.02 -0.03 0.06 -0.16
latency to | territory size (-0.16:0.2)  (-0.14:0.08) | (-0.53:0.66)  (-0.82; 0.49)
jump female 0 0.01 -0.01 0.3
neighbors (-0.12;0.12)  (-0.04;0.07) | (-0.83;0.82)  (-1.05; 1.61)
. 0.01 0.05 0.14 0.68
male neighbors | [y58.01)  (0.03:0.13) | (-1.41:1.69)  (:0.37; 1.71)
habitat 0.22 00:0) -16.05 £-11077987'g3%; .
complexity (-1.35; 0.80) ' (-92.13; 56.86) 185096.6) ,

. . . -0.25 0.54 -0.88 3.13
d'StarI‘ICZ territory size (-5.56;4.93) (-2.99;4.19) | (-18.65; 16.58) (-17.74; 23.74)
travelle female -0.86 1.80 -6.30 40.63

neighbors (-4.70;2.88)  (0.07;3.83) | (-32.41;19.43) (1.51; 80.78)

. 117 0.28 -18.11 3.87
male neighbors | "y 5g.- 1 57)  (1.97:252) | (-67.59; 25.34) (-26.85: 33.70)
habitat 0.02 0 1.66 fgf; n
complexity (-0.16;0.20)  (0; 0) (-11.45,14.14)  34900.15)

o : : 0.39 -0.13 1.34 -0.76
tlm in territory size (-0.49; 1.41)  (-0.85:0.54) | (-1.62;4.71)  (-4.60;3.11)
shelter female 0.21 -0.36 153 -8.26

neighbors (-0.39;0.91)  (-0.74;-0.03) | (-2.62;6.15)  (-15.62; -0.85)
. -0.05 -0.07 -0.70 -0.96
male neighbors | 570 45)  (:0.50:0.37) | (-8.38;7.19)  (-6.79; 4.96)
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Supplementary Fig. 1 Path diagrams of nine structure equation models (SEMS)
explaining the covariance structure among four behaviors assessed during an
aggressivity test. ‘HBO’ refers to the latency until the first head-body orientation.
Models propose different scenario in which a latent variable describing
‘aggressiveness’ is derived from all or part of the behaviors measured during an
aggressivity test. Each model with two latent variables was tested without and with
(double-sided dashed arrow) a correlation among the two latent variables. SEMs were
evaluated based on difference in Akaike’s information criterion (AIC) values, with small
values indicating a better parsimony. All models tested without a correlation was under
identified and thus no AIC could be calculated. The more parsimonious model has
numbers in the square which represents the variances of the different behaviors
explained by the SEM structure (R?). Numbers associated with arrows are
standardized factor loadings which represent how behavioral responses are predicted
to change based on changes to the latent variable. Number in brackets represent

variances of residuals or error variances (e) associated to each behavior.
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Supplementary Fig. 2 Path diagrams of twenty-six structure equation models (SEMs)
explaining the covariance structure among five behaviors assessed during a Novel
Environment Test (NET). Models propose different scenario in which two latent
variables describing ‘exploration’ and ‘boldness’ are derived from all or part of the
behaviors measured during the NET. Each model with two latent variables was tested
without and with (double-sided dashed arrow) a correlation among the two latent
variables. SEMs were evaluated based on difference in Akaike’s information criterion
(AIC) values, with small values indicating a better parsimony. All models tested without
a correlation was under identified and thus no AIC could be calculated. Models (e) and
(i) were also under identified and have no AIC. The more parsimonious model has
numbers in the square which represents the variances of the different behaviors
explained by the SEM structure (R?). Numbers associated with arrows are
standardized factor loadings which represent how behavioral responses are predicted
to change based on changes to the latent variable. Number in brackets represent

variances of residuals or error variances (e) associated to each behavior.
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Abstract

Environmental variation plays a key role in the evolution and maintenance of animal
personality. Individuals with contrasting personalities might exhibit different habitat
preferences. Alternatively, variation in individual behaviour across space could arise
as a plastic adaptation to distinct habitats. Our study aims to investigate if habitat
choice is influenced by an individual's personality. To this end, we assessed individual
levels of activity, boldness, and exploration in male poison frogs, and performed a
habitat choice test under controlled laboratory conditions. Individuals were consistent
in their behaviours, but all tested frogs chose the complex over the simple habitat.
Individuals that were characterized as bold and very explorative also showed more
movements between the two different habitats in the choice test. These results indicate
that personality measured in a highly standardized artificial setup, such as a novel
environment test, indeed can reflect boldness and exploration related behaviours

measured in a more naturalistic setup.
Keywords

Habitat choice, Novel Environment Test, boldness, exploration, habitat complexity,

captive population.
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Introduction

Empirical evidence for the existence of consistent behavioural differences between
individual animals across time and contexts, also termed ‘animal personality’, has been
found in various taxa (reviewed in Réale et al., 2007; Gosling, 2008). Yet, we do not
fully understand how animal personality arises and is maintained in animal populations
(DiRienzo & Montiglio, 2015). The selective pressures induced by environmental
heterogeneity have been proposed as potential mechanisms both generating and
maintaining individual differences in behaviour within a population (Dingemanse et al.,
2004). Situations where personality traits are non-randomly distributed across the
natural and social environment are referred to as ‘phenotype by environment
correlation’ (Conover & Schultz, 1995; Dingemanse & Araya-Ajoy, 2015).
Unfortunately, to date very few studies have investigated whether habitat selection
could be driven by animal personality, or whether behaviours are adjusted in response
to the environmental conditions an individual is, or has been, exposed to (i.e.,
behavioural plasticity).

A study in dunnocks (Prunella modularis) has shown that bold individuals settled
in areas with high human disturbance, suggesting that habitat choice was based on
personality (Holtmann et al., 2017). Individuals also became bolder with age, but the
effect of behavioural plasticity was weak compared to the effect of personality. While
they cannot completely exclude an effect of developmental plasticity, their results
provide first evidence that personality was the predominant factor determining the
individuals’ distribution across the habitat. More empirical research is needed to better
understand the processes that influence how animal personalities are distributed
across the environment.

The existence of personality has been demonstrated in several species of
amphibians (reviewed in Kelleher et al., 2018), and amphibians are typically distributed
across heterogeneous environments making them excellent model species to
investigate the distribution of personalities across the natural environment. A recent
study in a wild population of the neotropical poison frog Allobates femoralis showed
that males exhibit consistent within- and between-individual variation in territorial
aggression, boldness and exploration (Peignier et al., 2022). There was no link
between males’ personality traits and properties of their natural environment known to

affect sound transmission and visibility to females and predators (i.e. overall vegetation
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complexity in the area surrounding the male’s territory and also territory size). But
males seemed to adjust their level of exploration and boldness in response to changes
in their social environment, especially to the density of females nearby. However, also
fine scale vegetation structure within the territories are likely very important for the
ecology of the species. During the breeding season, males need structures such as
branches, logs and roots where they can perch during advertisement calling (Ursprung
et al., 2011; Ringler et al., 2012) and suitable leaves for clutch deposition (Ringler et
al., 2013; Ringler et al., 2018). Given that there is variation in fine scale vegetation
structure among male territories, we asked if males with different behavioural
phenotypes exhibit contrasting habitat preferences for territory establishment.

In the present study, we tested if habitat complexity drives habitat choice in
Allobates femoralis. We further checked if habitat preferences are linked to specific
personality traits. We focused on 36 males from a captive population of A. femoralis to
guantify within- and between-individual consistency in activity, boldness and
exploration. We investigated habitat selection by presenting males with a two-choice
test between a non-complex (i.e., with fewer hiding places, perches, water bodies and
leaf litter) and a complex habitat. When faced with a novel environment, we expected
males to either all choose the same habitat - which would reflect an ideal habitat for
the species - or select a specific habitat according to their personality. In the latter
case, we expected bolder individuals to occupy areas of low complexity (i.e. sparse
vegetation and few ground structures) where they are easier to spot for females, while
shyer individuals are expected to occupy areas of higher complexity with more places
to hide.

Methods

Ethical note

The frogs used in this experiment belonged to an ex-situ laboratory population at the
animal care facility of the University of Bern and were retained to be used in future
experiments. Original stock for this population, including all animals used for this study,
was sampled in and exported from French Guiana in compliance with all legal
requirements from the responsible French authorities (DIREN: Arrété n°82 du
10.08.2012 and Arrété n°4 du 14.01.2013). All testing was approved by the Suisse
Federal Food Safety and Veterinary Office (National No. 33232, Cantonal No.
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BE144/2020). Captive conditions were approved by the Suisse Federal Food Safety
and Veterinary Office (Laboratory animal husbandry license: No. BE4/11). We followed
the guidelines laid out by the ASAB for the treatment of animals in behavioural research
and Teaching (Asab, 2020) and the ARRIVE guidelines (Percie du Sert et al., 2020).

Study species and experimental setup

Allobates femoralis is a small diurnal leaf litter frog common throughout the Amazon
basin and the Guiana Shield (Amezquita et al., 2009). During the reproductive season,
males emit prominent advertisement calls from elevated structures on the forest floor
(e.g., branches, logs, etc.) to announce territory possession to conspecifics and attract
female mating partners into their territory (HOdI et al., 2004). Males generally occupy
territories ranging from 64.62 to 417.63 m2 in size (Ringler et al., 2011). Females are
not territorial and commute to males’ territories for courtship and mating (Ringler et al.,
2012; Fischer et al., 2020). After tadpole hatching, males transport the larvae to water
bodies located up to 200 m away from their territories (Ringler et al., 2013; Ringler et
al., 2018).

We conducted our study in spring 2021 under controlled laboratory conditions
in the animal care facilities at the Ethological station of Hasli from the University of
Bern. The studied population consists of wild caught frogs from French Guiana and
own captive bred frogs. Individuals are kept in breeding pairs in standard (60 x 40 x
40 cm) glass terraria furnished with a coconut shelter, a perch, a plant, a water bowl,
and expanded clay pebbles covered with autoclaved oak leaves. The sides are
covered with Xaxim (tree fern stems) mats in the lower and cork in the upper half to
prevent visual contact between terraria. Light, temperature and humidity are
automatically controlled to mimic natural conditions in French Guiana.

All behavioural tests were performed on 36 adult males during their
reproductively active period (November-June). Individuals were unambiguously
identified via their unique ventral coloration patterns (Ringler et al., 2014). We
photographed all males over millimeter paper and measured their body size by
determining their snout to urostyle length (SUL) using the software ImageJ (Rasband,
1997-2021).

We assessed individual levels of activity, boldness and exploration (see
‘Assessment of activity level’ and ‘Assessment of boldness and exploration levels’) for
all focal males, by repeating each trial three times per individual (cf. Réale et al., 2007)
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resulting in a total of 108 tests per assessment. To prevent habituation and/or fatigue
during the experiments, no individual was tested twice on the same day and we ran
activity assessment and boldness/exploration assessment on alternated days (cf. Uher
& Asendorpf, 2008; Roche et al., 2016).

Assessment of activity level

Similar to the behaviour of A. femoralis individuals in the wild, males in our laboratory
population are usually more active during the afternoon and particularly after rainfall
(Aichinger, 1991; Ringler et al., 2013). Therefore, we ran activity trials immediately
after the daily ‘rainfall’ in the afternoon, from 1600 to 1900. To this end, we selected
six breeding pairs per day, where we removed the respective females from the tanks
and placed a wide-angle video camera (Hero Black 5 and 8, GoPro, San Mateo, CA,
USA) on top of each terrarium. The first 45 minutes of recording were not considered
in the analysis to allow individuals to resume normal behaviour after the experimenter
had exited the room. Temperature in the room during those trials was constant (28,3 +
0.4°C).

We analyzed the subsequent 60 min of video recordings using the coding
software BORIS (Friard et al., 2016). When males were visible and/or audible, we
coded activity as: (i) number of jumps and (ii) call duration (in s). In instances where
males were neither visible nor audible for the entirety of the recording (e.g., hiding
under a shelter, n=27/108 observations), we coded them with a value of zero for both

number of jumps and call duration.

Assessment of boldness and exploration levels

We collected data on individual levels of boldness and exploration using a Novel
Environment Test (NET) (cf. Carter et al., 2013), and assessed both exploration and
boldness within this setup. We chose similar variables as in Peignier et al. (2022),
which has shown that both personality traits could be distinctly measured in the NET.
The setup (Figure 1) consisted of a cooler box (50 x 25 x 29 c¢m), with a 10cm PVC
tube attached on one side of the box (hereafter ‘release tube’). The floor of the box
was visually divided into 40 squares. An opaque sliding door separated the box from
the release tube, so that it provided a safe, dark environment where the frog could calm

down after being caught. In the lid of the box, we installed a wide-angle video camera
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Figure 1. Picture of the Novel Environment

Test setup with the release tube attached on
the left side and a coconut shelter in the open

area.

Arena 2

Arena 1 Arena 3

Figure 2. Scheme of the habitat choice test (top) and pictures of the complex and non
complex habitats (bottom). The ring tank setup (top) was split in four arenas separated
by black walls (dashed lines) to prevent any visual contact between males, and each
arena was provided with a complex and a non-complex habitat separated by a small
empty area. In the complex habitat (bottom), 80 to 90% of the clay pebbles were
covered by a mix of leaves, plants, wood branches, water bowls and coconut shelters
whereas in the non-complex habitat, 10 to 20% of the clay pebbles were covered by a

mix of the same components.
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(Hero Black 5, GoPro, San Mateo, CA, USA) and two elongated, battery powered LED
lights (LUMIstixx, Osram/Ledvance, Garching, Germany). We also placed a coconut
shelter in the box, similar to the one in the home terrarium, to hide part of the novel
environment and motivate the frog to enter it. The position of the coconut shelter was
constant within but varied between repetitions.

We ran experiments from 0900 to 1700. At the beginning of each trial, we caught
a male in its home terrarium and placed it in the release tube for about 10 minutes to
recover from capture. We then switched on the lights and camera, closed the lid of the
box and opened the sliding door for 25 minutes. This allowed individuals to stay in the
release tube or return to it at any moment after entering the box. As temperature varied
during the day, we noted the exact ambient temperature (in °C) at the beginning of
each trial.

We analyzed video recordings using the coding software BORIS (Friard et al.,
2016). We coded (i) the probability for individuals to enter the box (1) or not (0), (ii) the
latency to leave the release tube (i.e., time to enter into a bright novel environment, in
s), (iii) the time spent in the box (i.e., when the individual was in the open area of the
box and not hiding under the coconut shelter, in s) and (iv) the number of visited
squares in the box. Males who did not leave the release tube (n = 44/108 observations),
were given a censored value of 1500 s for the latency to leave the release tube (i.e.,

total duration of the experiment) and a value of O s for the time spent in the box.

Habitat choice test

To investigate if males prefer different levels of habitat complexity according to their
personality, we used a two-choice test presenting each male two habitats with variable
complexity. Experiments took place in an 8000 L ring tank. The soil of the ring tank
was covered with clay pebbles and divided in four 2,4 m? arenas allowing us to test
four individuals at the same time (Figure 2). The arenas were separated by black walls
preventing any visual contact between males. In each arena, a ‘complex’ and a ‘non-
complex’ habitat area was created with a small empty area separating them. In the
complex habitat, 80 to 90 % of the clay pebbles were covered by a mix of oak leaves,
plants, wood branches, water bowls and coconut shelters whereas in the non-complex
habitat, only 10 to 20 % of the clay pebbles were covered by a mix of the same
components (Figure 2).

Before the start of the trials, the raining system was switched on for 10 minutes
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to ensure similar humidity levels across all trials. We caught males in their home
terraria and placed them in a release tube in the middle area without the possibility to
see nor access the habitats. We switched on a speaker broadcasting a recording of
the ambient background noise in the housing room (i.e., consisting of advertisement
calls of several males). We left the speaker playing for the entire duration of the trial to
mimic a natural environment and stimulate the focal males to settle in a territory in the
habitat choice setup. After a break of 15 minutes to recover from the stress of the
capture, we lifted the release tube and switched on the video cameras to record the
focal frogs’ behaviour during the next eight hours. At 1800, we caught the frogs and
put them back in their home terraria. We switched on the raining system for five
minutes to remove chemical cues from the setup. All experiments were conducted at
a constant temperature of 29 °C.

The first 30 minutes of the recordings were not considered in the analysis to
allow individuals to acclimate to the new environment. We analyzed subsequent 7 h
30 min of video recordings using the software BORIS (Friard et al., 2016) to code (i)
the time spent in each habitat type (in s) and (ii) the number of times individuals crossed
over from one habitat type to the other.

Statistical analyses

We conducted all statistical analyses in R v.3.6.0 (R Core Team, 2020), using the
integrated development environment RStudio v.1.2.1335 (RStudio Team, 2019). We
used the function transformTukey to adjust variables which deviated from normality
(i.e., calling duration during the activity trial, latency and time spent in the box during
the NET).

First, we investigated whether origin (i.e., wild caught or captive bred), and body
size influenced the behaviours measured in the activity trials (i.e., number of jumps
and call duration) and in the NET (i.e., probability to enter the box, latency to leave the
release tube, time spent in the box and number of visited squares). We additionally
investigated the influence of temperature on the behaviours measured in the NET. For
that, we fitted two generalized mixed effect model with a Poisson distribution and either
the number of jumps or the number of visited squares in the NET as response variable.
We also fitted a generalized mixed effect model with a binomial distribution, with the
probability to enter the box as response variable. Finally, we fitted three linear mixed
effect models with either the call duration, the latency to leave the release tube or the
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time spent in the box as response variables. In these six models we added origin, and
body size as fixed effects and male ID as random effect. We also added temperature
as fixed effect in the four models with the behaviours measured in the NET as response
variable.

To assess the amount of behavioural variation in the population due to inter-
individual variation, we estimated the repeatability of each behaviours measured
during the activity trial and the NET with the ‘rptR’ package (Stoffel et al., 2017). We
considered behaviours to be repeatable if the 95% confidence interval (Cl) did not
overlap zero.

To determine whether individuals chose a habitat over another based on its
complexity, we first checked data for normal distribution with a Shapiro-Wilk test (statistic
=0.49958, p < 0.001) and decided to use a Wilcoxon one sample test comparing the time
spend in the complex habitat to half of the total trial duration (13500 s). Then, we
investigated if males’ personality influenced their movements between the two different
habitats in the choice test. For this, we only used behaviours that were repeatable (i.e.,
number of jumps, as a proxy of activity, latency to leave the release tube as a proxy of
boldness, time spend in the box and mean number of visited squares in the box as proxies
of exploration). For each variable we calculated the average behaviour out of the data
from the three trials. We fitted a generalized linear model with a Poisson distribution with
the number of times individuals crossed over from one habitat type to the other as
response variable and the four average variables as fixed effects.

Results

Personality

There was no influence of origin and body size on any of the behaviours measured during
the activity trials and the NET. There was also no influence of temperature on the
behaviours measured in the NET (Table 1). The number of jumps measured during the
activity trials was repeatable (R = 0.44, p < 0.001, 95%CI = 0.01, 0.17), while the call
duration measured during the activity trials was not (R = 0.16, p = 0.064, 95%CI =0, 0.37).
Among the measures taken during the NET, all but the probability to enter the box (R =
0.22, p = 0.022, 95%CI = 0, 0.45) turned out to be repeatable and ranged from 0.23 to

0.34. For the boldness-related behaviours, the latency to leave the release tube
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Figure 3. Number of times frogs crossed from one habitat to the other in the habitat
selection test as a function of the mean latency to leave the tube (left), the mean time

spent in the box (middle) and the mean number of squares visited (right) in the NET.

110



Table 1. Results of the (generalized) linear mixed effect models investigating the influence of body size and origin on behaviours

measured during the activity trial and of body size, origin and temperature on behaviours measured during the NET. N = 108

observations on 36 individuals.

Number of jumps

Call duration

Probably to enter
the box

Latency to leave the
release tube

Time spend in the
box

Number of visited
squares

Fixed effects

(EstimatexSE | p value)

(Intercept) |-3.02+6.94 0.664 |10.59+10.99 0.335|-4.58+8.03 0.569 |13.1+18.17 0.471 |-3.60+5.35 0.501 [-5.10+5.34 0.339
Body size 1.51+2.41 0532 |-2.65+3.82 0.488|1.41+2.23 0.528 |3.63+5.21 0.487 |1.18+1.54 0.444 |2.05+1.81 0.258
Origin 0.73+0.64 0.260 |0.99+1.02 0.331|-0.78+0.62 0.205 [0.80+1.40 0.570 |-0.50+0.41 0.229 |-0.22+0.49 0.647
Temperature 0.06+0.19 0.763 [-0.49+0.40 0.212 |0.08+0.12 0.489 |0.01+0.04 0.718
Random effects (Estimate + SD)

ID 3.12+1.77 3.14+1.77 1.05+£1.02 8.11+2.85 0.74+0.86 1.69+1.3

Residual 15.59+3.95 22.27+4.72 1.85+1.36

Table 2. Results of the generalized linear model investigating the influence of personality on crossing over in the habitat choice setup.

Significant p values (< 0.05) are indicated with raised asterisks. N = 36 individuals.

Number of crossing over
from one habitat to the other

Fixed effects (EstimatexSE | p value)

(Intercept)

Mean number of jumps

Mean latency to leave the release tube

Mean time spend in the box
Mean number of visited squares

2.08+0.32
-0.003+0.01
-0.001+0.0003
-0.001+0.0005
0.06+0.02

<0.001*
0.543
<0.001*
0.014*
0.006*
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had a repeatability of 0.23 (p = 0.01, 95%CI = 0.007, 0.43). For the exploration-related
behaviours, the time spent in the box had a repeatability of 0.29 (p = 0.004, 95%CI =
0.06, 0.48), and the number of visited squares had a repeatability of 0.34 (p = 0.004,
95%ClI = 0.02, 0.56).

