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Summary

Carnivores include a wide variety of species that differ in social organization and brain-size,
but these two characteristics do not seem to be linked to each other. Additionally, previous
studies found no evidence of relationship between social organisation and cognitive abilities
in carnivores since solitary and social species exhibited similar cognitive performances.
Therefore, the social intelligence hypothesis, which assumes that the demand for sociality
influenced the increase in brain-size, was rejected to not explain the evolution of intelligence
fully in carnivores. Besides, carnivores exhibit a diversity of ecological adaptations, by
inhabiting a diverse type of habitat. Their challenging environment was assumed to have
boosted the evolution of intelligence within this taxon, which is supported by the cognitive
buffer hypothesis stating that larger brain size evolved in response to harsh environment.
However, despite the great diversity found among carnivores in terms of socio-ecological
characteristics, most studies on cognition focused on comparing species with similar habitat,
not allowing disentangling the primary factor driving the evolution of cognition. Investigating
the cognitive abilities of species that exhibit socio-ecological characteristics different to the
species that have been addressed previously could help elucidate the evolution of carnivore
cognition.

Therefore, in this thesis, | provide new comparative data by examining the cognitive
abilities of the narrow-striped mongooses (Mungotictis decemlineata), a Malagasy
carnivores species, which is group living and inhabits a dry tropical forest. The aim of this
thesis was to add data on the missing aspect of the existing studies on carnivores’ cognition
so far and to test M. decemlineata in a range of cognitive traits covering domain-general
cognition, social cognition, and physical cognition. An essential step in the investigation of
the evolution of intelligence consists of evaluating individual differences in cognitive abilities
and their underpinning proximate factors. For this, | investigated the factors underlying
individual differences in cognitive performances. | assessed individuals’ cognitive abilities in
a wild setting in an individually marked population of narrow-striped mongooses. The study
was conducted in Kirindy Forest, Western Madagascar. From 2014 to 2017, to test cognitive
abilities, | established a psychometric test battery whose tasks addressed cognitive traits
involved in behavioural flexibility, inhibitory control, innovation problem-solving, social

learning, and causal understanding. Additionally, to measure personality traits, | conducted



novel object tests assessing individuals’ neophobia. In total, | could test depending on the
experiment up to 33 narrow-striped mongooses. To maximise the possibility of testing the
individuals, only female narrow-striped mongooses were considered in this study. Since
female narrow-striped mongooses were tested in their home ranges in a group set-up, the
effect of social learning on cognitive performances was also examined.

| found that narrow-striped mongooses performed well in behavioural flexibility,
innovative problem solving, social learning, and causal understanding. Additionally,
inhibitory control promoted learning in narrow-striped mongooses. However, the effect of
neophobia on individual performances differed between cognitive tasks. Neophobia did not
covary with individuals’ performances during the behavioural flexibility experiments and
problem-solving tasks. Whereas, in the social learning task, less neophobic individuals were
better at solving the task. Possible explanation for the variability of the direction of the
relationship between personality traits and cognitive performance might be that there are
other related factors such as intrinsic factors underlying this relationship. Future studies
should take into consideration these proximate factors when examining the relationship
between personality traits and cognitive performance.

Individuals utilised social information in order to switch the previously learned
contingencies during the behavioural flexibility task. Additionally, the use of social
information facilitated learning in the social learning task, and the presence of skilled
individuals improved the learning of naive individuals. This reliance of female narrow-striped
mongooses on social learning appears to be related to the fact that they live in stable group
and synchronise their activity continuously.

In conclusion, M. decemlineata performed comparably in the addressed cognitive
domains not only to meerkats (Suricata suricatta), a closely related African carnivore taxon,
but also to other carnivore species, such as spotted hyenas (Crocuta crocuta), racoons
(Procyon lotor), and wolves (Canis lupus). Thus with this study, | contributed to the
investigation of cognition in carnivores by providing new comparative data. In the future,
research should consider more interspecific comparisons, and studies should analyse the in-
depth link between individuals’ cognitive abilities, natural behaviours, ecological and life-
history factors, as well as fitness in order to understand fully how intelligence in carnivores

evolved.



Zusammenfassung

Die Ordnung der Raubtiere (Carnivora) beinhaltet eine Vielzahl von Arten, die sich in ihrer
sozialen Organisation und GehirngroBe unterscheiden. GemaR der Social Intelligence
Hypothesis sind Arten, die in groReren Sozialverbanden leben, besonders intelligent und
haben im Laufe der Evolution ein grofReres Gehirn entwickelt. Bei den Raubtieren scheinen
diese Zusammenhange allerdings nicht zu bestehen. Bisherige Studien konnten keinen
Zusammenhang zwischen sozialer Organisation und kognitiven Fahigkeiten finden, da
solitdare und gruppenlebende Arten in kognitiven Experimenten gleich abschnitten, d.h. die
Social Intelligence Hypothesis kann die Evolution der Intelligenz der Raubtiere nicht erklaren.
Raubtiere verfiigen aullerdem (ber Vvielfiltige Okologische Adaptionen, da sie in
unterschiedlichen Arten von Habitaten vorkommen. Diese herausfordernden Lebensraume
sollen die Evolution der Intelligenz innerhalb des Taxas angetrieben haben, denn gemaR der
Cognitive Buffer Hypothesis entwickeln Arten im Laufe der Evolution ein groReres Gehirn als
Antwort auf anspruchsvolle Umweltbedingungen. Trotz dieser groBen Vielfalt der sozio-
Okologischen Eigenschaften der Raubtiere konzentrieren sich die meisten kognitiven Studien
darauf, Arten mit gleichen Habitaten zu vergleichen und kénnen daher den primaren Faktor,
der ihre kognitive Evolution antreibt, nicht bestimmen. Wenn wir jedoch die kognitiven
Fahigkeiten von Arten untersuchen die andere sozio-6kologischen Eigenschaften haben als
die bisher untersuchten Arten, kann dies helfen die kognitive Evolution der Raubtiere zu
verstehen.

Mit meiner Doktorarbeit trage ich deshalb zu den bisherigen Studien iber Kognition
bei Raubtieren neue Vergleichsdaten bei, indem ich die kognitiven Fahigkeiten einer
madagassischen Raubtierart, dem Schmalstreifenmungo (Mungotictis decemlineata),
untersuche. M. decemlineata ist gruppenlebend und kommt in trockenen, tropischen
Wildern vor. Das Ziel meiner Arbeit war es, M. decemlineata in verschiedenen kognitiven
Fahigkeiten zu testen, welche die Bereiche domaingenerelle, soziale und physikalische
Kognition abdecken. Ein wichtiger Schritt bei der Erforschung der Evolution der Intelligenz
besteht darin, individuelle Unterschiede in kognitiven Fahigkeiten und die proximaten
Ursachen, die diesen Unterschieden zugrunde liegen, zu untersuchen. Daher, habe ich
mogliche Faktoren untersucht, die individuelle Unterschiede in den kognitiven Fahigkeiten

verursachen konnten.



