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Summary 
Ricardo Cossio 

Behavioural traits and personality in the strawberry poison frog, Oophaga 

pumilio 

 

Variation in biological traits is universal in natural populations and has significant 

evolutionary and ecological consequences. Behavioural traits or combinations of traits 

are important as they may affect the survival and reproductive success of individuals. 

Animal personality is the behavioural differences among individuals which are 

consistent over time and across contexts. Studies have shown that animal 

personalities and behavioural traits covary with ecological conditions and may depend 

on the state of the individual. Animal personalities have been often classified in five 

behavioural axes, namely, shyness–boldness, exploration–avoidance, activity, 

aggressiveness, and sociability. Some studies have shown that amphibians display 

personality and behavioural traits. However, implications of animal personality in 

ecological context remain largely unexplored in amphibians. The aim of this study is to 

investigate the presence of personality and behavioural syndromes in the strawberry 

poison dart frog, Oophaga pumilio. This species is a Neotropical, toxic and diurnal 

amphibian with highly evolved parental care and territorial behavior. In this species, 

females transport their tadpoles to water-filled leaf axils in plants and return periodically 

to these sites to feed their tadpoles with unfertilized eggs. Males, on the other hand, 

take care of the eggs and display aggressive behaviours during the defences of their 

territories. Behavioural traits such as exploration and aggressiveness have been 

reported in O. pumilio, but not in the context of personality. 

In the first study (chapter 2), I investigated the presence of sex differences in 

personality and correlation between exploration and boldness behaviour under 

laboratory conditions. I used 160 individuals (80 each sex) from the Solarte Island 

population. I performed behavioural assays using two types of arenas (circular and 

quadrant) with different configurations. I expected that individuals show behavioural 

consistency in exploration and boldness and exhibit an exploration-boldness 

behavioural syndrome correlation. I found that both males and females on average 

behave similarly. Both show high repeatability in boldness but low repeatability in 

explorative behaviour. I also found that males, but not females, exhibit an exploration-

boldness syndrome where bolder males, explore more. These data suggest that the 

personality observed in this species is largely linked to its life-history. The aposematic 
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strategy that individuals from the Solarte population display may play a role for 

personality traits. However, more studies are needed to test this idea. Specially, 

comparative studies among populations with different anti-predator strategies.  

In the second study (chapter 3), I examined the role of boldness in male-male 

interactions. I studied the relationship between boldness and fighting performance and 

the impact of fighting success on boldness. Evidence from studies in other species 

suggest that high levels of boldness predict the fighting success and depending on the 

outcome boldness level and repeatability can change. Therefore, I expected that 

bolder males would win in a dyadic test and the result of the combat would cause 

changes in boldness level, e. g., individuals that lose will become shyer after the 

combat. First, I determined boldness personality under a predator risk paradigm. 

Therefore, I used males from the aposematic population of Bastimentos Island. I 

exposed each male (N = 94) to a predator simulation with a plastic bird. I found that 

males show low consistency in boldness behaviour, measured as the latency to move 

after the bird attack. After the combat between the males, boldness repeatability was 

not significant suggesting high within-individual variation in this behaviour. The 

apparent absence of boldness personality in males from this population suggests the 

approach I used to measure this behavioural trait might not be sufficient to produce 

consistency. In fact, males may have perceived the stimulus not as a threat and instead 

habituated to the experiment. Furthermore, I found that boldness did not predict 

fighting success. This may suggest that boldness and fighting performance are 

independent in males from this population and other factors may be better predictors 

of fighting success. Interestingly, this study highlights the importance of test validation 

to determine which experimental approach is more accurate to measure boldness. 

In conclusion, this study is the first to provide evidence of personality in a poison 

frog and fills a gap in the study of animal personality in amphibians. Although, 

individuals from Solarte Island seem to exhibit consistent individual differences in 

behaviour (personality), I cannot conclude that this is a general pattern in the species, 

as behavioural phenotype divergence occurs among O. pumilio populations in and 

around the Bocas del Toro Archipelago. Particularly, I failed to find boldness 

personality under a different experimental approach (chapter 3) compared with the 

study in chapter 2. Finally, to determine the personality in this species researchers 

need to consider population-specific differences and test individuals under natural 

environment in the field and in the laboratory.  
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Zusammenfassung  
Ricardo Cossio 

Verhaltensmerkmale und Persönlichkeit beim Erdbeerfrosch, Oophaga pumilio 

 

Die Variation biologischer Merkmale ist in natürlichen Populationen weit 

verbreitet und hat erhebliche evolutionäre und ökologische Folgen. Verhaltens-

merkmale oder Kombinationen von Merkmalen sind wichtig, da sie das Überleben und 

den Fortpflanzungserfolg von Individuen beeinflussen können. Unter Persönlichkeit 

versteht man die Verhaltensunterschiede zwischen Individuen, die im Laufe der Zeit 

und in verschiedenen Kontexten konstant bleiben. Studien an Tieren haben gezeigt, 

dass Persönlichkeiten und Verhaltensmerkmale mit den ökologischen Bedingungen 

ko-variieren und vom Zustand des Individuums abhängen können. Persönlichkeiten 

werden häufig in fünf Verhaltensachsen eingeteilt: Schüchternheit-Kühnheit, 

Erkundung-Vermeidung, Aktivität, Aggressivität und Sozialverhalten. Einige Studien 

haben gezeigt, dass Amphibien Persönlichkeitsmerkmale aufweisen. Die 

Auswirkungen der Persönlichkeit im ökologischen Kontext sind jedoch noch 

weitgehend unerforscht. Ziel dieser Studie war es, das Vorhandensein von 

Persönlichkeits- und Verhaltenssyndromen beim Erdbeerfrosch, Oophaga pumilio, zu 

untersuchen. Bei dieser Art handelt es sich um eine neotropische, giftige und tagaktive 

Amphibie mit hochentwickelter elterlicher Fürsorge und territorialem Verhalten. Die 

Weibchen bringen ihre Kaulquappen in wassergefüllte Blattachseln von Pflanzen und 

kehren in regelmäßigen Abständen zu diesen Stellen zurück, um ihre Kaulquappen mit 

unbefruchteten Eiern zu füttern. Die Männchen hingegen kümmern sich um die Eier 

und zeigen bei der Verteidigung ihres Territoriums aggressive Verhaltensweisen. Über 

Verhaltensmerkmale wie Erkundung und Aggressivität wurde bei O. pumilio bereits 

berichtet, jedoch nicht im Zusammenhang mit der Persönlichkeit. 

In der ersten Studie (Kapitel 2) untersuchte ich das Vorhandensein von 

Geschlechtsunterschieden in der Persönlichkeit und die Korrelation zwischen 

Explorations- und Kühnheitsverhalten unter Laborbedingungen. Ich verwendete 160 

Individuen (80 pro Geschlecht) aus der Population auf Isla Solarte für Verhaltenstests 

in zwei Arten von Arenen (kreisförmig und quadratisch) mit unterschiedlichen 

Konfigurationen durch. Ich erwartete, dass die Individuen eine Verhaltenskonsistenz 

in Bezug auf Erkundung und Kühnheit zeigen und eine Korrelation zwischen 

Erkundung und Kühnheit aufweisen. Ich fand heraus, dass Männchen und Weibchen 
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sich im Durchschnitt ähnlich verhalten. Beide zeigten eine hohe Wiederholbarkeit bei 

der Kühnheit, aber eine geringe Wiederholbarkeit beim Erkundungsverhalten. Ich fand 

auch heraus, dass Männchen, aber nicht Weibchen, ein Syndrom von Erkundung und 

Kühnheit aufweisen, bei dem kühne Männchen mehr erkunden. Diese Daten zeigen, 

dass die bei dieser Art beobachtete Persönlichkeit weitgehend mit ihrer 

Lebensgeschichte verknüpft ist. Die aposematische Strategie, die Individuen aus der 

Solarte-Population an den Tag legen, könnte eine Rolle für Persönlichkeitsmerkmale 

spielen. Es sind jedoch weitere Studien erforderlich, um diese Annahme zu 

überprüfen. Vor allem vergleichende Studien zwischen Populationen mit 

unterschiedlichen Strategien zur Vermeidung von Prädation.  

In der zweiten Studie (Kapitel 3) untersuchte ich die Rolle der Kühnheit auf 

Interaktionen zwischen Männchen. Ich untersuchte die Beziehung zwischen Kühnheit 

und Kampferfolg sowie die Auswirkungen des Kampferfolgs auf die Kühnheit. Belege 

aus Studien mit anderen Arten deuten darauf hin, dass ein hohes Maß an Kühnheit 

den Kampferfolg vorhersagt und dass sich Kühnheit und ihre Wiederholbarkeit je nach 

Ergebnis des Kampfes ändern können. Daher erwartete ich, dass kühnere Männchen 

in einem dyadischen Test gewinnen würden, und dass das Ergebnis des Kampfes 

Veränderungen im Kühnheitsniveau bewirken würde, z. B. dass Individuen, die 

verlieren, nach dem Kampf schüchterner werden. Zunächst ermittelte ich die Kühnheit 

unter dem Paradigma des Prädationsrisikos. Für diese Studie verwendete ich 

Männchen aus einer weiteren aposematischen Population von der Insel Bastimentos. 

Ich setzte jedes Männchen (N = 94) einer Raubvogel-Stimulation aus. Ich fand heraus, 

dass die Männchen eine geringe Konsistenz im Kühnheitsverhalten zeigten, 

gemessen als die Latenz bis zur erneuten Aufnahme von Bewegung nach einer 

Simulation eines Vogelangriffs. Nach dem Kampf war die Wiederholbarkeit der 

Kühnheit nicht signifikant, was auf eine hohe innerindividuelle Variation in diesem 

Verhalten schließen lässt. Das offensichtliche Fehlen einer Kühnheitspersönlichkeit 

bei den Männchen dieser Population deutet darauf hin, dass der von mir zur Messung 

dieser Verhaltenseigenschaft verwendete Ansatz möglicherweise nicht ausreicht, um 

Konsistenz zu erzeugen. Möglicherweise haben die Männchen den Stimulus nicht als 

Bedrohung wahrgenommen und sich stattdessen an das Experiment gewöhnt. 

Darüber hinaus stellte ich fest, dass Kühnheit keinen Einfluss auf den Kampferfolg hat. 

Dies könnte darauf hindeuten, dass Kühnheit und Kampferfolg bei Männchen aus 

dieser Population unabhängig voneinander sind und andere Faktoren den Kampferfolg 
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besser vorhersagen können. Interessanterweise unterstreicht diese Studie die 

Bedeutung der Testvalidierung, um festzustellen, welcher experimentelle Ansatz zur 

Messung der Kühnheit genauer ist. 

Zusammenfassend lässt sich sagen, dass diese Studie die erste ist, die 

Persönlichkeit bei einem Giftfrosch nachweist und eine Lücke in der Erforschung der 

Tierpersönlichkeit bei Amphibien füllt. Obwohl Individuen von Isla Solarte offenbar 

konsistente individuelle Unterschiede im Verhalten (Persönlichkeit) aufweisen, kann 

ich nicht zu dem Schluss kommen, dass es sich dabei um ein allgemeines Muster bei 

dieser Art handelt, da eine Divergenz in den Verhaltensphänotypen zwischen den 

Populationen von O. pumilio in und um die Bocas del Toro Archipel besteht. 

Insbesondere konnte ich bei einem anderen experimentellen Ansatz (Kapitel 3) im 

Vergleich zu der Studie in Kapitel 2 keine kühne Persönlichkeit feststellen. Um die 

Persönlichkeit dieser Art zu bestimmen, sollte man populationsbezogene 

Unterschiede berücksichtigen und die Frösche unter natürlichen Bedingungen im Feld 

und im Labor testen. 
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Chapter 1 – General introduction  
 

1.1. Animal personality 

 

How and why individuals (animals or humans) react differently under certain 

situations such as potential risk, novelty, or interaction with conspecific are questions 

that have become of interest over the past decades [1,2]. For the study of human 

personality psychologist focus on a set of attributes that characterize an individual 

including temperament and character traits, goals, personal projects, cognitive 

abilities, attitudes, moods, and life stories [3–5]. In animals on the other hand, 

researcher focus on a set of behaviours [6]. However, a concept applied to animal 

behaviour and humans is that individuals consistently differ from one another in their 

behaviours or array of attributes [7,8]. For example, some people can be more social 

than others or in animals some individuals are generally bold while others are generally 

shy [9]. Although personality in humans does not have a single specific definition that 

satisfy all personality psychologist [5], in animal behaviour personality is defined as the 

consistent or repeatable individual differences in behaviour over time and across 

contexts [10,11]. Hence, personality studies need to consider consistency over a 

period of time [10]. One can take into account two different intervals of time to see 

whether behaviours are consistent over short intervals across time or longer intervals 

across lifetime [11,12]. This does not mean, for example, that behavioural traits cannot 

change with environment conditions or age but that individual differences are largely 

maintained over time or across context [10,13]. Here, a “context” refers to all conditions 

and external stimuli surrounding the individual when expressing a given behaviour [11]. 

Thus, studying consistency across context encompasses individual differences in the 

presences of two different external stimuli, regardless if it is abiotic (e.g., temperature, 

breeding season, light condition, structural features, etc) or biotic (e.g., food, predation, 

dispersion, conspecifics, etc) stimuli [11,14]. Over the past 10 – 15 years personality 

has been increasingly documented from invertebrates to vertebrates including 

mammals [15], birds [16], fishes [17,18], reptiles [19,20], amphibians [21], crustaceans 

[22] and insects [23]. 
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1.2. Personality type and behavioural syndromes 

 

Réale et al [9] divided personality in five major axes:  

 

 Boldness-shy: how individual respond to risk situations. This trait is used when 

no component of novelty is associated. 

 Exploration-avoidance: reaction to a new environment. This can include 

reaction to new habitat, food, or novel objects.  

 Activity: general level of activity of an individual in a non-risky or non-novel 

environment.   

 Aggressiveness: agonistic reaction toward conspecific. 

 Sociability: individual’s reaction to the absence or presence of conspecifics. 

Usually, social individuals seek the presence of conspecifics.  

 

Thus, boldness, exploration and activity are behavioural responses of an 

individual when interacting with the environment and the last two (aggressiveness and 

sociability) are expressed in the social context [10]. In certain species these behaviours 

correlate across different environment. For example, a positive correlation between 

aggressiveness, boldness and exploratory tendency is documented in several species 

[24–27]. In some species of fish [28], birds [29] and reptiles [30] bolder individuals that 

are more prone to expose themselves to a risky situation, are more active or show 

higher exploratory tendency [31]. In crickets from the species Gryllus bimaculatus, 

dominant individuals that display high level of aggression are also more active and 

explore more than subordinates ones [32,33]. When the average behaviour of 

individuals in one context correlates with the average behaviour of the same individuals 

in another context it refers as behavioural syndrome [14,34]. A behavioural syndrome 

also involve consistency through time in the either same context or across context [34]. 

Therefore, behavioural syndromes are estimated whenever each individual within a 

sample is measured in two or more trials, and the behaviour of these individuals is 

measured in different contexts [13,35]. Even when the word “syndrome” has a negative 

connotation in clinical literature, in behavioural ecology it means a co-variation 

between certain behavioural traits [34].  

Mainly, when individuals within a population are more consistent in a behaviour 

over time and across context, these individuals display a behavioural or personality 

type [14,36]. For example, some individuals are consistently more aggressive or less 
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aggressive not only in conspecific competition but also in foraging, mating or parental 

care [37,38]. A behaviour that is involved in personality differences is considered a 

personality trait (e. g., boldness, aggression) [36]. To emphasise, animal personality 

captures two assumptions: 1) repeatability in behavioural responses across time and 

context, and 2) the concept that behaviours often co-vary forming a syndrome [39].  

 

1.3. Ecological and evolutionary importance of personality and behavioural 

syndromes 

 

Personality and behavioural syndromes are linked to animal fitness [36,40], 

conferring benefits and costs under certain environments or situations. For example, 

boldness, exploration and activity are associated to dispersal, survival, population 

dynamics or resource exploitation in the same or different habitats [24,36,41–43]. 

Thus, personality can be connected to life history outcomes and consequently have an 

evolutionary and ecological impact on the species [36,44]. In great tits (Parus major), 

faster explorers have offsprings that disperse further than slow explorers [45]. 