Habitat choice test

During the habitat choice test, 23 out of 36 individuals explored both habitat types by
crossing over from one habitat to the other. However, all individuals spent significantly
more time in the complex habitat than in the non-complex one (Wilcoxon one sample
test: V=665, p <0.001). The number of times individuals crossed over from one habitat
type to the other was influenced by personality (Table 2). Individuals who were bolder
(i.e. exited faster the release tube) and more explorative (i.e. stayed longer and visited
more squares) in the NET, also crossed more often from one habitat type to the other

in the choice test (Table 2; Figure 3).

Discussion
In the present study we investigated if habitat selection is driven by animal personality in
the poison frog Allobates femoralis. By using a Novel Environment Test and assessing
individual activity patterns, we confirmed the existence of personality along the
active/passive, bold/shy, and exploration/avoidance axes in our laboratory frog population.
We show that the repeatability of the variables measured (ranging from 0.23 to 0.44) was
in the lower range of what has been found in most personality studies in other taxa so far
(mean = 0.37, 95%CI = 0.35, 0.38) (Bell et al., 2009). However, our repeatability results
are consistent with previous findings in amphibians (Brodin et al., 2013; Maes et al., 2013;
Gifford et al., 2014; Gonzalez-Bernal et al., 2014), and with what has been measured in
wild A. femoralis (Peignier et al., 2022). The somewhat low repeatability in the present
study is not surprising since ectotherms (compared to endotherms) and captive individuals
(compared to wild populations) are typically less repeatable in their behaviours (Bell et al.,
2009).

We also tested if habitat selection is driven by personality type using a two-choice
test opposing two habitats with different level of complexity. When individuals enter a novel
environment, they could either randomly disperse, all select the same environment (e.qg.,

the environment that offers greatest resources) or select a habitat to match their
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personality (Holtmann et al., 2017). We expected shy individuals to select complex
habitats (with more places to hide) and bold individuals to prefer non-complex habitats
(where they are easier to spot for females). In our study, we observed that all individuals
spent significantly more time in the complex compared to the non-complex habitat,
regardless of their personality.

Vegetation composition plays a major role in the ecology of A. femoralis. During
the reproductive season, males call from perches to both repel male competitors and
attract females (Narins et al., 2003). Once the courtship initiated with the female, eggs are
laid in the leaf litter (Ringler et al., 2012; Fischer et al., 2020). Therefore, choosing a
complex habitat would be relevant regarding the species’ ecology, as it offers more
resources such as more plants and branches to perch and hide, more leaf litter to hide
and lay clutches. We cannot rule out that the simple habitat we offered was eventually
considered too scarcely vegetated to be considered attractive, or that frogs evaluate a
territory based on the combination of its natural and social characteristics. Our study
design was chosen to specifically test for habitat preferences in the absence of any other
social cues, such as presence of conspecifics. We speculate that in the wild, the
distribution of certain personalities across the habitat is the result of a combination of
different factors, including individual preferences and social interactions. If certain
personalities have a competitive advantage when choosing a territory, this could also lead
to a habitat type by personality correlation. Future studies should look into the relative
contribution of social interactions and individual preferences on habitat choice and territory
settlement.

Finally, we found that bolder and more explorative individuals were more likely to
cross between habitats in the choice test. While this was not initially the main focus of our
study, this result suggests that the behaviours measured in the NET indeed reflect
exploration and boldness related behaviours measured in a more naturalistic setup.
Animal personality is currently an omnipresent topic in animal behaviour research, and as
such has been highly contested (cf. Beekman & Jordan, 2017). One of the main criticisms
is whether the use of artificial setups, such as a Novel Environment, really allows to
measure behavioural patterns that reflect common behaviours of the species under
natural conditions. Our results demonstrate that exploration behaviour measured in a
highly artificial setup indeed reflect exploration behaviour in a more naturalistic setup. We
encourage more studies to investigate personality traits across different experimental

complexities and settings to assure the ecological relevance of the behaviours measured.
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Abstract

In many animal species, members of one sex, most often females, exhibit a strong
preference for mating partners with particular traits or resources. However, when
females sequentially mate with multiple partners, strategies underlying female choice
are not very well understood. Particularly, little is known if under such sequential
polyandry females mate truly randomly, or if they actively try to spread mating events
across multiple partners. In the present study, we used the highly promiscuous poison
frog Allobates femoralis to investigate whether promiscuity could result from a
preference for novel mates. Furthermore, we examined the importance of call
characteristics for mate choice. We conducted mate choice experiments in a laboratory
setup, by presenting females with recent mating partners or novel males. We recorded
call characteristics of both males and the time females spent close to each male. In
our trials, females preferred previous mating partners over novel males and also males
with shorter advertisement calls. Results from previous studies on A. femoralis suggest
that females in our trials recognized previous partners based on individual call
characteristics. While mating decisions in the wild and in the laboratory might differ,
our study provides first evidence for female mate choice in a poison frog with sequential

polyandry.
Keywords

Anura, call characteristics, familiarity, female mate choice, polyandry, sequential

mating

121



Introduction

Animals have evolved a wide variety of species-specific mating strategies to maximize
their reproductive success (Emlen & Oring, 1977; Kokko et al., 2003; Krasnec et al.,
2012). Mate choice and intra-sexual competition are key elements of many mating
systems and together characterize sexual selection (Darwin, 1871; Rosenthal, 2017).
In many cases, members of one sex, most often females (but see e.g., Werner &
Lotem, 2003), exhibit a preference for mating partners with particular traits or
resources. Females may benefit from being choosy by obtaining access to resources
(e.g. nesting site, food), secure males that show high parental investment or benefit
from high genetic quality or compatibility of the male that will enhance the viability in
the offspring (Hamilton, 1990; Neff & Pitcher, 2005; Rosenthal, 2017; Tregenza &
Wedell, 2000; Trivers, 1972). However, in populations living in highly dynamic
environments, “desirable” or “optimal” traits of potential mating partners may change
over time or might be difficult to assess (Bonsall & Klug, 2011). In general, females
should become less choosy as costs of assessment or courtship increase. In this
situation, the choosing sex may partition reproduction across multiple partners to
ensure against total reproductive failure and thereby promiscuous mating might
become adaptive (Carlisle, 1982; Fox & Rauter, 2003; Garcia-Gonzalez et al., 2015;
Yasui, 2001; Yasui & Garcia-Gonzalez, 2016).

In species where females sequentially mate with multiple partners in
subsequent reproductive events, strategies underlying female choice are not very well
understood, and female multiple mating is often interpreted as a result of non-
choosiness by the female (Krasnec et al., 2012; Yasui, 2001). However, such a mating
pattern could actually be the result of various strategies. On one hand, females may
indeed opportunistically mate with available males that by chance are spatially close
or advertise availability, leading to a seemingly random mating pattern (Janetos, 1980;
Meuche et al., 2013). On the other hand, such promiscuous mating could be caused
by females that show a preference for males they have not previously mated with
(Krasnec et al., 2012; Yasui, 2001). Sequential polyandry is known to attenuate
negative effects of mating with single low-quality mates (Fox & Rauter, 2003; Yasui,
2001; Yasui & Garcia-Gonzalez, 2016). However, whether such a mating pattern is the
result of true random mating, or the active preference for novel mates remains

unknown for most species with promiscuous mating systems.
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To study mate choice, amphibians are a particularly interesting taxon because
of their high diversity and complexity of reproductive strategies and mating systems
(Luz Nunes-de- Almeida et al., 2021; Sullivan et al., 1995; Wells, 2007). Females of
many anuran species exhibit mate choice based on characteristics of male
advertisement calls (e.g. Gerhardt, 1991; Giacoma et al., 1997; Klump & Gerhardt,
1987; Schwartz et al., 2001; Tarano & Fuenmayor, 2013; Welch et al., 1998). Temporal
properties of a call such as call/note duration or number of calls within a bout can
convey information on a male’s endurance (Taigen & Wells, 1985), on its body size
(Giacoma et al., 1997) or on the quality of paternal care (Pettitt et al., 2020). Spectral
properties, such as the frequency or amplitude of the call, are often linked to age
(Felton et al., 2006) and body size (Humfeld, 2013; McClelland et al., 1996). However,
not all anurans show clear preferences for certain traits when it comes to mate choice.
Several species have evolved high levels of promiscuity, suggesting non-selective
mating by females (Roberts & Byrne, 2011).

In Neotropical poison frogs (Dendrobatidae sensu AmphibiaWeb, 2021), female
mate choice is mostly based on visual and acoustic signals of potential mating
partners. Visual cues predominantly play a role in the colourful, aposematic species,
where dorsal brightness, spectral reflectance and colouration patters often enable
assortative mating (e.g. in Oophaga pumilio, Dreher et al., 2017; Gade et al., 2016;
Maan & Cummings, 2008, 2009, 2012; Reynolds & Fitzpatrick, 2007; Richards-
Zawacki et al., 2012; Richards-Zawacki & Cummings, 2011; Summers et al., 1999).
However, the visually mediated assortative mating in O. pumilio has recently been
shown to become overridden by the outcome of direct male—male competition. In the
wild, female O. pumilio prefer to mate with males of the local colour morph. A study
showed that this preference is overridden by intra-sexual selection, as females tested
in a laboratory setting preferred territory holders over non-territorial males, regardless
of their colour morph (Yang & Richards-Zawacki, 2020). Acoustic signalling is present
in the vast majority of poison frogs across all clades, with different acoustic
characteristics being relevant for female mate choice (e.g. Dreher & Prohl, 2014;
Liddecke, 2002; Meuche et al., 2013; Pettitt et al., 2020; Prohl, 2003; Roithmair, 1994;
Souza et al., 2021). Also territory size and breeding resources, which the female can
assess during courtship within the male’s territory, seems to play a role in female
mating decisions (e.g. in Allobates paleovarzensis [Da Rocha et al., 2018], Ameerega
trivitatta [Roithmair, 1994], Oophaga pumilio [Donnelly, 1989; Prohl & Hodl, 1999]).

123



In the Brilliant-thighed Poison Frog Allobates femoralis (subfamily
Aromobatinae sensu AmphibiaWeb, 2021), both sexes typically mate multiple times
and with different partners, resulting in a highly promiscuous mating system
(Montanarin et al., 2011; Stuckler et al., 2019; Ursprung et al., 2011). Previous studies
point towards the absence of active mate choice by females because of high levels of
polyandry and low levels of reproductive skew among males (Ringler et al., 2012;
Ursprung et al.,, 2011). Female preference for males with larges territories was
described in an observational study by Roithmair (1992); however, these findings were
not corroborated in a more recent study using molecular methods to measure
reproductive success (Ursprung et al., 2011). So far, the possibility of an active
preference for novel mating partners has not been studied and previous studies did
also not incorporate male call characteristics into analyses of female choice. Given the
substantial energetic costs and risks of predation that male frogs generally face when
calling, calls could be expected to serve as a signal of male quality, directed at and
used by females (Pough & Taigen, 1990; Ryan et al., 1982, 1983; Taigen & Wells,
1985; Zahavi, 1977). Furthermore, previous studies have shown that the calls of A.
femoralis males are individually distinct which could help females identify and favour
novel partners for mating (Gasser et al., 2009; Tumulty et al., 2018).

To investigate patterns of female mating in A. femoralis, we conducted a choice
test where we presented a previous mating partner and a novel male to females in a
two-arm maze. We made the following predictions:

1. if females prefer novel mating partners, they should spend more time close

to a novel male compared with in the central section or close to their previous

mating partner;

2. if females prefer males based on the amount and/or characteristics of the

advertisement or courtship call, female choice should be correlated with the

number, the duration, the frequency and/or the consistency of male calls.

Methods

Ethical note

This study was approved by the ethics and animal welfare committee of the University
of Vienna (No. 2019-003) in accordance with Good Scientific Practice (GSP) guidelines

and national Austrian legislation. The frogs used in this experiment belonged to an ex
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situ laboratory population at the animal care facility of the University of Vienna. Original
stock for this population, including all animals used for this study, was sampled in and
exported from French Guiana in compliance with all legal requirements from the
responsible French authorities (DIREN: Arrété n°82 du August 10, 2012 and Arrété
n°4 du January 14, 2013). We followed the guidelines laid out by the ASAB for the
treatment of animals in behavioural research and Teaching (Asab, 2020) and the
ARRIVE guidelines (Percie du Sert et al., 2020).

Study species

Allobates femoralis (Figure 1) is a Neotropical poison frog that occurs commonly
throughout the Amazonian basin and Guiana shield (Amezquita et al., 2009). During
the reproductive season, which coincides with local rainy seasons (Gottsberger &
Gruber, 2004), males are highly territorial and advertise territory occupancy via
prominent advertisement calls from elevated perches to repel male competitors and
attract female mating partners (Hodl et al., 2004; Ringler et al., 2011). Advertisement
calls consist of four notes which feature an upward frequency sweep, with calls being
repeated at regular intervals to form bouts of up to 40 four-notes calls (Narins et al.,
2003). Females do not establish territories but show site fidelity and commute to male
territories within 20 m for courtship and mating (Fischer et al., 2020; Ringler et al.,
2012). Males switch from advertisement calls to courtship calls once a female is in
sight. The buzzing courtship call lasts for .5-1 s and features a broadband burst of
pulses with a dominant frequency of 2500-2700 Hz (see Figure 1 in Sttckler et al.,
2019). Once the male switches to courtship calling, the pair begins an elaborate
courtship sequence that can last up to several hours and almost always end up in
successful oviposition (Montanarin et al., 2011; Stuckler et al., 2019). The courtship
march in A. femoralis is among the longest observed in poison frogs and likely serves
the pair to identify a suitable oviposition site or collect fine-scale spatial information
needed for subsequent parental care (Stickler et al., 2019). The female lays a clutch
of approximately 20 eggs in the leaf litter, which is then externally fertilized by the male,
and subsequently the female leaves the male’s territory (Ringler et al., 2015). After 15—
20 days of larval development, tadpoles hatch and are transported by the male to
medium-sized natural pools located up to 200 m from their territory (median: 27.52 m
+ 30.90 m igr; Ringler et al., 2013; see also Beck et al., 2017; Ringler et al., 2018).
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Males partition tadpoles of single clutches over several water bodies in an attempt to
hedge their bets regarding parental care (Erich et al., 2015; PaSukonis et al., 2017).
Occasionally females take over transport, but only when the father is absent (Ringler
et al., 2015).

Housing conditions

We performed the behavioural experiments under controlled laboratory conditions from
October to December 2019 in the animal care facilities at the University of Vienna using
individuals from a captive A. femoralis population. Prior to the choice experiments, we
kept the frogs in randomly assigned pairs in standard glass terraria of equal size (60 x
40 x 40 cm) with identical equipment and furnishings. The floor was made of expanded
clay pebbles, back and side walls were covered with Xaxim (tree fern stems) mats in
the lower and cork in the upper half to prevent visual contact between terraria. Half a
coconut shell, a small plant, and a branch provided standardized shelter and elevated
calling positions. We provided autoclaved oak leaves as substrate for oviposition, and
a small glass bowl of 10 cm diameter filled with water for tadpole deposition. An
automatic raining, heating and lighting system ensured standardized climatic
conditions in all terraria, similar to natural conditions in French Guiana. The
temperature ranged from 21°C at night to 28°C during the day. Lights were on from 7
a.m. to 7 p.m. and humidity in the terraria was constantly at 100%. Frogs were fed
wingless fruit flies (Drosophila) three times a week but were never fed on the day of an
experiment. Pairs used in our experiment had already been kept together over several
months, and each pair had already produced clutches together. We also made sure
that the novel male and the female used in a test had not been in contact (i.e., housed

in the same terraria) before.

Mate choice test setup

We performed the mate choice test in a separate room using a two-arm maze. The
middle area (120 x 35 x 70 cm) housed the female, while the two adjacent areas to
the left and right (60 x 35 x 70 cm each) housed the previous mating partner from her
home terrarium, and a novel male she had never had direct contact with, respectively
(Figure 1). The side areas housing the males were separated from the middle part with

sliding doors made of glass on the lower half and mesh on the upper half to allow the
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Figure 1. Picture of a male Allobates femoralis calling (left) and scheme of the two-
arm maze (right). The set-up consisted of a middle terrarium (120 x 35 x 70 cm)
housing the female and two adjacent terraria (60 x 35 x 70 cm) housing a previous
mating partner and a novel male. The dashed lines represent the white markers used
to divide the females’ terrarium into three thirds for the analyses. The middle and
adjacent terrarium were separated with sliding doors made of glass on the lower half

and mesh on the upper half (dotted lines).



female to see, smell and hear both males. All area had expanded clay pebbles as soil
material, which was covered with autoclaved oak leaves. We sprayed and rinsed each
compartment with 2 L of demineralized and dechlorinated water before each trial to
maintain an equal level of humidity for each trial and remove odour cues from the
previous trial. The light and heat conditions were the same as the ones provided in the
housing room. The males were provided with half a coconut shell for shelter and a cork
branch for calling. In the female’s compartment, we placed small white markers on the
ground to divide the area into three thirds (corresponding to “close to previous partner,”

“central section,” “close to novel male”).

Mate choice test procedure

To ensure that females were physically ready to produce a new clutch and likely
motivated to find a mate, we waited a minimum of 6 days after their last clutch to
perform the test (cf. Weygoldt, 1980; in captivity on average 8 days between
oviposition). We tested each female only once, while males could serve as the previous
partner and novel male in one trial each. To control for a possible directional bias of
females in the setup, we alternated the side where we presented previous
partner/novel male. We also controlled for the effect of male body size by choosing a
novel male of similar stature to the previous partner. All frogs had at least 60 min to
acclimate to the testing terraria before the experiment started. Females could see, hear
and smell both males during this acclimation period. We then recorded the behaviours
of each female for 180 min between 3 p.m. and 6 p.m. with digital full-HD surveillance
cameras (BX400 HD Minidome; IndigoVision) that were installed on top of the setup.
Additionally, we recorded male calls with two Lavalier microphones (TY-109;
renkforce) attached to pre-amplifiers (PS418S; Superlux) and a digital audio recorder
(24-bit, 44.1 kHz; H4N, Zoom). Microphones were inserted into the male compartments
to record calls during trials. After the trial, we photographed each individual on
millimetre paper to measure snout-urostyle length (SUL) with ImageJ (Rasband, 1997—
2021), before transferring them back to their home terraria. We conducted 23 trials in

total, one trial per female.

Data collection

For coding the location of females in the video recordings of the trials we used the
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software BORIS (Friard et al., 2016). To determine whether females prefer a previous
partner or rather a novel male, we analysed the relative duration a female spent close
to each male without taking into account the time spent in the central section (hereafter
“proportion of paired time”). The proportion of paired time was calculated by dividing
the time spent near a particular male (previous partner or novel male) by the total time
spent near either male within a trial. Additionally, we coded for each male whether the
female chose him (1) or not (0) during the test. We coded a male as chosen if the
female spent more than half of the proportion of paired time with him.

We used the bioacoustics software RAVEN PRO 1.6.1 (K. Lisa Yang Center for
Conservation BioacousticsYang Center for Conservation Bioacoustics, 2011-2021) to
determine the spectral and temporal characteristics of the advertisement and courtship
calls. We counted the total number of advertisement (i.e., four-notes call) and courtship
calls. Then we applied a band energy detector to find entire bouts of advertisement
calls (detector settings: minimum frequency: 2000 Hz; maximum frequency: 5000 Hz;
minimum duration: 1 s; maximum duration: 50 s; minimum separation: 2 s; minimum
occupancy: 14%; SNR threshold: 29 dB; block size: 5 s; hop size: .1 s; percentile: 30).
We further applied additional band energy detectors to find single A. femoralis
advertisement and courtship calls (detector settings: minimum frequency: 2000 Hz;
maximum frequency: 5000 Hz; minimum duration: .3 s; maximum duration: 1.7 s for
advertisement calls and 3.0 s for courtship calls; minimum separation: .27 s for
advertisement calls and .01 s for courtship calls; minimum occupancy: 40% for
advertisement calls and 75% for courtship calls; SNR threshold: 29 dB for
advertisement calls and 13 dB for courtship calls; block size: 5 s; hop size: .1 s;
percentile: 30). Finally, to find the four separate notes constituting the advertisement
calls, we applied another band energy detector (detector settings: minimum frequency:
2000 Hz; maximum frequency: 10000 Hz; minimum duration: .03 s; maximum duration:
.2 S; minimum separation: .01 s; minimum occupancy: 10%; SNR threshold: 29 dB;
block size: 5 s; hop size: .1 s; percentile: 30) on the cut-out files of the detected bouts.
From the automatic detections, we used the mean duration (s) and mean peak
frequency (Hz) of the four-note advertisement calls and of the courtship calls. Then,
we calculated the advertisement call rate as the number of calls in a bout per min. We
also calculated the coefficients of variation within males of the time interval between
the first and second, second and third, and third and fourth notes (i.e., standard

deviation divided by the mean). Likewise, we calculated the coefficient of variation of
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the inter-call interval (i.e., time between the last note of a call and the first note of
another call within a bout). Finally, we calculated the coefficient of variation of the
frequency range and of the mid-frequency of each note. We coded males that did not
call with a call number, call rate and a mean call duration of 0, and “NA” for the other

measurements.

Statistical analyses

We conducted all statistical analyses in R v3.6.0 (R Core Team, 2020), using the
integrated development environment Rstudio v1.3.1093 (Rstudio Team, 2019). First,
we verified that we used males of similar size by comparing the size of the previous
partner and novel male using an independent two samples t-test. We checked data for
normal distribution of each group with a Shapiro—Wilk test (size of the previous partner:
statistic = .944, p-value = .223; size of the novel male: statistic = .948, p-value = .266)
and for homogeneity of variance with Levene’s test (df1 = 1, df2 = 44, statistic = .609,
p-value = .439). We also checked for a potential directional bias in females. We
checked for data normality (Shapiro—Wilk test: statistic = .822, p-value <.001) and used
a Wilcoxon one sample test comparing the proportion of paired time (whether it was
with the previous or novel male) spent on the left side to .5. As both tests did not reveal
significant differences in body size or any side bias across tests, we did not include
these variables in any further analyses.