Die Studie wurde in Kirindy Forest, im westlichen Madagaskar von 2014 bis 2017
durchgefiihrt. Es wurden wildlebende, individuell markierte Schmalstreifenmungos direkt in
ihren Streifgebieten im Freiland in ihren kognitiven Fahigkeiten getestet. Daflir habe ich eine
psychometrische Testbatterie etabliert, deren Tests Verhaltensflexibilitdt, inhibitorische
Kontrolle, innovatives Problemldsen, soziales Lernen und kausales Verstdndnis umfassen.
Des Weiteren habe ich einen Novel Object Test durchgefiihrt, um die Neophobie der Tiere zu
testen. Alles in allem konnte ich je nach Kognitionstest bis zu 33 Schmalstreifenmungos
testen. Nur weibliche Schmalstreifenmungos wurden getestet, um die Testmoglichkeiten in
den natirlichen Streifgebieten zu erhohen. Da die Weibchen in ihren Gruppen getestet
wurden, habe ich auch den Effekt von sozialem Lernen auf die kognitive Performanz der
Tiere in den Experimenten untersucht.

Meine Ergebnisse zeigen, dass Schmalstreifenmungos gute Fahigkeiten in
Verhaltensflexibilitat, innovatives Problemldsen, soziales Lernen und kausales Verstiandnis
haben. Inhibitorische Kontrolle erleichterte das Lernen der Individuen. Wie sich Neophobia
auf das Abschneiden der Tiere in den kognitiven Tests auswirkte war jedoch vom kognitiven
Test abhdngig. Neophobie kovarierte nicht mit der Perfomance im Verhaltensflexibilitatstest
und Problem Loésungen Experimente. Im Gegensatz dazu, waren weniger neophobe
Individuen besser im sozialen Lernen. Eine mogliche Erklarung hierfir ist, dass die Art der
Beziehung zwischen Personlichkeitsmerkmalen und kognitiver Leistung in den Tests sehr
variabel sein kann und von anderen, verwandten Faktoren wie z.B. intrinsischen Faktoren
abhangig sein kann. Zukinftige Studien sollten daher diese proximaten Faktoren
berlicksichtigen, wenn sie den Zusammenhang von Personlichkeitsmerkmalen und Kognition
untersuchen.

Die Individuen benutzten soziale Information um flexibel im
Verhaltensflexibilitatstest zu lernen. Auch beim sozialen Lernen nutzen die Tiere soziale
Information und die Anwesenheit von fahigen Tieren, die bereits im Test gelernt hatten,
erleichterte das Lernen flr unerfahrene Tiere. Der Gebrauch von sozialem Lernen bei den
weiblichen Schmalstreifenmungos scheint mit der Tatsache zusammenzuhdngen, dass sie in
stabilen sozialen Gruppen leben und ihre Aktivitdten synchronisiert haben.

Meine Arbeit zeigt, dass M. decemlineata in den getesteten kognitiven Fahigkeiten
nicht nur vergleichbar mit den Erdmannchen (Suricata suricatta), einer nahverwandten

afrikanischen Raubtierart, sondern auch vergleichbar mit anderen Raubtierarten wie
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Tupfelhyanen (Crocuta crocuta), Waschbaren (Procyon lotor) und Wolfen (Canis lupus)
abschneidet. Daher unterstitzen die Ergebnisse dieser Doktorarbeit tragen zur Erforschung
der Kognition bei Raubtieren bei, indem ich neue Vergleichsdaten bereitstelle. Zukiinftige
Studien sollten sich auf interspezifische Vergleiche konzentrieren und im Detail die
Verbindung zwischen kognitiven Fahigkeiten, Verhalten, ©kologischen und life history
Faktoren sowie Fitness untersuchen, um letztendlich die Evolution der Intelligenz der

Raubtiere vollstandig verstehen zu kdnnen.



Chapter 1: GENERAL INTRODUCTION

How cognition evolved is one of the main questions of behavioural ecologists and thus, in
the last decade many studies have been performed to shed a light on. One primary step to
understand the evolution of cognition is to examine individual differences in cognitive
performances within a population. This attempt allows understanding the mechanisms
underlying cognitive abilities, how cognitive abilities are shaped by the socio-ecological traits
of species and shape functional behaviours, and how they relate to fitness (Thornton et al.
2014; Rowe and Healy 2014; Boogert et al. 2018). Additionally, within species, individuals are
known to differ considerably in their cognitive abilities due to influences of cognitive or non-
cognitive factors, pointing out how selection might act on cognitive traits (Rowe and Healy
2014; Boogert et al. 2018).

Another step that can be performed to comprehend the evolution of cognition is to
examine cognition across a diverse range of taxa, which enables researchers to carry out
comparative studies (Plotnik and Clayton 2015). For instance, most studies investigated
cognitive abilities across a range of cognitive domains in primate and bird taxa (for example:
Auersperg et al., 2014; Beran and Hopkins, 2018; Bugnyar, 2013; Griffin et al., 2014;
MaclLean et al., 2014; Schmitt et al., 2012), while in the carnivore taxa only some species
were examined in few cognitive domains (e.g., Daniels et al., 2019; Johnson-Ulrich et al.,
2018; Thornton and Samson, 2012). Likewise, in reptiles, cognitive studies have only
emerged recently (e.g., Noble et al. 2012; Damas-Moreira et al. 2018). In order to investigate
a range of cognitive domains, the establishment of psychometric test battery is a powerful
tool to assess individual differences in cognitive abilities (Thornton et al. 2014; Shaw and
Schmelz 2017). A psychometric test battery is a systematic approach to examine cognitive
traits belonging to the physical and social domains relevant to the socioecological
characteristics of a given species (Herrmann et al. 2010; Schmitt et al. 2012; Krasheninnikova
et al. 2019), but also cognitive traits addressed in experimental psychology, for example in
the domain-general cognitive abilities (Isden et al. 2013; Morand-Ferron et al. 2016).
Besides, examining the influences of confounding variables such as individual characteristics
on cognitive performances enables one to thoroughly understand the causes of individual
differences and the structure of cognition, i.e. how different cognitive traits relate to each

other (Morand-Ferron et al. 2016; Volter et al. 2018). In addition to using psychometric test
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batteries, conducting cognitive experiments in a wild setting is put forward, as it allows
identifying cognitive traits that might be relevant to the ecology of the tested species
(Thornton et al. 2014). Therefore, the present study will contribute to this field of research
by conducting a psychometric test battery involving several cognitive tasks targeting
different aspect: such as examining cognitive traits belonging to the physical and social
domains and considering aspects such as performances in the domain-general cognition.
Moreover, factors driving individual differences in cognitive performances will be the main
focus of this dissertation.

The overall goal of this dissertation is to evaluate cognitive performances across
several cognitive domains or aspects of cognition in a carnivore group-living species and to
examine influences that might affect these cognitive performances. In the following sections,
| will start by describing the evolution of cognition and the necessity to examine individual
differences in cognitive abilities. Then, | will review what is known concerning cognition
among the carnivore taxon, and | will highlight why it is important to address this research in
carnivores. Next, | will discuss relevant cognitive domains for species that are related to their
socio-ecological traits. After, | will focus on the potential proximate factors that might
underpin individual differences in cognitive performances. After that, | will emphasize why
the narrow-striped mongoose (Mungotictis decemlineata), a carnivore species, is a
candidate model for addressing the primary goal of this research. Finally, | will present the

objectives and predictions, as well as the structure of my dissertation.