Similarly, in the Trinidad killifish (Rivulus hartii) boldness is a good predictor of 

dispersion in a natural stream [46]. Some personality types correlate with mating 

success, for instance, bolder individuals (more prone to take risks) are often the more 

aggressive (dominants) and successful at obtaining mates than shyer or less dominant 

individuals [47]. Also, bolder and more exploratory collared flycatcher (Ficedula 

albicollis) males that sing at lower places acquire partners faster than shyer and less 

exploratory males [48]. In some species of fish and birds, reproductive success 

increases in partners with similar personality [49–52], although this is not always the 

case [53]. Some behavioural syndromes potentially influence interaction or competition 

among individuals [54]. Syndromes such as boldness-exploration or aggressiveness-

boldness can influence resource exploitation as these behavioural correlations 

facilitate an effective use of resources and habitat [36]. However, the strength of these 

relationships vary as a function of ecological factors such as predation pressure, 

foraging and territory competition, reproduction, etc [40,54]. For instance, the strength 

of the correlation between exploratory-boldness or aggression-boldness can vary 

under a predation regime [55]. In sticklebacks (Gasterosteus aculeatus) a predation 

risk regime favour the correlation boldness-aggressiveness [29,56]. Nonetheless, in 

crickets (G. integer) predation pressure disrupts the association between aggression 

and boldness [57]. Although this depends on whether individuals inhabit areas with 
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high or low predation. In fish species, individuals from populations with high predation 

pressure behaved boldly and displayed more exploration and foraging activity 

compared to low-predation populations [58,59]. Thus, in high-predation habitats 

selection might favour individuals that take risk while foraging or searching for mates 

over those that remain cautious [60].  

 

1.4. Plasticity and personality 

 

As animal personality implies stability over time and across context, the concept 

involve limited plasticity generating the notion of fixed behaviours [40]. However, recent 

research has provided evidence of plasticity in animal personality [13,61–63]. In 

behavioural ecology, plasticity refers to variations in individual behaviour as function of 

external (predation risk, temperature, conspecifics) or internal (age, physical and 

physiological condition) stimuli [61,64,65]. In populations, some individuals behave 

more consistently than others, and these variations in consistency are associated to 

the property of individuals to adjust their personality under certain stimuli [13,63,64]. 

Plasticity in personality can occur across different temporal scales or context [66]. For 

instance, bold individuals tend to be less plastic in response to changes in environment 

than shy individual in fish species [67–69]. Although some studies have also found 

positive links over time between plasticity and boldness in fishes [70] or exploration in 

birds [71]. Similarly in crabs (Panopeus herbstii), some individuals adjusted its activity 

behaviour to the absence or presence of predators while others failed [72]. In the same 

research, crabs that failed to adjust their activity (e. g: maintaining high activity level) 

under threat suffer high predation. Other studies have found that individuals adjust their 

aggressive behaviour based on the characteristic of their opponent when the cost of 

losing is high [73]. This behavioural plasticity requires information gathering and 

assessment of activities, which depend on the ability to capture and process 

information [74]. Resource acquisition usually results in conflict among individuals, 

especially when the resource is limited. Animals may engage in multiple contests over 

their lifetime and each situation will be different due to variation in the opponent 

phenotype [31]. Agonistic behaviour is heavily dependent on information gathering and 

decision-making, thus individuals can use this information to evaluate its opponent in 

order to elicit any agonistic behaviour [31,75]. It is well-known that the outcome of a 

context can have physiological consequences [76,77] and changes in the behavioural 

state [75,78]. Studies have shown that the positive experience of winning may reinforce 
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the decision to initiate an aggression in subsequent combats in bolder individuals, 

while the opposite occurs in shyer individuals and losers. [79–81]. In sea anemones 

(Actinia equina), the outcome of a fight significantly alters not only boldness 

consistency but mean level boldness, causing a decrease in the boldness in losers 

[80,81]. Similar results are found in hermit crabs (Pagurus bernhardus) and rainbow 

trout (Onchorhyncus mykiss) where losers are more susceptible to changes in 

boldness personality [82,83]. Highly aggressive combats resulting in injuries can also 

influence the relationship between boldness and aggressiveness in future combats 

[80,82]. In sea anemones, bolder individuals are more likely to win but at high cost of 

injury [80,81], therefore some individuals may change their fighting strategies in next 

combats to reduce injuries [80].  

The existence of plasticity in personality is important as individuals are 

continuously exposed to challenging environment conditions during their lifetime 

[13,71]. Experiences through life history (age or life stage) can have an impact in 

individual differences in behaviour at different developmental stages (larval, infant, 

juvenile, adult, etc) [63]. Insects and amphibians pass through morphological and 

physiological changes during metamorphosis [84]. Studies in amphibians have found 

mixed results. Some personality traits such as boldness, activity or exploration show 

consistency from larvae through metamorphosis [85,86], while other show the opposite 

[87,88]. In damselflies (Lestes congener) the boldness-activity syndrome found in 

larval stage remain in adult individuals. In this species, this correlation is maintained 

over many situations including predation or novel environment [89]. In web-spider 

(Agelenopsis lisa) individuals show lack of consistency within life stage in boldness, 

activity and exploration [90]. In crickets, boldness consistency persists across 

metamorphosis in females but not males [91].  

Behavioural consistency can also be affected by past experiences [63]. During 

animal conflict, the expression of aggression and boldness not only can predict the 

contest success but can also change as a consequence of combat outcome [31]. 

Therefore, some behaviours are likely to change depending on the cost-benefit of 

experiences, leading to changes in behaviour at the mean-level and also in its 

consistency (personality level) [92]. In general, variations in the environment in 

combination with selection pressure induced by social interaction can induce adaptive 

individual differences in personality [93].  
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1.5. Proximate mechanism underlying animal personality 

                 

Over the past few years, theoretical and empirical studies have demonstrated 

the existence of personality in individuals from several species, but also variation in 

personality among individuals from the same population [10,40,62]. The stability of 

individual differences and correlations among personality traits, as well its variations 

due to plasticity can be influenced by changes in individual state as response to 

external stimuli such as environmental changes or stressful life experiences 

[11,61,65,93,94]. The concept of state refers to all features that are relevant in 

behavioural decisions to increase fitness such as morphology, physical (age, sex) or 

physiological condition [61]. Changes in state can be induced by the interaction of 

external stimuli and internal mechanisms such as genetic, physiological, cognitive or 

epigenetic variation [38,95].  

Four models have been proposed to explain behavioural consistency: 1) 

nongenetic inheritance of personality, 2) genetic inheritance, 3) gene-environment 

interactions and 4) positive/negative feedbacks between the behaviour and the state 

of the individual [61,62,65,96]. In the first model, studies in birds have shown that 

parents can transmit, via behavioural transmission, their personality type to their 

offspring during parental care [45,97]. In the second model, studies in birds and 

mammals have shown that some personality traits are inherited [98,99]. The third 

model implies that personality can be shaped over time due to interactions between 

genotypes and environmental conditions [61,100]. The fourth explains how personality 

can be flexible under environmental conditions. Positive feedbacks between the 

behaviour and individual state can drive persistent long-term differences, resulting in 

between-individual consistency in behaviour. In contrast, negative feedbacks do not 

result in long-term persistence between behaviour and individual state but cause 

plasticity in personality [62,65]. For example, low nutritional state may drive the need 

to forage and force shy individuals to forage even in risk of predation [70,74]. Also, 

neuroendocrine mechanisms promote plasticity in personality and formation of 

behavioural correlations [95]. Under stress stimuli, the cortisol hormone mediates 

variability in the expression of shyness or boldness in squirrels (Urocitellus 

richardsonii) [101] or exploration in chipmunks (Tamias striatus) [102].  

Sex, age and ontogenic also influence personality traits [103]. I already 

mentioned how shifts from larval to juvenile in insects and amphibians can involve 
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changes in personality. These shifts are associated with physiological and 

morphological changes during development [104,105]. Sex is another important factor 

for understanding individual variation in personality, as both sexes may experience 

distinct selection pressures [103,106]. Interestingly, even when sex differences have 

been documented for several behaviours or cognitive abilities few studies focus on sex 

differences in personality [103]. For instance in the spider species Larinioides 

sclopetarius, males show more variation in aggression, activity and exploration than 

females [107]. In two fish invasive species (Gambusia affinis and G. holbrooki), sex 

differences vary between species; in one species (G. affinis) males are more 

explorative and bolder than females, but in G. holbrooki there is no sex differences 

[108]. Sex differences can arise due to differences in hormonal states [109]. Behaviour 

is expected to change across age, depending on if such behaviour is favoured at 

different ages [110]. For instance, prominent changes are promote by hormonal 

changes as individual approach to sexual maturity then influencing the lack of 

behavioural syndrome or forming new syndromes later [111]. 

Mate choice plays a role in personality stability or variation, e.g., females can 

choose partners based on their own personality or state [53]. Then personality is 

maintained via sexual selection [103]. For example, boldness and aggressiveness are 

the main personality traits that vary between sexes [57,112]. In killifish, Lucania goodei, 

both males and females show consistent aggressive behaviour, and males show a 

female-directed aggression [113]. However, in this species male’s aggression is 

correlated with courtship. Since females prefer more aggressive males, mate choice 

maintains aggressiveness personality in males [114]. In species with biparental care 

or solely paternal care, some females prefer bolder and aggressive males as these 

might guarantee larger territories with high quality resources and territory protection 

[53]. However, this have a negative feedback in relation to provisioning behaviour, as 

aggressive males tend to provide less care [115,116]. 
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1.6. Criteria to quantify personality 

 

Thus far, most of the examples presented here show how personality or 

behavioural syndrome can arise or vary in several species. Yet, most of those studies 

use different tools and register different behaviours to answer their research questions 

about personality. Thus, the challenges when studying animal personality comes with 

conceptual and methodological difficulties related to the tests and defining the 

behavioural variables to measure [117]. Table 1.1 summarised the most popular 

variables and test used in animal personality studies 
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Table 1.1. Bibliographic review about the main type of tests used in animal personality studies. 

Test Procedure Variable measured Behaviour 
measured 

References 

Open field The animal is introduced into an arena that can vary in shape, e. 
g circular, rectangular, etc. Open field and novel environment 
can be exchangeable sometimes. It can be “forced” or “free”. 
Forced if the individual is given no choices to enter (e.g., no 
shelters) inside the arena and free if it is allowed to choose 
shelters or exits. 

Total distance 
moved, number 
squares entered, 
time spend active, 
number of lines 
crossed 

exploration, 
activity, 
boldness 

[117–119] 

Novel object The animal is introduced in a novel environment to measure the 
fear towards novel objects (neophobia), but also curiosity or 
exploration activity  

Time spent near the 
object, latency to 
approach the object 

boldness, 
exploration  

[10,58,118,120] 

Novel environment Modified version of the open field, an individual is introduced into 
a novel environment with or without stimuli, or familiar stimuli  

Time spends active, 
number of 
inspections of the 
stimuli, number of 
squares entered, 
distance travelled 

boldness, 
exploration, 

activity, 
sociability  

[29,60,121] 

Emergence test The animal is placed inside a refuge or shelter, then it is allowed 
to emerge into an unknown or less safe area 

Latency to emerge 
the whole body 
from the refuge, 
latency to emerge 
the head out of the 
refuge. 

boldness [60,118] 

Mirror The individual interacts with its own reflection using a mirror. 
Usually, this test take place a familiar context, e. g., house or 
enclosure.   

Aggressive scores 
depending on the 
species under study 

aggression  [122,123] 

Dyadic test Individuals are introduced into an arena and allow to interact 
between each other 

Aggressive scores 
depending on the 
species under study 

aggression [80,81,124] 

Activity The animal is allowed to move freely in a familiar environment, 
usually its holding enclosure  

Proportion of time 
active, distance 
travelled 

activity [10,21] 
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Predator simulation the behaviour of the animal is measured in the presence of a 
predator, a model of a predator or odours of a familiar predator  

Latency to move, 
latency to forage (if 
food is available), 
time to reach a 
specific zone 

activity, 
boldness, 
exploration  

[58,121,125] 

Proximity to 
conspecific 

Animals are allowed to interact with conspecific in an adjacent 
compartment  

Latency to 
approach the 
interactive zone, 
time spend in the 
interactive zone 

Sociability  [69] 
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1.6.1. Repeatability 

 

As mentioned previously, an important concept in animal personality is the 

behavioural consistency over time or across context. When studying personality, 

scientist needs to measure the manifestation of the behaviours multiple times on the 

same set of individuals [7,119], e. g: repeated measures of exploration in more than 

two trials/test across different days, weeks, months and so on. Repeatability is the 

statistical estimation used to quantify the consistency of phenotypes [126], and 

therefore it is considered the keystone of the field of animal personality [12]. In the 

statistical literature, repeatability is equivalent to the intraclass correlation coefficient 

(ICC) [127]. Intraclass correlations is used to measure the relationship among 

variables that share variance in the same hierarchical level [128]. As ICC measures 

the proportion of variance measure from the same study object, is also known as the 

repeatability R [127]. Repeatability R represent the fraction of total phenotypic variance 

(Vp) in the population of interest attributable to differences among Individuals [126]:  

 

 

                                                                                   Eqn (1) 

 

 

Where R represent the repeatability estimate, Vind represents the among-

individual variance and Ve the variance within-individuals. The sum of Vind + Ve is the 

total phenotype variance (Vp). Repeatability is therefore a function of among-individual 

variance and within-individual variances [126]. Among-individual variances reflect how 

much individuals differ from each other in their average phenotype, whereas within-

individual variances measure how much repeated responses differ from each other 

within the same individual [35]. Thus, behavioural consistency or repeatability will be 

high when there is high among-individual variation compared to low high within-

individual variance, or low when the contrary occurs [12]. Thus, behavioural 

consistency occurs when there is among-individual variance in the population, or Vind 

> 0 [126]. The repeatability of behavioural responses average around 0.4 [12]. Thus, it 

is classified as low (< 0.2), moderate (0.2 – 0.39) or high (> 0.4) [12,129]. 
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1.6.2. Tests and measurements 

 

Despite the increasing number of publications on animal personality, not all the 

studies apply the same methodology or measure the same variables which can lead 

to mislabelling traits or misinterpreting results [130]. This is problematic as it can 

reduce the effectiveness of comparison across studies [119]. One of the issues is to 

select the appropriate test to measure the exact behavioural trait as one test may yield 

variables reflecting several traits or different tests may be measuring the same traits 

[117,118], see table 1.1. For example, boldness is the most commonly studied 

personality trait [26]; yet there is no consensus about over its definition. Boldness is 

defined as the individual’s reaction to risk (usually predation risk). While Réale et al. 

[10] suggested to measure it in absence of novel situation, Toms et al [18] suggest that 

measuring it in a novel situation is a valid concept. Thus, boldness has been quantified 

under a novel environment, in the presence of novel objects or under a predation 

regime [18]. However, the results from different methods do not always correlate 

demonstrating lack of standardised tests for quantifying boldness. Burns [118] 

measured boldness in guppies (Poecilia reticulata) using an open field test (OFT), a 

novel object test (NOT) and emergency test. He found that responses in the OFT and 

emergency test correlated with each other, but neither correlated with the NOT 

suggesting that this last test is not appropriate to measure boldness in guppies [118]. 

In a study on wild baboons, Carter et al [121] showed that boldness does not correlate 

in response to a novel object test and threat stimuli. In contrast, in wild vervet monkeys 

(Chlorocebus pygerythrus) boldness score does not correlate when compare between 

a novel object test and in the presence of a potential threat stimulus [131]. So, when 

using two different tests to measure the same trait, species-specific responses and the 

impact of the stimuli use in one test or in another should be taken into account [117].  

Sometimes, two traits are assessed using the same test. Some authors quantify 

exploration and boldness using a novel object or OFT [117]. For instance, a novel 

object can test an individual’s fear to novelty (neophobia) thus boldness-shyness [118]. 

However, it can also quantify exploration of a novel object (novel seeking), which 

involves an inherent degree of boldness. This can be problematic especially when a 

researcher attend to relate a personality trait with a physiological response [119], 

making it hard to disentangle whether boldness, exploration or both are being 

measured using the same test [118]. The OFT is another test commonly used in animal 
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personality [117,118]. However, its effectiveness has been criticised [10]. In the OFT 

the subject is introduced to a novel environment to measure exploration or activity 

[118]. However, it has been argued that the response to be measured is an anxiety-

like behaviour as the animal is enclosed in an arena without the opportunity to escape 

[117]. This brings confusion similar as the NOT. Therefore, it is recommended to 

measure each behaviour, for example exploration or activity, separately [10,117]. For 

example, it is more applicable measure activity in a home cage without novelty. On the 

other hand, to measure true exploratory behaviour in NOT or OFT it is better to provide 

a refuge or safe environment to reduce stress (e. g: anxiety or fear) or inaccurate 

estimates [10,117]. 