Next, we investigated whether females were responsive to the presence of
males. We built three Wilcoxon one sample tests comparing the proportion of time
spent in each section to .3333, which represents a third of the total trial time. In other
words, we investigated whether females spent more or less than 1/3 of the time in each
section. Here, we used non-parametric tests because the time spent in each section
did not follow a normal distribution (Shapiro—Wilk test: proportion of time close to the
novel male: statistic = .839, p-value = .002; proportion of time close to the previous
partner: statistic = .862, p-value = .004; proportion of time in the central section: statistic
= .740, p-value < .001). Then, we analysed the female’s preference for a male based
on familiarity by using a Wilcoxon one sample test to compare the paired proportion of
time spent close to the novel male to .5. Again, we used a non-parametric test because
the response variable did not follow a normal distribution (Shapiro—Wilk test: statistic =
.811, p-value = .001).

We investigated the influence of different characteristics of the advertisement
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and courtship call on female choice behaviour. We built three generalized linear mixed
effect models (GLMMs) following a binomial distribution with the function “glmer” in the
Ime4 package (Bates et al., 2016). We used the choice of the female (if the female
spent most of the time with the male —1- or not —0-) as a response variable in all three
models. In the first model, we added the coefficients of variation of the inter-notes
intervals, inter-call interval, frequency ranges of each note, mid frequencies of each
note and the mean peak frequency of calls as fixed effects. All fixed effects were scaled
using the “scale” function in R (i.e., centred to their mean value and standardized to
units of 1 phenotypic standard deviation). In the second model, we added the number
and duration of advertisement and courtship calls, and the rate of advertisement calls
as fixed effects. All fixed effects were scaled. In the last model, we added the mean
frequency of courtship calls as a fixed effect. In all three models, we included trial as a
random effect. We built several separate models instead of one full model with all
parameters to make use of the maximum amount of data in each model. For instance,
since not all individuals performed courtship calls, including the mean peak frequency
of courtship calls in the model with the number and duration of calls would have led to
a loss of data.

Both the familiarity and the call duration seemed to influence the time a female
spent close to a male (i.e., females spent more time close to their previous partner and
close to males whose advertisement call was shorter; see “Results” for more details).
Therefore, we further investigated whether this could be the result of males producing
shorter calls for females they already know and have mated with. To test whether there
is a link between call duration and familiarity, we fitted a linear model with the call
duration as response variable and the status of the male (previous partner vs. novel
male) as a fixed effect. We added trial and male ID as random effects. We applied a
constant transformation on the call duration using the function transformTukey and
inspected model residuals for normal distribution using diagnostic qg-plots. We
acknowledge that introducing an interaction between familiarity status and call
characteristics would have been patrticularly interesting to deepen our understanding
of female choice behaviour, but unfortunately our sample size does not allow for such

analysis.
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Results

We first confirmed that we used novel males and previous partners of similar size
(independent two samples t-test, t-value = -1.031, p-value = .308). We also verified
the absence of a potential side bias on female choice (Wilcoxon one sample test, V =
162, p-value = .472).

When testing for a preference based on familiarity, we first checked that females
were responsive to the presence of male. In average females spent 50% of their time
close to the previous partner, 35% close to the novel male and 15% in the central
section. We found very strong evidence (sensu Muff et al., 2021) that females spent
significantly less than 1/3 of the time in the central section (z = -3.35, V = 28, pseudo
median = .09, p-value <.001), while we found weak evidence that they spent more than
1/3 of the total trial time close to the previous partner (z =1.83, V = 198, pseudo median
= .51, p-value = .07; Figure 2). Finally, females spent around a 1/3 of the time close to
the novel male (z = .34, V = 149, pseudo median = .34, p-value = .749; Figure 2). We
also found that females did not spend more or less than half of the total paired time
close to the novel male (z = -1.19, V = 99, pseudo median = .44, p-value = .238).

When investigating the effect of call characteristics on female choice, our model
results showed moderate evidence that females spent more time close to the males
whose advertisement calls were on average shorter (Figure 3; Table 1) and we found
weak evidence that females spent more time close to the males who called at a higher
rate (Table 1). The amount and average frequency of calls had no effect on female’s
choice (Table 1). The consistency of the time interval between two notes of the
frequency range and mid frequency of the notes did not influence female’s choice
(Table 1). None of the measured courtship call characteristics had an effect on female
choice (Table 1). Based on our results, we wondered if males possibly produced
shorter calls for the females they have already mated with (i.e., previous partners).
However, we did not find a link between call duration and male familiarity status (Table
1). Call duration of previous partner and novel males did not differ, which confirms that
call duration in itself is an important factor in female mate choice, no matter if the female
already mated with the calling male or not. To sum up, in our trials females preferred
previous mating partners over novel males. They also preferred males with shorter
advertisement call, but previous partners and short-calling males were not necessarily

the same individuals.
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Table 1. Results of the generalized linear mixed effect models looking at how call

characteristics of male advertisement and courtship calls affect female choice

behaviour. Sample size (N) are presented for each model. Results indicating at least

weak evidence (sensu Muff et al., 2021) are written in bold. The fixed effects in the first

two models have been scaled (i.e., centred to their mean value and standardized to

units of 1 phenotypic standard deviation).

Response Fixed effects N | Estimate | Standard- | p-
variable error value
intercept -1.05 0.98 0.285
time interval note 1 — note 2 -2.06 1.77 0.246
time interval note 2 — note 3 0.47 1.56 0.763
time interval note 3 — note 4 1.48 1.55 0.340
time interval between calls -2.83 1.81 0.119
frequency range note 1 1.35 2.38 0.570
frequency range note 2 1.34 3.52 0.703
, . frequency range note 3 -2.34 3.45 0.498
Female’s choice frequency range note 4 24 -0.34 1.55 0.829
mid frequency note 1 0.91 2.14 0.670
mid frequency note 2 -1.76 2.56 0.491
mid frequency note 3 2.72 3.84 0.480
mid frequency note 4 -0.63 2.97 0.833
advertisement call frequency 1.91 2.79 0.494
Random effects
trial 0 0
intercept 0.01 0.44 0.984
ggnrrslber of advertisement 030 054 0577
advertisement calls duration -4.75 2.10 0.024
Female’s choice | advertisement calls rate 34 | 3.52 1.97 0.074
number of courtships calls 0.70 0.57 0.220
courtships calls duration -0.53 0.58 0.360
Random effects
trial 0 0
intercept 5.58 4.14 0.178
Female’s choice courtship call frequency 20 -0.00 0.00 0.194
Random effects
trial 0 0
intercept 0.02 0.00 ;0'00
. status (previous partner vs 0.00 0.00 0.436
Advertisement novel) 38
call duration Random effects
male ID 1.89*10* | 0.01
trial 0.00 0.00
residual 5.58*10° | 0.01
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Figure 2. Boxplot of the proportion of time spent by females in each section. The
horizontal line crossing the entire plot represents a third of the total time. The median
is represented by thick dark lines, the interquartile range is represented by the upper
and lower edges of each box, the qualitative difference in median is represented by
the notches, and the upper and lower quantiles (1.5*IQR) are represented by the

whiskers.
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Figure 3. Violin plot of the call duration (in seconds) of the chosen and non-chosen
males (i.e., males with whom the females spent respectively more and less than half

of the paired proportion of time). The dot represents the mean.
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Discussion

In the present study, we investigated mechanisms underlying female mate choice in
the Neotropical poison frog Allobates femoralis. Previous studies in this species had
revealed a highly promiscuous mating system, suggesting low opportunity for sexual
selection and a seemingly random mating strategy in females (Montanarin et al., 2011,
Ringler et al., 2012; Stickler et al., 2019; Ursprung et al., 2011). Yet, a preference for
novel mating partners by females, or a choice based on the characteristics of male
advertisement or courtship calls had not been investigated and therefore could not be
ruled out so far. Here, we show that females tested in the laboratory in a two-choice
test seem to have a preference for their previous mating partner over novel males and
also for males (previous partners or not) with shorter 4-note advertisement calls.

We did not find a significant difference in the time females spent with the
previous versus the novel partner, yet we found a trend towards a preference for their
previous partner. Females spent about half of the time close to their previous partner
against 35% of the time close to the novel male. Our initial expectation that females
would prefer novel males was motivated by potential benefits associated with multiple
mating partners (Evans & Magurran, 2000; Hosken & Blanckenhorn, 1999; Jennions
& Petrie, 2000). In our captive colony, females had been cohabitated with the
respective previous mating partners in a restricted space (i.e., terrarium) for a relatively
long time prior to the experiment. We cannot rule out that these particular housing
conditions might have induced habituation and/or caused pair bonding and thereby
influenced the decision to stay with these males in our choice experiment. However,
although pair bonding and even monogamy have been observed in other poison frogs
(Brown et al., 2010; Caldwell, 1997), this behaviour is unknown from the field in A.
femoralis. The long cohabitation prior to the experiment also means that all females
had previously witnessed successful reproduction with, and beneficial paternal care
provided by the respective male. Therefore, choosing the previous partner might have
been the females’ most promising way to ensure future reproduction based on the
knowledge gained from previous experience.

As another possibility, in direct contests female A. femoralis might prefer known
territory holders over males with unknown territorial status, similar to observations in
the related poison frog Oophaga pumilio, where direct male—male contest overrules a

strong tendency for assortative mating by colour morph (Yang & Richards-Zawacki,
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2020). In our experimental setup, females only had information about the territorial
status of the familiar male, whereas the status of the new male was unknown to them.
We also cannot rule out that females had made their choice already prior to being in
the experimental setup. All females needed to be ready to mate at the time we
transferred them into the setup, which we decided based on the time since their last
clutch. Therefore, they could have already decided to mate with the only available male
at the time before the experiment, which was the previous partner, before we gave
them the option of another, novel male during the experiment. However, in our opinion
it is unlikely that this had been the case for the majority of females tested in our
experiment.

In the wild, females A. femoralis do not stay in close proximity to males but rather
commute from their resting perches to male territories for mating (Fischer et al., 2020;
Ringler et al., 2012). After oviposition, they do not stay long enough to directly witness
and assess the parental abilities of the male (Fischer et al., 2020; Stiickler et al., 2019).
Therefore, under natural conditions females are unable to predict benefits that might
arise from actively choosing to mate again with a previous partner. Preliminary data
and long-term monitoring of a wild population show that, in low-density areas or
isolated situations, females mate repeatedly with the same male (E. Ringler,
unpublished data). In these areas, females probably trade-off the potential benefits of
multiple mating partner against the costs to search for and access them and decide for
an apparently monogamous mating strategy. We see the possibility that, in our
experiment, where we presented only two males to the female, this condition
resembled such a low-density situation.

Although we cannot rule out that visual recognition also played a role in our
experiment (e.g., via the ventral colour pattern or the shape of the lateral bright line),
we assume that females recognized previous partners based on their call
characteristics. Previous research has shown that the calls of A. femoralis males are
individually distinct and would allow for individual discrimination (Gasser et al., 2009;
Tumulty et al., 2018). In our captive breeding colony, all A. femoralis were housed
together as pairs in separate tanks but in the same room. In this setting, males from
the other tanks were strongly attenuated and audible only as a conflated background
chorus. Each female was therefore more subjected to the calls of the male she was
housed with, making it more likely for her to learn and subsequently discriminate

distinctive features of his call. In the wild, females commute from their resting site to
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males’ territories within 20 m and typically make the decision on whom to mate with
before approaching a male (Stickler et al., 2019). Therefore, it is unlikely that females
would choose a mating partner based on familiar morphological features or chemical
stimuli. Recognition based on call acoustic cues is much more plausible.

In the present study, we also investigated whether female choice is based on
certain characteristics of the advertisement or courtship call. Given the costs
associated with advertising in terms of energy expenditure and elevated risk of
predation (Ryan et al., 1982; Wells, 2001; Zahavi, 1977), call characteristics in anurans
may convey important information about overall male quality. We found that the
acoustic characteristics of courtship calls did not affect female behaviour in our
experiment. As male A. femoralis only switch to courtship calls when the female is
visible and in the immediate vicinity, this result is in line with previous observations in
the field, that females make their mating decisions before approaching males and
engaging in close distance courtship (Stickler et al., 2019).

Our results also show that females prefer the male whose advertisement calls
were shorter on average, whether they were previous mating partners or not.
Advertisement calls became shorter or longer by a change in the note and inter-note
interval duration. We also found weak evidence that females prefer males with higher
advertisement call rates. In numerous anuran species, spectral and temporal call
properties are used by females to assess the quality of potential mates (Gerhardt,
1991; Giacoma et al., 1997; Klump & Gerhardt, 1987; Schwartz et al., 2001; Tarano &
Fuenmayor, 2013; Welch et al., 1998). For example, call duration is often correlated
with male body size (e.g., in the green toad Bufotes viridis: Giacoma et al., 1997).
However, since we controlled for equal body size of the two presented males in our
experiment, we see no evidence that the choice for shorter calls could be related to a
preference for smaller males. Producing short calls requires a quick adjustment of the
muscles involved in the production of calls and therefore could be a reliable indicator
of high motivation, better cognitive performance and/or motor control in calling males
(Prestwich, 1994). Likewise, to call at a higher rate requires more power and therefore
could lead to a higher energy expenditure, potentially representing an honest signal of
male quality. A recent study also found a preference of females for males with a higher
call rate in the Cope’s gray treefrog (Dryophytes chrysoscelis). However, this
preference decreased if the timing of individual calls became increasingly inconsistent

(Tanner & Bee, 2020). In our experiment, the consistency of the males’ calls in the
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temporal and spectral domain did not influence female choice. Future studies should
look at the energy expenditure in the production of different components in the
advertisement call.

Advertisement calls have also been shown to signal the quality of paternal care
in another dendrobatid frog, the Golden Rocket Frog (Anomaloglossus beebei). Males
who produced longer calls also provided higher quality care and were preferred by
females (Pettitt et al., 2020). So far, we do not have any indication that advertisement
calls in A. femoralis convey information about male parental state or that parental
males are actually preferred by females. But to investigate the relationship between
male care, call characteristics and female preferences might be an interesting topic for
future studies.

While mating decisions in the wild and in the laboratory might differ, our study
provides first evidence for active female mate choice in a poison frog with sequential
polyandry. One aspect that a two-choice test fails to address is the availability of further
males, as it is the regular situation in the wild, and which could lead the females to
make less than optimal choices as a result of a decoy effect. Lea and Ryan (2015)
found that Tungara Frogs (Physalaemus pustulosus) subjected to two males choose
the one with the most appealing call (i.e., with low dominant frequency, longer
durations and faster call rates in their study) but reverse their choice when a third male
with the least appealing call is introduced. Although we found evidence for choice being
based on certain characteristics of the advertisement call produced by males, further
studies are needed to investigate the link between characteristics of advertisement
calls, mate choice and reproductive success in A. femoralis. In other dendrobatid
species, a link between female mate choice and overall calling activity of individual
males has been found (Préhl, 2003; Roithmair, 1994; Souza et al., 2021). Future
studies in the wild should investigate whether female choice in A. femoralis is based
on immediate call characteristics or on the accumulated information on long-term
calling effort and acoustic interactions between advertising males. Our study thereby

provides a basis for further studies into female mate choice in A. femoralis.
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Abstract

Reproductive success is shaped by multiple factors, such as the ability to acquire
mating partners, offspring production and offspring survival until adulthood. Personality
traits — such as boldness or aggressiveness — can impact single components of
reproductive success, but we have limited information about how these traits influence
the various components of reproductive success. Yet, personality traits which are
positively linked to one component of reproductive success might not necessarily be
equally beneficial for all components, and correlational selection may favour different
combinations of traits. We used the Neotropical poison frog Allobates femoralis to
investigate the influence of boldness, aggressiveness, and exploration on mating
success, reproductive performance, and reproductive output. We found that
personality traits had different — even opposing — effects on mating and reproductive
output of males and females, which could lead to the evolution of different reproductive

strategies.
Keywords

animal personality, reproductive strategies, poison frog, mating success,

aggressiveness, exploration, boldness
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Introduction

Individual reproductive success is shaped by different processes, such as the
acquisition of mating partners, offspring production, and offspring survival until
adulthood. Animal personality, defined as behavioural differences between individuals
that are consistent across time and context, has also been shown to impact individual
reproductive success (Sanchez-Tojar et al., 2022; Smith & Blumstein, 2008). Multiple
studies have investigated the influence of personality on single processes such as the
number of offspring produced or surviving until adulthood, or parental performances
(Janczak et al., 2003; Mutzel et al., 2013; Réale et al., 2009; Schuett et al., 2012; Smith
& Blumstein, 2008). For instance, fast-exploring Blue Tit females (Cyanistes caeruleus)
have a higher reproductive success than slow-exploring ones because they feed their
offspring at higher rates (Mutzel et al., 2013). Yet, we are still missing detailed insight
into how personality differently affects the various processes shaping reproductive
success.

Multiple hypotheses have been proposed to explain the emergence and
maintenance of individual behavioural differences (Réale & Dingemanse, 2012). The
hypothesis that has received the strongest support to date stipulates that between-
individual differences in behaviour, and behavioural consistency, have evolved and are
maintained because of their link with individual differences in life-history trade-offs (Biro
& Stamps, 2008; Wolf et al., 2007). On the one hand, more aggressive males might
benefit from increased reproductive success, while less aggressive males might
benefit from increased survival. On the other hand, individuals with high future
expectations in terms of reproduction should be more risk-averse (e.g., less
aggressive, less bold, less explorative) than individuals with low expectations.

So far, studies that tried to provide empirical support for this hypothesis have
only looked at the link between one personality trait and one measure of reproductive
success / survival (e.g., Ariyomo & Watt, 2013; Bonnot et al., 2018; Collins et al., 2019;
Monceau et al., 2017; Réale et al., 2009). No study has looked at the potentially
differential effects that personality traits can have on the various processes shaping
reproductive success (e.g., acquisition of mating partners, number of offspring
produced and offspring survival). Yet, personality traits which are positively linked to
one component of reproductive success might not necessarily be equally beneficial for

all components. For instance, more aggressive individuals might benefit in gaining
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access to mates, but be less performant in parental care, consequentially affecting
their offspring’ survival. Furthermore, correlational selection may favour different
combinations of personality traits (Montiglio et al., 2017). Typically, correlational
selection occurs when the influence of an individual’s personality trait on a component
of reproductive success depends on that individual’'s score for another personality trait
(Svensson et al., 2021). Selection then acts to maintain phenotypic correlations among
traits. For instance, it could be beneficial (in terms of reproductive success) to be
aggressive only if individuals are also bold. Importantly, the effect of particular
personality traits on reproductive success might not be the same in males and females,
as both sexes often face differential selective pressures on their reproductive
behaviours (Darwin, 1871; Rosenthal & Ryan, 2022).

In this study, we monitored an entire, free-ranging population of the Brilliant-
thighed Poison Frog (Allobates femoralis) during their reproductive season to examine
the influence of personality on different processes shaping reproductive success.
Amphibians have diverse and often complex reproductive behaviours (Luz Nunes-de-
Almeida et al., 2021; Schulte et al., 2020; Wells, 2007) and, Neotropical poison frogs
(Dendrobatidae sensu AmphibiaWeb 2022) possess behaviours with ideal
prerequisites for within- and between-individual behavioural variation, including
territoriality, elaborate courtship behaviour, and complex parental care (Crump, 1972;
Lotters et al., 2007; PaSukonis et al., 2013; Prohl, 2005; Roithmair, 1994; Rojas &
Pasukonis, 2019; Souza et al., 2021; Stynoski et al., 2015; Wells, 2007).

We studied the influence of boldness, aggression, and exploration levels on the
number of mating partners, clutches produced (hereafter ‘reproductive performance’),
and offspring that survived until adulthood (hereafter ‘reproductive output’) in males
and females A. femoralis. To this end, we conducted repeated behavioural
experiments and collected tissue samples for genetic analysis to infer parent-offspring
relationships. We expected boldness, exploration and aggression levels to impact the
three processes shaping reproductive success (i.e., mating success, reproductive
performance, and reproductive output) differently. On the one hand, we expected more
aggressive and bolder males, that advertise and defend their territory more vigorously
(Hodl, 1983; Ringler et al., 2011), to obtain more mating partners, and consequently,
produce more clutches. On the other hand, males showing these characteristics might
be more likely to accidentally attack females crossing their territory, resulting in a lower

mating success compared to less aggressive or bold males (Sonnleitner et al., 2020).
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Highly aggressive and bold males might also have a greater probability to be detected
by predators while transporting their tadpoles by being less careful, resulting in a lower
reproductive output. We further expected exploration to have a different impact on both
sexes. Males who spend more time exploring, and therefore less time advertising for
females, should have less mating partners and reproductive performance. However,
females who must commute from their resting site to male territories for mating should
have more mating partners and a higher reproductive success if they spend more time
exploring (Fischer et al., 2020; Ringler et al., 2012). Overall, we found support for our
predictions. Personality traits differentially impacted the three components of
reproductive success, which we argue could lead to the evolution of different

reproductive strategies.

Material and methods

Ethical note

This study was approved by the ethics and animal welfare committee of the University
of Veterinary Medicine Vienna in accordance with Good Scientific Practice (GSP)
guidelines and national legislation. It was also approved by the scientific committee of
the ‘Nouragues Ecological Research Station’. We conducted sampling in strict
accordance with current French and EU law and we followed the ASAB guidelines
(2021) on the treatment of study animals. The CNRS Guyane (‘Centre National de la
Recherche Scientifique Guyane’), the ‘Ministére de la transition écologique et solidaire’
(permit number: TREL2002508S/303), and the Secretariat of the Convention on
Biological Diversity (APA declaration: TREL1734890A/34) provided working and tissue

sampling permissions.