Evolution of cognition and individual differences in cognitive performances

Cognition is defined as the neuronal processes underlying perception, acquisition, retention,
and use of information (Shettleworth 2009). From an evolutionary perspective, cognitive
abilities have been shaped by non-social and social selective pressures, ultimately allowing
animals to better survive in their ecological niche and to maximize their fitness (Holekamp
2007; Dunbar and Shultz 2007). Consequently, depending on the selective pressures,
cognitive abilities fall into physical and social domains. In the physical domain, cognitive
skills refer to the physical understanding of the environment, and are underpinned by the
necessity of finding and acquiring food, and dealing with problem-solving, such as foraging
technique (Plotnik and Clayton 2015). While in the social domain, cognitive abilities evolved

under the pressure of social behaviours such as cooperation and competition (Byrne 1996).
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These cognitive abilities are involved in the perception and the understanding of the
relationship with conspecifics, as well as in learning from conspecifics (Tomasello 2000;
Plotnik and Clayton 2015; Wascher et al. 2018).

Over decades, cognitive abilities have been investigated mainly through studying
brain size (Deaner et al., 2007; Kotrschal et al., 2013; Pérez-Barberia et al., 2007; Street et
al., 2017). Indeed, larger brain size has been associated with superior cognitive abilities, as it
possesses higher computational power to process information (e.g., Kotrschal et al. 2013;
Buechel et al. 2018; Horschler et al. 2019). Ecologically, having a larger brain size has been
seen as advantageous in several aspects such as influencing behavioural responses (e.g., van
der Bijl et al. 2015), allowing to infer higher ability to colonise new environments in birds (Sol
et al. 2005; Fristoe et al. 2017), to increase survival (Kotrschal et al. 2015) and to reduce
extinction risks in carnivores (Abelson 2019). Several non-exclusive and complementary
hypotheses explaining the link between the evolution of cognition at the inter-specific level,
brain-size, and species’ socioecological characteristics have been suggested. First, the
“general intelligence hypothesis” suggests that species with larger brains have evolutionary
advantages by being cognitively more efficient than other species (Deaner et al., 2007). Next,
the “ecological intelligence hypothesis” states that cognitive demands in response to the
fluctuating environment, diet, distribution of high-value food, and the use of extractive
foraging, were the driving force in brain size evolution (Holekamp 2007; Rosati 2017). For
instance, food-hoarding species exhibit higher performance in spatial memory (e.g.,
Smulders et al., 2010). This assumption is also supported by the “foraging hypothesis,” which
states that species with sizeable dietary breath or generalists should rely on high cognitive
abilities due to their use of a variety of foraging techniques (Benson-Amram and Holekamp
2012; Vonk and Beran 2012; Vonk et al. 2012; MaclLean et al. 2014). Not dissimilar, the
“cognitive buffer hypothesis” suggests that enlarged brains confer advantages to individuals
by having higher behavioural flexibility or general intelligence, allowing coping with
environmental challenges (Sol 2009; Sol et al. 2016a). Additionally, the “social intelligence
hypothesis” (also called “social brain hypothesis”) suggests that individuals living in stable
groups developed greater intelligence in response to the cognitive demands that come along
with the constraints of group living, such as competition, cooperation, and coordination
among group members (Byrne 1996; Dunbar and Shultz 2007, 2017; Pérez-Barberia et al.

2007; Amici et al. 2008). Initially, more complex social groups were proposed to favour
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higher social intelligence compared to less complex social groups (Dunbar and Shultz 2007;
Johnson-Ulrich 2017). However, many comparative studies on various taxa have found
mixed findings on the social intelligence hypothesis, such as positive correlations between
relative brain size (or neocortex size) and group size in primates (MaclLean et al. 2013;
Dunbar and Shultz 2017), mating systems in bats (Pitnick et al. 2006), pair bonds in birds
(Fedorova et al. 2017), and monogamy in fish (Pollen et al. 2007). Moreover, the social
intelligence hypothesis is well supported in primates, as several studies showed that sociality
co-evolved with brain size (Reader et al. 2011; Seyfarth and Cheney 2015; Street et al. 2017).
However, in carnivores, for example, the social intelligence hypothesis failed to explain the
difference of performances found across carnivores, and instead, the cognitive buffer
hypothesis was suggested to best explain the evolution of intelligence in this taxa (Vonk
2016a; Holekamp and Benson-Amram 2017).

However, brain size is not always an available tool for estimating cognitive abilities,
especially considering comparative studies across taxa. Besides, cognitive processes are
challenging to observe in nature, therefore, the use of experimental tasks represents a
pivotal option to measure cognitive performance (Thornton et al. 2014; Rowe and Healy
2014). Another approach to investigate the evolution of cognition is to understand the
mechanisms underpinning variation in cognitive abilities at the individual level. Indeed,
studying cognitive abilities at the individual level is a crucial step permitting to quantify and
to evaluate relationships between factors and cognitive performances, and this relationship
might reflect how selection acts on cognitive abilities (Rowe and Healy 2014; Boogert et al.
2018). One approach advocated to comprehend the evolution of animals’ cognitive abilities
is the use of a psychometric test battery, which involves several experiments dealing with
different cognitive domains (Thornton et al. 2014; Shaw and Schmelz 2017). Also, assessing
cognitive abilities of animals in their natural habitat became more crucial in the last years
due to the ecological validity, which has associated opportunities to identify potential fitness
consequences of cognitive abilities (Isden et al. 2013; Thornton et al. 2014).

Conducting a psychometric test battery also allows identifying whether a single
general intelligence factor (“g” factor) underlies the variation in performances among the
individuals of a given species, which represents the structure of the measured cognitive
abilities (Shaw et al. 2015; Arden and Adams 2016). The “g” factor is commonly known from

cognitive studies in humans. It is linked to better life outcomes in humans, such as health
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status, life expectancy, and brain resilience (e.g., Deary et al. 2010). Due to this critical
relationship of the “g” factor with fitness proxies, it would be interesting to know whether
there is a structure of cognitive abilities underpinning cognitive abilities in non-human
animals. Many studies started to investigate the presence of the “g” factor in non-human
animals and demonstrated its presence in few taxa (mice: (Galsworthy et al. 2002);
chimpanzees: (Banerjee et al. 2009); dogs: (Arden and Adams 2016); birds: (Isden et al. 2013;
Shaw et al. 2015)). However, the presence of the “g” factor in non-human animals remains
much debated because of the methodologies used to assess the “g” factor (Burkart et al.

2016; van Horik et al. 2018). However, the “g” factor is not the main scope of this

dissertation and will be addressed preliminarily in further chapter.

Evolution of carnivores’ cognition

The explanation of the evolution of intelligence in carnivores is still disputed. Carnivores do
not show a clear-cut relationship between relative brain size and sociality (Dunbar and
Shultz 2007a; Pérez-Barberia et al. 2007; Finarelli and Flynn 2009), although they include
species that vary mainly in both, relative brain size and social organisation (Holekamp et al.
2007; Finarelli and Flynn 2009; Schneider and Kappeler 2014). Besides, in carnivores, the
direction of the relationship between sociality and cognitive performances is mixed. Indeed,
in a study comparing social cognitive performances between spotted hyenas (Crocuta
crocuta) and cercopithecine primates, performances in social cognition in these two taxa
were found to converge (Holekamp and Benson-Amram 2017). Spotted hyenas exhibited
similar social cognitive abilities to the cercopithecine primates, such as kin recognition and
cooperation, supporting the social brain hypothesis (Holekamp and Benson-Amram 2017).
However, when aspects of general intelligence cognition, that involves nonsocial cognition,
are considered, findings are mixed. For instance, carnivore species with larger brain size, but
solitary, demonstrated higher cognitive performances and were comparable to the
performances of apes in nonsocial discrimination task and categorisation task (e.g., Vonk
and Galvan, 2014; Vonk and Johnson-Ulrich, 2014). In a social discrimination task, though,
bears (Ursus americanus) failed to solve the task compared to chimpanzees (Pan
troglodytes) (Vonk and Johnson-Ulrich 2014).