Another major source of confusion is whether the variable to be measured 

express the behaviour under study [119]. The general assumption is to measure 

behaviours that are ecologically relevant for the species of interest [10,119]. To 

measure exploration, scientists register several variables (see Table 1.1). However, 

some variables reflect one trait better instead of the one under study. For example, 

distance-travelled is used to measure exploration in an OFT, but it can instead 

measure activity as this variable reflects the movement rate of the individual and not 

how much it explores the arena [21,117]. The same occurs when measuring the 

response to a novel object to study boldness or exploration. Most studies use the 

latency to approach/explore the novel object or the time spending near to the object as 

variables [118]. While the latency to approach can measure the fear to the object or 

neophobia (boldness), the time spend near the object is more likely to reflect 

exploration making difficult the interpretation if someone studies only a single 

behavioural trait [117,118].  

 

1.7. Personality in Amphibians 

 

The evidence of personality and behavioural syndromes in amphibians has 

been demonstrated recently [21]. Studies in amphibians focus primarily on behavioural 

axes such as boldness/shyness, exploration and activity (for a review, see [21]). 

Surprisingly, few studies considered aggressiveness or sociability [132], in spite of 

many species displaying considerable social interactions [133]. Besides, most of the 

studies used species from temperate zones and only small number of species [21]. 

Therefore, information about amphibian personality is largely unknown. Thus far, it has 
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been demonstrated that personality plays an important role in individual life history, 

and influences ecologically relevant behaviours such as survival in predator-prey 

situation [134], dispersal tendencies [41,85] and disease risk [135]. Most of these 

studies have measured personality across ontogeny from larvae to juveniles 

[85,87,88,104]. Surprisingly, few studies have used adult individuals [132,136]. To my 

knowledge there is no study on animal personality in tropical amphibians, therefore 

this topic in those species is largely unexplored.  

 

1.7.1. Study system: poison frogs 

 

Poison frogs from the family Dendrobatidae are diurnal, small and often brightly-

coloured Neotropical frogs that inhabit the rainforest [137]. This group of frogs 

sequester alkaloid-based chemicals from dietary arthropod [138], which appear to 

serve as chemical defence against potential predators [139]. Poison frogs also exhibit 

elaborate parental care behaviour including male (paternal care), female (maternal 

care) or both sexes (biparental care) [140]. Parental care consists of eggs attendance, 

tadpole transportation and provisioning of unfertilised egg to tadpoles [133]. Poison 

frogs also display involving cryptic or conspicuous colorations that can provide 

camouflage or aposematic signals [141]. In some species this coloration is an honest 

indicator of toxicity associated with antipredator strategies [142,143]. Variation in 

coloration is well known to have a role in sexual selection, predator learning and 

recognition and social interaction [144,145]. Likewise, territoriality and mating system 

seem to correlate with the type of parental care exhibited by the species [146].  

All the research on poison frogs cover specific aspects of their life history such 

as parental care, mate choice, evolution of aposematic signals or agonistic interaction 

between conspecifics [137,141,146] but not personality per se nor its influence on 

ecological demands. Therefore, personality in poison frogs is a new niche to be 

explored in amphibians. In this research, I use the strawberry poison frog, Oophaga 

pumilio, as a model system to explore personality traits and behavioural syndromes. 

Oophaga pumilio is a diurnal poison-dart frog abundant in the leaf litter of the Atlantic 

lowland forest in Central America from Nicaragua to Panama [147]. This species 

exhibits parental care with role sharing between the sexes: males moisten the 

terrestrial eggs once a day, and females transport each tadpole singly to water-filled 

pools in plants and feed them every few days with unfertilized eggs [148,149]. Males 



15 
 

from this species defend territories to guarantee calling site, access to females and 

suitable sites for courtship and oviposition [150,151]. Females also show intrasexual 

aggression probably to defend feeding sites [150,152]. This species is remarkable 

polytypic showing colour variation in and around the Bocas del Toro Archipelago in the 

Western-Caribbean region of Panama (Fig. 1.1) [153]. As the coloration in different 

population in Bocas del Toro is associated to levels of toxicity, some populations 

resemble a more conspicuous and aposematic appearance while others are more 

cryptic [142,143]. This divergence in colouration is known to mediate mate choice 

[144,154,155], male-male interaction [156–158] and antipredator strategy [159,160].  

Several behavioural traits such as aggressive [123,124,157,158], anti-predator 

behaviour (boldness-related behaviour) [159,161], activity [159], and exploration [123] 

have been reported in O. pumilio. For instance, Rudh et al [123], using wild individuals 

from eight populations in Bocas del Toro, found strong correlation between exploration 

and aggressive behaviour in males and that these behaviours are correlated with the 

level of conspicuousness. In more conspicuous populations males are more 

aggressive and exhibit higher exploration [123]. The correlation between exploratory 

and aggressive behaviour might present a behavioural syndrome. The results of this 

author might also indicate a possible link between colour morph and some personality 

traits (aggression and exploration). Pröhl and Ostrowski [159] found differences in the 

level of activity in two populations that differed strikingly in colouration, where the more 

conspicuous morph was more active than the cryptic one.  

The described behaviours make, O. pumilio, a perfect model to study animal 

personality. In this thesis I explore sex differences in personality and I will test the 

plasticity of the personality in males after post-fighting outcome to determine if 

boldness vary according to fighting outcome. Consequently, these studies will fill a 

knowledge gap in amphibian personality and comparative studies in vertebrates.  
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1.8. Aim of the thesis 

 

The main objective of my studies is to explore personality and behavioural 

syndromes in the strawberry poison frog, O. pumilio. The aim of this project is to 

assess: 1) sex differences in behavioural consistency and behavioural syndrome, 2) 

plasticity in personality during animal conflict. In chapter 1 (submitted to Journal of 

Zoology), we revealed the presence of consistency in exploration and boldness 

behaviour among males and females from the aposematic population of Solarte Island. 

In this chapter, I expected a positive correlation between exploration and boldness and 

repeatability in both traits across experimental trials. Based on previous studies I 

expected females being more explorative than males, but both sexes display similar 

boldness behaviour. In chapter 2 (in preparation to Behavioural Ecology and 

Sociobiology), we studied the relationship between boldness and fighting performance 

in males from the aposematic population of Bastimentos Island. In this chapter, I 

Figure 1.1. Distribution of Oophaga pumilio in the Bocas del toro Archipelago, Panama. Note 

the colour divergence among populations. In this thesis, I used individuals from two 

populations: Solarte and Bastimentos (red morph). Photos taken by Sabine Hagemann and 

map made by Sönke von den Berg. 
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expected that boldness predicts the fighting performance during a combat and the 

subsequent outcome (win or lose) influences the degree of boldness.  

Through these chapters, I evaluated each behaviour under laboratory 

conditions and carefully chose several methods and the variables that not only were 

used in amphibian studies but also reflect the behavioural trait under study. So I 

intended to avoid and reduce the problem and confusion I already mentioned in the 

point 1.6.2. I interpreted the findings based on the natural history of the population 

under study, taking inter-population differences in behaviour in this species into 

account [123,157,159].  

 

1.9. References 

 

[1] S.D. Gosling, From mice to men: what can we learn about personality from animal research?, 
Psychol. Bull. 127 (2001) 45. 

[2] A. Weiss, Personality traits: A view from the animal kingdom, J. Pers. 86 (2018) 12–22. 

[3] R.R. McCrae, P.T. Costa Jr, Personality trait structure as a human universal., Am. Psychol. 52 
(1997) 509. 

[4] D.M. Buss, L. Penke, Evolutionary personality psychology., (2015). 

[5] G. Saucier, Measures of the personality factors found recurrently in human lexicons, Handb. 
Personal. Theory Test. 2 (2008) 29–54. 

[6] S.D. Gosling, Personality in non‐human animals, Soc. Personal. Psychol. Compass. 2 (2008) 
985–1001. 

[7] M. Briffa, A. Weiss, Animal personality, Curr. Biol. 20 (2010) R912–R914. 

[8] D.C. Funder, The personality puzzle., WW Norton & Co, 1997. 

[9] L.A. Pervin, O.P. John, Handbook of personality, Theory Res. 2 (1999). 

[10] D. Réale, S.M. Reader, D. Sol, P.T. McDougall, N.J. Dingemanse, Integrating animal 
temperament within ecology and evolution, Biol. Rev. 82 (2007) 291–318. 

[11] J. Stamps, T.G.G. Groothuis, The development of animal personality: relevance, concepts and 
perspectives, Biol. Rev. 85 (2010) 301–325. 

[12] A.M. Bell, S.J. Hankison, K.L. Laskowski, The repeatability of behaviour: a meta-analysis, Anim. 
Behav. 77 (2009) 771–783. 

[13] N.J. Dingemanse, A.J.N. Kazem, D. Réale, J. Wright, Behavioural reaction norms: animal 
personality meets individual plasticity, Trends Ecol. Evol. 25 (2010) 81–89. 

[14] A. Sih, A. Bell, J.C. Johnson, Behavioral syndromes: an ecological and evolutionary overview, 
Trends Ecol. Evol. 19 (2004) 372–378. 

[15] A.K. Boon, D. Réale, S. Boutin, Personality, habitat use, and their consequences for survival in 
North American red squirrels Tamiasciurus hudsonicus, Oikos. 117 (2008) 1321–1328. 

[16] T.G.G. Groothuis, C. Carere, Avian personalities: characterization and epigenesis, Neurosci. 
Biobehav. Rev. 29 (2005) 137–150. 

[17] A.D.M. Wilson, J.-G.J. Godin, Boldness and behavioral syndromes in the bluegill sunfish, 



18 
 

Lepomis macrochirus, Behav. Ecol. 20 (2009) 231–237. 

[18] C.N. Toms, D.J. Echevarria, D.J. Jouandot, A methodological review of personality-related 
studies in fish: focus on the shy-bold axis of behavior, Int. J. Comp. Psychol. 23 (2010). 

[19] J. Cote, J. Clobert, Social personalities influence natal dispersal in a lizard, Proc. R. Soc. B Biol. 
Sci. 274 (2006) 383–390. 

[20] I. Rodríguez-Prieto, J. Martín, E. Fernández-Juricic, Individual variation in behavioural plasticity: 
direct and indirect effects of boldness, exploration and sociability on habituation to predators in 
lizards, Proc. R. Soc. B Biol. Sci. 278 (2010) 266–273. 

[21] S.R. Kelleher, A.J. Silla, P.G. Byrne, Animal personality and behavioral syndromes in 
amphibians: a review of the evidence, experimental approaches, and implications for 
conservation, Behav. Ecol. Sociobiol. 72 (2018) 79. 

[22] F. Gherardi, L. Aquiloni, E. Tricarico, Behavioral plasticity, behavioral syndromes and animal 
personality in crustacean decapods: an imperfect map is better than no map, Curr. Zool. 58 
(2012) 567–579. 

[23] N. Pinter-Wollman, Personality in social insects: how does worker personality determine colony 
personality?, Curr. Zool. 58 (2012) 580–588. 

[24] N.J. Dingemanse, C. Both, P.J. Drent, J.M. Tinbergen, Fitness consequences of avian 
personalities in a fluctuating environment, Proc. R. Soc. London. Ser. B Biol. Sci. 271 (2004) 
847–852. 

[25] G.P.F. Mazué, F.-X. Dechaume-Moncharmont, J.-G.J. Godin, Boldness–exploration behavioral 
syndrome: interfamily variability and repeatability of personality traits in the young of the convict 
cichlid (Amatitlania siquia), Behav. Ecol. 26 (2015) 900–908. 

[26] J.L. Conrad, K.L. Weinersmith, T. Brodin, J.B. Saltz, A. Sih, Behavioural syndromes in fishes: a 
review with implications for ecology and fisheries management, J. Fish Biol. 78 (2011) 395–435. 

[27] A. Sih, L.B. Kats, E.F. Maurer, Behavioural correlations across situations and the evolution of 
antipredator behaviour in a sunfish–salamander system, Anim. Behav. 65 (2003) 29–44. 

[28] M.F. Castanheira, M. Herrera, B. Costas, L.E.C. Conceição, C.I.M. Martins, Can we predict 
personality in fish? Searching for consistency over time and across contexts, PLoS One. 8 (2013) 
e62037. 

[29] N.J. Dingemanse, J. Wright, A.J.N. Kazem, D.K. Thomas, R. Hickling, N. Dawnay, Behavioural 
syndromes differ predictably between 12 populations of three‐spined stickleback, J. Anim. Ecol. 
76 (2007) 1128–1138. 

[30] M. Michelangeli, D.G. Chapple, C.T. Goulet, M.G. Bertram, B.B.M. Wong, Behavioral syndromes 
vary among geographically distinct populations in a reptile, Behav. Ecol. 30 (2019) 393–401. 

[31] M. Briffa, L.U. Sneddon, A.J. Wilson, Animal personality as a cause and consequence of contest 
behaviour, Biol. Lett. 11 (2015) 20141007. 

[32] J. Rose, D.A. Cullen, S.J. Simpson, P.A. Stevenson, Born to win or bred to lose: aggressive and 
submissive behavioural profiles in crickets, Anim. Behav. 123 (2017) 441–450. 

[33] J.S. Balsam, P.A. Stevenson, Agonistic experience during development establishes inter-
individual differences in approach-avoidance behaviour of crickets, Sci. Rep. 11 (2021) 16702.  

[34] A. Sih, A.M. Bell, Insights for behavioral ecology from behavioral syndromes, Adv. Study Behav. 
38 (2008) 227–281. 

[35] N.J. Dingemanse, N.A. Dochtermann, S. Nakagawa, Defining behavioural syndromes and the 
role of ‘syndrome deviation’ in understanding their evolution, Behav. Ecol. Sociobiol. 66 (2012) 
1543–1548.  

[36] M. Wolf, F.J. Weissing, Animal personalities: consequences for ecology and evolution, Trends 
Ecol. Evol. 27 (2012) 452–461. 



19 
 

[37] A. Sih, Chapter 8. Frontiers on the Interface between Behavioral Syndromes and Social 
Behavioral Ecology: , in: C. Carere, D. Maestripieri (Eds.), University of Chicago Press, 2013: 
pp. 221–251.  

[38] M. Wolf, G.S. Van Doorn, F.J. Weissing, On the coevolution of social responsiveness and 
behavioural consistency, Proc. R. Soc. B Biol. Sci. 278 (2011) 440–448. 

[39] M. Beekman, L.A. Jordan, Does the field of animal personality provide any new insights for 
behavioral ecology?, Behav. Ecol. 28 (2017) 617–623. 

[40] A. Sih, J. Cote, M. Evans, S. Fogarty, J. Pruitt, Ecological implications of behavioural syndromes, 
Ecol. Lett. 15 (2012) 278–289. 

[41] J. Gruber, G. Brown, M.J. Whiting, R. Shine, Geographic divergence in dispersal-related 
behaviour in cane toads from range-front versus range-core populations in Australia, Behav. 
Ecol. Sociobiol. 71 (2017) 38. 

[42] P.A. Biro, J.A. Stamps, Are animal personality traits linked to life-history productivity?, Trends 
Ecol. Evol. 23 (2008) 361–368. 

[43] O. Lapiedra, T.W. Schoener, M. Leal, J.B. Losos, J.J. Kolbe, Predator-driven natural selection 
on risk-taking behavior in anole lizards, Science. 360 (2018) 1017–1020. 

[44] D. Réale, N.J. Dingemanse, A.J.N. Kazem, J. Wright, Evolutionary and ecological approaches 
to the study of personality, Philos. Trans. R. Soc. B Biol. Sci. 365 (2010) 3937–3946. 

[45] N.J. Dingemanse, C. Both, A.J. Van Noordwijk, A.L. Rutten, P.J. Drent, Natal dispersal and 
personalities in great tits (Parus major), Proc. R. Soc. London. Ser. B Biol. Sci. 270 (2003) 741–
747. 

[46] D.F. Fraser, J.F. Gilliam, M.J. Daley, A.N. Le, G.T. Skalski, Explaining leptokurtic movement 
distributions: intrapopulation variation in boldness and exploration, Am. Nat. 158 (2001) 124–
135. 

[47] C. Brown, V.A. Braithwaite, Size matters: a test of boldness in eight populations of the poeciliid 
Brachyraphis episcopi, Anim. Behav. 68 (2004) 1325–1329. 