Study system

Allobates femoralis is a diurnal frog with a highly promiscuous mating system
(Montanarin et al., 2011; Stickler et al., 2019; Ursprung et al., 2011a). Males and
females vary in exploration and boldness levels, and males vary in their aggression
level (Chaloupka et al., 2022; Peignier et al., 2022a). Males are territorial, and the
possession of a territory is directly linked to their mating success (Ursprung et al.,
2011a). Females commute from their perching site to male territories located within 20

m radius to mate, and the mating decision is typically made prior to approaching a male
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(Fischer et al., 2020; Ringler et al., 2012; Stuckler et al., 2019). Females lay clutches
in the leaf litter and males provide care by transporting the newly hatched tadpoles to
water bodies located outside of their territory (Beck et al., 2017; Ringler et al., 2013b,
2018). Spreading reproductive events across multiple partners, rather than mating
multiple times with the same individual, could help reduces risks of failed reproduction
(e.g., genetic incompatibility) or poor paternal care (e.g., failure from the male to
transport the tadpoles). For this reason, we used the number of different mating
partners, rather than the number of mating events, as the measure of mating success
in our study. Also, we used the number of clutches, rather than the number of tadpoles
produced, to avoid underestimating an individual’s reproductive performance. Previous
work has shown that body size is not related to mating or reproductive success in A.

femoralis (Ursprung et al., 2011a).

Study site and population survey

We conducted our study on an experimental population of Allobates femoralis located
on a river island of approximately 5 ha in a lowland rainforest. The island is situated in
the proximity of the field camp ‘Saut Pararé’ of the CNRS Nouragues Ecological
Research Station in the nature reserve ‘Les Nouragues’ in French Guiana (4°02" N,
52°41"W). The population was introduced in 2012 and has been stable since then, with
approximately 150 adult individuals (for detailed information see Ringler et al., 2015).
The frogs in the study area rely primarily on an array of artificial pools for tadpole
deposition. In 2018, 14 pools were positioned across the island in a cross-shaped array
(volume: ~ 15 ). We sampled all tadpoles from these pools before removing them at
the beginning of the 2019 field season. We then opened 16 new pools (volume: ~5 I)
positioned in a cross-shaped array, turned by 45° in relation to the previous locations
for the purpose of another study (Peignier et al., in prep). We placed the 14 old pools
back at their original location at the end of the field season.

We monitored the population on the island every day from 0900 to 1800 h
between February and April 2019 and caught every adult we encountered. We
identified all adult frogs via visual identification of their distinct ventral patterns using
the pattern matching software Wild-ID (Bolger et al., 2012), and collected tissue
samples of all newly encountered individuals for genetic analysis. We sexed frogs by
the presence (males) or absence (females) of vocal sacs. For each capture, we
recorded the exact spatial locations of the frog on a digital map using rugged Win10
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tablets (CAT T20, Bullitt Group, Reading, United Kingdom) with the mobile GIS
software ArcPad 10 (ESRI, Redlands, CA, USA), and further handled the data in
ArcGIS 10.6 (ESRI). To measure mating success, reproductive performance, and
reproductive output, we sampled tadpoles from the new pools regularly between
February and May 2019. Furthermore, we returned in 2020 (from February to mid-
March) to collect tissue samples of the newly encountered adults (representing
metamorphosed tadpoles from 2019 who survived until they reached adulthood) (see

below ‘Parentage analysis’).

Behavioral tests

In the course of another study, adult individuals encountered in 2019 were tested for
within- and between-individual variation in aggression, boldness, and exploration
(Peignier et al., 2022a). In this study, levels of territorial aggression were assessed
using acoustic playbacks to evoke territorial defence behaviour in focal males (but not
in females, who do not exhibit aggressive territorial behaviours). Individual levels of
exploration and boldness were assessed in both males and females using a Novel
Environment Test. In total 163 territorial defence tests were conducted with 51 males
(mean £ SD = 3.20 + 1.31 repetitions per individual) and 238 Novel Environment tests
with 52 males and 35 females (mean = SD = 2.74 + 1.33 repetitions per individual).
Results from this previous study showed that the measured behaviours from both tests
were repeatable and found evidence for the prevalence of the personality traits
aggressiveness (only in males), exploration and boldness. The latency to jump towards
an intruder in the territorial defence test, the time spent in the shelter and the distance
travelled in the Novel Environment Test best represented the personality traits
aggressiveness, boldness and exploration, respectively (for more details see Peignier
et al., 2022a). In the present study, we thus used these three behaviours as proxies

for aggressiveness, boldness and exploration for each individual.

Parentage analysis

We used a molecular parentage analysis and performed a pedigree estimation to
determine the matin success, reproductive performance and reproductive output of the
adult males of 2019. We sampled DNA from the adults by removing the third toe of
both hind limbs, and immediately preserved it in 96% ethanol (Ringler, 2018; Ursprung
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et al., 2011b). Additionally, we had access to DNA of older individuals (survivors from
previous years, encountered again in 2019) from a long-term monitoring on the island
population. To extract DNA from tadpoles, we clipped the tip of their tail and preserved
it in 96% ethanol. We always released tadpoles in artificial pools after clipping to allow
them to complete their development. We sampled a total of 121 adults (64 males and
57 females) (hereafter ‘adults from 2019’) in 2019, and 1142 tadpoles (hereafter
‘tadpoles from 2019’). Additionally, we sampled 71 adults (27 males and 44 females)
in 2020, among which 55 were new encounters (i.e., descendants of the 2019 cohort;
hereafter ‘adult descendants from 2019’).

To isolate genomic DNA of the toe samples, we performed a Proteinase K
digestion immediately followed by an extraction using a DNeasy kit (QIAGEN,
Valencia, CA) to isolate genomic DNA from the tadpoles’ tails samples. We then used
fluorescent-labelled primers and PCR protocols to amplify microsatellites at twelve
highly variable loci (Afem03, Afem04, Afem05, Afem09, Afem12, Afem13, Afem16,
Afem20, Afem22, Afem24, Afem25, Afem27) (Jehle et al., 2008; Ringler et al., 2013a).
We ran the amplified products, diluted with water and mixed with internal size standard
LIZ, on a capillary sequencer (ABI 3730, Applied Biosystems/Thermo Fisher Scientific,
Waltham, MA, USA). We identified all loci visually and determined the allele sizes in
PeakScanner 1.0 (Applied Biosystems). We used the binning software Tandem 1.01
(Matschiner & Salzburger, 2009) to determine their final sizes. We removed individuals
from further analyses when four or more loci could not be scored, resulting in a total of
57 males and 53 females adults from 2019, 1109 tadpoles from 2019, and 55 adult
descendants from 2019 that could be used for pedigree reconstruction.

We conducted the parentage analysis in the software COLONY 2.0.6.7 (Wang,
2009), by building a medium precision full likelihood model allowing for polygamous
mating in both sexes, without setting a sibship prior. We measured mating success
and reproductive performance, by treating individual adults from 2019 as potential
‘fathers’ and ‘mothers’, whereas all tadpoles from 2019 were treated as potential
‘offspring’. To further investigate the influence of personality on the reproductive output
of the adult males from 2019, we treated all adults from 2019 as potential parents,
whereas all adult descendants from 2019 were treated as potential ‘offspring’. We used
the ‘Best (ML) Configuration’ for the analyses. The software simulated parental
genotype when one or both parents were not found for a tadpole. COLONY assigned
1006 tadpoles from 2019 out of 1109 (90.7%) to at least one known parent, and 695
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of these 1006 individuals were assigned to both parents (69.1 %). From 2019, 52 adult
males out of 57 (91.2%) and 47 females from 2019 out of 53 (88.7%) produced at least
one tadpole, and 47 males (85.5%) and 48 females (87.3%) produced at least one
tadpole that reached adulthood in 2020. All the 55 descendants of the adults from the
2019 cohort were assigned to at least one known parent.

To determine mating success and reproductive performance, we counted how
many different mates each adult had in 2019, and how many clutches they produced.
It has been shown that males distribute their clutches across several pools (Erich et
al., 2015), and that captive A. femoralis female can lay a clutch on average every 8
days (Weygoldt, 1980). Therefore, we assumed that tadpoles from an identified pair
that were deposited in one or several pools less than 6 days apart belonged to the
same clutch, and represented one mating event. We also considered that tadpoles with
only one parent assigned belonged to the same clutch than other tadpoles deposited
less than 6 days apart with both parents assigned. In the case where all tadpoles
deposited on a given day had only one parent assigned, we considered that they
originated from the same clutch produced by the assigned parent and a new mate. We
considered tadpoles from the same mating pair to originate from two separate clutches
if they were deposited more than 6 days apart. In cases when only one parent was
assigned for two clutches deposited more than 6 days apart, we assumed that the
clutches originated from two different mating pairs. Finally, we counted the number of
adult descendants in 2020 that each adult from 2019 produced. To this end, we only
used parent—offspring triads for which at least one parent was identified. Lastly, we
also investigated the prevalence of (dis)assortative mating in A. femoralis. Methods
and results for the prevalence of (dis)assortative mating are presented in the

supplementary material.

Statistical analysis

All statistical analyses were done in R v3.6.0 (R Core Team 2019). We had one value
of mating success, reproductive performance, and reproductive output per individual.
We re-scaled the behavioural data to facilitate interpretation (i.e., we divided the
exploration score by 1000 to turn into megapixels, and the aggressiveness and
boldness scores by 60 to turn them into minutes). To avoid artificially increasing sample
size due to shared clutches, and because we had different expectations for both sexes,
we assessed the influence of personality traits on reproductive success separately for
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males and females.

To investigate the influence of personality traits on males and females’
reproductive success, we built three generalized linear model (GLM) per sex using the
‘Ime4’ package (Bates et al., 2016), with mating success, reproductive performance,
or reproductive output as response variables. We added an interaction between the
best linear unbiased predictors (scaled BLUPSs, extracted from random intercept
models) of boldness and exploration scores as fixed effects in the female models, and
an interaction between the BLUPs of aggressiveness, boldness, and exploration
scores in the male models. We also included the number of different mates as a fixed
effect in the model with the reproductive performance as the response variable, and
the number of different mates and the number of clutches produced as fixed effects in
the model with the reproductive output as response variable. Adding these variables
as fixed effects in the models is essentially similar to a path analysis, and enabled us
to study the direct and indirect effects of behaviours on the different reproductive
success components. All models followed a Poisson distribution, making the estimates
of the relationship between phenotype and reproductive success a very good
approximation of selection gradients (Morrissey & Goudie, 2022).

We further confirmed our results using error-in-variable models, by estimating
the joint likelihood of the path model parameters via Bayesian inference using the
‘rstan’ package (Carpenter et al., 2017). These models allow acquiring unbiased
estimates of selection gradients and their uncertainty, while controlling for both
measurement error and phenotypic plasticity (Dingemanse et al. 2021; Ponzi et al.,
2018). We built two models (one per sex) which assumed that mating success,
reproductive performance, and reproductive output could be modelled with a Poisson
distribution. We added an interaction between boldness and exploration scores as
fixed effects in the female model, and an interaction between aggressiveness,
boldness, and exploration scores as fixed effects in the male model. Additionally, we
included the number of different mates as a fixed effect in the model with the
reproductive performance as the response variable, and the number of different mates
and the number of clutches produced as fixed effects in the model with the reproductive
output as response variable. For both models we ran 101,000 iterations with a burn-in
of 1,000. We selected every 100th posterior parameter sample after the initial burn-in.
Because of the high complexity of the models, we used strong priors for the

relationships that we knew (from the GLMs) should be positive (e.g., effect of some
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reproductive parameters on others). We also used informative priors for the means of
the different reproductive success components, but we used diffuse priors for the
effects of behaviours on reproductive success measures. Details of model
parametrization, point estimates and confidence intervals of the posterior distributions
can be found in the supplementary material.

Results

On average, males had 2 different mates (+ 1.15 SD), produced 3 clutches (+ 1.91 SD),
and had 1 offspring who survived until adulthood (x 2.02 SD), while females had 1 mate
(£ 1.15 SD), produced 2 clutches (+ 1.98 SD), and had 1 offspring who survived until
adulthood (= 1.67).

Both the generalized linear models and the error-in-variable models gave
comparable results in terms of value and direction of the estimates (Supplementary tables
1, 2). As we expected, the number of different mates positively influenced reproductive
performance in both males and females (Table 1, Figure 1). In females, number of mates
influenced reproductive output, while in males, reproductive output was influenced by the
number of clutches (Table 1, Figure 1).

We found moderate evidence (sensu Muff et al.,, 2021) for an effect of the
interaction between the level of aggression and exploration on the number of mates
obtained in males (Table 1). Less aggressive males obtained more mating partners if their
level of exploration was low, while more aggressive males obtained more mating partners
if their level of exploration was high (Figure 2). We also found strong evidence that
exploratory behaviour affected mating success in females, and that this effect was
stronger when females were also bolder (Table 1). More explorative females obtained
more mating partners if their level of boldness was high, while females with low levels of
exploration had a high number of mating partners regardless of their boldness level
(Figure 2).

We did not find any effect of personality on reproductive performance (Table 1).
We also showed that personality did not influence the reproductive output of females.
However, we found strong evidence for an effect of the interaction between the level of
aggression, exploration and boldness on reproductive output in males (Table 1). Males
who were shy, not aggressive and highly explorative had the highest reproductive output

(Figure 2). Males who were bold, aggressive and explorative also had a high reproductive
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Table 1. Results of the generalized linear models investigating the link between personality traits and different processes shaping

reproductive success for males and females. Models estimates, standard-error, and p-values are presented. Based on Muff et al.

(2021), evidence of effects is reported with stars (i.e., 0.1 < p-value < 0.05: weak evidence *; 0.05 < p-value < 0.01: moderate evidence

**:0.01 < p-value: strong evidence ***). Error-in-variable models are reported in Supplementary table 1.

Number of different mates

Number of clutches

Number of offspring surviving

produced to adulthood
Results for males (N = 51) estimate SE p-value estimate SE p-value estimate SE p-value
(Intercept) 0.59 0.13 <0.001*** | 0.17 0.21 0.399 -2.42 0.68 < 0.001***
number of mates 0.38 0.07 < 0.001*** | 0.06 0.22 0.795
number of clutches 0.34 0.14 0.014**
aggressiveness -0.14 0.16 0.366 -0.20 0.14 0.138 0.34 0.19 0.080*
boldness -0.10 0.16 0.541 -0.04 0.15 0.807 -0.89 0.47 0.060*
exploration -0.02 0.14 0.907 -0.07 0.11 0.530 0.25 0.28 0.366
aggressiveness * boldness -0.19 0.23 0.396 -0.01 0.21 0.956 0.72 0.36 0.047**
aggressiveness * exploration -0.28 0.14 0.041* -0.07 0.12 0.547 1.16 0.38 0.002***
boldness * exploration 0.04 0.14 0.792 -0.02 0.12 0.858 0.33 0.45 0.467
aggressiveness * boldness * exploration | -0.19 0.19 0.301 0.06 0.16 0.697 1.96 0.52 < 0.001***
Results for females (N = 36) estimate SE p-value estimate SE p-value estimate SE p-value
(Intercept) -0.17 0.26 0.505 -0.20 0.22 0.369 -1.14 0.39 0.004***
number of mates 0.53 0.10 < 0.001*** | 0.99 0.41 0.016**
number of clutches -0.30 0.26 0.247
boldness -0.40 0.24 0.095* -0.24 0.17 0.162 -0.17 0.30 0.573
exploration -0.88 0.36 0.015* -0.07 0.26 0.799 -0.24 0.46 0.599
boldness * exploration -0.53 0.20 0.010*** -0.00 0.16 0.988 0.70 0.46 0.131
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output (Figure 2). The reproductive output of individuals with a low level of exploration

was impacted less by their level of aggression or boldness (Figure 2).

Discussion

We used a wild, free ranging population of A. femoralis to study how personality traits
affect the various processes shaping reproductive success. We found that specific
personality traits can impact components of reproductive success in different ways,
and that this differs between the sexes (Figure 3). We also found evidence that the
effects of a personality trait on a component of reproductive success can depend on
the level of other personality traits (Figure 3).

In females, we found that level of exploration and boldness influenced their
number of mating partners. More explorative and bolder females mated with a higher
number of males. Likewise, females with low levels of exploration had a high number
of mating partners regardless of their boldness level. In A. femoralis, females move
from their resting sites to males’ territories located on average 20 m away for mating
(Fischer et al., 2020; Ringler et al., 2012), thus more explorative and bolder females
probably benefit by finding more males. At the same time, exploring is costly (e.qg.,
increased predation risk, time and energy loss) and females who are not explorative
might benefit from going back to the same males they have mated with in the past
(Peignier et al., 2022b).

In males, we found that the level of aggression and boldness influences the
number of mates obtained within a reproductive season. Less aggressive males
obtained more mating partners when their level of exploration was low, while more
aggressive males obtained more mating partners when their level of exploration was
high. In A. femoralis male, the level of aggression influences the reactions towards
conspecific males intruding the territory (Chaloupka et al. 2022; Peignier et al., 2022a),
and possession of a territory is a prerequisite for reproductive success (Ursprung et
al., 2011a). Therefore, less aggressive males who might struggle to repel competitors
could enhance the number of mates they obtain by being present in their territory most
of the time, thus increasing their availability to females and ensuring they do not lose
their territory to a competitor. More aggressive individuals who defend their territory
fiercer might also be less accurate and attack any intruding conspecific, even females

(Sonnleitner et al., 2020). Consequently, being more explorative might enhance the
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number of mates a male can obtain if it increases their chances of settling in locations
with more females around.

Our results also showed that the effect of aggressiveness and boldness on a
male’s reproductive output was dependent on the male's level of exploration. More
aggressive and bolder males, or less aggressive and shyer males, had a higher
reproductive output when their level of exploration was high. While the reproductive
output of individuals with a low level of exploration did not change with their level of
aggressiveness or boldness. A high level of exploration might result in a higher
reproductive output because more explorative individuals could benefit by finding more
or better water bodies for tadpole deposition. However, we initially expected more
aggressive and bolder males, who might be more likely to encounter predators while
transporting their tadpoles, to have a lower reproductive output. Probably, bolder males
who encounter predators more often are better at recognising them and escaping,
while shyer males benefit from being more cautious and avoiding predators.

Another possible explanation is that the effect of male personality on
reproductive output could depend on the behaviour of its offspring. Animal personality
variation is, at least partially, genetically determined (Dochtermann et al., 2015; Réale
et al., 2007) and personality has been shown to have a heritable component in several
species (Drent et al., 2003; van Oers et al., 2004a, 2004b). For instance, a study on
great tits (Parus major) reported a realized heritability of 54 % (+ 5%) for early
exploratory behaviour (Drent et al., 2003). Flight initiation distance, a common
measure of boldness, is also highly heritable in burrowing owls (Athene cunicularia;
Carrete et al., 2016). If A. femoralis tadpoles inherit their personality traits from their
parents, we expect that aggressiveness and boldness levels will be beneficial for
tadpoles to survive until adulthood. On the one hand, highly aggressive offspring might
get better access to food during their development or have more chances to find a
suitable territory to settle once they reach sexual maturity. On the other hand, very shy
offspring might benefit from increased survival by successfully hiding from predators
during their development. Therefore, future studies should investigate the heritability
of personality traits in Allobates femoralis, and their consequences on offspring
performance.

Most studies to date have estimated personality effects on single processes.
Yet, behaviours that are positively linked to one process (e.g., mating success), might

not necessarily be equally beneficial to another process (e.g., offspring survival). This
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is precisely what we observed here, as less aggressive males benefited both if they
were also explorative (in terms of reproductive output) or if they were not explorative
(in terms of mating success), while it was only beneficial for A. femoralis male to be
aggressive if they were also really explorative (in terms of mating success). We also
observed that females and males’ phenotype affected their reproductive success in
different ways. Where boldness did not affect males mating success, females obtained
more mating partners when their boldness and exploration levels were high. Given that
we used models fitted for a Poisson distribution, the estimates we obtained were very
good approximation of selection gradients and of how phenotype affects relative
reproductive success (Morrissey & Goudie, 2022). Consequently, we can infer that in
males, the behavioural phenotype affects reproductive output more strongly than
mating success. In females, the behavioural phenotype considerably affected mating
success, which was almost twice in magnitude compared to males.

Overall, our results provide support for the hypothesis that behavioural
consistency arises because of a link with individual differences in life-history trade-offs
and suggest a potential effect of correlational selection (Montiglio et al., 2017). This
link between personality traits and individual differences in life-history trade-offs could
further lead to the evolution of different reproductive strategies, and we would expect
males that are not aggressive and not explorative to invest more in finding mates than
in parental care, to improve their overall fithess. Future studies should investigate how
personality traits are related to multiple components of both reproductive success and

survival to assess and compare effects of animal personality on lifetime fitness.
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Supplementary material

Manuscript 6: “Opposing effects of personality traits on mating and

cross-generational reproductive success”

Assortative mating

An individual's personality has been shown to influence mating decisions, through
behavioural phenotype matching (Collins et al., 2019; Schuett et al., 2011). This can
happen in two opposite ways: assortative or disassortative mating, which describe an
individuals' tendency to mate with those who are similar or different to their
(behavioural) phenotype at a higher rate than expected from random (Jiang et al.,
2013). In this study, we monitored an entire, free-ranging population of the Brilliant-
thighed Poison Frog (Allobates femoralis) during their reproductive season and
examined the prevalence of non-random mating by personality type. As in A. femoralis
females make a mating decision before approaching a male (Stuckler et al., 2019),
(dis)assortative mating could only happen if they know the male’s personality before
commuting towards him. Therefore, the more parsimonious expectation here is an
absence of (dis)assortative mating. To investigate the existence of assortative mating
by personality type, we performed Kendall correlations for the average exploration
score and for the average boldness score of males’ and females’ mating partners,
respectively. We did not find evidence for (dis)assortative mating by personality type
in A. femoralis (male exploration — female exploration: z = -0.59, p = 0.554; male
boldness — female boldness: z = -0.16, p = 0.869), supporting our initial expectation.
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Supplementary table 1. Results of the error-in-variable models investigating the link

between personality traits and three components of reproductive success for females.