Moreover, in a study comparing problem-solving performances in several species of

carnivores, brain-size relative to body size predicted success in solving the tasks and not
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sociality (Benson-Amram et al. 2016). On the contrary, in a study comparing performances of
social carnivores with solitary carnivores in a problem-solving task, social species were better
problem solvers than the solitary ones (Borrego and Gaines 2016). Indeed, social species
[lions (Panthera leo) and spotted hyenas] displayed better performances in solving
innovative problem-solving tasks compared to asocial species [leopards (Panthera pardus)
and tigers (Panthera tigris)]. Furthermore, sociality was found to be associated with
innovative performances. Therefore, the authors argued that the good performances of
social carnivores in the nonsocial task suggest that social carnivores show good
performances in cognitive abilities linked to social and ecological problems.

Together, the absence of a correlation between brain-sizes and social organisations,
and the mixed variation on the relationship between sociality and cognitive performances in
carnivores call in question the application of the social intelligence hypothesis for this taxon.
A recent study suggested that the cognitive buffer hypothesis (hereafter CBH) best explains
the evolution of general intelligence in carnivores (Holekamp and Benson-Amram 2017). The
CBH posits that large brains evolved to cope with the socio-ecological challenges in the
environment (Sol 2009; Sol et al. 2016a). Moreover, the CBH suggests that large brains
facilitate the production of behaviours through domain-general cognition (i.e., learning and
innovation) in order to cope with ecological challenges (Sol 2009). For that, the CBH seems
to support the mixed findings on domain-general cognitive performances and brain sizes on
carnivores as mentioned previously.

As predicted by the CBH, species living in challenging habitats will exhibit advanced
cognitive abilities in the domain of general intelligence. For instance, raccoons (Procyon
lotor) that inhabit urbanised areas possess high behavioural flexibility (Daniels et al. 2019).
Besides, carnivores inhabit a variety of habitats, such as savannah (e.g., hyenas), forest (e.g.,
bears), and urbanised habitats (e.g., racoons), and exhibit variation of cognitive
performances spanning in the domain-general cognition and domain-specific cognition like
social cognition. Most of the cognition studies were conducted in social species inhabiting
open habitat (e.g., hyenas (Benson-Amram and Holekamp 2012), meerkats: Suricata
suricatta (Thornton and Samson 2012)), in solitary species inhabiting closed habitat (e.g.,
black bears (Vonk and Beran 2012)), and in species inhabiting the urbanised area (e.g.,
raccoons (Stanton et al. 2017)). However, the cognitive abilities of social carnivores’ species

inhabiting forest habitat remain untested, allowing to test whether their cognitive
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adaptations differ. Thus, the actual study will contribute to comparative data respective to

this aspect.

Confounding variables driving individual differences in cognitive
performances

Cognitive performances can be influenced by non-cognitive factors driving individual
differences (Thornton and Lukas 2012; Morand-Ferron et al. 2016; Boogert et al. 2018). One
major non-cognitive factor is personality traits, which are acknowledged to influence
individuals’ cognitive abilities (Carere and Locurto 2011; Sih and Del Giudice 2012; Griffin et
al. 2015). Personality traits refer to an individual reaction to environmental stimuli that fall in
either positive response - attraction or negative response — avoidance, with these variants
being categorised either fast types or slow types (Réale et al. 2007). Personality traits are
stable behavioural differences consistent over time, which are influenced by different facets
of the ecology and the biology of animals, and influence the probability of survival, and
shape life-history (Reale et al. 2010). Indeed, personality traits affect individuals’ learning
strategies and how individuals respond to change (Dall et al. 2004; Sih and Del Giudice
2012). Specifically, proactive individuals are fast learners, routine-like or rigid in facing
changes, and risk-prone; while reactive individuals are slower learners but more flexible in
adapting to changes, and risk aversive (Coppens et al. 2010; Sih and Del Giudice 2012).

For instance, neophobia, which is the avoidance of novel stimuli, has ecological
importance for species as it has a primary benefit against danger in a high-risk environment
(Greggor et al. 2015; Crane and Ferrari 2017). Indeed, individuals exhibiting higher
neophobia can avoid risky encounters or costs from learning, such as traveling or sampling,
and increase their survival consequently (Greenberg 2003). However, being neophobic can
also have adverse effects, as neophobia hampers the probability of learning, the exploration
of new resources, and influences an individual’s competitive ability negatively (Greenberg
2003; Cole and Quinn 2012). Mainly, neophobia is known to hinder an individual’s learning
ability, thus, more neophobic individuals will display weaker learning performances (Sih and
Del Giudice 2012). In group-living animals, the negative effect of neophobia on learning can
be overcome by social facilitation and social information (Forss et al. 2017). Indeed,
individuals’ latency to approach novel stimuli could be reduced in a group context due to
shared risk (e.g. (Thornton and Samson 2012; Benson-Amram and Holekamp 2012).

7



Moreover, neophobic individuals may profit from the presence of skilled individuals to learn
faster. For instance, in blue-tits (Cyanistes caeruleus), naive individuals were able to solve a
task in the presence of demonstrators compared to individuals belonging to groups without
demonstrators (Aplin et al. 2013).

Persistence or task-directed motivation is another category of personality trait that is
underpinned by necessity and feeding motivation, and is well known to drive individual
differences in problem-solving performances (Guez and Griffin 2016; Madden et al. 2018;
Amici et al. 2019). Defined as the engagement of an individual to a problem-solving
apparatus, independently of specific motor action, persistence is mostly associated with
proactive personality traits (Guez and Griffin 2016). Persistence is suggested to be the key
for problem-solving because increased persistence mostly enhances the problem-solving
ability and the generation of novel behaviour (Benson-Amram and Holekamp 2012;
reviewed in Griffin and Guez 2014). Indeed, the more persistent an individual is in
manipulating the problem-solving apparatus can potentially increase the probability of
finding a solution for a task than at less persistent individual. Moreover, persistence is seen
as effective as learning because of the same result it provides on solving problems or
generating new behaviour, therefore, putting into question the cognition behind problem-

solving tasks (Thornton and Samson 2012; Guez and Griffin 2016).

Cognitive traits’ candidates for the psychometric test battery

As ecology and sociality shaped cognitive skills necessary in the functional behaviours of a
species, it is necessary to include aspects of domain-general cognition and domain-specific
cognition relating to the species’ socio-ecological characteristic (Sol 2009; van Horik and
Emery 2011; Rosati 2017). Domain-general cognition refers to cognitive abilities that
encompass several domains, which allows individuals to respond rapidly and flexibly to
changes in their environment, to develop new behaviours and to solve problems (van Horik
and Emery 2011; Auersperg et al. 2012). In contrast, domain-specific cognition, for example,
social cognition, is expected in social species because of the need of the individuals to deal
with the advantages and costs of social interactions (Johnson-Ulrich 2017). Due to their
ecological relevance for a given species, it is, therefore, crucial to consider these cognitive

domains in designing test batteries.