[48] L.Z. Garamszegi, M. Eens, J. Török, Birds reveal their personality when singing, PLoS One. 3 
(2008) e2647. 

[49] C. Laubu, F.-X. Dechaume-Moncharmont, S. Motreuil, C. Schweitzer, Mismatched partners that 
achieve postpairing behavioral similarity improve their reproductive success, Sci. Adv. 2 (2016) 
e1501013. 

[50] W. Schuett, J.J. Godin, S.R.X. Dall, Do female zebra finches, Taeniopygia guttata, choose their 
mates based on their ‘personality’?, Ethology. 117 (2011) 908–917. 

[51] C. Carere, P.J. Drent, L. Privitera, J.M. Koolhaas, T.G.G. Groothuis, Personalities in great tits, 
Parus major: stability and consistency, Anim. Behav. 70 (2005) 795–805. 

[52] T.O. Ariyomo, P.J. Watt, Disassortative mating for boldness decreases reproductive success in 
the guppy, Behav. Ecol. 24 (2013) 1320–1326.  

[53] A.A. Munson, C. Jones, H. Schraft, A. Sih, You’re just my type: mate choice and behavioral 
types, Trends Ecol. Evol. 35 (2020) 823–833. 

[54] A. Sih, M. Del Giudice, Linking behavioural syndromes and cognition: a behavioural ecology 
perspective, Philos. Trans. R. Soc. B Biol. Sci. 367 (2012) 2762–2772. 

[55] D.J. Mitchell, T.M. Houslay, Context-dependent trait covariances: how plasticity shapes 
behavioral syndromes, Behav. Ecol. 32 (2021) 25–29. 

[56] A.M. Bell, A. Sih, Exposure to predation generates personality in threespined sticklebacks 
(Gasterosteus aculeatus), Ecol. Lett. 10 (2007) 828–834. 

[57] P.T. Niemelä, N. DiRienzo, A. V Hedrick, Predator-induced changes in the boldness of naïve 



20 
 

field crickets, Gryllus integer, depends on behavioural type, Anim. Behav. 84 (2012) 129–135. 

[58] T. Roy, R. Shukla, A. Bhat, Risk-taking during feeding: between-and within-population variation 
and repeatability across contexts among wild zebrafish, Zebrafish. 14 (2017) 393–403. 

[59] G.A. Archard, V.A. Braithwaite, Increased exposure to predators increases both exploration and 
activity level in Brachyrhaphis episcopi, J. Fish Biol. 78 (2011) 593–601. 

[60] C. Brown, F. Jones, V. Braithwaite, In situ examination of boldness–shyness traits in the tropical 
poeciliid, Brachyraphis episcopi, Anim. Behav. 70 (2005) 1003–1009. 

[61] M. Wolf, F.J. Weissing, An explanatory framework for adaptive personality differences, Philos. 
Trans. R. Soc. B Biol. Sci. 365 (2010) 3959–3968. 

[62] N.J. Dingemanse, M. Wolf, Recent models for adaptive personality differences: a review, Philos. 
Trans. R. Soc. B Biol. Sci. 365 (2010) 3947–3958. 

[63] J.A. Stamps, P.A. Biro, Personality and individual differences in plasticity, Curr. Opin. Behav. 
Sci. 12 (2016) 18–23.  

[64] J.A. Stamps, Individual differences in behavioural plasticities, Biol. Rev. 91 (2016) 534–567. 

[65] A. Sih, K.J. Mathot, M. Moirón, P.-O. Montiglio, M. Wolf, N.J. Dingemanse, Animal personality 
and state–behaviour feedbacks: a review and guide for empiricists, Trends Ecol. Evol. 30 (2015) 
50–60. 

[66] N.J. Dingemanse, D. Réale, Natural selection and animal personality, (2005). 

[67] J.W. Jolles, H.D. Briggs, Y.G. Araya-Ajoy, N.J. Boogert, Personality, plasticity and predictability 
in sticklebacks: bold fish are less plastic and more predictable than shy fish, Anim. Behav. 154 
(2019) 193–202. 

[68] K. Kareklas, G. Arnott, R.W. Elwood, R.A. Holland, Plasticity varies with boldness in a weakly-
electric fish, Front. Zool. 13 (2016) 22.  

[69] M. Dammhahn, L. Almeling, Is risk taking during foraging a personality trait? A field test for cross-
context consistency in boldness, Anim. Behav. 84 (2012) 1131–1139. 

[70] J.S. Thomson, P.C. Watts, T.G. Pottinger, L.U. Sneddon, Plasticity of boldness in rainbow trout, 
Oncorhynchus mykiss: do hunger and predation influence risk-taking behaviour?, Horm. Behav. 
61 (2012) 750–757. 

[71] N.J. Dingemanse, K.M. Bouwman, M. Van De Pol, T. van Overveld, S.C. Patrick, E. Matthysen, 
J.L. Quinn, Variation in personality and behavioural plasticity across four populations of the great 
tit Parus major, J. Anim. Ecol. 81 (2012) 116–126. 

[72] B.J. Toscano, Prey behavioural reaction norms: response to threat predicts susceptibility to 
predation, Anim. Behav. 132 (2017) 147–153. 

[73] F. Dubois, Why are some personalities less plastic?, Proc. R. Soc. B. 286 (2019) 20191323. 

[74] S.R.X. Dall, A.I. Houston, J.M. McNamara, The behavioural ecology of personality: consistent 
individual differences from an adaptive perspective, Ecol. Lett. 7 (2004) 734–739. 

[75] A.J. Wilson, M. de Boer, G. Arnott, A. Grimmer, Integrating personality research and animal 
contest theory: aggressiveness in the green swordtail Xiphophorus helleri, PLoS One. 6 (2011) 
e28024. 

[76] Y. Hsu, L.L. Wolf, The winner and loser effect: integrating multiple experiences, Anim. Behav. 57 
(1999) 903–910. 

[77] M. Briffa, L.U. Sneddon, Physiological constraints on contest behaviour, Funct. Ecol. 21 (2007) 
627–637. 

[78] Y. Hsu, R.L. Earley, L.L. Wolf, Modulation of aggressive behaviour by fighting experience: 
mechanisms and contest outcomes, Biol. Rev. 81 (2006) 33–74. 



21 
 

[79] C. Couchoux, D. Garant, M. Aubert, J. Clermont, D. Réale, Behavioral variation in natural 
contests: integrating plasticity and personality, Behav. Ecol. 32 (2021) 277–285. 

[80] S.M. Lane, M. Briffa, Boldness is for rookies: prefight boldness and fighting success in a sea 
anemone, Anim. Behav. 132 (2017) 13–20.  

[81] F.S. Rudin, M. Briffa, Is boldness a resource-holding potential trait? Fighting prowess and 
changes in startle response in the sea anemone, Actinia equina, Proc. R. Soc. B Biol. Sci. 279 
(2012) 1904–1910. 

[82] A.J. Frost, A. Winrow-Giffen, P.J. Ashley, L.U. Sneddon, Plasticity in animal personality traits: 
does prior experience alter the degree of boldness?, Proc. R. Soc. B Biol. Sci. 274 (2007) 333–
339. 

[83] W. Courtene-Jones, M. Briffa, Boldness and asymmetric contests: role-and outcome-dependent 
effects of fighting in hermit crabs, Behav. Ecol. 25 (2014) 1073–1082. 

[84] H.M. Wilbur, Complex life cycles, Annu. Rev. Ecol. Syst. 11 (1980) 67–93. 

[85] T. Brodin, M.I. Lind, M.K. Wiberg, F. Johansson, Personality trait differences between mainland 
and island populations in the common frog (Rana temporaria), Behav. Ecol. Sociobiol. 67 (2013) 
135–143. 

[86] A.D.M. Wilson, J. Krause, Personality and metamorphosis: is behavioral variation consistent 
across ontogenetic niche shifts?, Behav. Ecol. 23 (2012) 1316–1323. 

[87] A.M. Koenig, B.H. Ousterhout, Behavioral syndrome persists over metamorphosis in a pond-
breeding amphibian, Behav. Ecol. Sociobiol. 72 (2018) 1–12. 

[88] T.J. Urszán, J. Török, A. Hettyey, L.Z. Garamszegi, G. Herczeg, Behavioural consistency and 
life history of Rana dalmatina tadpoles, Oecologia. 178 (2015) 129–140. 

[89] T. Brodin, Behavioral syndrome over the boundaries of life—carryovers from larvae to adult 
damselfly, Behav. Ecol. 20 (2009) 30–37. 

[90] J.M. Bosco, S.E. Riechert, B.C. O’Meara, The ontogeny of personality traits in the desert funnel-
web spider, Agelenopsis lisa (Araneae: Agelenidae), Ethology. 123 (2017) 648–658.  

[91] A. V Hedrick, R. Kortet, Sex differences in the repeatability of boldness over metamorphosis, 
Behav. Ecol. Sociobiol. 66 (2012) 407–412. 

[92] C.J. von Borell, A. Weiss, L. Penke, Developing individual differences in primate behavior: the 
role of genes, environment, and their interplay, Behav. Ecol. Sociobiol. 73 (2019) 20. 

[93] N.J. Dingemanse, M. Wolf, Between-individual differences in behavioural plasticity within 
populations: causes and consequences, Anim. Behav. 85 (2013) 1031–1039.  

[94] D. Réale, D. Garant, M.M. Humphries, P. Bergeron, V. Careau, P.-O. Montiglio, Personality and 
the emergence of the pace-of-life syndrome concept at the population level, Philos. Trans. R. 
Soc. B Biol. Sci. 365 (2010) 4051–4063. 

[95] F. Trillmich, T. Müller, C. Müller, Understanding the evolution of personality requires the study of 
mechanisms behind the development and life history of personality traits, Biol. Lett. 14 (2018) 
20170740.  

[96] P.T. Niemelä, N.J. Dingemanse, Artificial environments and the study of ‘adaptive’personalities, 
Trends Ecol. Evol. 29 (2014) 245–247. 

[97] W. Schuett, S.R.X. Dall, A.J. Wilson, N.J. Royle, Environmental transmission of a personality 
trait: foster parent exploration behaviour predicts offspring exploration behaviour in zebra 
finches, Biol. Lett. 9 (2013) 20130120. 

[98] M.B. Petelle, J.G.A. Martin, D.T. Blumstein, Heritability and genetic correlations of personality 
traits in a wild population of yellow-bellied marmots (Marmota flaviventris), J. Evol. Biol. 28 (2015) 
1840–1848.  



22 
 

[99] N.A. Dochtermann, T. Schwab, A. Sih, The contribution of additive genetic variation to 
personality variation: heritability of personality, Proc. R. Soc. B Biol. Sci. 282 (2015) 20142201.  

[100] K. van Oers, J.C. Mueller, Evolutionary genomics of animal personality, Philos. Trans. R. Soc. B 
Biol. Sci. 365 (2010) 3991–4000. 

[101] D. Clary, L.J. Skyner, C.P. Ryan, L.E. Gardiner, W.G. Anderson, J.F. Hare, Shyness–Boldness, 
but not Exploration, Predicts Glucocorticoid Stress Response in Richardson’s Ground Squirrels 
(Urocitellus richardsonii), Ethology. 120 (2014) 1101–1109. 

[102] P.-O. Montiglio, D. Garant, F. Pelletier, D. Réale, Personality differences are related to long-term 
stress reactivity in a population of wild eastern chipmunks, Tamias striatus, Anim. Behav. 84 
(2012) 1071–1079.  

[103] W. Schuett, T. Tregenza, S.R.X. Dall, Sexual selection and animal personality, Biol. Rev. 85 
(2010) 217–246. 

[104] A.D.M. Wilson, J. Krause, Metamorphosis and animal personality: a neglected opportunity, 
Trends Ecol. Evol. 27 (2012) 529–531.  

[105] S. Kralj-Fišer, W. Schuett, Studying personality variation in invertebrates: why bother?, Anim. 
Behav. 91 (2014) 41–52.  

[106] W. Schuett, S.R.X. Dall, Sex differences, social context and personality in zebra finches, 
Taeniopygia guttata, Anim. Behav. 77 (2009) 1041–1050. 

[107] S. Kralj‐Fišer, J.M. Schneider, M. Kuntner, K. Laskowski, F. Garcia‐Gonzalez, The genetic 
architecture of behavioral traits in a spider, Ecol. Evol. (2021). 

[108] M. Michelangeli, J. Cote, D.G. Chapple, A. Sih, T. Brodin, S. Fogarty, M.G. Bertram, J. Eades, 
B.B.M. Wong, Sex-dependent personality in two invasive species of mosquitofish, Biol. 
Invasions. 22 (2020) 1353–1364. 

[109] K. van Oers, K.L. Buchanan, T.E. Thomas, P.J. Drent, Correlated response to selection of 
testosterone levels and immunocompetence in lines selected for avian personality, Anim. Behav. 
81 (2011) 1055–1061.  

[110] D. Cabrera, J.R. Nilsson, B.D. Griffen, The development of animal personality across ontogeny: 
a cross-species review, Anim. Behav. 173 (2021) 137–144. 

[111] A.M. Bell, J.A. Stamps, Development of behavioural differences between individuals and 
populations of sticklebacks, Gasterosteus aculeatus, Anim. Behav. 68 (2004) 1339–1348. 

[112] C. Piyapong, J. Krause, B.B. Chapman, I.W. Ramnarine, V. Louca, D.P. Croft, Sex matters: a 
social context to boldness in guppies (Poecilia reticulata), Behav. Ecol. 21 (2009) 3–8. 

[113] K.E. McGhee, J. Travis, Repeatable behavioural type and stable dominance rank in the bluefin 
killifish, Anim. Behav. 79 (2010) 497–507.  

[114] K.E. McGhee, J. Travis, Heritable variation underlies behavioural types in the mating context in 
male bluefin killifish, Anim. Behav. 86 (2013) 513–518.  

[115] C.A. Barnett, C.F. Thompson, S.K. Sakaluk, Aggressiveness, Boldness and Parental Food 
Provisioning in Male House Wrens (Troglodytes aedon), Ethology. 118 (2012) 984–993.  

[116] R.A. Duckworth, Behavioral correlations across breeding contexts provide a mechanism for a 
cost of aggression, Behav. Ecol. 17 (2006) 1011–1019.  

[117] A.J. Carter, W.E. Feeney, H.H. Marshall, G. Cowlishaw, R. Heinsohn, Animal personality: what 
are behavioural ecologists measuring?, Biol. Rev. 88 (2013) 465–475. 

[118] J.G. Burns, The validity of three tests of temperament in guppies (Poecilia reticulata), J. Comp. 
Psychol. 122 (2008) 344. 

[119] D.G. Roche, V. Careau, S.A. Binning, Demystifying animal ‘personality’(or not): why individual 
variation matters to experimental biologists, J. Exp. Biol. 219 (2016) 3832–3843. 



23 
 

[120] K.A. Herborn, R. Macleod, W.T.S. Miles, A.N.B. Schofield, L. Alexander, K.E. Arnold, Personality 
in captivity reflects personality in the wild, Anim. Behav. 79 (2010) 835–843. 

[121] A.J. Carter, H.H. Marshall, R. Heinsohn, G. Cowlishaw, How not to measure boldness: novel 
object and antipredator responses are not the same in wild baboons, Anim. Behav. 84 (2012) 
603–609.  

[122] B. Adriaenssens, J.I. Johnsson, Natural selection, plasticity and the emergence of a behavioural 
syndrome in the wild, Ecol. Lett. 16 (2013) 47–55. 

[123] A. Rudh, M.F. Breed, A. Qvarnström, Does aggression and explorative behaviour decrease with 
lost warning coloration?, Biol. J. Linn. Soc. (2013).  

[124] L. Crothers, M. Cummings, A multifunctional warning signal behaves as an agonistic status 
signal in a poison frog, Behav. Ecol. 26 (2015) 560–568. 

[125] S.R. Kelleher, A.J. Silla, N.J. Dingemanse, P.G. Byrne, Body size predicts between-individual 
differences in exploration behaviour in the southern corroboree frog, Anim. Behav. 129 (2017) 
161–170. 

[126] S. Nakagawa, H. Schielzeth, Repeatability for Gaussian and non‐Gaussian data: a practical 
guide for biologists, Biol. Rev. 85 (2010) 935–956. 

[127] M.A. Stoffel, S. Nakagawa, H. Schielzeth, rptR: Repeatability estimation and variance 

decomposition by generalized linear mixed‐effects models, Methods Ecol. Evol. 8 (2017) 1639–
1644. 