The posterior mean, 95% Credible Intervals, standard-deviation (SD) and residual

variance (RV) are presented. Significant results (i.e., 95% CI not overlapping 0) are

written in bold.

response variable fixed effect mean low-95%CI  high-95%(ClI
intercept -0.135 -0.319 0.046
number of mates boldness -0.244  -0.687 0.241
exploration -0.551 -1.054 -0.017
boldness*exploration  -0.397  -0.867 0.013
intercept -0.206  -0.385 -0.021
number of mates 0.493 0.351 0.634
number of clutches  boldness -0.245 -0.58 0.088
exploration -0.085 -0.522 0.329
boldness*exploration  -0.075  -0.476 0.307
intercept -1.153 -1.341 -0.96
_ number of mates 0.512 0.305 0.71
'S‘L‘mﬁ;gft gffSp”“g number of clutches ~ -0.272  -0.74 0.121
adulthood boldness -0.425  -1.567 0.732
exploration -0.949 -2.295 0.392
boldness*exploration  0.896 -0.98 2.38
random effects
SD boldness 4.252 3.541 5.089
SD exploration 0.681 0.555 0.85
RV boldness 2.961 1.679 4.107
RV exploration 0.56 0.331 0.81
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Supplementary table 2. Results of the error-in-variable models investigating the link
between personality traits and three components of reproductive success for males.
The posterior mean, 95% Credible Intervals, standard-deviation (SD) and residual
variance (RV) are presented. Significant results (i.e., 95% CI not overlapping 0) are
written in bold.

variable LGS mean I;gg/oCI g%lc:l
intercept 0552 04 0.705
aggressiveness 0.038 -0.349 0.429
boldness -0.133 -0.473 0.204
number of exploration -0.079 -0.438 0.289
mates aggressiveness*boldness -0.024 -0.53 0.481
boldness*exploration 0.038 -0.395 0.546
aggressiveness*exploration -0.139 -0.649 0.386
aggressiveness*boldness*exploration -0.037 -0.673 0.606
intercept -0.037 -0.215 0.136
number of mates 0.463 0.365 0.563
aggressiveness -0.161 -0.547 0.249
boldness -0.031 -0.345 0.282
number of . hioration -0.056 -0.397  0.276
clutches :
aggressiveness*boldness -0.043 -0.538 0.48
boldness*exploration -0.029 -0.481 0.421
aggressiveness*exploration -0.025 -0.511 0.473
aggressiveness*boldness*exploration -0.048 -0.743 0.671
intercept -2.216 -2.413 -2.02
number of mates -0.456 -1 0.02
number of clutches 0.491 0.301 0.675
number of aggressiveness 0.157 -1.413 1.761
offspring boldness -0.851 -2.066 0.411
surviving to  exploration -0.241 -1.57 1.107
adulthood aggressiveness*boldness -0.05 -1.821 1.897
boldness*exploration -0.577 -1.994 1.235
aggressiveness*exploration 0.76 -1.617 2.476
aggressiveness*boldness*exploration 0.174 -1.851 2.161
random effects
SD aggressiveness 1.456 1.276 1.658
SD boldness 4597 4.053 5.209
SD exploration 1.013 0.879 1.174
RV aggressiveness 0.497 0.038 0.964
RV boldness 2.489 1.392 3.481
RV exploration 0.558 0.191 0.851
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Abstract

Appropriate decision-making is a key aspect of everyday life for animals. It is
particularly relevant in contexts such as mate choice, intra-sexual competition and
parental care which can have a strong impact on fithess. Several factors can influence
decision-making, such as external cues (e.g., from the natural and social environment)
and the animal's own internal state (e.g., physiology, motivation, behavioural
phenotype). Making adaptive decisions requires the integration of all available
information. Thus, it is necessary to study both external cues and internal state
together to fully understand how animals make decisions. Yet, we only have limited
knowledge how different factors act together on decision-making, and whether one
source is more important the other. Here, we used an entire, free-ranging, population
of the Neotropical poison frog Allobates femoralis to investigate how two factors
(olfactory cues and personality traits) influence the ability of individual males to find
and use new rearing sites. We experimentally manipulated the location of tadpole
deposition sites and the olfactory cues they emitted, we repeatedly measured
exploration and boldness in adult males, and we inferred parent-offspring relationships
via pedigree reconstruction using molecular parentage analysis. We found that the
discovery and use of new rearing sites was influenced by olfactory cues, but we did
not find an effect of exploration or boldness or their interplay with external cues on
parental care. In highly dynamic environments such as the neotropics, individuals likely
benefit more from relying on reliable external cues, rather than personality traits, to

discover and make use of rearing resources.
Keywords

animal personality, parental care, decision-making, tadpole transport, poison frog,

Anura
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Introduction

On a daily basis, animals need to decide which risks to take (e.g., predation, injury
from fights with conspecifics) to maximise their fithess (McFarland, 1977). Several
factors play a role in decision making, such as external cues (e.g., from the natural and
social environment) and internal state (e.g., physiology, motivation) (Budaev et al.,
2019; McFarland, 1977). Consistent between-individual differences in behaviour, also
called ‘animal personality’, can also influence decision-making (Carter et al., 2013).
Boldness, for instance, can influence the likelihood of migration or the choice of a
foraging patch (Chapman et al., 2011; Mella et al., 2015). The key to making adaptive
choices is the integration of all available information, both external and internal
(Budaev et al., 2019). Studying both together is, therefore, necessary to fully
understand the processes by which animals make decisions. Currently, we only have
limited knowledge about the interplay between external cues and personality traits on
decision-making.

Decision-making is particularly relevant in the contexts of mate choice, intra-
sexual competition and parental care, due to the expected large impact of the
behaviours on fithess (Clutton-Brock, 1991). Parental care is defined as any parental
behaviour that increases offspring survival, while parents often bear some cost (i.e.,
reduction in survival or future reproductive success; Smiseth, 2019). Therefore,
appropriate decision-making is essential to optimize the costs and benefits of care to
ensure offspring survival. Studies have shown that personality traits can impact
decision making in the context of parental care (Mutzel et al., 2013; Thys et al., 2021,
Zhao et al., 2016) such as in male blue tits (Cyanistes caeruleus), in which more
aggressive males feed their offspring at lower rates compared to less aggressive males
(Mutzel et al., 2013). However, more studies are needed to understand if cue
assessment differs between individuals with different personalities, and whether
external cues and personality traits act equally on decision-making during parental
care or whether one factor is more important than the other.

Behaviours related to parental care can range from protection against predators
to the exploitation of certain resources for the benefit of the offspring (Royle et al.,
2012). There might be variation in how different individuals cope with these challenges,
for example in how innovative individuals are to discover new resources. Many

neotropical poison frog species (Dendrobatidae, AmphibiaWeb, 2022) lay their eggs

174



on land and transport the newly hatched tadpoles to patchy water resources (Wells,
2007). The ability of adults to find suitable water bodies is vital for their fitness, but
tadpole transport is expensive in terms of time and energy, and is highly risky (e.qg.,
increased predation pressure) to the transporting parent. Furthermore, tropical
rainforests are highly dynamic environments and the availability and quality of suitable
rearing sites might change unpredictably (Fouilloux et al., 2021; Rudolf & Rédel, 2005;
Schulte & Lotters, 2013). Therefore, individuals should rely on all available information
to find, assess and choose the appropriate rearing sites that maximize offspring
survival (McKeon & Summers, 2013; Poelman et al., 2013; Ringler et al., 2013b;
Ringler et al., 2018). Previous studies have highlighted the importance of olfactory cues
(external cues e.g., Rojas, 2014; Schulte et al., 2011; Schulte & Loétters, 2013, 2014),
and natal site imprinting or spatial memory (internal states e.g., Beck et al., 2017; Erich
et al., 2015; PaSukonis et al., 2016, 2019; Ringler et al., 2013b) for tadpole transport.
How personality (e.g., exploration or boldness), another internal state, affects
decisions in the context of tadpole transport has not been explored as of yet.

Here, we used a free-ranging population of the Neotropical poison frog Allobates
femoralis (Dendrobatidae, AmphibiaWeb, 2022) to investigate how external cues and
personality traits influence the ability of individual males to find and use new rearing
sites. We experimentally manipulated the position of tadpole deposition sites and the
olfactory cues they emitted. We repeatedly measured exploration and boldness in
adult, territorial males. We also collected tissue samples of adult frogs and tadpoles
and inferred parent-offspring relationships via pedigree reconstruction using molecular
parentage analysis. We did so in order to reconstruct the location and timing of tadpole
depositions of all males in the population. Male Allobates femoralis which exhibit either
explorative, shy and aggressive, or explorative, bold and not aggressive personalities,
have a higher number of offspring surviving until adulthood (Peignier et al. in prep).
Thus, we expected that more explorative and bolder males would find new rearing sites
quicker and use a higher number of different rearing sites, or rearing sites located
farther away from their territory than less explorative or shyer males. Previous studies
have hinted towards the importance of olfactory cues associated with stagnant water
and/or tadpole odour for the initial discovery of new rearing sites (PasSukonis et al.,
2016; Serrano-Rojas & PaSukonis, 2021). Hence, we expected pools with odour cues

to be detected earlier than pools without any odour cues.
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Methods
Ethical note

The ethics and animal welfare committee of the University of Veterinary Medicine
Vienna, in accordance with Good Scientific Practice (GSP) guidelines and national
legislation, approved this study. The scientific committee of the ‘Nouragues Ecological
Research Station’ also approved this study. It was conducted in strict accordance with
current French and EU law, and we followed the ASAB guidelines (2020) on the
treatment of study animals. Working and tissue sampling permissions were provided
by the CNRS Guyane (‘Centre National de la Recherche Scientifique Guyane’), the
‘Ministéere de la transition écologique et solidaire’ (permit number:
TREL2002508S/303), and the Secretariat of the Convention on Biological Diversity
(APA declaration: TREL1734890A/34).

Study system

Allobates femoralis is a diurnal Neotropical poison frog with a highly promiscuous
mating system (Montanarin et al., 2011; Stuckler et al., 2019; Ursprung et al., 2011a).
During the reproductive season, males are highly territorial and perform advertisement
calls from elevated perches to both repel other males and attract females (Hodl et al.,
2004; Ringler et al., 2011). Females commute from their perching site to males within
a 20 m radius to mate, and lay clutches on the leaf litter (Fischer et al., 2020; Ringler
et al., 2012). After 15-21 days of clutch development, males provide care by
transporting the newly hatched tadpoles to water bodies located up to 200 m outside
of their territory where tadpoles will complete their development to metamorphosis
within 40-50 days (Ringler et al., 2013b; Ringler et al., 2018). Males actively spread
larvae from single and successive clutches across several water bodies (Erich et al.,
2015). Previous studies have hinted towards the importance of olfactory cues
associated with stagnant water and/or tadpole odour for the initial discovery of new
rearing sites (Pasukonis et al., 2016; Serrano-Rojas & Pasukonis, 2021). Additionally,
previous studies have shown that some males prefer returning to their natal pools
despite the presence of predators, and even when closer pools are available (Ringler
et al., 2018). Males also display personality along the aggressive/docile, bold/shy, and
exploratory/stationary axes (Chaloupka et al., 2022; Peignier et al., 2022). Importantly,

parental personality is associated with offspring survival. More explorative males who
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Figure 1. Maps showing the spatial distribution of male territories (delimited by black
lines) and artificial rearing sites. The crosses represent the artificial rearing sites that
were removed at the beginning of the field season, while the squares represent the
new artificial rearing sites with (black squares) or without (white and black squares)
odour cues. The centroids of male territories are represented by a black dot. The map
uses the Voronoi territories of the day when the most individuals were present at the
same time on the island (7 March 2019). The thin grey lines represent the 50 cm

elevation isoclines, and the dark grey area represents the river Arataye.

177



are also aggressive and bold or docile and shy have more offspring who survive until

adulthood (Peignier et al. in prep).

Rearing pools set-up

We conducted our study using a wild, experimental population of Allobates femoralis
located on a ~5 ha river island in a lowland rainforest, in the vicinity of the field camp
‘Saut Pararé’ of the CNRS Nouragues Ecological Research Station (nature reserve
‘Les Nouragues’ in French Guiana; 4°02" N, 52°41°W). We introduced the population
in 2012 and it has been stable since then, with ~ 150 adult individuals (Ringler et al.,
2015). In 2018, we positioned 14 artificial pools across the island in a cross-shaped
array (volume: ~ 15 L), which the frogs used for tadpole deposition. We sampled all
tadpoles from these pools and removed the pools at the beginning of February 2019
(hereafter referred to as ‘old pools’). We then positioned 16 new pools (volume: ~5 L)
in a cross-shaped array, turned by 45° in relation to the old pools (Figure 1; hereafter
referred to as ‘new pools’). At the end of the study, we put the 14 old pools back at
their original location.

We filled all new pools with rainwater and leaves. Additionally, at every other
new pool we positioned a 5 L bucket 2 m above ground filled with river water and
leaves. We allocated tadpoles that had been sampled from the old pools in a semi-
random order so that in the end each bucket received equal number of tadpoles (Figure
1). The buckets were positioned 1 m to the side of the new pool to prevent water and
tadpoles to drop into the new pool underneath. The pools with nearby overhanging
buckets served as ‘pools with odour cues’, while the other pools were taken as control.

To identify factors influencing tadpole deposition and pool discovery, we
sampled tadpoles from the new pools every day from the 15th of February to the 02nd
of April 2019, and from the 06th to the 22nd of April 2019. We also did one additional
sampling in May 2019. We collected tissue samples (i.e., fin clip) of all these tadpoles
for further genetic analysis. Afterwards, each tadpole was randomly assigned and
deposited into one of the odour cue buckets. We removed all predators from the new

pools and exchanged the water on a regular basis.

Frog population survey

We surveyed the frog population on the island every day from 0900 to 1800 h between
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February—April 2019, and caught all encountered adults, aiming for total sampling of
adult males and females on the island in this period. We collected tissue samples of
all newly encountered adults for genetic analysis and identified all adult frogs via digital
pictures of their distinct ventral patterns and with the help of the pattern matching
software Wild-ID (Bolger et al., 2012). We sexed them by the presence (males) or
absence (females) of vocal sacs. We recorded the exact spatial locations of all frogs
on a digital map using rugged Win10 tablets (CAT T20, Bullitt Group, Reading, United
Kingdom) with the mobile GIS software ArcPad 10 (ESRI, Redlands, CA, USA), and
further handled the data in ArcGIS 10.6 (ESRI).

Parentage analysis

We identified deposition patterns via pedigree reconstruction using molecular
parentage analysis. For the adults, we sampled DNA by removing the third toe of both
hind limbs which we immediately preserved in 96% ethanol (Ringler, 2018; Ursprung
et al., 2011b). We also had access to genetic data of older individuals (survivors from
previous years, found again in 2019) from the long-term monitoring on the island
population. For the tadpoles, we clipped the tail tips of all individuals and likewise
preserved them in 96% ethanol. Our sample comprised a total of 121 adults (64 males
and 57 females) and 1142 tadpoles.

We isolated genomic DNA of all samples using a Proteinase K digestion
followed by an extraction using a DNeasy kit (QIAGEN, Valencia, CA). We then
amplified all samples at twelve highly variable microsatellite loci (Afem03, Afem04,
Afem05, Afem09, Afem12, Afem13, Afem16, Afem20, Afem22, Afem24, Afem25,
Afem27) using fluorescent-labelled primers and PCR protocols described in Jehle et
al. (2008) and Ringler et al. (2013a). Finally, we diluted the amplified products with
water, mixed them with internal size standard LIZ, and ran them on a capillary
sequencer (ABI 3730, Applied Biosystems/Thermo Fisher Scientific, Waltham, MA,
USA). We visually identified all loci and determined the allele sizes using PeakScanner
1.0 (Applied Biosystems). We determined the final allele sizes using the binning
software Tandem 1.01 (Matschiner & Salzburger, 2009). We removed individuals for
which four or more loci could not be scored. In total we performed the pedigree
reconstruction on 57 males, 53 females, and 1109 tadpoles.

We conducted parentage assignments using the software COLONY 2.0.6.7
(Jones & Wang, 2010). We built a full likelihood model allowing for polygamous mating
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in both sexes with a medium precision and without setting a sibship prior. To determine
deposition patterns, we treated individual adults as potential ‘fathers’ and ‘mothers’,
whereas all tadpoles were treated as potential ‘offspring’. We used the ‘Best (ML)
Configuration’ for further analyses. Of the 1109 tadpoles, COLONY assigned 1006
individuals (90.7%) to at least one known parent. When one or both parents were not
found within our sampled adult genotype dataset, the parental genotype was simulated
by the software. For 695 of these 1006 individuals, both parents were assigned (69.1
%).

Males typically distribute their clutches across several pools, possibly to improve
offspring survival (Erich et al., 2015). Therefore, to quantify parental performances, we
determined how many different old and new pools each individual used. We also
identified how quickly each male discovered a new pool by determining if males
deposited a clutch in a new pool within 45 days of installation (1) or not (0). Although,
this value depends on whether (or not) a male had a clutch to deposit within the first
45 days, the study was performed in the peak of the rearing season and almost all
males had already produced clutche(s) at that time. Hence, we do not expect this to
considerably bias our results. To understand which factors affect the choice to deposit
in a pool, we determined for each clutch in which pool(s) it was deposited, if the pool
contained odour cues or not, the distance between the pool and the male’s territory
and the distance between the pool and the closest old pool that has been removed
(see ‘Spatial analysis’). To be able to quantify paternal performances for each male,
we only used tadpoles for which at least the father was known. Since captive A.
femoralis female can lay a clutch every 8 days on average (Weygoldt, 1980), we
assumed that tadpoles from the same parent pair that were deposited in one or several
pools within 6 days belonged to the same clutch. We also considered that tadpoles
deposited on a specific day with only one parent assigned belonged to the same clutch
than tadpoles deposited on the same day with the two parents assigned. Finally, we
considered that tadpoles produced by the same parent pair that were deposited more
than 6 days apart were from two separate clutches.

Spatial analysis

To identify the factors influencing the discovery of new rearing sites, we determined

the distance between male territories (centroids) and each one of the new pools at the
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date when a deposition occurred. We also determined the distances between the new
pool used and the closest old pool (irrespective whether it was actually used by the
male). These parameters were used to verify if males discovered new pools by
searching close to their territory or close to old pools. Additionally, we measured the
average distance between the male territories (centroids) and each one of the old pools
to verify if the disturbance we created by removing rearing sites in the peak of the
mating season changed the dynamic of tadpole deposition (e.g., if there was a link
between personality traits and paternal performance before but not after pool removal).
To determine daily territory centroids with the corresponding function in ArcGIS 10.6
(ESRI) we used the daily male territories that had been estimated in a previous study
using a roving-window approach and Dirichlet tessellation (for details see Peignier et
al., 2022).

Assessment of the level of exploration and boldness

In the course of another study, adult individuals found on the island were tested for
within- and between-individual variation in exploration and boldness, from February to
April 2019 (Peignier et al., 2022). In this study, individual levels of exploration and
boldness were assessed using a Novel Environment Test (NET). The latency to
emerge from a dark shelter into a bright (novel) environment and the probability to
enter this novel environment, as well as the number of jumps performed in the novel
environment were measured using the coding software BORIS (Friard et al., 2016).
Furthermore, the distance travelled (in pixels) and the area covered in the novel
environment were measured using the automated tracking software TOXTRAC
(Rodriguez et al., 2018; Peignier et al., 2022). Individuals who did not emerge from the
shelter were given a censored value of 900 s (total duration of the experiment). In total
156 NET trials with 50 males (mean £ SD = 3.31 + 1.50 repetitions per individual) were
conducted. Results from this previous study showed that the behaviours measured in
the NET are repeatable and found evidence for the prevalence of the personality traits
exploration and boldness in males (Peignier et al., 2022). Further, the time spent in the
shelter and the distance travelled best represented the latent variables of boldness and
exploration, respectively. In the present study, we thus used these two variables as
proxies for exploration and boldness for each individual (hereafter named ‘boldness’

and ‘exploration’ scores).
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Statistical analysis

We conducted all statistical analyses in R v3.6.0 (R Core Team, 2019) using the
integrated development environment RStudio v1.3.1093 (RStudio Team, 2019).

Influence of personality traits on paternal care: We used a bivariate approach to study

how behaviours measured in the NET correlate with variation in paternal performances
at the between- and within-individuals level using Bayesian Generalized Linear Mixed
Models (package ‘MCMCglmm’, Hadfield, 2010). We constructed five bivariate models
to quantify the relationship between exploration (distance travelled in the NET) and (1)
the number of old and (2) new pools used, (3) the likelihood to discover a new pool
within 45 days of installation, and (4) the average distance between the male’s territory
and the old and (5) new pool he deposited in (for a total of 10 bivariate models). We
also constructed an additional five bivariate models to look at the relationship between
boldness (time spent in the shelter in the NET) and the five paternal performance
variables listed above.

In order to investigate between-individual covariance between
exploration/boldness and the paternal performance variables, we divided each of the
paternal performance variables by their mean value before adding them as the second
response variable (see Houslay & Wilson, 2017). We used the function
‘transformTukey’ to apply a constant transformation on the distance and the time spent
in the shelter to better approach a normal distribution. Models with the likelihood to
discover a new pool within 45 days were fitted as binomial. We further used the
posterior distributions to estimate the between and within-individual correlations and
covariances between personality and paternal performance. We fitted an unstructured
covariance matrix for the grouping variable ID to be able to calculate the variance
caused by differences between individuals and the covariance between
exploration/boldness.

We ran the models using a parameter expanded prior (described in the
supplementary material), with 1,000,000 iterations, a burn-in of 10,000, and selected
every 500th posterior parameter sample (thinning interval). We confirmed the absence
of autocorrelation (correlation between lags < 0.1), sufficient mixing (visual inspection
of plots of MCMC chains) and that we ran the Markov chain for long enough
(Heidelberg and Welch diagnostic tests; Hadfield, 2010). We present estimates and
credible intervals generated from our models, and we estimated that statistical
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significance was reached if the 95% credible intervals did not overlap O.