Domain general cognitive abilities

Behavioural flexibility is an aspect of cognition linked to enhanced domain-general cognitive
ability, allowing individuals to adapt their behaviours flexibly according to the changes in
their habitat (Sol 2009; Mikhalevich et al. 2017). Behavioural flexibility is involved in
decision-making in either ecological or social context (Shettleworth 2001; Chittka et al.
2009). Besides, executive function is complementary to behavioural flexibility (Tapp 2003;
Amici et al. 2008). Executive function is per definition a combination of cognitive abilities,
such as inhibitory control and working memory, allowing individuals to flexibly control their
behaviours (Tapp 2003; Chiappe and MacDonald 2005; Horschler et al. 2019). One main
component of executive function is inhibitory control, which is the ability to inhibit pre-
potent behaviour (MaclLean et al. 2014). Inhibitory control is involved in many different
processes, either ecological or social. On the one hand, inhibitory control is suggested to be
strongly linked to the ecological niche of a species (Rosati 2017). For instance, in a
comparative study on the inhibitory control capacity of several primate species, inhibitory
control was strongly predicted by the species’ dietary breadth, with species characterised
with larger dietary breadth having better inhibitory control (MacLean et al. 2014). This result
was explained to be due to the fact that species with larger dietary breadth may show higher
cognitive flexibility, as they exploit a large variety of food (MacLean et al. 2014).

Individuals vary in their flexibility, therein influencing their learning strategies or
cognitive styles (Sih and Del Giudice 2012). Individual differences in behavioural flexibility
are mostly acknowledged to be influenced by personality traits, which spread along the
proactive-reactive behavioural axis (Réale et al. 2007; Carere and Locurto 2011; Sih and Del
Giudice 2012; Greggor et al. 2015). For instance, proactive individuals are known to be faster
in learning when encountering a new situation, while reactive individuals are more cautious
and take more time in learning. However, when it comes to an altered situation, reactive
individuals become faster learners, as they do not form routines like proactive individuals
(Sih and Del Giudice 2012). Several studies revealed these patterns [e.g. (Guenther et al.
2014; Gibelli and Dubois 2017; Mazza et al. 2018)], but contrary findings were also described
[e.g. (Logan 2016a; Guido et al. 2017; Madden et al. 2018)], suggesting no clear-effect of
personality traits on behavioural flexibility to date. However, most of the studies were
conducted on group-living species without considering the possible effect of social settings

on an individual’s performance to be behaviourally flexible. Social context, though, can
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influence individuals’ personality traits (Webster and Ward 2011; Greggor et al. 2016b), and
cognitive abilities (Griffin and Guez 2015; Dalesman 2018). Hence, in my research here, | will
provide insight into understanding how individual behavioural flexibility performances vary
in a social context.

The ability to generate new behaviour is another proxy for domain-general cognition
(Sol et al. 2016b). Innovation is the ability to provide a new solution to a new problem or an
old problem when the solution is outdated (Lefebvre 2011; Auersperg et al. 2012).
Innovation rate was linked to enhanced brain size, survival rate, and colonisation of new
habitat (Lefebvre et al. 1997; Reader 2003; Sol et al. 2005). It is supported by the “technical
intelligence hypothesis,” which proposes that the presence of diverse technical skills
involved in solving ecological problems (i.e., foraging) drove brain-enlargement (Overington
et al. 2009; Navarrete et al. 2016). Behavioural innovation ability was identified in diverse
taxa, especially with the assay of problem-solving (Isden et al. 2013; Griffin and Guez 2014).
However, the mechanism underpinning performance in problem-solving is still disputed, as
in most studies it resulted from the influence of persistence (e.g., Thornton and Samson
2012; Chow et al. 2016; Madden et al. 2018). Therefore, in my thesis, | will seek to

disentangle the process underlying problem-solving abilities.

Physical cognition

Causal understanding ability is an aspect of physical cognition, which focusses on the
understanding of spatial object relationships (Taylor et al. 2010a). Across taxa, causal
understanding ability is well investigated in apes and corvids (O’Connell and Dunbar 2005;
Albiach-Serrano and Call 2014; Smirnova et al. 2015; Davidson et al. 2017). However, among
the carnivores’ taxa, the presence of causal understanding ability is still ambiguous. For
instance, dogs failed to show causal understanding probably due to domestication processes
(Brauer et al. 2006), and in racoons (Procyon lotor) the presence of this ability is uncertain as
the species exhibited limited performances in a causal understanding task (Stanton et al.
2017). Consequently, in carnivores, the presence of causal understanding ability is limited to
date.

Causal understanding ability has been suggested to influence individuals’
performances in problem-solving. Especially, it allows making inference about resource

location for extractive forager species (Brauer et al. 2006). Moreover, it is a skill proposed to
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underlie problem-solving abilities (Tebbich et al. 2016). However, in carnivores, a taxon
exhibiting good performances in problem-solving abilities (e.g., Thornton and Samson 2012;
Benson-Amram and Holekamp 2012), the impact of causal understanding on problem-
solving abilities is unknown. This aspect is also lacking for carnivore species characterised
with an extractive foraging ecology. Thus, this dissertation will contribute to the state of the

art.

Social cognition

Concerning cognitive abilities in the social domain, social learning is a cognitive skill that is
present in almost all group-living animals, even with limited social interactions (Kendal et al.
2010; Riley et al. 2017; Gager 2019). Social learning relies on the transfer of social
information between conspecifics, and the use of social information to adapt individual’s
behaviours in many ecological contexts, leading to the transmission of behaviours across a
population (Aplin 2016). Concerning carnivores’ social cognition, hyenas exhibited limited
social learning because social information accounted only for local enhancement and not for
improving individuals’ performances (Benson-Amram et al. 2014). This finding is puzzling as
hyenas exhibit good performances in other aspect of social cognition such as cooperative
problems (Holekamp et al. 2007). However, meerkats (Thornton and Malapert 2009) and
banded mongooses (Mungos mungo) (Miiller and Cant 2010) show evidence of social
learning as individuals tend to perform techniques used by skilled individuals in social
diffusion. Moreover, teaching, a highly derived form of social learning, is present in meerkats
and banded mongooses. Pups in meerkats learn skills to handle prey by observing adults
(Thornton 2006). Likewise, young banded mongooses are likely to imitate the foraging
technique exhibited by adult individuals (Miiller and Cant 2010). However, from these
studies on carnivores mentioned above, patterns of social learning in this taxon appear to be
highly variable. Therefore, in this study, | will provide further comparative data in another

species of carnivores on the aspect of social cognition.

Study species: narrow-striped mongooses (Mungotictis decemlineata -
grandidier, 1867)

To shed light on the addressed gaps before, investigating individual differences in cognitive

performances on a carnivore species with socio-ecological characteristics that were not yet
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considered before would be ideal. This will allow examining whether the CBH is applying to
the explanation of the cognitive performances in other species of carnivores.