[128] K.O. McGraw, S.P. Wong, Forming inferences about some intraclass correlation coefficients., 
Psychol. Methods. 1 (1996) 30. 

[129] B. Holtmann, M. Lagisz, S. Nakagawa, Metabolic rates, and not hormone levels, are a likely 
mediator of between‐individual differences in behaviour: a meta‐analysis, Funct. Ecol. 31 (2017) 
685–696. 

[130] A. Weiss, M.J. Adams, Chapter 4. Differential Behavioral Ecology: The Structure, Life History, 
and Evolution of Primate Personality: , in: C. Carere, D. Maestripieri (Eds.), University of Chicago 
Press, 2013: pp. 96–123.  

[131] M.B. Blaszczyk, Boldness towards novel objects predicts predator inspection in wild vervet 
monkeys, Anim. Behav. 123 (2017) 91–100. 

[132] E. González-Bernal, G.P. Brown, R. Shine, Invasive cane toads: social facilitation depends upon 
an individual’s personality, PLoS One. 9 (2014) e102880. 

[133] K.D. Wells, The ecology and behavior of amphibians, University of Chicago Press, 2010. 

[134] B.E. Carlson, T. Langkilde, Predation risk in tadpole populations shapes behavioural responses 
of prey but not strength of trait‐mediated indirect interactions, Oikos. 123 (2014) 1519–1527. 

[135] J. Koprivnikar, C.H. Gibson, J.C. Redfern, Infectious personalities: behavioural syndromes and 
disease risk in larval amphibians, Proc. R. Soc. B Biol. Sci. 279 (2011) 1544–1550. 

[136] J. Gruber, G. Brown, M.J. Whiting, R. Shine, Is the behavioural divergence between range-core 
and range-edge populations of cane toads (Rhinella marina) due to evolutionary change or 
developmental plasticity?, R. Soc. Open Sci. 4 (2017) 170789. 

[137] J. Brown, Neotropical poison frogs: evolution’s guide to parenting, fashion and communication 
in a dynamic world, Evol. Ecol. 27 (2013) 655–659. 

[138] R.A. Saporito, T.F. Spande, H.M. Garraffo, Arthropod alkaloids in poison frogs: a review of 
the’dietary hypothesis’, Heterocycles. 79 (2009) 277–297. 

[139] R.A. Saporito, R. Zuercher, M. Roberts, K.G. Gerow, M. a. Donnelly, Experimental Evidence for 
Aposematism in the Dendrobatid Poison Frog Oophaga pumilio, Copeia. 2007 (2007) 1006–
1011.  



24 
 

[140] P. Weygoldt, Evolution of parental care in dart poison frogs (Amphibia: Anura: Dendrobatidae), 
Zeit Fur Zool Syst Evol Forsch. 25 (1987) 51–67.  

[141] J.L. Stynoski, L.M. Schulte, B. Rojas, Poison frogs, Curr. Biol. 25 (2015) R1026–R1028. 

[142] M.E. Maan, M.E. Cummings, Poison Frog Colors Are Honest Signals of Toxicity, Particularly for 
Bird Predators, Am. Nat. 179 (2012) E1–E14. 

[143] M.E. Cummings, L.R. Crothers, Interacting selection diversifies warning signals in a polytypic 
frog: an examination with the strawberry poison frog, Evol. Ecol. 27 (2013) 693–710.  

[144] M.E. Maan, M.E. Cummings, Sexual dimorphism and directional sexual selection on aposematic 
signals in a poison frog, Proc. Natl. Acad. Sci. 106 (2009) 19072–19077. 

[145] L.R. Crothers, M.E. Cummings, Warning signal brightness variation: sexual selection may work 
under the radar of natural selection in populations of a polytypic poison frog, Am. Nat. 181 (2013) 
E116–E124. 

[146] K. Summers, J. Tumulty, Chapter 11 - Parental Care, Sexual Selection, and Mating Systems in 
Neotropical Poison Frogs, in: R.H. Macedo, G.B.T.-S.S. Machado (Eds.), Academic Press, San 
Diego, 2014: pp. 289–320.  

[147] C.W. Myers, J.W. Daly, Dart-poison frogs, Sci. Am. 248 (1983) 120–133. 

[148] P. Weygoldt, Complex brood care and reproductive behaviour in captive poison-arrow frogs, 
Dendrobates pumilio O. Schmidt, Behav. Ecol. Sociobiol. 7 (1980) 329–332.  

[149] D.G. Brust, Maternal brood care by Dendrobates pumilio: a frog that feeds its young, J. Herpetol. 
27 (1993) 96–98. 

[150] I. Meuche, K.E. Linsenmair, H. Pröhl, Female territoriality in the strawberry poison frog (Oophaga 
pumilio), Copeia. 2011 (2011) 351–356. 

[151] H. Pröhl, Variation in male calling behaviour and relation to male mating success in the 
strawberry poison frog (Dendrobates pumilio), Ethology. 109 (2003) 273–290. 

[152] H. Pröhl, M.G. Scherm, S. Meneses, C.E. Dreher, I. Meuche, A. Rodríguez, Female–female 
aggression is linked to food defence in a poison frog, Ethology. 125 (2019) 222–231. 

[153] K. Summers, T.W. Cronin, T. Kennedy, Variation in spectral reflectance among populations of 
Dendrobates pumilio, the strawberry poison frog, in the Bocas del Toro Archipelago, Panama, J. 
Biogeogr. 30 (2003) 35–53. 

[154] M.E. Maan, M.E. Cummings, Female preferences for aposematic signal components in a 
polymorphic poison frog, Evolution. 62 (2008) 2334–2345.  

[155] Y. Yang, S. Blomenkamp, M.B. Dugas, C.L. Richards-Zawacki, H. Pröhl, Mate Choice versus 
Mate Preference: Inferences about Color-Assortative Mating Differ between Field and Lab 
Assays of Poison Frog Behavior, Am. Nat. 193 (2019) 598–607.  

[156] Y. Yang, M.B. Dugas, H.J. Sudekum, S.N. Murphy, C.L. Richards‐Zawacki, Male–male 
aggression is unlikely to stabilize a poison frog polymorphism, J. Evol. Biol. 31 (2018) 457–468. 

[157] S.P. Galeano, K.E. Harms, Coloration in the polymorphic frog Oophaga pumilio associates with 
level of aggressiveness in intraspecific and interspecific behavioral interactions, Behav. Ecol. 
Sociobiol. 70 (2016) 83–97. 

[158] L. Crothers, E. Gering, M. Cummings, Aposematic signal variation predicts male–male 
interactions in a polymorphic poison frog, Evolution. 65 (2011) 599–605. 

[159] H. Pröhl, T. Ostrowski, Behavioural elements reflect phenotypic colour divergence in a poison 
frog, Evol. Ecol. 25 (2011) 993–1015. 

[160] C.E. Dreher, M.E. Cummings, H. Pröhl, An analysis of predator selection to affect aposematic 
coloration in a poison frog species, PLoS One. 10 (2015) e0130571. 

[161] M.B. Dugas, S.R. Halbrook, A.M. Killius, J.F. del Sol, C.L. Richards‐Zawacki, Colour and escape 



25 
 

behaviour in polymorphic populations of an aposematic poison frog, Ethology. 121 (2015) 813–
822. 

 

  



26 
 

  



27 
 

 

Chapter 2 – Do sexes differ in personality? Behavioural consistency in the 
strawberry poison frog, Oophaga pumilio. 
 

Submitted to Journal of zoology 

 

Ricardo Cossio a, b, Roberto Ibáñez b, Ariel Rodríguez a, Heike Pröhl a 

 

a Institute of Zoology, University of Veterinary Medicine, Hannover, Germany 

 

b Smithsonian Tropical Research Institute, Republic of Panama 

 

 

  



28 
 

There is a burgeoning interest in studying consistent individual differences in 

animal behaviour, i.e., personality. Despite the significant role of personality for 

ecological and evolutionary processes, studies rarely consider differences between the 

sexes. Males and females are subject to distinct selection pressures that may drive 

differences in life-history and, therefore, lead to personality variations. Here, we 

explore whether males and females of the strawberry poison frog, Oophaga pumilio, 

differ in their personality across two behavioural traits: exploration and boldness. We 

used individuals from an aposematic population to determine behavioural consistency 

and correlation between these behaviours. All individuals showed higher consistency 

in boldness behaviour compared to exploration. Males and females showed similar 

consistency in both behavioural traits. We also found that exploration and boldness 

are correlated in males but not in females. The data reveal the presence of personality 

in strawberry poison frogs and we discuss that personality in this species is largely 

linked to its life-history.  
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2.1. Introduction 
 

How and why individuals (animals or humans) react differently under certain 

situations such as exposure to a potential risk, a novel environment, or interaction with 

conspecifics are questions that have become of interest over the past decades [1–3]. 

In many animals, individuals differ consistently in their behaviours across multiple 

contexts and time [1,4,5]. These consistent individual differences in behaviour are 

known as animal personality [1,6]. Réale et al. [1] described five categories of 

behavioural traits used to assess animal personality: activity, boldness/shyness 

(response to risky situations), exploration (response to novel situations), 

aggressiveness and sociability. When some of these behavioural traits are correlated 

across different situations or time [2,5], they are considered to form a behavioural 

syndrome [5]. Behavioural correlations have been reported for aggressiveness, 

boldness and exploration in several taxa [7–9]. Behavioural syndromes have important 

ecological and evolutionary relevancies since they affect individual survival and 

ultimately fitness [5,10,11]. For example, boldness, aggressiveness and exploration 

may help animals to win fights and to obtain reproductive resources [12–14].It has 

been suggested that the expression of behavioural correlations is likely a result of the 

combination of either pleiotropic genetic [15,16], hormonal or metabolic rate 

constraints [17–19] and certain environmental conditions [20,21].  

Studies have evoked that behavioural consistency and behavioural syndromes 

may have evolved as an adaptive consequence based on context- and state-

dependent variations that can be promoted by positive feedbacks between behaviour 

and state [22–24]. States refer to all those features (i.e. morphological, physiological, 

neurobiological or environmental) that affect the individual’s behavioural decision and 

fitness [22,24]. States may be inherently stable (like sex or caste) or labile (like 

hormone or energetic level, blood pressure, etc.) [4,24]. Sex is an important factor for 

understanding individual variation of behaviour, as both sexes may experience distinct 

selection pressures which may arise from, for example, sexual selection and life history 

strategies [25,26]. While most of the studies only focus on one sex (mainly males), 

some studies have shown personality differences between sexes [25,27–29].  

Animal personality or behavioural syndromes in amphibians remain largely 

unexplored [30]. Some studies have documented the ecological importance of 

personality traits in predator-prey situations [31], dispersal tendencies [32–34], and 
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disease risk [35]. Here, we use the strawberry poison frog Oophaga pumilio as a model 

to study sex differences in consistency in exploration and boldness behaviour and 

explore possible evidence of behavioural syndromes. Exploration and boldness are 

important traits for resource acquisitions including food, sexual partners, shelters, 

territories, among others [12,36,37]. In some animals, both behavioural traits are 

shown to be components of a behavioural syndrome where bolder individuals are also 

more explorative in different context [9,38,39].  

Oophaga pumilio is a poison frog with complex parental care behaviour and a 

remarkable phenotypic colour divergence among populations [40–42]. Comparison 

among populations in O. pumilio revealed that males of conspicuous coloration (red or 

orange) are more active and more exposed during foraging [43,44], also display more 

aggressive and exploratory behaviour [45,46] than cryptic colour morphs. Nonetheless, 

whether this species exhibits consistent individual differences in those behaviours 

remains unknown. Here, we compare two behavioural traits important in male and 

female life history strategies, exploration and boldness. Males of this species are highly 

territorial and exhibit intense male-male competition while defending their territories 

and attracting females [46–50]. Females, in contrast, perform most of the parental care 

behaviour, including tadpole transportation and feeding with unfertilized eggs [51,52]. 

We used individuals from a well-studied aposematic population (Solarte Island) whose 

conspicuous signal is a predictor of individual aggressive behaviour and environmental 

exploitation [43,47,48]. We evaluated exploration and boldness repeatability to 

measure consistency in these behaviours [20]. We expected that individuals show 

repeatability in exploration and boldness behaviour and exhibit a correlation between 

these traits. Furthermore, we would expect that females display higher exploration as 

they use much larger home ranges and move among tadpole-rearing sites because of 

parental care duties [51,53,54] and among territories of several males for mating 

[55,56]. Furthermore, we hypothesized that both sexes may express similar boldness 

behaviour, as they are similarly conspicuous to predators due to their diurnal activity 

and aposematic coloration.  
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2.2. Materials and methods 

 

2.2.1. Subjects and housing  

 

We collected adults O. pumilio (80 females, 80 males) from Solarte Island from 

April to August 2019 and kept them at the Bocas del Toro Field Station of the 

Smithsonian Tropical Research Institute (STRI), Panama. We placed the frogs 

individually in outdoor terraria (37 cm × 22 cm × 19 cm, Fig. S2.1) and offered a diet 

of fruit flies and springtails dusted with calcium and multi-vitamin powders. We provided 

fresh water daily and food every other day. We measured the snout-vent length (SVL; 

to the nearest to 0.1 mm) and mass (to the nearest 0.01g) of every frog. Handling was 

kept to the minimum and, to reduce stress, individuals were transported from the 

holding space to the laboratory in their home cages.  

 

2.2.2. General behavioural test procedure 

 

The experiments began three days after frog collection to allow the acclimation 

of individuals to laboratory conditions. We exposed individuals to two behavioural tests: 

exploratory and boldness behaviour. The exploration test measures the explorative 

behaviour in a novel environment, while boldness test measures the willingness of the 

individuals to take a risk by emerging from a shelter in an unknown environment. 

Experiments took place in a laboratory (temperature range: 24 – 27 °C, relative 

humidity range: 80 – 92%) under constant light conditions.  

We performed one test per day, with four days separating each test. We 

conducted 10-12 trials per day, with two frogs tested simultaneously in every trial. This 

allowed us to run 20 to 24 animals per day. The 4-days interval period between tests 

allowed us to assess other sets of animals during this time (See, Fig. S2.2).  

We conducted the experiments between 8:00 -16:00 h. We used a circular (60 

cm diameter x 25 cm height) and a quadrant arena (50 x cm 50 cm x 25 cm) 

constructed of white acrylic plastic. In every trial, we transported the frog from their 

home cage into the arena using a small container to avoid handling-produced stress. 

Between trials, we wiped the floor of the arena with alcohol to minimize olfactory cues. 

We recorded all tests with a video camera mounted 1.5 m above each arena and 

analysed the videos using the automated tracking software ANY-maze (Version 6.17; 

Stoelting Company, Wood Dale, IL, USA).  
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2.2.3. Exploration test 

 

Exploration is defined as an individual’s reaction to a new situation, including 

new environment or novel objects [1]. We used a novel environment to assess the 

exploratory behaviour of the frogs. To increase novelty, we randomly assigned a 

circular or quadrant arena from the first trial and we alternated between circular and 

quadrant arenas across the remaining trials. We also placed four objects inside each 

arena, two objects and two shelters (Fig. S2.3), that were positioned equidistant to one 

another [33,34]. We used randomly different shelters and objects from trial to trial to 

increase novelty. As we run two simultaneous trials of one test per day, all individuals 

had the same objects in the same positions in each arena. We used several types of 

natural or artificial items as objects and shelters such as: plastic cups, rocks, 

heliconia’s inflorescences, coconut-like shelters, leaves, etc. The shelters provided 

access to a refuge during free exploration in the arenas. This allowed us to distinguish 

the behaviour of the frogs from forced-exploration behaviour in environments with no 

opportunities to escape which may reflect a measure of fear or anxiety (or both) rather 

than voluntary exploration [30,57]. At the beginning of the trials, we placed the frogs 

inside a shelter cup in the centre of the arena for 5 min [34]. After this period, we lifted 

the shelter, and the frog was allowed to explore the arena for 20 min. To calculate 

exploratory behaviour, we divided the arena in unique grid-squares of 6 cm2 using 

ANY-maze software. We calculated an exploration index as the number of squares an 

individual entered, not including squares that had already been visited [45]. As each 

square represents a proportion of the total arena size, the number of squares entered 

can be taken as a better value of the environment explored by the individual not 

including blocks that had already been visited. 