Influence of external cues on paternal care: Next, we identified the parameters that

best predict patterns of tadpole deposition in a given pool. To this end, we structured
the data in a way that included all possible deposition options (i.e., all available 16 new
artificial pools) of a given tadpole transport event (i.e., the deposition of tadpoles from
one single clutch across single or multiple pools) and noted whether the assigned
father deposited tadpoles at a given pool or not (‘deposition’: yes = 1/ no = 0). We
further included the ‘distance between the pool and the male’s territory’, the ‘distance
between the pool and the previously closest (used or not) old pool’, the male's and
clutch identity, the male’s exploration and boldness scores, and the treatment of the
pool (with or without odour cues) in the data set.

We fitted a generalized linear mixed effect model (GLMM) using the package
Ime4 (Bates et al., 2016), with ‘deposition’ as the response variable. As fixed effects
we included ‘treatment’ (odour of a pool with or without tadpoles), ‘distance between
the pool and the male’s territory’, and ‘distance between the pool and the closest old
pool’. The parameters ‘clutchlD’ nested within ‘malelD’ were used as random factors.
We conducted a likelihood ratio test based on the maximum likelihood fits of the full
and the null model using the ‘fixedLRT’ function to obtain p-value estimates for the
overall fit of the model. Additionally, we performed a Conditional Inference Tree using
the package ‘partykit’ to better understand the ranking based on relative importance of
the fixed effects (Hothorn & Zeileis, 2015). We used the same response and
partitioning variables as for the GLMM (fixed effects) to grow the conditional inference
tree (Hothorn et al., 2006).

Influence of the interplay between personality traits and external cues on paternal care:

Lastly, we looked at the interplay between olfactory cues and personality traits on
paternal care. We fitted two GLMMs with a Poisson distribution using the number of
new pools as the response variable, and two further GLMMs with a binomial distribution
using the likelihood to discover a new pool within 45 days as the response variable.
For each model we included an interaction between the exploration and boldness
scores and either ‘treatment’ or ‘distance between the pool and the male’s territory’ as
fixed effects, and male identity as the random effect. In these models, we used an

average per individual of the distance travelled in the NET and of the time spent in the
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shelter as exploration and boldness scores, respectively.

Results
Within the 57 males and 53 females, 52 males (91.2%) and 47 females (88.7%)

produced at least one tadpole in 2019. In total 37/52 males deposited in an old pool
and 41/52 deposited in a new pool. We could collect behavioural data on all but 7 of
these 52 individuals. Of the 16 new pools installed, 12 were used in total. Furthermore,
we observed that all depositions that occurred within the first 3 weeks after the opening
of the new pools were in pools with tadpole odour cues (Figure 2). Only after three
weeks did males start to discover and use the control pools. Only 10 males out of 41
discovered and used new pools within the first 45 days of installation. On average,
males moved 98 m to deposit their tadpoles (+ 49 m SD), and pools were located

between 19 and 100 m (average = 48 m, SD = 21 m) from an old pool.

Influence of personality traits on paternal care

There was no correlation between levels of exploration or boldness and paternal
performance at the between- and within-individuals level (Supplementary Table 1).
Males with varying level of exploration or boldness did not differ in the number of pools
they used, how far from their territory they went to deposit or how quickly they found

new pools.

Influence of external cues on paternal care

The likelihood ratio test revealed that the full model explained the variation in the
likelihood to deposit tadpoles better than the null model (v2 = 193.09, df =4, p <0.01).
The full model showed that all three fixed effects significantly affected the probability
of deposition inside a given pool. The deposition likelihood significantly increased with
decreasing distance between the pool and the male’s territory or the closest old pool,
and with the presence of odour cues (Figure 2, Supplementary Table 2). The
conditional inference tree analysis confirmed the relative importance ranking of the
fixed effects and showed that the distance from the new pool to the male’s territory (p
< 0.001; Figure 3), followed by the treatment (p < 0.001; Figure 3), and the distance
between the pool and the closest old pool (p = 0.01; Figure 3) were significant

predictors for deposition probability. Pools that were close to the male’s territory (closer
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Figure 2. Patterns of discovery and use of new rearing resources for tadpole
deposition. Panel A presents how many days after installation of the new pools
depositions happened in pools with (light grey) and without (black) odour cues. Pools
were sampled daily from the 1st to the 46th day after installation, then from the 51st to
the 68th day and from the 95th to the 103rd day post-installation. Panel B presents the
total number of depositions in pools with or without odour cues. Panel C presents the
likelihood of deposition in pools depending on their distance to the centroid of the
male’s territory. Panel D presents the likelihood of deposition in pools depending on

their distance to the closest old pool.

185



£16.426 >16.426

\

tadpole odour cue
p < 0.001

ye:

<28.{18

|

distance male to pool
p < 0.001

>28.118

<19.885 >19,885

<57.603 >57.603
/ \

distance male to pool
p < 0.001

<80.879

>80.879
distance pool to pool
p = 0.034

<41.419 >41.419

[

1

- 0.8

- 086

- 04

- 0.2

Node 4 (n = 25) Node 5 (n = 40) Node 6 (n = 81) Node 9 (n=76) Node 11 (n=288) Node 12(n=266) Node 14 (n=269) Node 15 (n =955)
o 1 o 1 o 1 o 1 o 1 o 1 o 1 o

0.8 ~ 08 0.8 0.8 - 0.8 - 0.8 - 0.8

0.6 — 0.6 0.6 0.6 — 0.6 — 06 — 0.6

0.4 - 04 0.4 04 ~ 0.4 ~ 04 - 0.4

0.2 — 02 0.2 0.2 ~ 0.2 ~ 0.2 0.2
= o - = o - 0 0o - -— o - o - 0o -

0

Figure 3. Conditional inference tree examining where male poison frogs choose to

deposit their tadpoles. Pools that did receive a deposition (1 in the barplot) versus

those that did not (0 in the barplot) were best classified according to three categories.

The highest deposition frequency (58 %) was observed for pools that were in close

spatial proximity to a male's territory and that had odour cues (node 6). ‘distance male

to pool’ represents the distance between the new pool used for deposition and the

male’s territory. ‘tadpole odour cue’ represents the treatment of the pool (with or without

tadpole odour cue). ‘distance pool to pool’ represents the distance between the new

pool and the closest old pool (used or not by the frog before).
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than 28 m; Figure 3) and that had tadpole odour cues were the most likely to receive
tadpoles (58.0% of the pools that fell into this category were used for deposition; Figure
3, nodes 6). On the other end of the spectrum, pools that were far from a male’s territory
(farther than 81 m; Figure 3) and far from an old pool (farther than 41 m; Figure 3) were
least likely to receive tadpoles (Figure 3, node 15).

Influence of the interplay between personality traits and external cues on paternal care

We found no influence of the interaction between personality and treatment or distance
between the pool to the male’s territory on paternal care. Precisely, the number of new
pools used or the likelihood to discover a new pool within 45 days were not affected by
an interaction between exploration or boldness and treatment or distance pool-male’s

territory (Supplementary Table 3).

Discussion

In the present study, we used an entire free-ranging population of the Neotropical
poison frog Allobates femoralis to investigate the role of the interplay between external
cues (specifically olfactory cues) and personality traits (specifically exploration and
boldness) on the ability of individual males to find and use new rearing sites.

Influence of personality traits on paternal care

While we have empirical evidence of the interplay between personality and
reproductive success in several taxa (for a review see Smith & Blumstein, 2008), we
still have limited knowledge on how a personality trait is mechanistically translated into
fitness (Dingemanse & Réale, 2013). One hypothesis is that personality traits influence
parental care which in turn influences fitness (Mutzel et al., 2013). Males of the
common goby (Pomatoschistus microps) with a more active personality type are less
efficient at parental care by cannibalizing more eggs, thereby reducing their
reproductive success, compared to less active males (Vallon et al., 2016). Since we
know that in A. femoralis, males’ personality influences their reproductive output (i.e.,
the number of their tadpoles who survive until adulthood; Peignier et al. in prep), we
expected that males with higher levels of exploration and boldness increase their
reproductive output by using a higher number of rearing sites or being more efficient

at discovering new rearing sites. However, we found no correlation between levels of
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exploration or boldness and variation in paternal performances at the between- and
within-individual levels.

The field of animal personality has received a lot of criticism, mainly because
there is no consensus about whether behaviours measured in artificial setups (such as
the NET) could reflect reliable natural behaviours of the species (cf. Beekman &
Jordan, 2017). The absence of correlation between exploration or boldness levels and
paternal performances could suggest that the behaviours measured in the NET do not
represent natural explorative or boldness-related behaviours of A. femoralis males.
However, a previous study performed in a lab population of A. femoralis showed that
exploration behaviours measured in the NET indeed reflect natural exploration-related
behaviours expressed in the context of territory settlement (Bégué et al. in prep).
Another context in which exploration could be beneficial for A. femoralis males is during
their courtship march, which is a necessary step of the mating process (Stuckler et al.,
2019). Further studies are needed to clearly understand in which natural contexts
individuals explore. However, the lack of correlation between personality traits and
paternal performances we observed was unlikely due to NET-measured behaviours
not reflecting natural explorative or boldness-related behaviours.

Previous findings have shown that male A. femoralis use spatial memory to
navigate in their environment (PasSukonis et al., 2013, 2014, 2016). Males rely on
experience and are able to quickly find their way back to their territory when
translocated (PasSukonis et al., 2013, 2014). Moreover, males also know the location
of several different deposition sites in the area (Pasukonis et al., 2016). These findings
suggest that males have an accurate representation of their familiar surroundings. It is
possible that exploration and boldness do not matter for tadpole deposition in a familiar
environment compared to the level of activity. Activity, as a personality trait, is defined
as ‘the general level of activity of an individual’ in a non-novel environment (Réale et
al., 2007). Removing familiar deposition sites effectively changed the known
environment but did not create a novel environment. In addition, our results show that
individuals tend to deposit more frequently in new pools that are located closer to their
territory. The area surrounding their territory is likely an area that individuals know well,
and deposition within this area might be therefore influenced by activity, rather than
exploration or boldness.

It is also possible that the link between male’s personality and reproductive

output (Peignier et al. in prep) is not due to male’s deposition behaviour, but rather to

188



the offspring’ ability to survive until adulthood. Many personality traits have been shown
to have a heritable component (Ariyomo et al., 2013; Dochtermann et al., 2015; Drent
et al., 2003). If tadpoles inherit their personality traits from their parents, we expect that
more aggressive and bolder individuals might get better access to food, while less
aggressive and shy tadpoles might benefit in successfully hiding from predators.
Individuals with higher levels of exploration might benefit in being more likely to find a
suitable territory to settle. Future studies should take into account the offspring’s
personality to better understand the mechanistic pathways by which parents’

personality is linked to their reproductive output.

Influence of external cues on paternal care

It is possible that the effect of sensory cues on decision-making during parental care
is much stronger than the effect of personality, which would explain the absence of a
link between exploration or boldness and paternal performances. Several studies have
highlighted the importance of olfactory cues for tadpole transport (Rojas, 2014; Schulte
et al., 2011; Schulte & Lotters, 2013, 2014). Here, we also investigated which external
cues drive the discovery of new rearing sites. We found an effect of the location of old
and new rearing sites on deposition behaviour and showed that frogs use olfactory
cues to find pools in which to deposit their tadpoles. Males deposited more in pools
closer to their territory, with conspecific tadpole odour, or closer to old rearing sites.

Previous work already hinted towards the importance of tadpole and stagnant
water odour cues for A. femoralis male when finding new rearing sites (Pasukonis et
al., 2016; Serrano-Rojas & PaSukonis, 2021). Moreover, previous studies have shown
that A. femoralis male prefer to return to their natal pools to deposit their tadpoles, even
when closer pools are available (Ringler et al., 2018), and that males rely on spatial
memory to relocate known deposition sites (Pasukonis et al., 2016). We observed that,
while males used few new rearing sites (1.54 + 0.71 SD, range = 1 to 4, against 2.20
+1.56 SD, range = 1 to 7, for the old rearing sites) they continuously went back to the
same new pools to deposit their clutches, supporting the findings of previous studies
that males make use of spatial memory in the context of paternal care (PaSukonis et
al., 2016; Ringler et al., 2018; Serrano-Rojas & PaSukonis, 2021).

Tadpole transport is costly for the transporting parent, as it increases risks of
predation and the loss of the territory or mating opportunities. Consequently, males
should minimize the time and effort spent in transportation (Beck et al., 2017; Ringler
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et al., 2013b). Our findings, combined with previous studies, indicate that male A.
femoralis have developed a highly efficient system, combining spatial learning and
memory, and the use of external cues to find new rearing sites when deciding where

to deposit their offspring.

Influence of the interplay between personality traits and external cues on paternal care

We did not find a role of the interaction between external cues and exploration or
boldness on paternal care. Overall, our results suggest that external cues are the main
source of information used by individuals to decide where to transport their tadpoles.
Neotropical amphibians, who live in highly unpredictable environment, benefit from
finding novel rearing resources quickly. We performed our study in the peak of the
rearing season, when most males had clutches that needed to be transported. With
the sudden removal of all rearing sites, males were under high pressure to find new
rearing sites quickly. In this context, relying on strong external cues ensured the
discovery of a deposition site, and prevented total clutch loss. This result suggests that,
in A. femoralis, sensory cues might override personality in the context of parental care.

Animals constantly need to make decisions that will influence their fitness
(McFarland, 1977), and the key to making adaptive decisions is to integrate all
information available as best as possible (Budaev et al., 2019). Personality traits have
been shown to influence decision-making, particularly in the context of parental care
where appropriate decision-making is essential to ensure offspring survival (Mutzel et
al.,, 2013; Thys et al.,, 2021; Zhao et al., 2016). However, in highly dynamic
environments, the availability of resources and the environmental pressures change
constantly. Relying on predictable external cues likely ensures individuals to discover
and use rearing resources, and thereby improves offspring survival. Male A. femoralis
have developed highly efficient techniques (e.g., olfaction, well-developed spatial
memory), which are optimized in terms of time and energy expenditure, to rapidly find
new rearing sites in an unpredictable environment (Beck et al., 2017; PaSukonis et al.,
2016). Animals need to make decisions in a range of different contexts (e.qg., foraging,
mate choice, intra-sexual competition) to maximize their fitness. Future studies should
investigate how external cues and personality traits affect decision-making in various

contexts and the ultimate fithess consequences of the decisions.
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Supplementary material

Manuscript 7: “Odour cues rather than personality affect tadpole

deposition in a poison frog”

Prior used in the bivariate models
priorl [ list(R = list(V = diag(c(1, 0.0001),2,2), nu = 0.002, fix = 2),
G = list(G1 = list(V = diag(2), nu = 2,
alpha.mu = rep(0,2),
alpha.V = diag(25"2,2,2))))
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Supplementary table 1. Between- and within-individual covariance and slope between the behaviours that best represents the

personality traits exploration and boldness and measurements of parental performance. We present the mean and 95% credible

intervals.
covariance slope
among-individual  within-individual |among-individual within-individual
behaviour |Teasures of parental mean (95% Credible Interval) mean (95% Credible Interval)
performance
number of new pools used -0.82 (-6.83, 4.24) -0.02 (-0.87, 0.91) |-4.36 (-34.58, 20.83) -162.47 (-8705.88, 9107.92)
) number of old pools used -1.29 (-20, 16.23) -0.01 (-0.82, 0.83) |-0.66 (-10.29, 8.42) -71.95 (-8243.93, 8278.78)
gt’:‘g'rzra“on discovered within 45 days (1/0) -7.94 (-32.53,10.89) -0.11 (-0.68, 0.67) |-5.79 (-20.96, 11.09)  -1070.24 (-6791.46, 6677.24)
average distance to new pools used |-5.44 (-17.11, 2.86) -0.01 (-0.87, 0.86) |-11.64 (-33.12, 6.04) -96.11 (-8674.11, 8636.45)
average distance to old pools used |-4.56 (-15.99, 3.49) -0.01(-0.83, 0.84) |-12.31 (-42.1, 9.17) -85.02 (-8347.83, 8399.67)
number of new pools used 0.2 (-0.38, 0.91) 0.00 (-0.08, 0.08) |1.03 (-2.14, 4.54) 6.45 (-751.21, 755.99)
number of old pools used -0.79 (-2.99, 0.94) -0.00 (-0.06, 0.07) |-0.4 (-1.43, 0.47) -2.4 (-647.84, 667.34)
lsa((:)(lﬁgess discovered within 45 days (1/0) 0.35 (-1.06, 1.8) 0.01 (-0.07, 0.07) |0.46 (-1.06, 2.31) 134.03 (-675.55, 686.12)

average distance to new pools used
average distance to old pools used

0.84 (-0.11, 2.15)
0.37 (-0.58, 1.49)

-0.00 (-0.07, 0.07)
-0.00 (-0.07, 0.07)

1.76 (-0.25, 3.98)
1.02 (-1.58, 3.79)

-8.01 (-664.13, 693.83)
-0.26 (-687.49, 710.46)
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Supplementary table 2. Results of the generalized linear mixed effect models

investigating the influence of external cues on tadpole deposition likelihood. We

present estimates, standard-error (SE), standard-deviation (SD), p-values and 95%

confidence intervals (95%CI). Significant results (p-value < 0.05) are written in bold. N

= 2000 observation on 41 males and 90 clutches.

Deposition likelihood

Fixed effects Estimate SE p-value 95%CI
(intercept) 0.08 0.33 0.813 -0.57,0.72
treatment 1.11 0.22 <0.001 0.68,1.56
distance between pool and male’s territory -0.05 0.00 <0.001 -0.05, -0.04
distance between pool and closest old pool |[-0.01 0.01 0.026 -0.03, -0.002
Random effects Estimate SD

clutch ID:male 1D 0 0

malelD 0 0
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Supplementary table 3. Results of the generalized linear mixed effect models investigating the role of the interplay between external

cues and personality traits on parental care. We present estimates, standard-error (SE), standard-deviation (SD), p-values and 95%

confidence intervals (95%Cl). The fixed effect ‘dist.male-pool’ presents the distance between the pool and the male’s territory.

Significant results (p-value < 0.05) are written in bold.

Number of new pools
used

Number of new pools
used

Likelihood to discover a
pool within 45 days

Likelihood to discover a
pool within 45 days

Fixed effects Estimate SE p-value |Estimate SE p-value |Estimate SE p-value |Estimate SE p-value
(intercept) 0.63 0.11 <0.001 |0.58 0.1 <0.001 |-5.12 528 0.332 |-3.06 1.35 0.024
boldness score 0.17 0.11 0.135 0.16 0.11 0.16 -0.45 1.74 0.797 0.44 0.86 0.606
exploration score 0.15 0.12 0.218 0.13 0.11 0.262 -1.47 1.53 0.337 -0.92 0.87 0.294
treatment 0.03 0.09 0.773 0.78 1.16 0.499

dist.male-pool 0.03 0.09 0.773 -0.17 0.59 0.778
boldness

score:exploration score 0.19 0.12 0.103 0.14 0.1 0.191 -0.01 1.45 0.994 0.42 0.8 0.602
boldness score:treatment |0.07 0.11 0.499 2.63 2.34 0.259

exploration

score:treatment 0.14 0.12 0.237 2.29 1.86 0.218

boldness

score:exploration

score:treatment 0.06 0.09 0.489 1.18 1.37 0.39

boldness score:

dist.male-pool -0.03 0.1 0.759 -0.75 0.83 0.365
exploration score:

dist.male-pool 0 0.11 0.989 0.29 0.79 0.715
boldness

score:exploration

score:dist.male-pool -0.03 0.11 0.782 -1.17 0.76 0.123
Random effects Estimate SD Estimate SD Estimate SD Estimate SD

malelD 0.03 0.18 0.04 0.21 18.43 4.29 5.54 2.35
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General discussion




General discussion

Animal personality is a current hot topic in behavioural research. Over the years, an
increasing amount of empirical evidence has been gathered about the influence of
animal personality on different traits related to reproduction and survival [40,45,75,76].
Yet, we still have limited insight in how personality arises and why it is maintained in
animal populations [16-18,20,22,32,77,78]. In my thesis, | aimed to increase our
understanding of the maintenance of personality traits, using an entire, free-ranging,

population of the Neotropical poison frog Allobates femoralis (Figure 4).

Characterization of personality traits

In my first chapter, | started by showing evidence of the existence of consistent
between-individual behavioural differences in both male and female A. femoralis. |
found repeatable behavioural differences along the personality traits aggressiveness,
exploration and boldness for males, and exploration and boldness for females

(manuscripts 1 and 3). | used structural equation modelling to determine how distinct

behaviours covary and are structured into functional units. This way, | was able to
characterise personality traits as latent variables, understand what behaviours each
trait encompassed and which of these behaviours best represented each personality
trait. A proper characterization of the behaviours underlying personality traits is crucial
to understand how personality affects behaviours in different contexts, and ultimately,
reproduction and survival. Using a single behaviour as a proxy for a personality trait,
without checking how well the behaviour represents the personality trait, hampers our
understanding of the influence of personality traits on different outcomes (e.g., mating
success, reproductive success). For instance, in our study the latency to jump towards
an intruder characterizes the personality trait aggressiveness slightly better than the
speed to reach the intruder (manuscript). Therefore, | advise all future studies on animal
personality to use structural equation modelling and aim at finding the different

behaviours that cluster together to form a personality trait.

Personality and plasticity

Several hypotheses have been developed to explain the existence and maintenance
of personality traits. While we could expect individuals to adjust their behavioural

responses according to the current situation [1], limited plasticity could be adaptive
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because individuals might benefit from being predictable, especially in a social context
[22]. For example, in an intra-sexual competition context, males would benefit from
being constantly aggressive if other males adjust their behaviour accordingly [22].
Using a behavioural reaction norm approach, | investigated if an individual’s
average level of territorial defence is correlated to plasticity [79]. This idea has been
studied in both the animal personality and animal cognition field (under the term ‘coping
style’ [80]), and theory predicts that some individuals should rely on routines and be
inflexible or ‘unresponsive’ to environmental cues, while other individuals should be
more plastic [81]. In the case of A. femoralis, | found no support for a correlation
between personality and plasticity. Both aggressive and less aggressive males

plastically adjusted their reaction to differently sized intruders (manuscript 2). These

findings suggest that in situations in which the costs of poor decisions are high,
individuals respond flexibly to environmental cues no matter their personality type.