The carnivore taxon includes species with a wide variety of social organisations,
which inhabit a variety of habitat. However, cognitive studies in carnivores include social
species living in open habitat (e.g., Thornton and Samson 2012; Benson-Amram et al. 2014),
solitary species living in closed habitat (e.g., Amici et al. 2017) and urbanised areas (e.g.,
Stanton et al. 2017). Therefore, it would be interesting to examine cognitive abilities in a
species differing in socio-ecological characteristics to the species studied before.

Indeed, within the carnivore taxon, the narrow-striped mongoose (Mungotictis
decemlineata) is the right candidate for investigating mechanisms underpinning individual
differences in cognitive performances due to its socio-ecological characteristics different
from the other carnivore species studied previously. The narrow-striped mongoose is a
Malagasy carnivore species that belongs to the family of Eupleridae (Veron et al. 2017) and
shares a common ancestor with the African mongooses the Herpestidae (Yoder et al. 2003).

The narrow-striped mongoose is a forest-dwelling carnivore species with a relatively slow life
history (Schneider and Kappeler 2016). Besides, characterised by a sexual segregation
organisation, the females live in stable group year-round (called “unit”). These groups follow
a matrilineal hierarchy, always den and forage together, while the males roam solitarily
during the mating season (Schneider and Kappeler 2016). It would thus be expected that
narrow-striped mongooses rely on social information during their activities, to learn from
group members, and to coordinate their behaviours. Female narrow-striped mongooses are
territorial and occupy exclusive territory with small overlap (Schneider and Kappeler 2016),
allowing to relocate the female unit easily for multiple testing sessions. Besides, narrow-
striped mongooses inhabit a dry deciduous forest subjected to substantial seasonal variation
(Kappeler and Fichtel 2012; Schneider and Kappeler 2016). Species living in heterogeneous
habitat, which undergo high seasonal variation, are known to exhibit better cognitive
performances (Gonzalez-Gomez et al. 2015). Therefore, individuals should be able to
perform in behavioral flexibility and exhibit inhibitory control in order to manage an
encounter with an individual of a different rank, predators, or novel stimuli. Moreover,
previous research established that during their daily activities M. decemlineata uses both
terrestrial and arboreal strata of their habitat and rest in sleeping trees during the night

(Albignac 1976). They are opportunistic-generalist and extractive foragers, prey upon a
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variety of species, mainly on arthropods and insect larvae, by digging in the ground or
excavating deadwood (Rasolofoniaina et al. 2019). Ecological generalism, especially diet
generalism, is a predictor of innovativeness abilities because generalist species might
encounter more novelties (Lefebvre et al. 1997; Ducatez et al. 2015b). Moreover, due to
their extractive foraging behaviour, narrow-striped mongooses will require causal
understanding ability in order to be efficient. Since narrow-striped mongooses undergo
relatively significant high predation pressure (Hawkins and Racey 2008; Schneider and
Kappeler 2016), individuals are expected to show neophobia when facing novel stimuli.
Furthermore, a wild population of habituated and marked individuals of narrow-
striped mongooses is available in their natural habitat, permitting to conduct the cognitive

experiments at the individual level.

Study aims and approaches

The present study will contribute to the field of research of cognition evolution by
systematically investigating cognitive performances of a wild group-living carnivore species,
M. decemlineata. Particularly, | aim to systematically examine cognitive abilities of
M.decemlineata in a range of cognitive traits and to evaluate the proximate factors
explaining individuals’ variation on these cognitive performances. Furthermore, this
investigation will add to existing studies that examined proximate factors influencing
individual differences in cognitive performances in the wild. To reach these aims, | will
conduct a psychometric test battery in a wild setting, based on replication of several
cognitive experiments generally accepted within cognitive psychology and that were carried
out in previous works. In order to investigate factors driving individual differences in
cognitive performances, | will look primarily at the influence of personality traits, inhibitory
control, and social influence on cognitive abilities. To assess personality trait, | will use object
neophobia, since the individuals may show avoidance towards novel stimuli. Moreover, the
psychometric test battery will be conducted during the dry season, when food is scarce, to
attract the individuals during testing more.

In the different chapters of my thesis, | will first focus on the potential factors that
might drive individual differences in learning strategies, which is behavioural flexibility
(Chapter 2). Second, | will examine the presence of cognitive ability belonging to the social

domain in the narrow-striped mongoose, and | will investigate which factors may influence
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the social learning strategy in the species (Chapter 3). Next, | will explore if the species uses
cognitive ability belonging to the physical domain in order to enhance problem-solving
performances (Chapter 4). In the end, | will review and discuss my findings in the general
context (Chapter 5). In detail, the chapters are the following:

In Chapter 2 | will examine the influence of neophobia, inhibitory control, and social
influence on behavioural flexibility of narrow-striped mongooses. Specifically, learning and
flexibility abilities of narrow-striped mongooses are assessed with a discrimination and
reversal learning tasks. This manuscript was submitted to the journal Ethology.

Chapter 3 is covering the aspect of physical cognition and its implication in innovative
problem-solving in narrow-striped mongooses. | will primarily investigate the influences of
causal understanding ability and personality traits on problem-solving performances in
extractive foraging tasks.

The focus of Chapter 4 is on the aspect of social cognition. Mainly, | will elaborate on
whether narrow-striped mongooses use social learning and which factors influence its social
learning strategy. This manuscript was submitted to the journal Animal Cognition.

In Chapter 5 | will summarise the obtained results and discuss them in broader
perspectives. Moreover, the limitations encountered during this study and the outlooks will

be addressed.
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1 | INTRODUCTION

Cognitive processes fromdifferent cognitive domainsunderlieanimals'
decision-making and the resulting behavioural output in solving vari-
ous physical or social problems (Morand-Ferron et al., 2016; Taborsky
& Oliveira, 2012). In particular, animals benefit from behavioural

| Peter M. Kappeler”? | Claudia Fichtel?

Abstract

Behavioural flexibility allows animals to adapt their behaviour to changing situations
in their current habitat. Flexibility is involved in behaviours comprising decision-mak-
ing in their ecological or social environment. However, the ability to behave flexibly
can co-vary with an individual's personality and its level of inhibitory control, so that
previous work has not discerned any consistent pattern in the direction of the rela-
tionship among these traits. Our aim was, therefore, to examine the influence of neo-
phobia, inhibitory control, and social learning on behavioural flexibility performance
in wild narrow-striped mongooses (Mungotictis decemlineata) in Kirindy Forest,
Madagascar. To this end, we conducted novel object tests to assess neophobia, a cyl-
inder task to assess inhibitory control, and a discrimination and reversal learning task
to quantify behavioural flexibility in a natural group setting. We found that neophobia
did not correlate with learning performance either in the discrimination learning task
or in the reversal learning task. Further, individuals exhibiting more inhibitory control
learned faster during the initial learning task, but not in the reversed task, suggesting
that inhibitory control facilitated individuals' learning abilities but not behavioural
flexibility. Finally, opportunities for social learning correlated with individuals' perfor-
mance during the reversal learning task. Thus, in narrow-striped mongooses, social
learning seems to facilitate behavioural flexibility, in addition to individual learning, in

cognitively more challenging situations, such as a reversal learning condition.