 

2.2.4. Boldness test 

 

Boldness behaviour is referred to the individual’s reaction to any risky situation 

[1]. Here, we quantify boldness with an emergency latency test. This test measures 

the individual’s disposition to leave a safe area and emerge into an unknown area, 

which is a relevant measure for boldness among studies of animal personality [57–59]. 

We used the same arena and objects from trial to trial. Half of the group was tested in 

the circular arena and half in the quadrant one. The arenas contained three natural 

objects (different from the exploration test) that frogs can find in their environment such 
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as a piece of wood, a rock or small squash husk which the frogs could not use as 

shelters, and a small cage (refuge) located on one side of the arena (Fig. S2.4). 

Objects were placed in the same position from trial to trial. We placed the individual 

inside the cage (12 cm x 12 cm) with an opening (4 cm x 4 cm) covered by a lid. After 

5 minutes, we lifted the lid allowing the frog to emerge and explore the arena. We 

recorded the latency to emerge from this shelter during 20 min. We considered the 

individuals as having emerged when the complete body emerged from the shelter 

[34,60].  

 

2.2.5. Statistical analysis 

 

We performed all the analyses in R version 4.1.0 [61]. At the beginning, we used 

a number of individuals from the experiments to run a power analysis simulation (N = 

38, each sex) using the ICC package [62] to estimate the optimal sample size at 2, 3 

and 4 repetition assuming a 0.3 repeatability. After that, we extended to a larger 

number of individuals. The power analysis showed that the optimal number of 

repetitions for calculating the repeatability (behavioural consistency) should be 3 or 4 

with 52 – 74 individuals per group (Fig. S5). Therefore, in this study we repeated both 

tests four times for each frog with a 4-day interval between tests and extended the 

sample size to reach 80 individuals per sex.  

We estimated repeatability for exploration and boldness using the rptR package 

[63]. We measured the adjusted repeatability to control for fixed effects [64]. As this 

package relies on generalised linear mixed models (GLMM) fitted by the lmer and 

glmer functions from lmer4 package [65], we fitted models using sex and SVL as fixed 

effects and individual ID as random effect. We also calculated adjusted repeatability 

for each sex separately using similar models but including SVL as fixed factor and 

individual ID as random factor. As the behavioural variables were not normally 

distributed, not even after transformations, we analysed the exploration index using a 

Poisson error distribution with the rptPoisson function in the rptR package. In the case 

of the boldness, we calculated a boldness score for each individual following Balaban-

Feld et al (2018) as: 1 – (latency to emerge/1200 s). Higher scores close to 1 are 

assumed to reflect higher boldness and lower scores near to zero to reflect shyness 

[66]. We treated boldness data as binary variable instead of a continuous one; then we 

designated an individual to be bold if it emerged from the refuge above the median 
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number of the boldness score (0.50) and shy if it left below the median [67]. Thus, we 

could apply the rptBinary function in the rptR package. We used likelihood- ratio tests 

(LRT) to assess statistical significance in repeatability and parametric bootstrapping to 

calculate 95% confidence intervals (CI).  

We fitted separate generalised linear mixed models (GLMM) to determine 

differences in exploration and boldness between sexes using glmmTMB package [68] 

and glmer functions from lmer4 package [65]. We fitted each model including sex, SVL 

and test number (1 to 4, to test for habituation) as fixed factors, and individual ID as 

random effect. To analyse exploration index, we perform a negative binomial 

distribution and zero inflation due to overdispersion observed with Poisson distribution. 

We used a binomial distribution to analyse the boldness score. We verified the absence 

of over-dispersion using the DHARMa package [69]. We used separate logistic 

regression to evaluate possible behavioural syndrome in males and females. We 

tested behavioural correlations in both sexes using average data for this analysis. 

Behavioural data are expressed as mean ± standard deviation (SD), and values of p < 

0.05 were considered statistically significant. 

 

2.3. Results 

 

Descriptions of the sampled individuals are described in table 2.1. We did not 

find effect of sex or SVL in exploration index (sex: p = 0.10; SVL: p = 0.53; Table 2.2) 

but we found an effect of test number (p <0.0001). Similarly, we found significant effect 

of test number (p <0.0001) but no effect of sex or SVL in boldness (sex: p = 0.89; SVL: 

p = 0.54; Table 2.2). Overall, both females and males showed similar pattern, 

increasing their exploration index and boldness score across each the test number 

(Fig. 2.1A, B).   

We found evidence that individuals differed consistently in exploration and 

boldness behaviour after controlling for sex and SVL. Individuals showed high 

repeatability in the boldness index while it showed low repeatability in exploration 

(Table 2.3). When analysed separately by sex, both males and females showed similar 

levels of repeatability in exploration index and a tendency of high repeatability in 

boldness behaviour in males compared to females (Table 2.3). We also found a 

behavioural syndrome in O. pumilio. The logistic regression showed a positive and 

significant relationship between boldness and exploration index in males (X2 = 10.6, df 
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= 1, p =0.001. Fig. 2.2A), but not in females (X2 = 1.3, df = 1, p = 0.26, Fig. 2.2B). This 

implies that individuals that entered more quadrants while exploring also have higher 

boldness index (emerge faster from the shelter). 

 

Table 2.1. Descriptive values of exploration index and boldness score for females and males. 

Mean ± SD (range) 

 

 

 

Table 2.2. Summary statistics of the GLM models fitted to the exploration and boldness 

indexes displayed by O. pumilio individuals during the experiment. Estimated effects (β) and 

95% Confidence Intervals (CI) for sex, size (SVL) and the intercept are presented. 

 

 

Table 2.3. Adjusted repeatability (R) estimates of behavioural traits across four repeated trials 

and 95% Confidence Intervals (CI).  

 

Behavioural trait data Adjusted R (95% CI) P - value 

Exploratory behaviour Overall 0.21 (0.13 – 0.28) <0.0001 

 Males 0.23 (0.12 – 0.33) <0.0001 

 Females 0.20 (0.09 – 0.30) <0.0001 

Boldness index Overall 0.67 (0.14 - 0.90) <0.0001 

 Males 0.63 (0.14 – 0.70) <0.0001 

 Females 0.42 (0.10 – 0.67) <0.0001 

Sex Exploration index Boldness score 

Females 14.4 ± 10.2 (0 – 47) 0.47 ± 0.37 (0 – 1.0) 

Males  16.3 ± 11.4 (0 – 67) 0.50± 0.38 (0 – 1.0) 

Fixed effects  
 
 

Exploration index 
β ± SE (95% CI) 

 

Boldness Index 
β ± SE (95% CI) 

Intercept 3.14 ± 1.11 (0.97, 5.32) 2.57 ± 5.60 (-8.41, 13.55) 

SexM 0.13 ± 0.08 (-0.02, 0.28) -0.05 ± 0.39 (-0.82, 0.71) 

SVL -0.04 ± 0.06 (-0.16, 0.08) -0.19 ± 0.30 (-0.78, 0.40) 

Test number   

2 0.05 ± 0.07 (-0.08, 0.19) 1.12 ± 0.30 (0.53, 1.71) 

3 0.21 ± 0.07(-0.08, 0.35) 1.37 ± 0.30 (0.78, 1.97) 

4 0.42 ± 0.07 (-0.29, 0.) 1.71 ± 0.31 (-1.10, 2.33) 
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Figure 2.1. Boxplots showing the behavioural response across each test day. Exploration index (A), measure as the number of squares entered 

and the Boldness score (B), measure as the latency to emerge from a shelter. Every test has 4-days interval. Lower and upper ends of the 

boxplots represent the 1st and 3rd quartiles. The bold line within each boxplot is the median. The error bars represent the data range (excluding 

outliers). Dots are data points. F = Female, M = Male. 
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Figure 2.2. Logistic regression showing the relationship between exploration index and 
boldness score in (A) males and (B) females O. pumilio (N = 160 frogs, 80 each sex). Line 
represents the estimates and shaded area the 95% Confidence Interval (CI). 
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2.4. Discussion 
 

The evidence of personality in amphibians has been demonstrated recently [30]. 

In this study, we showed that males and females from a population of O. pumilio exhibit 

consistent individual differences in exploratory and boldness behaviour across time; 

and evidence of a possible exploration-boldness behavioural syndrome. We detected 

similar personality in females and males. Among individuals, boldness was the most 

repeatable variable, while the exploratory behaviour was moderately repeatable. We 

found a positive relationship between exploration and boldness behaviour in males but 

not in females. We suggest that the personality exhibited in this study could be 

explained by the antipredator strategy displayed in this population and differences in 

life history between sexes. 

The repeatability values reported here indicate the existence of a boldness 

personality in this population, with a tendency of higher boldness in males compared 

to females. Although we found evidence for personality in this species, there were no 

sex differences on average in both behaviours, which support our hypothesis regarding 

to boldness but not our hypothesis on exploration. The consistency shown in boldness 

may be aligned with the aposematic strategy displayed by our study population where 

individuals are likely to expose themselves [43,45]. In Solarte, males choose calling 

sites that enhances their visibility for females but make them more susceptible to 

predation [43,44]. It has been shown that the predation rate in this population is high 

[70], and because males are more exposed it has been suggested that males might 

suffer more predation attempts than females [71]. Therefore, even when individuals in 

our study exhibit similar boldness behaviour in average, it seems that males tend to 

show more consistency in their willingness to take risks (i.e., coming out to an unknown 

area) while females are less disposed to do so. However, whether individuals’ bold 

personality in this species (or population) is consistent in the presence of a major risk 

such as a predator requires further studies. 

Our results on exploration are intriguing. Contrary to our hypothesis, we found 

similar exploration rates for males and females, and low consistency in this behavioural 

trait for both sexes. Lower levels in consistency may suggest that individuals may alter 

their behaviour to respond adaptively to the current environmental conditions (Bell et 

al., 2009; Dingemanse et al., 2010). In our study, to increase novelty in our exploration 

test, we used different objects and shelters. As a result, an individual would prefer to 
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hide or explore more in trials where natural objects such as leaves, or small plants 

were added in the arena. Under this experimental design the conditions of every 

exploration test were not constant but changed regularly. Since behaviours that are 

more sensitive to the environment tend to be less repeatable [20], it is likely that the 

environmental variance in our experimental approach might have promoted lower 

levels of repeatability in exploration. Additionally, the lack of sex difference found here 

may be related to the space exploitation in this species. We predicted that females 

would show higher exploration than males, because females have larger home ranges, 

cover long distances in search for tadpoles-rearing sites and eventually return to these 

sites to feed their offspring with unfertilized eggs [51,53,72]. However, our result 

suggest that females and males explored the novel environment at the same rates. 

Exploration behaviour is important for dispersal and searching reproductive resources 

[36] and may rely on several factors such as food levels, exposure to predators, 

reproductive resource distribution or other environmental or social factors [3]. Even 

though females often transport their tadpole to more distance places and visiting them 

to feed their tadpoles, they may spent most of the time inside the core area of their 

large home range, beneath the leaf litter or roots of Heliconia plants [72]. Within this 

area, most of the feeding events and aggressive interaction with other females occur 

[72,73]. While males may spend time staying in static position while calling on their 

perches attracting females [74], they also explore their home range during foraging or 

searching for suitable oviposition sites during courtship [75]. Males may also explore 

areas with better reproductive resources. For instance, Pröhl and Berke [53] showed 

that the distribution of the males depends on the distribution of females, so males may 

shift their territories into areas with higher female density. Overall, it appears that 

exploration behaviour in this species is highly variable.   

One remarkable finding was the exploration-boldness behavioural syndrome 

present in males but not in females. This result show that males that explore more are 

willing to take more risks. In contrast, it suggests that exploration appears to be 

independent of boldness behaviour in females. Correlations between exploration and 

boldness have been documented in several animals [37,38,76,77], and also in larval 

and adult amphibians [78–80]. Little information is available about correlations 

between behavioural traits in poison frogs. Only one study found a positive correlation 

between aggression and exploration among males from different O. pumilio 

populations in the field [45]; however this research was not focussed on personality 



40 
 

per se. Evidence of correlation between other behavioural traits have been reported 

elsewhere. For example, boldness is often connected to aggression or activity 

[12,81,82]. It has been predicted that behavioural correlations are likely to occur when 

behaviours are involved in the same life-history trade-offs, or because traits share 

proximate mechanisms (i.e., genetic, physiological, neurobiological) that are difficult to 

decouple [5,24,83]. For instance, being bold and exploring more may help to gain 

resources but could also expose the individual to risks. In males of this species, strong 

selection for exploration and boldness could be ecologically important during foraging, 

and gaining access to mates [84–86]. Clearly, we need more studies to investigate 

possible correlations in different behavioural traits for O. pumilio.   

Previous studies have reported distinct behavioural traits among individuals 

from different populations of O. pumilio such as the level of aggressiveness, anti-

predation strategies, exploration, and activity behaviours [43,45–48,87,88]. These 

studies concluded behavioural differences among individuals to be associated with 

individual’s colouration; as colour often indicates an individual’s quality as a mate or 

competitor and signals unpalatability to predators [89–91]. Frogs from Solarte are 

known to be the most conspicuous and toxic population among all O. pumilio 

populations in and around the Bocas del Toro Archipelago [92,93]. Pröhl and Ostrowski 

[43] showed that individuals from Solarte spend more time foraging and expose 

themselves more while calling, compared to a less conspicuous colour morph from 

another population. This population also exhibits high levels of aggressiveness and 

exploration behaviour [45,46]. This may suggest that frogs from Solarte are bolder, 

more aggressive and highly explorative. However, neither of these studies tested 

repeatability, thus whether aposematism or conspicuousness reflect personality in O. 

pumilio is unknown. Certainly, our results highlight that individual from Isla Solarte 

exhibit a bold personality that can co-vary with exploration. This pattern fills a gap in 

our knowledge about personality in poison frogs and, in combination with result from 

other studies, provides insights into the possible role of phenotypic colour divergence 

in animal personality. Given strong sexual selection, anti-predator strategy and 

parental care behaviour in O. pumilio [46,88,94,95], the species represents an ideal 

model to investigate these behaviours within the framework of animal personality and 

behavioural syndromes. 
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2.7. Supplementary material  
 

 

 

 

Figure S2.1. Location of the terraria in the STRI Bocas del Toro station. The orange arrow 

shows the line with the terraria use for the studies presented in this thesis. The white terraria 

were used for another study not related to the thesis project.  
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Figure S2.2. Diagram of the experimental procedure. The sequence of experiments in this 

study was always the same: first the exploration test, then 24 hrs later the boldness test. I used 

20 to 24 individuals during a test day. Always the same number of individuals per sex. I tested 

two frogs simultaneously in every trial (10-12 trials per each test day). To reach the total sample 

size per each sex (N = 80), I divided the experiments in blocks, e. g: the first 20-24 frogs were 

considered as block 1 and so on. A 4-days interval between test repetitions, allowed me to run 

another 20-24 frogs (Block 2). I repeated the same procedure until each block of frogs had four 

repetitions of the same behavioural test.  

 

Figure S2.3. Example of the configuration of the circular arena during an exploration test. Two 

arenas, a circular and a quadrant arena, were used simultaneously in every trial, so the 

quadrant arena has the same configuration with similar objects. Imaginary squares of 6 cm2 

were constructed using ANY-maze video tracking software. The number of squares entered 

was counted as an exploration measurement. 
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Figure S2.4. Example of the configuration of the quadrant arena during a Boldness test. 

Two arenas, a circular and a quadrant arena, were used simultaneously in every trial, so 

the circular arena has the same configuration with similar objects. A) It is the refuge box. 