Personality and environment

Another hypothesis that has been developed to explain the existence and maintenance
of animal personality stipulates that consistent between-individual differences in
behaviour could reflect behavioural strategies to cope with different environmental
conditions [77]. Selective pressures exerted by the environment could generate and/or
maintain individual differences in behaviour within a population [82]. In such cases,
behaviours should appear non-randomly distributed across the natural and social
environment [24,25]. | investigated the patterns of distribution of aggressiveness,
boldness and exploration-related behaviours across the environment. | found that
males adjusted their level of exploration and boldness to the density of females around

their territory (manuscript 3). However, | did not find evidence for a non-random

settlement of different personality types in space (manuscripts 3 and 4). Of course,

we cannot exclude that other habitat characteristics that we did not measure, such as
quantity and quality of the leaf litter, tree species, or canopy cover, are linked to
individual behaviour. These results, overall, suggest that the environment is unlikely to
drive the evolution of consistent between-individual behavioural differences in
Allobates femoralis.

Phenotype by environment correlation exists in other species (e.g., [4,83]), but
understanding whether the environment influences personality or personality

influences the choice of an environment to settle in will require future studies. Such
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guestions are best answered in the wild, where individuals face complex environmental
challenges. However, controlling the different aspects of the experiment and accurately
measuring the environmental pressures (e.g., density of males and females
surrounding an individual, habitat complexity, resources availability) can be difficult.
While a laboratory setup would solve these issues, measuring personality traits in the
lab typically gives less repeatable results than in the wild [39]. Consequently, future
studies should aim at integrating both field and lab-based experiments to understand

the causes and consequences of non-random settlement of behaviours.

Personality and sexual selection

Several hypotheses have been developed under the framework of sexual selection to
explain the evolution and maintenance of animal personality. In their review, Schuett
and colleagues [23] draw attention to the role of sexual selection on the emergence of
both between-individual behavioural differences and limited behavioural plasticity.
They argue that sexual selection should influence the maintenance of between-
individual differences in behaviour because the personality traits of both the choosy
and the chosen sex can impact mate choice [23]. Behavioural phenotype matching (or
“assortative mating”) exists in several species [43,45,84]. In A. femoralis, females
typically make the decision with whom to mate before commuting to the male’s territory
[67]. Assortative mating could only happen if females know the male’s personality
before commuting towards them, which is possible only if call characteristics are
reliable signals of a male’s personality. The most parsimonious prediction, therefore,
is that assortative mating is unlikely to be a driver of between-individual differences in
behaviour in A. femoralis. This prediction was supported in manuscript 6, where |

found no support for assortative mating. This result suggests that there is no influence
of behavioural phenotype matching in the maintenance of between-individual
behavioural differences in A. femoralis. Future studies should now investigate whether
call characteristics are reliable signals of a male’s personality, and whether females

use this information.

Personality and paternal care

Numerous studies show that consistent between-individual differences in behavioural

traits covary with proxies for fitness, such as reproductive success or survival [20,75],
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thus implying that behavioural phenotypes are subject to natural selection. Yet, we still
have limited information how a personality trait is translated into fithess. Parental care
could be one mechanistic path [76,85], if for instance, a personality trait influences the
choice of parents for high-quality breeding resources [86] or if it influences parents
responsiveness towards offspring solicitations [43], which in turn increases offspring
survival.

In manuscript 7, | did not find evidence that individuals’ level of exploration and

boldness influence their ability to discover and use new rearing resources. Males relied
primarily on external cues (e.g., olfactory cues) to perform paternal care (manuscript
7). The lack of correlation between personality and paternal care seems surprising at

first, since | found in manuscript 6 that males with certain personality types have a

greater reproductive output (i.e., number of tadpoles surviving until adulthood). While
it is possible that | did not consider the right measures of paternal care, two hypotheses
seem more likely to explain the lack of correlation. First, we know from previous studies
that male A. femoralis have an accurate representation of their familiar surroundings
[55,87,88]. | did not create a novel environment by removing rearing sites that males
were familiar with, and opening new ones in the vicinity, but simply changed the known
environment. Therefore, activity, rather than exploration or boldness, could covary with
paternal care. Second, it is also possible that tadpoles inherited their personality traits
from their parents, which would explain the link between male’s personality and
reproductive output [89-91]. More aggressive and bolder tadpoles could increase their
survival if they get better access to food, while less aggressive and shy tadpoles could
benefit in successfully hiding from predators.

In the context of parental care, appropriate decision-making is crucial to ensure
offspring survival [92]. Relying on sensory cues likely ensures the best possible
reproductive success by avoiding the costs of variation due to personality differences.

This result goes in the same direction as manuscript 2, showing that when the costs

of poor decisions are high, individuals respond to environmental cues no matter their

personality type.

Personality and life-history trade-offs

Another hypothesis explaining the emergence and maintenance of animal personality,
which has received the strongest support to date, stipulates that between-individual

differences in behaviour should be favoured and maintained because of their link with
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life-history trade-offs [35,36]. For instance, young individuals with high future
expectations in terms of reproduction should be more risk-averse (e.g., less
aggressive, less bold, less explorative) than older individuals with low expectations. Or
more aggressive males might benefit from increased reproductive success, while less
aggressive males might benefit from increased survival.

So far, many studies have tried to provide empirical support for this hypothesis,
but most have only looked at the link between one personality trait and one measure
of reproductive success or survival [36,75]. No study has looked at the potentially
differential effects that personality traits can have on the various processes shaping

reproductive success. In manuscript 6, | showed that aggressiveness, exploration and

boldness differentially impacted three components of reproductive success (mating
success, reproductive performance and reproductive output) in males and females.
For instance, males with low levels of aggressiveness obtained more mates if they
were not explorative, but had a higher reproductive output if they were explorative.
While males with high levels of aggression only benefited in terms of mating success
if they were also really explorative. So, we expect males that are not aggressive and
not explorative to invest more in finding mates than in parental care, to improve their
fitness.

Overall, these results suggest a potential effect of correlational selection [93]
and provide support for the hypothesis that animal personality arises because of a link
with individual differences in life-history trade-offs [36]. This in turn could lead to the

evolution of different reproductive strategies.

Future directions

With my thesis, | was able to show the influence of personality traits on individual
decision-making and reproductive success. | did not find evidence for an effect of
environmental conditions on the emergence and maintenance of animal personality.
However, results suggest a possible effect of life-history trade-offs on the emergence
and maintenance of consistent between-individual differences in behaviours. | also
showed that consistency does not equal absence of plasticity, and individuals are still
capable of adjusting their behaviours within the limits of their personality, or use more
reliable cues when the costs of poor decisions are high.

Animal personality is an integral part of behavioural ecology, and | want to
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highlight the importance of studying personality traits together with plasticity and
environmental cues to understand the factors influencing reproduction and survival,
and the drivers of decisions-making in animals. It will still require more work to better
understand the evolution and maintenance of animal personality, but the results
obtained throughout this thesis bring us one step closer. It is now primordial to
approach these questions by integrating proximate mechanisms with long-term studies
of the development of personality across ontogeny. Only by doing so will we improve
our understanding of consistency, plasticity, between-individual variation in behaviour,

and clarify how selection acts on animal personality.
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Developmental stages in tadpoles are usually classified according to the scheme
created by Gosner (Gosner, 1960). This staging table shows a generalized system that
can be used to describe embryonal and larval development in anurans. This reference
Developmental stages in tadpoles are usually classified according to the scheme
created by Gosner (Gosner, 1960). This staging table shows a generalised system that
can be used to describe embryonal and larval development in anurans. This reference
table, however, was initially developed for temperate zone anurans with aquatic
oviposition, so the development of species that differ from this breeding mode might
deviate from this description. Terrestrial oviposition has evolved independently in
several anuran species (Vagi et al., 2019; Furness et al., 2022), such as within the
genus Eleutherodactylus (Townsend and Steward, 1994; Bourne, 1997), Adenomera
hylaedactyla or Amazophrynella minuta (Lima and Magnusson, 2006), as well as
poison frogs (Dendrobatidae sensu AmphibiaWeb, 2022).

In poison frogs, eggs are deposited on land, often directly in the leaf litter. After
hatching, the terrestrial eggs turn into aquatic tadpoles, and therefore, in most
dendrobatid species, one of the parents transports the tadpoles on its back to suitable
water bodies (Ringler et al., 2013; Killius and Dugas, 2014; Frazo Luiz et al., 2015;
Schulte and Mayer, 2017). It is still unknown which are the morphological changes that
the newly hatched tadpoles go through before they can climb onto their parent’s back
to be transported.

The aim of this study was to provide a detailed description of the developmental
stages of embryos and tadpoles of the Neotropical poison frog Allobates femoralis
(Boulenger, 1884) from oviposition to hatching, with comparison to their respective
Gosner stages. On one hand, this staging table will provide us with a reference table
to assess the time elapsed since oviposition and the time until tadpole transport will
occur for clutches under both field and lab conditions. On the other hand, it shall give
insight into possible developmental differences between aquatic and terrestrial
developing embryos, and thereby improve our knowledge of the embryonic
morphological changes.

Allobates femoralis is a small diurnal leaf litter frog common throughout the
Amazon basin and the Guiana Shield (Amezquita et al., 2009). During the reproductive
season, males occupy territories of 64-417 m2 (Ringler et al., 2011) from which they
call to repel male competitors and attract females, while perched on elevated surfaces

(Narins et al., 2003; Hodl et al., 2004). Males aggressively defend their territories

217



against calling intruders (Narins et al., 2003; HOdI et al., 2004). Females display site
fidelity and commute to male territories for courtship and mating (Fischer et al., 2020).
The possession of a territory is of great importance for male reproductive success, as
it is where pair formation, courtship, mating, and egg deposition occur (Montanarin et
al., 2011; Ursprung et al., 2011; Sttckler et al., 2019). Both sexes can mate multiple
times with multiple partners (Ursprung et al., 2011). The courtship march in A. femoralis
is one of the longest among poison frogs (Stuckler et al., 2019). After the courtship
march, eggs are laid in the leaf litter, where they develop for 15 to 20 days before
hatching. Once hatched, tadpoles are transported by the males to medium sized
natural pools located up to 200 m (on average 27.52 + 30.90 m) away from their
territory (Ringler et al., 2013, 2018). Males typically distribute the tadpoles across
several water bodies (Erich et al., 2015). Occasionally, females take over tadpole
transport, but only when males disappear (Ringler et al., 2015).

Herein, we provide a detailed description of the developmental changes that A.
femoralis embryos and larvae undergo before tadpole transport. We recorded the
morphological changes in tadpoles during development and related these stages to
the ones proposed by Gosner (1960). Observations were conducted under controlled
conditions in an ex-situ breeding population of A. femoralis at the University of Bern.
We kept pairs of frogs in glass terraria (60 x 40 x 40 cm) with expanded clay pebbles
on the floor. The back and side walls were covered with xaxim (tree fern stems) mats
in the lower and cork in the upper half. We provided half a coconut shell, a small plant,
and a branch in each tank. We provided autoclaved oak leaves as substrate for
oviposition, and a small glass bowl of 10 cm diameter filled with water for tadpole
deposition. We used an automatic rain, heating, and lighting system to ensure
standardised climatic conditions in all terraria, similar to natural conditions in French
Guiana. The temperature ranged from 21 °C at night to 28 °C during the day. Lights
were on from 07:00 to 19:00 h and humidity in the terraria was constantly at 100%.

To record morphological changes during the development, we checked the
tanks for new clutches (Fig. 1) every day during the peak of the reproductive season
and took daily pictures of the clutches from egg-laying to tadpole transport. We took
daily photos of nine clutches (for a total of 120 eggs, mean = 13.33 + 3.24 SD per
clutch), using a Canon EOS 77D camera (Canon © Deutschland GMBH, Krefeld,
Germany), equipped with a macro lens (Canon EF 100mm 1:2.8 USM). The clutches

were placed in an open Petri dish, on white background, under an external artificial
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light source, to ensure that the light was homogeneously distributed and the image had
a high contrast. All the clutches placed in Petri dishes were left in the parents’ tank
between daily inspections to prevent desiccation, as they were subjected to the
automatic rain system, and to enable the father to transport the clutch to the water bowl
once the development completed. We show the pictures with reference to
corresponding Gosner stages in Figure 2.

All 25 pre-feeding stages that Gosner (1960) described were also observed
during A. femoralis embryonic development. Even if no stage is strictly related to day-
to-day development, the three-week development period enabled us to successfully
differentiate stages. As expected, we recorded small differences in the development of
individual embryos even within the same clutch. Variability increased with time, most
prominently with the start of muscular responses (stage 18; Fig. 20). The first eight
stages (fertilisation and cleavage processes) were finished within a day. First a
lightening appeared on one hemisphere (Fig. 2A), then cell division began (Fig. 2B—
G). Then, the gastrulation started and the blastopore became conspicuous (stages 11—
12; Fig. 2H-J). Following this, neural folding usually began five days after oviposition
(stages 13-15; Fig. 2K-L). The neural tube was formed quickly after, on the same or
on the following day, and the embryo began developing a recognisable head (stage
16; Fig. 2M). The tail bud appeared between days five and six (stage 17; Fig. 2N), and
noticeably elongated from then on, while the gill plate became less and less visible.
Together with the development of the tail bud, the adhesive organ started developing
(Fig. 2N). The organ is large, with soft edges, supposedly to enable the tadpoles to fix
themselves on their father's back. Contrarily to most North American pelobatids,
bufonids, hylids, and ranids, whose adhesive organs are initially united as a ridge
before they become bifid (Gosner, 1960), in A. femoralis the mouth part developed as
an invagination which later developed into the mouth part (stages 23-25). About a
week post oviposition, we observed an initiation of spasmodic muscular responses,
and the division of the gill plate into ridges (stage 18; Fig. 20).

From this stage, the variability in developmental time increased. While a
heartbeat was visible in most temperate zone anurans with aquatic oviposition at stage
19, we were not able to observe it in A. femoralis. The external gill filaments fully
developed on stage 21, usually between 9 and 12 days post-oviposition (Fig. 2R). At
this stage, the larvae transitioned to free-swimming tadpoles, the cornea became

transparent and the eyes were clearly discernible. The fins became more transparent
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around day 12 (stage 22; Fig. 2S). After the first two weeks post-oviposition, the
external gills disappeared, the oral disc and labial tooth developed and we observed a
modification of the pigmentary patterns (stages 23-25; Fig. 2T). Only one clutch was
successfully transported by the father. In that case, tadpole transport occurred on day
21 post-oviposition. While this is still within the range of what has been observed in the
wild previously (Ringler et al., 2013), we noticed that males sat for a few days close to
the Petri dish. Probably setting-up the clutch in a Petri dish disturbed the father and
prevented him from reaching the tadpoles, or artificially increased the delay before
transport.

Our results suggest that A. femoralis tadpoles develop a recognisable tadpole-
like shape (i.e., with a discernible fin and head) between days 8 to 11. Most
developmental modifications were similar to the ones described by Gosner (1960) in
temperate zone anurans with aquatic oviposition, with exception of the development of
the adhesive organ. This difference could be due to the physical requirements of
holding on to the parent during tadpole transport, which is obligatory in all dendrobatid
species. Future studies should investigate the differences in the development of
adhesive organs between species with and without tadpole transport. Additionally,
comparative studies between species with lentic and lotic tadpoles might serve to
identify functional similarities and differences in specific morphological traits (cf. Baldo
et al., 2014; Candioti et al., 2016, 2020). Further studies are also required to
understand when newly hatched tadpoles are physically able to climb onto their
father’s back to be transported, and how fathers know when each clutch needs to be
transported. For instance, visual cues of the developmental stage of the clutch (e.qg.,
the loss of external gills and the changes in pigmentation) might be a signal for parents
to initiate tadpole pick up and transport. With this study, we provide a detailed staging
table, related to the one proposed by Gosner (1960), describing embryonal and larval
development in terrestrial breeding anurans. Discussed characteristics were easily
traceable due to a long developmental time. The staging table we developed can serve
for further laboratory experimentation, for example as a tool to reconstruct the day of

oviposition in A. femoralis.
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Figure 1. Picture of a clutch oviposited and fertilised during the preceding night. Photo

by Mélissa Peignier.



Figure 2. Pictures of the embryonic development of Allobates femoralis. For each
picture, the day of development, the principal embryonic changes and the embryonic
stages equivalent to Gosner (1960) are given. A-G: days 1-2. fertilisation and
cleavage (stages 1-9); H-I. days 2—-3. mid-gastrula (stages 10-11); J: days 2-3. late
gastrula (stage 12); K: days 3-5. neural plate (stage 13); L: days 4-5. neural folds
(stage 14); M: days 4-5. neural tube (stage 16); N: days 5-—6. tail bud and mouth
(stage 17); O: days 6—8. muscular response and ridges (stage 18); P—Q: days 7-13.
external gills (stages 19-20); R-S: days 9-14. cornea and fins become transparent,
full development of external gills (stages 21-22); T: days 14-21. changes in
pigmentation, disappearance of external gills, oral disc and labial tooth development
(stages 23-25). Photos by Lauriane Bégué and Mélissa Peignier.
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Abstract

Hormones play a fundamental role in mediating social behaviours of animals.
However, it is less well understood to what extent among-individual behavioural
variation can be attributed to variation in underlying hormonal profiles. The goal of the
present study was to infer if differences in individual androgen levels, and/or the
modulation thereof, can explain among-individual variation in aggressiveness,
boldness and exploration. We used as a model the dart-poison frog Allobates femoralis
and took repeated non-invasive water-borne hormonal samples of individual males
before and after a series of behavioural tests for assessing aggression, boldness, and
exploratory tendency. Our results show that intra- and inter-individual water-borne
testosterone (wbT) levels are repeatable. Time of day, age of the frog, and trial order
did not show any significant impact on measured wT levels. We did not find a
significant relationship between baseline wbT and the assessed behavioural traits,
however we found a significant positive correlation between whT levels after
behavioural testing and the frogs’ exploratory tendency. In general, wT levels
decreased after behavioural tests compared to the respective baseline levels.
However, we identified two different patterns with regard to androgen modulation in
response to behavioural testing: individuals with low baseline wT tended to have
increased hormonal levels, while individuals with comparatively high baseline woT
concentrations rather showed a decrease in hormonal levels after the behavioural
testing. Our results show that differences in hormonal profiles and/or responses to
social challenges can indeed explain among-individual differences in behavioural

traits.

Keywords

testosterone, animal personality, behavioural challenge
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Introduction

Hormones play a fundamental role in the expression of morphological and behavioural
traits (Adkins-Regan, 2005). The causal relationship between hormones and behaviour
is bidirectional, as hormones regulate the expression of social behaviours, but at the
same time being exposed to behaviour of con- or heterospecifics can also induce a
hormonal response in the focal individual (Adkins-Regan, 2005; Vitousek et al., 2014;
Wingfield et al., 1990). However, the precise interplay between hormones and
behaviour may differ among individuals of a population, as it depends on various
factors, such as experience during early development, an animal’s physiological
condition, environment and adaptation to specific life-history stages in order to optimise
fitness.

In recent years, several studies have shown that there is high among-individual
variation and within-individual consistency of behaviour across time and contexts in
several animal taxa (i.e. termed animal personality; Araya-Ajoy and Dingemanse,
2014; Réale et al., 2007), and that these differences in behaviour ultimately impact an
animal’s prospects of survival, competitive ability, mating success and other fitness
relevant traits (Dingemanse et al., 2004; Sih and Bell, 2008). One key question in the
study of animal personality is to what extent differences in behavioural phenotypes can
be attributed to differences in hormonal profiles, and/or if different behavioural
phenotypes arise from differences in their physiological response to challenges in their
social/natural environment (cf. Biro and Stamps, 2010; Réale et al., 2010; Sih et al.,
2015).

Animal personality is typically measured along five main axes, namely
aggressive-docile, exploration affine-averse, sociable-solitary, bold-shy and active-
passive (Réale et al., 2007). These five axes are known to be modulated by sex
steroids, in particular androgens, especially during the reproductive season (see:
Adkins-Regan, 2005; Hau, 2007; Nelson, 2005). In male vertebrates, androgens play
a key role in the development and maintenance of primary and secondary sexual traits
but also regarding the modulation of different behaviours related to reproduction, such
as territorial aggression, courtship and mating (Fusani, 2008; Hirschenhauser et al.,
2003; Hunt et al., 2019; Rosvall et al., 2020; Rosvall et al., 2012). It is thus not
surprising that androgens, e.g., testosterone (T), undergo seasonal fluctuations, with

the highest concentration during the breeding season and lowest during the non-
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reproductive period (Goymann et al., 2019; Hau, 2007; Husak et al., 2021; Wingfield
et al., 1990).

However, persistent high levels of T are expected to bear considerable costs
(Wingfield et al., 2001), such as reduced immune function (Dufty, 1989; McGlothlin and
Ketterson, 2008), increased risk-taking and resulting elevated predation risk (Marler
and Moore, 1988; Raynaud and Schradin, 2014), interference with parental behaviour
(Hegner and Wingfield, 1987; McGlothlin and Ketterson, 2008), and metabolic
expenses (Buchanan et al., 2001; Tobler et al., 2007). Therefore, fine-tuned temporal
fluctuations in T modulating adequate behavioural and physiological response to
sudden environmental challenges may help to optimize the cost-benefit trade-off
associated with high and low levels of circulating T in males. High inter-and intra-
species differences in the levels of circulating T have been shown for many vertebrate
taxa, and these differences have been linked to respective social and environmental
factors, such as breeding season length, type of mating system, and latitude (cf. Husak
et al., 2021). Identifying the ecological and physiological factors that shape behaviour
at the species, population, but also individual level will advance our understanding
about the mechanisms that give rise to behavioural variation across different levels of
biological organization.