KEYWORDS
behavioural flexibility, carnivores, inhibitory control, Mungotictis decemlineata, neophobia,

social learning opportunities

flexibility to manage decision-making in social and non-social contexts
(Chittka et al., 2009; Shettleworth, 2001). Behavioural flexibility is an
essential cognitive ability that allows animals to adapt their behaviour
to current changes in their habitat, such as changes in food availabil-
ity or predation risk (Audet & Lefebvre, 2017; Roth & Dicke, 2005).
Behavioural flexibility varies among individuals and is influenced by
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variation in personality traits, which are known to influence other
cognitive abilities as well (Boogert et al., 2018; Griffin et al., 2015).
Depending on the personality type, variants in behavioural flexibility
have either been categorised into fast types that form quick routines,
or slow types that are more flexible in encountering and re-learning
a new situation (Herborn et al., 2014; Réale et al., 2007; Sih & Del

RASOLOFONIAINA ET AL.

ing performance (Webster & Lefebvre, 2001).

Giudice, 2012). For instance, neophobia, an ecologically relevant per-
sonality trait that reflects how individuals deal with new stimuli such

as predators or food (Greggor et al., 2015), is known to hamper learn-

No clear pattern in the direction of the relationship between

behavioural flexibility and personality traits has been found to

TABLE 1 Summary of studies investigating the effect of personality traits on behavioural flexibility using discrimination and reversal

learning tasks

Species
Bank voles (Myodes
glareolus)

Wild cavies and guinea
pigs* (Cavia aperea and
Cavia porcellus)

Wild cavies (Cavia aperea)

Woodpecker finches
and small tree finches
(Cactospiza pallida and
Camarhynchus parvulus)

Black-capped chickadees
(Poecilia atricapillus)

Carib grackles (Quiscalus
lugubris)

Chimango Caracara
(Milvago chimango)

Zebra finches (Taeniopygia
guttata)

Pheasants (Phasianus
colchicus)

Great-tailed grackles
(Quiscalus mexicanus)

Red junglefowl (Gallus
gallus)

Mallards (Anas
platyrhynchos)

Goats (Capra hircus)

Pigeons (Columba livia)

Personality traits

Activity and boldness

Boldness, socio-positive
behaviours and
aggressiveness

Activity, boldness, and
aggressiveness

Neophobia

Exploration

Boldness and neophobia

Neophobia

Neophobia

Exploration

Exploration, risk aversion,
and neophobia

Boldness and exploration

Exploration

Exploration and sociability

Exploration

Cognitive task

Olfactory associative learning
(Y-maze task)

Symbol associative learning and
reversal learning tasks

Symbol associative learning and
reversal learning tasks

Learned-non reward and
perseverance conditions (each
with discrimination and reversal
learning tasks)

Colour association board shape task
(with 3 stages: discrimination 1,
reversal, and discrimination 2) and
detour reaching task (cylinder task)

Colour discrimination task

Colour discrimination and reversal
learning

Two colour discrimination tasks and
one reversal task

Two discrimination tasks: spatial
location (2014) and colour (2015)
(both including acquisition and
reversal learning phases)

Colour association task and reversal
learning task

Alteration of rewarded stimulus
task and intra-maze task (each with
association and reversal learning
tasks)

X-maze with two tasks: learning and
reinforcement phases

Colour discrimination task

Visual discrimination task

N individuals

86

21 wild cavies and 21
guinea pigs

18

8 woodpecker finches
and 8 small tree
finches

27

21

11

22

In 2014:80 / in 2015:74

62

10

16

12

Socio-ecological
characteristic

Group-living

Group-living
*Domestic

Group-living

Group-living

Group-living

Group-living

Group-living

Group-living

Group-living

Group-living

Group-living

Group-living

Domestic

Group-living
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date, however (Table 1). For instance, in an odour cue association
experiment, more active and bolder captive bank voles (Myodes
glareolus) learned faster during acquisition learning, whereas
less active and shyer individuals learned the reversed contin-
gencies of the task faster (Mazza et al., 2018). In contrast, in a

visual discrimination task, less explorative goats (Capra hircus)

were better learners than more explorative ones (Nawroth
et al., 2017). Moreover, in wild Chimango caracara (Milvago chi-
mango) less neophobic animals performed better in the reversal
learning task, but neophobia did not explain individuals' learning
performance in the corresponding discrimination learning task
(Guido et al., 2017).

Testing procedure

Relationship between personality traits and
performance in discrimination learning task

Alone More active and bolder individual learned
faster
Alone Guinea pigs with less socio-positive
behaviours learned faster, but no effect of
aggressiveness or boldness
Wild cavies with more socio-positive
behaviours, more aggressive and bolder
learned faster
Alone More active, bolder and more aggressive
individuals learned faster
Alone Not addressed
Alone No effect of exploration
Alone No effect of shyness nor neophobia
Alone No effect of neophobia on the measurements
Alone In task 1: less neophobic individuals learned
faster
In task 2: No effect of neophobia found
Alone In 2014: more explorative individuals after the
release in the wild learned faster
In 2015: no effect of early-life exploration
Alone Not addressed
Alone Not addressed
Alone Not addressed
Alone Less explorative and less sociable individuals
learned faster
Alone In the generalisation testing: fast explorers

individuals discriminate better between two
stimuli

Relationship between personality traits and
performance in reversal learning task

Less active and shyer individuals learned faster

Reference

Mazza et al. (2018)

Guinea pigs with less socio-positive behaviours still Brust and
learned faster, and no effect of aggressiveness or Guenther (2015)
boldness

Less aggressive wild cavies learned faster but no
effect of socio-positive behaviours and boldness

Less aggressive individuals learned faster but no Guenther
effect of activity nor boldness et al. (2014)

More neophobic woodpecker finches learned faster ~ Tebbich
in the perseverance experiment - no effect of etal. (2012)
neophobia on proportion of errors

For small finches, no effect of neophobia on both
measurements

No effect of exploration Guillette

et al. (2015)

Not addressed Ducatez

et al. (2015)

Less neophobic individuals learned faster for adults
and juveniles

Less neophobic individuals made less error, only for
juveniles

No effect of neophobia

In 2014: No effect of exploration after release in the
wild

In 2015: more explorative individuals during early-
life assay learned faster

No effect of all personality trait

Alteration of rewarded stimulus task: Shyer
individuals find faster the new cue, but no effect of
exploration

Intra-maze task: no effect of boldness nor
exploration

Guido et al. (2017)

Gibelli and Dubois
(2017)

Madden
et al. (2018)

Logan (2016)

Zidar et al. (2017)

Fast explorers had a shorter reaction time and had a Bousquet
longer crossing time etal. (2015)
No effect of exploration on learning accuracy
Not addressed Nawroth
et al. (2016)
Not addressed Guillette
et al. (2017)
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The failure to predict learning performance by personality traits
can also stem from differences in species-specific socio-ecological
adaptations, which are not represented by the test set-up. For ex-
ample, in a comparative study of captive Brazilian guinea pigs (Cavia
aperea) and domestic guinea pigs (Cavia porcellus), boldness and
aggressiveness positively influenced the performance of Brazilian
guinea pigs, but not that of domestic guinea pigs, in a symbol dis-
crimination task (Brust & Guenther, 2015). Moreover, Brazilian
guinea pigs exhibiting more socio-positive behaviours learned
faster, whereas the opposite pattern was found in domestic guinea
pigs. In the reversed task of the same study, domestic guinea pigs
exhibiting fewer socio-positive behaviours were faster learners.
Likewise, less aggressive Brazilian guinea pigs learned to reverse the
task faster. However, no effect of boldness was found on reversal
learning speed. The negative correlations between socio-positive
behaviour and learning performance in domestic guinea pigs were
explained by the possibility that they are better in social learning
than in individual learning. Given the fact that domestic guinea pigs
have been kept with other individuals during domestication, they
may have adapted towards relying more on social information (Brust
& Guenther, 2015).