Frogs were placed inside during five minutes. The latency to time to emerge from this 

shelter was taken as a boldness measurement. 
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Figure S2.5. Estimation of the optimal number of test repetitions. The plot shows the 

Confidence Interval (CI) as a function of number of measurements per individual (k); for a fixed 

sampling effort of 120, 140 or 480 individuals and assuming an intraclass correlation coefficient 

(ICC) of 0.30. The smallest CI is obtained with around four repeated measurements per 

individual.    
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Fighting interactions are common among animals when competing for 

resources. The outcome of most disputes is influenced by the individual fighting ability, 

or the resource holding potential (RHP). Recently, it has been reported that bold 

personality may contribute to RHP during fights and that the performance during a 

combat can subsequently affect individual personality. Here, we investigated the 

association between boldness and fighting performance in males of a red colour morph 

population of Oophaga pumilio. We measured boldness three times before and after a 

dyadic contest and evaluated fighting performance in terms of aggressive intensity and 

combat outcome. We measured individual boldness as the latency to move and forage 

after a simulated predator attack. We found that neither boldness nor individual body 

condition predicted male’s performance during a combat. We also found that fighting 

performance of an individual did not influence its post-fight boldness mean level or 

boldness repeatability. Additionally, we observed that individuals show generally bold 

behaviour after the predator attack simulation before and after the fight, suggesting a 

habituation to this test. Overall, our findings suggest that boldness and fighting 

performance during a combat are unrelated. Other factors may be linked with the 

fighting performance of males in this population.  
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3.1. Introduction  

 

Animals may engage in fights while competing for resources such as territories, 

mates, social status, or food [1]. Fights are energetically costly activities that may 

involve injuries or even death to the contenders [2–4]. Therefore, selection may favour 

individuals that can make decisions whether to fight or not based on information 

gathering from themselves or the opponent [5,6]. The success in a combat is normally 

influenced by the difference in fighting abilities between opponents. Fighting ability is 

often referred to as resource holding potential (RHP) [5], and it is related to intrinsic 

traits such as body size, weapons, energetic state, endurance capacity, among others 

[3,7,8]. There are extrinsic factors that can also influence the fighting performance, 

such as resource ownership [7,9,10] or the value of the resource to each rival [6,8,11]. 

Animal personality refers to the consistency of among-individual differences in 

behaviour [12]. Recently, it has been shown that personality traits play a role on fighting 

performance; especially aggression and boldness (tendency to take risks, [12]) can 

contribute to RHP [13,14]. Some studies have also shown that high exploration or 

activity levels can predict the fighting performance during combats [15,16]. Boldness 

and aggression are traits that are related to resource acquisition and to maintain 

dominance through intraspecific competition [17,18]. For example, in rainbowfish 

(Melanotaenia duboulayi) dominant individuals tend to be more aggressive and bolder 

than subordinates [17]. Similar results have been found in crickets Teleogryllus 

oceanicus where dominance status is related to high level of boldness and 

aggressiveness [19]. In general, aggressiveness is a good predictor of fighting 

performance or victory [13,14,20] and there are evidence that the same holds for 

boldness [21–23]. For instance, during dyadic combats, consistent bolder individuals 

display more aggressive behaviour and are more likely to win combats [21,22,24]. 

Nevertheless, boldness is not always an advantage [15,23]. For example, in the 

Speckled wood butterflies, Pararge aegeria, boldness does not influence the 

probability of winning, while in sea anemone Actinia equina boldness does not predict 

winning subsequent combats [24]. 

Although personality implies that consistent behavioural differences are 

preserved over time, theoretical and empirical evidence suggest that personality and 

individual plasticity are also linked [25,26]; so that, personality traits can change based 

on differences in individual state [25,27,28]. Fighting encounters can cause changes 
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not only in the physiological state of the individuals [3,29], but also in their personality 

[13]. For instance, in hermit crabs and sea anemones, losers show reduction in their 

boldness level after a combat [21–23]. Although in Speckled wood butterflies (P. 

aegeria), males that lose a combat increase their post-fight boldness maybe due to a 

desperado effect [15]. In the long term, boldness may also decrease in individuals that 

display high aggressive performance during agonistic encounters, especially when the 

combat result in injuries [24]. Therefore, individuals may adjust their boldness 

personality as a consequence of fighting success or intensity [9]. Knowing the 

circumstances that may drive plasticity in any behavioural trait such as boldness, is 

fundamental to understand the ecology and evolution of animal personality. 

In dendrobatid frogs, individuals exhibit complex life histories including parental 

care or female-mediated sexual selection [30]. Yet, the evidence of personality is 

largely unknow in this group of frogs. In poison frogs, male-male interactions occur 

frequently when disputing for mates or defending territories [31,32]. In these frogs, 

fighting performance is linked to phenotypic characters such as body size [33] or 

colouration brightness [34–36]. Additional, extrinsic factors like residency status may 

also predict male success during fights [37,38]. However, the relationship between 

personality and fighting performance in frogs remains unknown.  

Here, we studied how bold personality affects the fighting performance in males 

of the strawberry poison frog, Oophaga pumilio, and whether boldness shows plasticity 

after a combat. Recently, we provided evidence of behavioural consistency in boldness 

and exploration and a boldness–exploration behavioural syndrome in this species 

(Cossio et al, in review). Nonetheless, it is unknown if boldness personality predicts 

fighting performance in poison frogs. Therefore, we hypothesised that boldness 

predicts fighting performance, and that combat outcome will subsequently affect 

boldness. We measured fighting performance in terms of aggressive intensity during 

the fight and the outcome of the combat, and boldness before and after the fight. Thus, 

we expected 1) that bolder individuals show better fighting performance and 2) 

boldness changes depending on fighting performance. 
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3.2. Materials and Methods 

 

3.2.1. Subjects and housing  

 

We collected 94 males of a red morph population in Bastimentos Island, Bocas 

del Toro, on four collection trips from February to April 2020 and kept them at the Bocas 

del Toro Field Station of the Smithsonian Tropical Research Institute, Panama. We 

placed each frog individually in outdoor terraria (37 cm × 22 cm × 19 cm) and offered 

a diet of fruit flies and springtails dusted with calcium and multi-vitamin powders. We 

provided fresh water daily and food during the first three days after collecting. Then, 

we fed them during each boldness tests to encourage their foraging behaviour (see 

boldness test). We measured the snout-vent length (SVL, to the nearest to 0.1 mm) 

and body mass (to the nearest 0.01g) of every frog before the beginning of the 

experiments. 

 

3.2.2. General procedures 

 

The experiments began three days after frog collection to allow the acclimation 

of individuals to their home cage conditions. Experiments took place in a laboratory 

(temperature range: 24 – 27 °C, relative humidity range: 80 – 92%) under constant 

light conditions. We conducted the tests between 0730 and 1400 hours. We conducted 

all boldness tests in the same home cage of the animals. The contest experiments 

were conducted in a neutral cage. This neutral cage had the same dimensions and 

similar environment as the home cage. We recorded behaviours from all tests with a 

video camera mounted above the cages. We used ANY-maze video tracking software 

(Version 4.99; Stoelting Company, Wood Dale, IL, USA) to register the behavioural 

measurements.   

 

3.2.3. Ethical note 

 

Individuals were released back to the collection site after all experiments were 

finished. All procedures were approved under the Smithsonian Tropical Research 

Institute Institutional Animal Care and Use Committee (IACUC protocol number: 2020-

0211-2023) and the research permit SE/A-56-19 of the Ministerio de Ambiente de 

Panama. 
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3.2.4. Boldness test 

 
To quantify boldness, we used the willingness of the frog to forage and to move 

after a predator simulation. We followed a similar approach as Kelleher et al [43] with 

modifications. Despite their toxicity and warning coloration [44], predation on O. pumilio 

have been reported elsewhere (birds [45], spiders [46], snakes [47], ants [48]). 

Therefore, we used a plastic life-sized black bird as a model avian predator. We 

attached the bird on a torque robot servomotor (Longruner, China) to make it move 

forward and backward to simulate an attack (Fig. 3.1). We then regulated the speed of 

the servomotor with a microcontroller Arduino Nano V3.0 to perform bird’s strikes at a 

constant speed of 10 cm/s. The entire model was fixed on a wood platform (12 cm x 

19 cm).    

 

 

                      

Figure 3.1. Lateral view of the boldness test with the home container and the bird model using 

during the test. 

 

We measured boldness three times for each individual before the contest 

experiment (prefight boldness), one test per day for three days. We repeated the same 

process 24 hrs after the contest experiment to measure postfight boldness (Fig. 3.2). 

In every test, we transported each frog in its home cage from the housing shelf into the 

laboratory and placed the cage at 10 cm from the model. A transparent acrylic plastic 

covered the cage to prevent the frogs from escaping. We added approximately 20 
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Drosophila melanogaster fruit flies powered with multi-vitamin supplement in the 

middle of its home cage and allowed them to forage for 30 s. We placed a piece of 

Papaya fruit in a plastic recipient in the middle of the cage to attract the fruit flies. After 

the 30 s foraging period, we started a series of predator attack simulations. The bird 

model struck approximately 19 cm above the middle of the cage. We performed six 

simulated attacks at a rate of one strike every 5 s [43]. After the last simulation, the 

bird model returned to its upright position at approximately 40 cm from the base of the 

home cage and we left it in this position until the end of the trial (Fig. 3.1). During these 

simulations, frogs usually hopped away, hid or freeze momentarily. Following the 

simulated attacks, we registered the frog behaviour for 15 minutes. For each male, we 

registered two variables during the 15-min period as indicators of boldness: a) latency 

time to move, defined as a full body movement after the simulated attacks; and b) 

latency time to forage, defined as the time the frog reassumed eating after the attacks. 

Therefore, lower values indicate bolder behaviour. After each test, we returned the frog 

in its home cage to the location on the housing shelf. 

 

 

 

 

 

 

3.2.5. Contest experiment  

 

Twenty-four hours after the last prefight boldness test, we paired two size-

matched males for each encounter. Contest trials took place in a cage unfamiliar to 

both contenders (hereafter, contest cage) to avoid a prior residence effect exhibited in 

Figure 3.2. Overview of the experimental procedure. I measured boldness response three 

times before (prefight boldness) and after (postfight boldness) the contest experiment. Each 

number and arrows represent one test day, and there was 24 hrs interval between every test. 

The whole procedure lasted seven days  
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red populations in this species, in which resident males constantly dominate intruders 

[34,37]. This contest cage contained water containers, leaf litter and soil similar to 

those on the home cage of each frog. In each trial, we transferred the frogs from their 

home terrariums and placed them next to each other in the centre of the cage but 

isolated under transparent plastic cups for five minutes. Afterwards we lifted the cups, 

covered the cage with transparent acrylic, and allowed the males to interact freely for 

15 min. We identified each male during this experiment using their unique dorsal 

pattern. Watching the video recordings and experiment notes, we scored 12 agonistic 

behaviours (Table 3.1) previously described for O. pumilio [34,37,49].  

We ranked each behaviour following Baugh & Forester [37] and Galeano & 

Harms [34]. Thus, behaviours showed values from -1 to 4, where positive values were 

assigned to aggressive behaviours while negative values were assigned to submissive 

behaviours (Baugh & Forester, 1994). With these values, we calculated an aggressive 

intensity score adapted from Bertram, et al. (2010) using the following equation: 

 

Aggressive intensity = Σ (Behaviour value x Time behaviour was performed (s)) 

                                                                            900 s 

 

We registered the aggressive score separately for each male. We used the total 

time in seconds when each behaviour was performed as it provides more information 

about the intensity of the fight [50,51]. We also calculated a contest outcome score 

based on the difference of aggressive score between contenders [34]. Higher positive 

contest values represent dominance during contest, while negative values represent 

the opposite. Therefore, the aggressive score provides information about the 

aggressiveness display by each individual and the contest outcome the level of 

dominance during the combat. 
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Table 3.1. Description of the behaviours registered during fight experiments. Behaviours are described following Baugh & Forester [37] and Hödl 

& Amézquita [45]. Rank values were assigned based on Baugh & Forester [37] and Galeano & Harms [34] 

 

 

 

 

 

 

Behaviour Description Rank  

Call  Vocalization toward his opponent  1 

Pushups  Elevate and lower the body using the forelimbs 1 

Body raising Use the four leg to elevate its whole body 1 

Limb shaking  Rapid movement of the limbs 1 

Tracking Orientation of the body toward the opponent while static or moving forward 1 

Charge and veer Run towards the opponent but moving away without physical contact 2 

Charge and contact Run towards the opponent and initiate physical contact 3 

Pinning  Press the opponent to the ground by sitting on him 3 

Chase Pursuing one frog while the opponent retreat 4 

Escape In response to aggression, one frog moves away -1 

Statue In response to aggression, the submissive frog freeze  -1 

Body lowering Lowering the body against the ground  -1 
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3.2.6. Statistical analysis 
 

We estimated a body condition index for each individual from the residual of a 

linear regression between body mass and the SVL to obtain a value for morphological 

measurements [52]. Prior to analyses, we then run a Spearman correlation to assess 

association between the two latencies variables and we found a significant positive 

correlation (rho = 0.70, p < 0.0001). We thus elected latency to move as the boldness 

score variable for the rest of the analyses.  

We estimated repeatability of boldness using rptR package for R [53]. We 

applied a log transformation on latency to move to improve normality fit and 

subsequently fitted a model based on Gaussian distribution, with body condition as 

fixed factor and the individual ID as random effect using the lmer function [54]. We 

used 1000 parametric bootstrapping to obtain 95% confidence intervals (CIs) and 

likelihood ratio test to obtain statistical significance [53]. We analysed repeatability 

separately into two boldness sets: prefight and postfight. For postfight repeatability, we 

used aggressive score, contest outcome and body condition as fixed factors and the 

individual ID as random effect. 

We fitted separate generalised linear mixed models (GLMM) to test the effect of 

latency to move before the contest (prefight boldness) and body condition on 

aggressive score and contest outcome using glmmTMB package [55]. We used a 

model with binomial error distribution to analyse contest outcome and Gaussian 

distribution for aggressive score. We used the average of latency to move during 

prefight and postfight for these analyses. We included latency to move and body 

condition as fixed factors and combat ID as random effect to assess how prefight 

boldness influences the aggressive score or contest outcome. The combat ID random 

effect allows us to consider the multiple measures taken from the two contenders in 

the same combat. We verified the absence of over-dispersion in all models using the 

DHARMa package [56]. As the model for contest outcome showed overdispersion, we 

fitted the model with beta-binomial error distribution [57].  

To determine whether aggressive score or contest outcome induced any 

postfight changes in mean level of latency to move, we used GLMM with postfight 

latency to move as response variable and aggressive score and contest outcome as 

fixed factors. We included combat ID as random effect factor. Before analysis, we 

performed log-transformation on the postfight latency to move to improve data 
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distribution. Behavioural data are expressed as mean ± standard error (SE), and 

values of p < 0.05 were considered statistically significant. We also tested whether 

prefight and postfight boldness measurements of a given individual differed using a 

Wilcoxon rank sum test. We performed all the analyses using the R environment for 

statistical computing v. 4.0.4 [58]. 

 

3.3. Results 
 

3.3.1. Effect of boldness on aggression intensity and combat outcome 

 

Descriptive values of the sampled individuals are described in Table 3.2. We 

found no effect of average latency to move (Wald X2
1 = 1.64, p = 0.20) or body 

condition (Wald X2
1= 0.23, p = 0.63) on aggression level during the combat. Similarly, 

we found no effect of latency to move on the combat outcome (Wald X2
1 = 0.93, p = 

0.34, Fig. 3.3) and a non-significant trend of body condition on the outcome of the 

combat (Wald X2
1 = 2.88, p = 0.09). 

 

 

Table 3.2. Summary of the two variables used in this study, latency to move and latency to 

forage, before and after the contest. Values are expressed as mean ± SD (range) of individuals 

across the three trials during prefight and postfight. 

 

 

 

3.3.2. Effect of aggression intensity and combat outcome on boldness 

 

We found no effect of aggressive score (Wald X2
1 = 0.49, p = 0.48) nor outcome 

on postfight boldness (Wald X2
1 = 0.13, p = 0.72), which suggests that boldness does 

not change depending on the combat outcome. Before the contest, individuals showed 

significant but low repeatability in the latency to move (R = 0.16 ± 0.07, CI = 0.02 – 

Variables  Prefight Posfight 

Latency to move (s) 
78.3 ± 125.5 

(1 – 824.0) 

50.9 ± 90.4 

(1 – 842.8) 

Latency to forage (s) 
160.8 ± 209.1 

(2 – 895.0) 

119.0 ± 160.4 

(1 – 862.0) 
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0.28, p = 0.01). After the contest, the repeatability was non-significant (R = 0.11 ± 0.06, 

CI = 0 – 0.24, p = 0.06). We also found that the latency to move during prefight period 

was significantly higher than postfight (W = 2468.5, p = 0.01, effect size = 0.27; Fig. 

3.4). This indicate that individuals reassume their movements faster during the 

postfight period.  

 

 

 

Figure 3.3. Differences in latency to move during prefight period between winner and loser 

individuals. Lower and upper ends of the boxplots represent the 1st and 3rd quartiles. The bold 

line within each boxplot is the median. The error bars represent the data range. Dots 

represents mean values of each individual. 

 

  



65 
 

 

 

 

Figure 3.4. Differences in latency to move during prefight and postfight. Lower and upper ends 

of the boxplots represent the 1st and 3rd quartiles. The bold line within each boxplot is the 

median. The error bars represent the data range. Dots represents mean values of each 

individual. * p < 0.05. 