The aim of the present study was to infer if differences in individual baseline
androgen levels, and/or the modulation thereof after behavioural challenges, can
explain among-individual variation in the personality traits aggressiveness, boldness
and exploration. We used as a model the Neotropical poison frog Allobates femoralis,
a highly territorial species that shows highly aggressive behavioural response towards
acoustic playbacks, simulating calling intruders (Hodl, 1983a; Narins et al., 2003;
Ringler et al., 2011; Rodriguez et al., 2022). To this end, we took repeated samples of
individual baseline water borne testosterone (woT) levels (i.e. without any manipulation
prior hormonal sampling), and also directly after behavioural tests which assessed
territorial aggression, boldness and explorative behaviour of individual males. For the
hormonal sampling, we used a non-invasive water bath method (Baugh et al., 2018;
Rodriguez et al., 2022), which enabled us to take repeated samples of the same
individuals in the field. We assessed inter- and intra-individual consistency of woT to
gain information about the consistency of individual hormonal profiles over the course
of several weeks during the breeding season. Additionally, we identified if and how

preceding behavioural testing will alter obtained hormonal measurements. The
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combination of repeated hormonal sampling and behavioural testing allowed us to link
the endocrine profile of each individual to its personality.

We expected woT levels to be highly repeatable, especially when sampled
without any preceding behavioural manipulation, but slightly higher in the afternoon,
when the males are actively advertising territory ownership to male and female
conspecifics (cf. Rodriguez et al., 2022). We also expected wb T to be positively linked
to levels of territorial aggression and/or exploration in the behavioural tests, given that
previous studies in several species, including A. femoralis, suggested a link between
androgen modulation and spatial behaviour in the context of territory defence or
homing (cf. Herman and Wallen, 2007; Hodgson et al., 2008; PasSukonis et al., 2022;
Rodriguez et al., 2022).

Material and methods

Ethical note

This study was approved by the scientific committee of the “Nouragues Ecological
Research Station” and the ethics board of the University of Veterinary Medicine
Vienna, as well as the University of Vienna. The hormonal such as the behavioural
sampling was conducted in strict accordance with current French and EU law,
according to the Study of Animal Behaviour (ASAB) guidelines.

Study site and study species

This study was conducted in a free-ranging population of A. femoralis on a river island
of approx. 5ha, close to the field camp ‘Saut Pararé’ (4°02' N, 52°41' W) in the nature
reserve ‘Les Nouragues’, in French Guiana (Bongers et al., 2001; Ringler et al., 2016).
The island population of A. femoralis was established in 2012 by introducing tadpoles
from the nearby mainland population and has been stable ever since with
approximately 150 individuals (Ringler et al., 2015). We conducted fieldwork during the
rainy season, from the beginning of February 2019 until the end of April 2019, which
coincides with the reproductive season of the focal species (Gottsberger and Gruber,
2004).

Allobates femoralis (Boulenger 1883) is a small, diurnal Neotropical poison frog
(Dendrobatidae sensu AmphibiaWeb), which is distributed throughout the Amazon

Basin and Guiana Shield. During the reproductive season, males are highly territorial
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and advertise territory occupancy to male competitors and potential female mating
partners by producing loud advertisement calls from exposed, elevated positions
(Ho6dI, 1983b; Ringler et al., 2011; Rodriguez Lopez and Hodl, 2020; Roithmair, 1992).
Males virguously defend their territory against conspecific intruders (Narins et al.,
2003, 2005). Females exhibit site fidelity but are typically not aggressive to either sex
(Ringler et al., 2012; Ringler et al., 2009), and actively approach neighbouring calling
males for courtship and mating (Montanarin et al., 2011; Ringler et al., 2012; Stiickler
et al., 2019). Egg deposition takes place in the male’s territory and both sexes mate
multiple times with multiple partners (Ringler et al., 2012; Ursprung et al., 2011). After
hatching, tadpoles are typically transported by the male to medium sized water bodies
located up to 200m outside the territory (Beck et al., 2017; Ringler et al., 2013).

Population monitoring

We surveyed the entire population every day from 0900 to 1800 h. We identified all
frogs on site via digital pictures of their unique ventral patterns and later verified their
identity with the pattern matching software Wild-ID (Bolger et al., 2012). Frogs were
sexed by the presence (males) or absence (females) of a vocal sac. We recorded the
precise location of the frogs on a digital map, using a tablet PC (WinTab 9, Odys,
Willich, Germany) equipped with the mobile GIS software ArcPad 10.2 (ESRI,
Redlands, CA, U.S.A.). We determined body size (snout urostyle length) from dorsal
photographs taken on top of a measurement grid using the software Image J 1.52a
(Rasband, 1997-2021). Information on the age of individuals was available form a

concurrent long-term monitoring on the island population since its origin in 2012.

Experimental design

To gain information about the inter- and intra-individual variation of individual wo T levels
and further investigate the effect of preceding behavioural tests on their T response,
we repeatedly sampled wo T under two following conditions: First we collected ‘baseline’
levels by capturing a focal frog without the use of any acoustic stimuli (e.g. playback)
and immediately transferred it to the water bath (for details see ‘Hormonal sampling’).
Second, we also measured woT concentrations immediately after the focal individual
had completed a suite of behavioural tests to assess personality traits (‘experimental’;

for details see ‘Behavioural experiments’). In every trial we noted the date and time of
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day (am or pm) when the measurement was taken, as well as individual parameters
such as body size (in mm) and age, measured as a binomial variable (first reproducer
vs. recapture from previous years). We aimed for obtaining three replicates in each
condition per individual, summing up to a total of six measurements per frog. Half of
the tested individuals started with ‘baseline’, while the other half started with the
‘experimental’ sampling. Consecutive samples were always taken more than 24 hours
apart. After every second trial we added a break of at least 3 days to minimize any

confounding effects of the procedure on the measurements.

Behavioural tests

All individuals underwent a set of behavioural tests to quantify the following behavioural
traits: territorial aggression, boldness and explorative tendency. The procedure of
these combined tests lasted for a total of about 30 min and to facilitate reading, we will
from now on define both tests with ‘behavioural test’ unless we a specifically refer to
one of these tests only.

Territorial aggression: We assessed within- and between-individual variation in
the levels of territorial aggression in individual males by simulating a calling intruder
inside a male’s territory. To do so, we used a simulated territorial intrusion test to
induced territorial defence behaviour of the territorial male by broadcasting /presenting
synthetic conspecific call by a loudspeaker (for details see Peignier et al., 2022). These
conspecific male calls elicit instantly an aggressive response of a territorial male
(Rodriguez et al., 2022; Sonnleitner et al., 2020; Ursprung et al., 2009) which can be
categorised/quantified in following behavioural parameters: a) latency until the first
head-body orientation and b) until the first jump, the likelihood to jump in moments
when the speaker was silent (i.e., between bouts of calls), and c) the speed to
approach the speaker (cf. Chaloupka et al., 2022; Peignier et al., 2022).

Boldness and Exploration: Immediately after the previous test, we caught the
frog and assessed exploration- and boldness-related behaviours using a Novel
Environment Setup (cf. Peignier et al., 2022). For this, we first put the frog in a dark
shelter for five minutes, to allow the individual to recover after handling. Afterwards we
opened the shelter and allowed the focal frog to explore the Novel Environment for 15
minutes. We measured the a) latency and probability to leave the shelter as well as
the distance travelled, b) the number of jumps performed, and c) the area covered in
the novel environment (for more details see Peignier et al., 2022).
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To assess within- and between-individual variation in behaviour we repeated
those tests several times: We conducted 163 territorial defence tests with 51 males
(mean = SD = 3.20 £ 1.31 repetitions per individual) and 156 Novel Environment Tests
with 50 males (mean = SD = 3.31 * 1.50 repetitions per individual). In a previous study,
using the same behavioural dataset, it was shown that the behaviours measured
during both tests are repeatable and that the latency until the first jump, the distance
travelled, and the time spent in the shelter best represented aggression, exploration,
and boldness, respectively (Peignier et al. 2022). In the present study, we use the
average value per individual for these three behaviours as personality scores to

investigate the link between personality and wb T levels.

Hormonal sampling and analysis

We used a non-invasive water-bath method (Baugh et al., 2018; Baugh and Gray-
Galillard, 2021; Gabor et al., 2013) following the protocol described in (Rodriguez et
al., 2022) to collect repeated woT measurements of male A. femoralis. In brief, after
capture, we put the frogs in a small glass box (14cmx9cmx5cm), filled with 40 mL of
distilled water and left them in this box for one hour. An opaque cover was placed over
the box to minimize any disturbances from outside and to minimize stress of the focal
individual. After one hour the frog was gently released at the original capture location.
Non-polar hormones were extracted by processing each water sample through 20 mL
sterile syringes coupled to an individual C18 cartridge (SPE, Sep-Pak C18 Plus, 360
mg Sorbent, 55-105 um particle size, #WAT020515, Waters corp., Milford, MA) with a
flow rate of ca. 10 mL/min. Afterwards, cartridges were eluted with 4 mL of 96% EtOH
into 8 mL borosilicate vials and stored at 4 °C until further processing in the
endocrinological lab at the University of Vienna.

In order to quantify the wbT concentrations of the samples, we used a
commercially available ELISA kit (Enzo Life science #ADI-900 065). Beforehand, 1ml
out of the 4ml of 96% EtOH eluded samples were pipetted into a glass tube and dried
down under a N2-stream and then re-suspended in 250ul Assay buffer provided by the
manufacturer. Previous tests have shown that 1 ml of 96% EtOH, was sufficient to
guantify reliably testosterone concentration. Because the antibody has a very low
cross-reaction with other androgens (19-hydroxytestosterone <15%, androstendione
<7.2%, Estradiol < 0.4, all others < 0,001%) we dare to assume to have mostly

measured testosterone. Final concentration of the samples was corrected for dilution
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factor. The detection limit for the assay was 5.67 pg/ml. The CV% of all duplicates was
below 5.3%.

Statistical analysis

The statistical analyses were conducted in RStudio (RStudio Team, 2019). We log
transformed the wo T concentration as it strongly deviated from normality. To investigate
factors that affect the overall androgen concentration, we fitted a linear mixed model
using the function f‘lmer, in the package ‘Ime4’, with condition
(‘baseline’/‘experimental’), time of day (am/pm), age (new encounters/survivors from a
previous reproductive season), whether the frog was calling or not before the hormonal
measurement, and trial order as fixed effects. We included ID as random effect, and
wbT concentration (log transformed) as response variable. We assured that model
assumptions of residual normality were met by visually inspecting qgplots. The
condition was the only factor influencing overall wT concentration. We further
investigated the consistency of wwT levels within and between individuals, using both
reduced (‘baseline’ only or ‘experimental’ only) datasets, with the ‘rpt’ function in the
rptR package (Stoffel et al., 2017). To identify if woT concentration at ‘baseline’ itself
had an influence on androgen modulation during/after the behavioural tests, we
calculated AwnT by subtracting individual average ‘baseline’ levels from the respective
average ‘experimental’ levels from all individual males. We then tested for a possible
correlation between ‘baseline’ wo T concentration and AwbT using a Pearson correlation
test.

We also looked for an influence of aggression, exploration and boldness related
behaviours on woT concentration. We built two linear mixed effect models with the log
transformed wo T concentration as a response variable, the three personality scores as
fixed effects and ID as random factor. One model ran on the baseline concentration
(‘baseline’) and the other model ran on the woT concentration measured after the
behavioural experiments (‘experimental’). We assured that model assumptions of
residual normality were met by visually inspecting qqgplots.

We observed that not all individuals responded to the behavioural manipulations
in the same way, with individuals increasing or decreasing hormone levels after the
behavioural test (Figure 1). Therefore, we further investigated if the variation in woT
level between conditions was related to personality. We calculated the average wbT
level in the ‘baseline’ and the ‘experimental’ condition for all individuals and built a
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generalized linear model following a binomial distribution with whether an individual
increased or decreased its average level of testosterone between conditions as

response variable, and added the three personality traits as fixed effects.

Results

In total we collected 252 hormonal samples from 40 individual males. We obtained
samples for baseline woT measurements from 37 males (‘baseline’: 1-6 samples per
male, mean + SD = 3.51 £ 1.19 samples per male), and samples after the behavioural
manipulations from 39 males (‘experimental’: 1-5 samples per male; mean + SD =
3.13 £ 1.08 samples per male).

Hormonal concentrations were not influenced by the time of day when samples
were collected, the age of the individual, the activity (i.e., calling or not) of the male, or
the trial order (all p > 0.05; Table 1). However, woT concentrations were significantly
lower (B = -0.3, p < 0.001, Table 1) when measured after behavioural experiments
(mean average woT + SD = 306.15 + 107.5 pg/mL) compared to the respective baseline
samples (mean average woT £ SD = 387.43 + 171.1 pg/mL). Repeatability was quite
high for the baseline samples (‘baseline’: R = 0.45; 95%CI = [0.24;0.61]), but much
lower when hormones were collected after behavioural manipulations (‘experimental’:
R =0.24; 95%CI = [0.03;0.43)).

Not all individuals responded to the behavioural manipulations with a reduction
in woT. Interestingly, we found a significant negative correlation between average
baseline wo T concentration and AwbT in males (Pearson correlation test: r = -0.764, t =
-6.81, df = 33, p < 0.001, Figure 1a). This means, that individuals with a relatively low
baseline wbT tended to increase hormone levels after the behavioural tests, while
individuals with a comparatively high baseline level showed a decrease in their
androgen levels after the behavioural manipulation (Figure 1b).

We found very weak evidence (sensu Muff et al., 2021) for an effect of
exploration on baseline w T levels, and moderate evidence that the wo T concentration
measured after behavioural experiments was positively correlated with individual
exploration levels (Table 1). The difference in average wT level in the baseline

condition and after behavioural experiments was not linked to personality (Table 1).
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Table 1. Results of the (generalized) linear mixed effect models looking at how
personality and abiotic factors influence wbT concentration. Sample size (N) are
presented for each model. Results indicating at least weak evidence (sensu Muff et al.,
2021) are written in bold. The personality scores in the three models have been scaled
(i.e., centred to their mean value and standardized to units of 1 phenotypic standard

deviation).

Estimate 8 Standard-Error p-value
Factors influencing overall w, T concentration
(N = 244 for 39 individuals)

Intercept 5.80 0.12 < 0.001
Time of the day (am/pm) 0.06 0.10 0.535
Trial order -0.00 0.01 0.999
Condition -0.30 0.08 < 0.001
Age (0/1) -0.11 0.12 0.377
Calling (yes/no) 0.10 0.11 0.358
Random effects Variance Standard-Deviation

ID 0.11 0.33

Residual 0.20 0.45

Link between personality and baseline w, T concentration
(N = 128 for 35 individuals)

Intercept 5.79 0.08 < 0.001
Aggressiveness score -0.03 0.09 0.715
Exploration score 0.18 0.11 0.097
Boldness score -0.08 0.11 0.432
Random effects Variance Standard-Deviation

ID 0.18 0.43

Residual 0.22 0.47

Link between personality and w,T concentration measured after behavioural
testing
(N =121 for 38 individuals)

Intercept 5.60 0.06 < 0.001
Aggressiveness score -0.08 0.06 0.195
Exploration score 0.16 0.07 0.023
Boldness score -0.06 0.07 0.424
Random effects Variance Standard-Deviation

ID 0.05 0.22

Residual 0.20 0.45

Link between personality and androgen modulation after behavioural testing
(N=35)

Intercept -1.38 0.53 < 0.001
Aggressiveness score -0.94 0.70 0.178
Exploration score -0.81 0.70 0.251
Boldness score 0.50 0.58 0.392
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Figure 1. Comparison of average individual woT concentration from baseline samples
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237



Discussion

Variation in androgen levels

Our results show that male A. femoralis have relatively consistent wo T levels throughout
the breeding season. The repeatability of hormonal concentrations that were obtained
from non-invasive water bath samples was quite high, especially for the ‘baseline’
samples (R = 0.45). This indicates that T levels are relatively constant over the course
of several weeks within the reproductive season and there are consistent differences
between individuals in their average androgen level. As a consequence, even a low
number of repeated measurements allowed reliable estimations of individual baseline
hormonal profiles in male poison frogs.

We did not find a significant difference between hormonal samples collected in
the morning and in the afternoon. This was contrary to what we expected, as in a
previous study androgen levels were found to clearly increase over the course of the
day in a nearby A. femoralis population (Rodriguez et al., 2022). We cannot rule out
that situations which happened immediately before collecting the sample, for example
a recently ended courtship, a fight or other stressful situations (cf Rodriguez et al.,
2022), might have influenced the hormonal state of the male. However, we don’t expect
such instances to have considerably affected our dataset, since ‘baseline’ samples
were always collected when males were perching (and advertising) in their respective
territory, with no other conspecific nearby. In vertebrates, steroid concentrations
commonly undergo a circadian rhythm; they increase during early morning hours and
drop in the afternoon (Nelson, 2005). Several studies have documented the existence
of diurnal cycles of circulating testosterone (fish: Lorenzi et al., 2008, monkeys: Schlatt
et al., 2008, humans: Diver et al., 2003, but see also Licht et al., 1985 for green sea
turtles). In several animal taxa, T concentrations are positively related to latitude and
negatively to the length of the breeding season (Eikenaar et al., 2012; Husak et al.,
2021), which suggests that tropical animals usually exhibit lower T levels with very low
seasonal fluctuation during the reproductive season compared to temperate-zone
species (see also Canoine et al., 2007; Hau et al., 2008). This could be a possible
reason why we did not find any significant difference in wbT concentration between
morning and afternoon in A. femoralis males.

The factor “age” did not show a significant relationship with androgen

concentration. There is evidence for an age-related change of T levels in various
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animal taxa (Schlatt et al., 2008; TéSicky et al., 2022), however those taxa typically
show a greater lifespan than our studied species. In A. femoralis the majority of the
population only survives one reproductive season (cf. Ringler et al., 2015), and
therefore age likely is not a relevant factor for the variation in androgen levels in this
short-lived species.

Influence of behavioural tests on testosterone levels

An increase in T has been observed in many species following social challenges
(Goymann et al., 2019; Wingfield et al., 2020 but see also Assis et al., 2012; Moore et
al., 2020). In our study, wb T concentration generally dropped after the behavioural tests.
This is in contrast with a recent study which found a positive androgenic response to
simulated territorial intrusions in A. femoralis males, providing support for the
Challenge Hypothesis (Rodriguez et al., 2022). In this previous study, water-borne
androgen concentration was elevated after presenting a conspecific playback
compared to baseline conditions, but only in males that actually approached the
loudspeaker, but not in males that did not react to the playback. As in the present study
we collected the hormonal samples not immediately after the territorial aggression test,
but after a suite of behavioural tests, the resulting androgen concentrations actually
represent a combined/integrated hormonal response to the entire test sequence.

Most interestingly, not all individuals responded to the behavioural tests in the
same way. We observed two different patterns when comparing ‘baseline’ and
‘experimental’ w T levels: individuals with low baseline wb T tended to show an increase
in hormonal levels, while individuals with comparatively high baseline wT rather
showed a decrease in hormonal concentration following the behavioural manipulation
(Figure 1). This phenomenon could potentially be caused by differential personality
types being linked to differential physiological (i.e. hormonal) responses to stress
and/or social challenges. This finding is in line with other studies showing that animal
personality is linked to differential physiological response to social challenges (Baugh
etal., 2017; Baugh et al., 2012; Cockrem, 2013). Alternatively, it could indicate that the
physiological maximum of certain individuals was already reached before the start of
the behavioural tests, so that no further increase in androgen levels was possible
(Goymann et al., 2007; Wingfield et al., 1990).
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Link between animal personality and androgen concentration

Contrary to our prediction, we found that neither ‘baseline’ nor ‘experimental’ androgen
levels were associated with territorial aggression. This is in line with a previous study
showing that the intensity of the phonotactic approach towards a playback was not
related to androgen responsiveness in A. femoralis males (Rodriguez et al., 2022).
However, woT concentration measured after behavioural experiments were positively
linked to the personality trait ‘exploration’. With other words, individuals with a higher
exploratory tendency in the novel environment test had higher wT levels after the
behavioural test. These findings are in line with a recent study that found androgens
to be associated with navigation-associated behaviours in three species of poison
frogs (PaSukonis et al., 2022). Higher baseline androgen levels were found in
individuals that also showed more exploration after translocation in Dendrobates
tinctorius. The amount of exploration during the navigation task was associated with
an increase in androgen levels in A. femoralis, while successful homing was found to
result in a significant decrease in androgen compared to baseline levels (Pasukonis et
al., 2022). These results together with the findings of our present study highlight a
prominent role of androgens for among-individual variation in exploration-related
spatial behaviours in males. However, our experimental design does not allow to
disentangle cause and consequence of this relationship. Future studies using
hormonal manipulation experiments in combination with behavioural experiments are
needed to precisely disentangle the causal relationship between testosterone

modulation and exploration behaviour.

Methodological implications

One of the key questions in animal personality research is why there are consistent
individual differences in behaviour. For example, heritable traits leading to genetically
determined physiological differences among individuals could give rise to consistent
behavioural differences (Baugh et al., 2012; Drent et al., 2003; Stamps and Groothuis,
2010). When trying to link hormonal with behavioural profiles, it is crucial at what
timepoint the hormonal sample is collected. To minimize handling time and
experimental effort, it would be ideal to measure hormonal levels directly before and/or
after behavioural tests, however this procedure could affect the hormonal and

behavioural experiments, respectively. Whether hormonal measurements should be
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taken independently from behavioural tests or immediately thereafter, depends on the
research question. To gain information about long-term differences in hormonal
profiles, measurements should be taken without any preceding behavioural
experiments. However, when determining differences in physiological responses after
behavioural challenges, it is important to carry out hormonal sampling completely
independently from other experimental manipulations as well as directly after

behavioural testing.

Conclusions

Our findings show that wT levels in A. femoralis are quite stable across the
reproductive season. Time of day, age and calling activity had no influence on hormone
levels. Preceding behavioural experiments had a strong negative effect on resulting
wbT concentrations, but the direction of the hormonal response appears to be linked to
animal personality. Individuals with low baseline levels showed an increase in woT
levels, while individuals with high baseline levels showed a reduction of woT
concentrations after the behavioural tests. Taken together, these results show that
differences in hormonal profiles and/or responses to social challenges can explain

among-individual differences in behavioural traits.
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