 

3.4. Discussion 
 

We investigated the association between boldness and fighting performance in 

a population of O. pumilio. We demonstrated that under our experimental approach 

the boldness variable shows low repeatability. Our findings also showed that neither 

boldness level nor body condition predicted male fighting performance in a size-

matched fight. Furthermore, we found that the aggressive displayed, or the outcome 

of the combat did not affect postfight boldness.  

In contrast to our prediction, prefight boldness was not an indicator of male 

aggressive performance nor the outcome of the combat. Our results are contrary to 

other studies which showed that aggressive individuals are also bolder [17,22,59–61], 

and that boldness affected the fighting success of individuals [13]. In sea anemones 

* 
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(Aquina equina) and fiddler crabs (Uca mjoebergi), boldness predicted fighting success 

only in the first combat [22,24,60], but not in subsequent fights [24]. However, boldness 

has no influence on fighting performance in other species [15,23,61], suggesting that 

the influence of boldness in fighting success may be species-specific [13]. Although for 

other O. pumilio populations it has been suggested that high body condition in males 

may reflect fighting abilities [62], in our study body condition is not a good predictor of 

fighting performance in males. Previous studies in another aposematic population 

(Solarte Island) have found that dorsal brightness of O. pumilio males predicts level of 

aggression and likelihood to dominate in combats [36,41]. Males from Bastimentos 

also exhibit a bright dorsal coloration [63], therefore, this phenotypic trait may be a 

reliable indicator of fighting performance during agonistic encounters in this species 

instead of boldness [34,36]. Another factor that we have not measured but might 

influence fighting performance is the physiological state of individuals. Hormones and 

neuropeptides have long been tied to fighting performance and aggressiveness in 

animals [64,65]. In mangrove killifish (Kryptolebias marmoratus), individuals with 

higher pre-contest testosterone or 11-ketosterone levels were more aggressive in size-

matched combats, while those with higher pre-contest cortisol show lower aggression 

[29,61,66]. In amphibians, corticosterone and arginine vasotocin (AVT) play an 

important role in social behaviours such as social communication, reproduction and 

aggression [67,68]. For instance, AVT induces aggressive calls and physical 

aggressive behaviours in the Puerto Rico coqui frog, Eleutherodactylus coqui [69,70]. 

Therefore, it would not be surprising if the physiological state of O. pumilio males 

before or during the fight influenced their performance more than boldness. Besides, 

as the males used in this study were collected from the wild and are likely to have 

experienced fights before the experiments, any experience effect left over before 

collecting might likely have influenced male fighting performance. It has been shown 

that winning or losing experience influences subsequent fights and although the 

experience effects are often short-lived, this effect can vary in duration from 24 hours 

up to 10 days [71–73]. Further studies exploring the implication of hormones or 

neuropeptides, prior fighting experience or age on fighting performance in frogs will 

shed light to its role during agonistic encounters.  

The low levels of repeatability of boldness in our study suggest higher within-

individual variation relative to among-individual variation [74,75], which may indicate 

that individuals behave inconsistently across boldness tests. Our results agree with 
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those studies showing that under a predation context individuals exhibit low boldness 

repeatability [18,76,77]. Also, we observed reductions in the latency to move after the 

contest, indicating that individuals reassume their movement or foraging activity faster 

than during prefight period. Still, during both prefight and postfight periods, most 

individuals show relatively low mean level latencies to move. Overall, the lack of 

repeatability or reduction in latency to move (high level of boldness) may also suggest 

that males from this population likely habituate to the test or do not consider the 

predator stimulus as a threat. Therefore, a test validation under different context or 

environment is necessary to determine the appropriate assay to measure boldness in 

this species. Especially, it is important to note if this response is similar among other 

O. pumilio populations. Furthermore, we found that the aggressive intensity or the 

outcome of the combat does not affect postfight boldness index. This pattern is 

contrary to other studies where mean boldness or boldness repeatability was affected 

by the result of a fight, especially in loser individuals [15,21–23]. In the case of O. 

pumilio, the lack of effect of aggressive intensity on postfight boldness indicates an 

independence between fighting performance and boldness.  

Despite evidence of the association between boldness and fighting success in 

several animals (see [13,78] for review), in O. pumilio it seems to occur the opposite. 

Oophaga pumilio exhibits colour variation across the Bocas del Toro Archipelago 

where most frogs occur in isolated monomorphic populations on islands [79,80] and 

only a few in sympatric polymorphic populations [81–83]. Differences in behavioural 

traits such as aggression, antipredator strategy, foraging activity and exploration 

among populations in this species are linked to phenotypic colour divergences and 

aposematic signalling [34,35,84]. Individuals from Bastimentos Island are known to be 

aposematic and highly toxic [85,86]. The aposematic strategy enhances protection 

against predators through warning signals and may favour foraging and sexual 

activities [87,88]. In O. pumilio, aposematism and conspicuousness are positively 

associated with aggressive intensity and exposure behaviours [34,35,84,89]. 

Consequently, we suggest that an association between boldness and aggressive 

intensity during combats may not be detectable in individuals from Bastimentos as 

boldness behaviour may be intrinsic, perhaps as a consequence of the aposematism 

present in this population [35].  

It has been suggested that the absence of association between two personality 

traits would be related to the lack of selective pressure that may yield a functional 
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interaction between traits [90]. If the aposematic strategy in males from Bastimentos 

Island reduces predation risks, we would expect a released selective pressure on 

boldness behaviours, e.g., being exposed while foraging or courting. Nonetheless, 

whether aposematic signals of individuals predict their personality is unknown and 

further studies comparing aposematic and cryptic populations in O. pumilio are needed 

to test this hypothesis. 

In conclusion, we provide evidence that average boldness does not contribute 

to the fighting performance within males of the Bastimentos population. Likewise, 

under our experimental approach boldness repeatability is very low, which suggest that 

this assay may not be a good measure boldness. However, this response might be 

population-specific by O. pumilio. We suggest that future studies on personality in this 

species or another poison frogs should carefully consider tests in different 

environments to measure the targeted behavioural trait. 
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Chapter 4 – General Discussion 
 

In this thesis I provide evidence for the presence of personality in the strawberry 

poison frog Oophaga pumilio. Despite the diverse reproductive behaviours displayed 

by amphibians, surprisingly, few studies about personality have been carried out in 

adults [1]. Overall, the aim of this thesis was 1) to explore sex differences in personality 

and the presence of behavioural syndromes in O. pumilio and 2) to investigate the 

influence of boldness during male-male interactions. First, I found that there are no sex 

differences in explorative personality in individuals from a Panamanian population 

(Solarte Island), and despite boldness was highly repeatable in both sexes, males 

tended to be more consistent in their boldness behaviour. I also found a boldness-

exploration behavioural syndrome in males but not females. In the second study, I 

found that boldness does not influence aggressiveness or fighting outcomes during 

animal conflict in males from another population (Bastimentos Island). An important 

aspect of this thesis is that I used two aposematic populations of O. pumilio (Solarte 

and Bastimentos Island). Previous studies have shown that frogs from these two 

populations display similar behavioural traits including aggressiveness or exploration 

[2,3] compared to more cryptic populations. Therefore, these findings may be 

population-specific since behaviours such as foraging, activity, aggressive and 

exploratory behaviour vary among O. pumilio populations [2–5]. In general, our results 

show the suitability of poison frogs for studying and understanding animal personality 

in amphibians.  

To determine whether an individual from a certain species exhibits a personality 

trait it requires consistency (repeatability) of the behaviour under study across time or 

context. I first explored the presence of personality in males and females from Solarte 

across time. We found low to high consistency in exploration and boldness, 

respectively. This suggest that both males and females have high level of between-

individual differences in boldness personality, which may indicate this population 

displays a bold personality. On the other hand, the repeatability of exploration was low 

suggesting high within-individual variation and behavioural flexibility in exploration. 

However, it is important to highlight that these results were achieved under laboratory 

conditions using wild-caught individuals. Currently, there are no explicit studies on 

among-individual behavioural consistency (personality) in poison frogs to compare 
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with. Nonetheless, some behaviours described elsewhere for this population may help 

to understand the findings found in this thesis. Some studies have suggested that 

individuals from Solarte may exhibit bold behaviour mainly because males under those 

studies tend to be more exposed, aggressive, active and explorative when compared 

to other populations of O. pumilio [3,4,6]. In many taxa, bolder individuals tend to be 

more aggressive, active or explorative (fish [7,8], birds [9], reptiles [10]). Individuals 

that exhibit such type of behavioural phenotype are considered proactive [11,12]. Thus, 

the findings from chapter 2 support the literature that emphasizes that individuals from 

this population behave boldly in general. Remarkably, the exploratory behaviour 

seems to be more plastic, where only in males, bolder individuals are more explorative. 

Rudh et al [2] measured exploration in males from Solarte in the field using a similar 

methodology as I did. In fact, I adjusted their methodology in the field to my research 

in the laboratory and measured number of squares entered as a proxy of exploration. 

While Rudh et al [2] found an average exploration of 38.7 ± 3.2 (N = 14) in males from 

Solarte, I found an average exploration value of 16.3 ± 11.4 (N = 80). Variations 

between both studies might be linked to differences in sample size and configuration 

of the arenas used in both studies. I used a larger arena (60 cm diameter, 6 cm2 each 

square) with objects and shelter inside, whereas Rudh et al [2] used a smaller arena 

(36 cm diameter, 10 cm2 each square) without objects and shelter forcing the frogs to 

explore. My experimental approach provided a non-forced environment so that 

individuals could explore freely or hide in one of the shelters; thus, reducing as much 

as possible any anxiety stress caused by the experimental conditions.  

Differences in personality need to be also tested across context. I tested 

boldness under a predation context using a bird as a predator stimulus. Besides, I 

explored the relationship of boldness behaviour with fighting performance. I chose 

males from the Bastimentos population, which alongside with the males from the 

Solarte population, are also aggressive and exhibit a bold phenotype compared to 

other populations of O. pumilio in Bocas del Toro Archipelago [3,5]. Oophaga pumilio 

males compete with other males frequently to gain access to resources such as 

territories or mates. This male-male interaction occasionally ended up in physical 

combats [13–16]. Studies have shown the outcome in a contest can have potential 

influence on male personality depending on the combat outcome [17,18]. Therefore, I 

tested whether boldness influences fighting performance and whether the fighting 

performance subsequently influences boldness. The results of this experiment showed 
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that boldness consistency was very low under this approach, suggesting a high within-

individual variation in boldness. Additional, boldness did not influence the aggressive 

intensity or contest outcome, and these had no influence on boldness. The first 

question that raised from the experiment in chapter 3 was whether this assay is a good 

method to measure boldness in this species. The procedures used to test boldness in 

response to a predator vary among studies [19,20]. Researchers did not only use 

different stimuli from plastic models of a predator to real predators but also tested the 

animals in either a familiar or novel environment [21–25]. In this type of test latency to 

move is a common variable used for measuring boldness differences between 

individuals [21–25], where a short latency is assumed to reflect a bold behaviour, a 

willingness to take risk [26]. Using a similar set up like the one used in chapter 3, 

Kelleher et al [24] measured latency to move and latency to forage after a simulation 

of a bird predator attack. They found low repeatability in latency to move (0.23 ± 0.14, 

p = 0.03, N = 24) and moderate repeatability for latency to forage (0.32 ± 0.13, p = 

0.006, N = 24). In contrast, I found low repeatability in the same variables before the 

combat (see Table 3, Chapter 2). Similar to my study, Koenig and Ousterhout [27] did 

not find consistency in boldness (measured as latency to move) under a predation-risk 

context in juveniles of the spotted salamanders (Ambystoma maculatum). It can be 

argued that individual differences in boldness in the presence of a threat stimulus can 

vary among species. 

The differences in boldness consistency between the study in chapter 2 using 

the emergence test and the one in chapter 3 also suggests that boldness might be 

consistent within one context but not necessarily in another (e. g. boldness in a novel 

environment in the study in chapter 2 and boldness in a familiar environment with a 

predator stimulus in chapter 3). The exposure to a predator may produce variation in 

boldness. For example, the presence of a predator altered the foraging activity in newts 

(Lissotriton helveticus) [28]. Niemelä et al [23] found in crickets (G. integer) that the 

exposure to a real predator increases within-individual variance, reducing behavioural 

consistency in boldness behaviour (measured as the latency to become active). Similar 

results have been found in crayfish, Astacus astacus, where exposure to predator 

odour caused low repeatability [29]. In some cases, low repeatability can be an effect 

of habituation to the test [30]. In my study, males under a predation risk show reduction 

in latency to move (high boldness) across the whole experiment which may indicate 
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habituation to the test and that individuals did not encounter the bird model as a real 

threat.  

Taking together, the results from this thesis highlight the importance to validate 

different assays to measure not only boldness but other personality traits in this 

species. Test validation is a crucial issue in animal personality when measuring the 

behaviour of interest [19,31]. For instance, I could have concluded that the emergence 

test (from the study presented in chapter 2) is more accurate to measure boldness in 

O. pumilio. However, that is not always the case. Despite the emergence test being 

the most commonly test used for measuring boldness personality [19,31,32] other 

studies have found mixed results using this test [19,31]. For example, Beckmann & 

Biro [26] found differences in boldness response in two species of damselfish 

(Pomacentrus wardi; P. amboinensis) when using the emergence test in a novel or 

familiar environment. Differences in boldness response in the emergence test has 

been found to be linked to different arena design or due to population-specific or 

species-specific differences [33]. As the response to one test or another may be 

population-specific, it is essential to validate several assays to measure personality in 

O. pumilio. For example, comparing behavioural response in two different 

environments, e.g., novel vs familiar, or in the presence or absence of a threat. The 

latter assay is very important to be validated as the antipredator strategy alongside 

sexual selection is a key component for the evolution of aposematism and colour 

divergence in this species [4,6,34,35]. Furthermore, as behaviour can vary as an 

influence of visual conspicuous or cryptic colouration in this species [2,4], it is 

necessary to perform comparative studies among O. pumilio populations. 

The results presented in this thesis are based on experiments under laboratory 

conditions. Consequently, even when I can compare my results using information from 

previous studies on O. pumilio that investigated behavioural traits in the field, I should 

be conservative and not assume that the same personality types are expressed in the 

wild. In fact, some behaviours measured in artificial environments in the laboratory 

failed to reflect consistent differences between individuals under the natural conditions 

in the field [20,36]. Besides test validation, further studies are needed to compare 

behavioural response under natural and laboratory conditions to determine whether 

the personality of an individual in the laboratory predicts its personality in the wild or 

vice versa. Perhaps by using the same individuals in the field and under standardised 

experiments in the laboratory.  
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The findings of this thesis fill a gap in the literature by describing differences in 

behavior between sexes and studying plasticity in personality in a poison frog. 

However, more information is needed to understand the personality of this species. 

For instance, the mechanisms promoting the boldness-exploration behavioural 

syndrome found in this study and its ecological and evolutionary implications. 

Furthermore, most of the divergence in behaviour among populations in this species 

may be related to the conspicuous or cryptic anti-predator strategy displayed by each 

population. Therefore, I emphasize the importance to investigate whether this pattern 

of divergence across populations may influence the evolution of personality in this 

species. Another important factor that needs to be considered in this species is the 

possible influence of individual personality on parental care. There are evidence 

suggesting that personality traits can influence parenting investment [37–40]. It would 

be interesting to know, for example, whether more explorative, active, or bolder 

females will travel farther distances to deposit their tadpoles compared to shyer 

females. Similarly, whether the personality traits are stable or plastic during the 

parenting or non-parenting periods. In general, personality studies can be a useful tool 

to understand the life history of poison frogs.  

To conclude, this thesis provides empirical evidence of personality under 

laboratory conditions in O. pumilio. It also demonstrates how the life history of the 

species may influence the personality at the level of sex. It also shows that the 

consistent individual differences in behaviour can be context-specific, or even, 

population-specific. Clearly, I cannot discuss the personality of the entire species, but 

only the two populations I studied. This species presents phenotypic divergences 

among population; therefore, to understand the personality of this species we need to 

investigate more populations. Also, I highlight the importance to validate assays under 

different context for a better understanding of the personality in this species. This study 

contributes with new insight to the understanding of the life history of this species, 

particularly rises questions of how the antipredator strategy or visual consciousness 

may influence the personality in this species. Overall, the information presented in this 

thesis will be useful not only for futures studies related to this topic in other amphibians, 

but to reveal shared principles with other vertebrates.    
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