In general, most studies addressing the influence of personality
traits on learning performance in discrimination and reversal learning
tasks used individual experimental settings instead of a social setting
for group-living species (Table 1). However, group-living animals are
exposed to social learning and may rely on social learning in addi-
tion to individual learning (Webster & Laland, 2017). Accordingly,
an individual experimental setting may not reflect the representa-
tive socio-ecological characteristics in the case of group-living spe-
cies. Hence, to obtain a better understanding of a species' learning
strategies, this aspect should be incorporated into any experimental
design.

Other factors, such as inhibitory control, can also influence
cognitive performance. Inhibitory control is essential during deci-
sion-making as it allows individuals to inhibit a pre-potent behaviour
(Beran, 2015; Kabadayi et al., 2018). It is a component of executive
control necessary for better performance in an altered situation
(Tapp et al., 2003). Inhibitory control is also considered to promote
behavioural flexibility (Amici et al., 2008). For instance, primate spe-
cies performing better in a battery of inhibitory control tasks were
suggested to be more behaviourally flexible (Amici et al., 2008).
Species exhibiting elevated inhibitory control were characterised by
higher fission-fusion dynamics compared with species living in cohe-
sive, stable groups, presumably because inhibitory control is useful
in cognitively managing changes in group size (Amici et al., 2008).
Hence, behavioural flexibility and inhibitory control seem to be
functionally related.

Only a handful of studies have explored the effect of inhibitory
control on cognitive performance in other cognitive domains. For
instance, a study of dogs applying three tasks of inhibitory control
and four problem-solving tasks found inhibitory control to correlate
both positively and negatively with individuals' cognitive perfor-

mance (Mdiller et al., 2016). This incoherence was suggested to be

due to the context-specificity of inhibitory control, that is, an indi-
vidual's expression of inhibitory control can vary depending on the
task (Bray et al., 2014; Mdiller et al., 2016). Other studies did not find
a link between inhibitory control and cognitive performance for the
same reason or because other confounding factors were not consid-
ered (Boogert et al., 2011; Johnson-Ulrich et al., 2018; Shaw, 2017).
Hence, previous studies have not identified a uniform and straight-
forward direction for this relationship.

In recent years, studying cognition in the wild has been pro-
moted as it allows better examination of the ecological relevance
of cognitive variability (Cauchoix et al., 2017; Pritchard et al., 2016).
However, studying cognition in the field also comes with its prob-
lems, such as distinguishing between individual learning and the
effect of social context when testing group-living animals (Morand-
Ferron et al., 2016). The presence of other individuals can facilitate
learning acquisition, either by social learning from experts (Schnoell
& Fichtel, 2012), or social facilitation due to shared risks in a novel
situation (Forss et al., 2017). However, the presence of others also
comes with costs like competition among group mates. For instance,
in Carib grackle (Quiscalus lugubris), feeding in groups was suggested
to slow down innovative foraging behaviour, and lone birds were
faster in attempting to contact a new foraging task. Here, this con-
trary finding was caused by an adjustment of the individual's feeding
behaviour due to the higher food competition as predation risk was
lower (Morand-Ferron et al., 2009). As effects of other individual's
presence will not occur during individual testing, the experimental
setting may then influence individual learning ability. Hence, it would
be important to choose an experimental design that factors the so-
cial characteristic of a species in both wild and captive settings.

In this study, we exposed free-ranging narrow-striped mon-
gooses (Mungotictis decemlineata) to a personality and several cog-
nitive tests. The narrow-striped mongoose is an endemic Malagasy
carnivore whose feeding ecology is characterised by extractive
foraging for mostly arthropods (Rasolofoniaina et al., 2019), a for-
aging strategy generally thought to be associated with behavioural
flexibility (Henke-von der Malsburg & Fichtel, 2018). Moreover, nar-
row-striped mongooses live in sexually segregated units, with stable
female (3.7 + 0.4 individuals) and more transient male associations
that are characterised by clear dominance relationships (Schneider
& Kappeler, 2016). Based on these socio-ecological characteristics,
we reasoned that narrow-striped mongooses would learn flexibly, as
individuals should show flexibility in order to deal with problems re-
lated to their socio-ecological niche, such as decision-making during
foraging or encounters with individuals of different ranks.

We applied novel object tests and a cylinder task to assess
neophobia and inhibitory control, respectively. Although neopho-
bia may slow down individual learning performances (Webster &
Lefebvre, 2001), more neophobic individuals in a group may over-
come their neophobia by using social information (Forss et al., 2017),
which consequently might influence individual learning strategies.
Since members of a female group of narrow-striped mongooses
travel and forage together, more neophobic individuals might more

readily rely on social learning to discover new resources or when
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facing new problems than less neophobic individuals. Moreover, in-
hibitory control is vital when an animal should detour an obstacle to
reach a goal in the environment, such as food or a shelter (Kabadayi
et al., 2018). Similarly, predators benefit from inhibitory control
to optimise their hunting strategies. Hence, narrow-striped mon-
gooses, which prey upon various types of animals, should exhibit
inhibitory control when foraging.

To assess behavioural flexibility in narrow-striped mongooses,
we used the reversal learning paradigm. This empirical tool involves
training a subject with a discrimination learning task before abruptly
reversing the contingencies with the reversal learning task (Bond
et al., 2007). Discrimination abilities apply in many important con-
texts, such as foraging and predator or kin recognition (Pritchard
etal., 2016). To succeed in a reversal learning task, individuals should
ignore the previously learned behaviour, requiring both behavioural
flexibility and inhibitory control (Cauchoix et al., 2017).

This study aimed to quantify individual variation in behavioural
flexibility of wild narrow-striped mongooses and to examine whether
neophobia, inhibitory control and social learning influence variation
in learning strategies. To achieve these aims, we tested wild nar-
row-striped mongooses in a group setting and (a) assessed the per-
sonality trait neophobia via novel object experiments; (b) measured
individual levels of inhibitory control in a cylinder task, and measured;
(c) learning and behavioural flexibility with a discrimination learning and
reversal learning task while accounting for social learning possibility.

2 | METHODS
2.1 | Species and study site

We studied narrow-striped mongooses between November 2014 and
September 2017 in Kirindy Forest, a dry deciduous forest located in
central western Madagascar (Kappeler & Fichtel, 2012). We tested
individuals from a marked population that were regularly captured
with Tomahawk live traps, using dry fish as bait. Trapped animals were
anaesthetised, measured and individually marked by either fitting
them with a radio-collar or by shaving their tail with a unique pattern
(see Schneider & Kappeler, 2016). After full recovery from anaesthe-
sia, animals were released near their group close to the trapping site.

Before the experiments, narrow-striped mongooses were
trained to approach an experimental area by a sound generated
by shaking a plastic jar containing dry cat food (see also Schnoell &
Fichtel, 2012). Novel object tests were conducted twice, once at the
beginning and once at the end of testing, to assess repeatability in
neophobia. The experiments on inhibitory control and discrimina-
tion and reversal learning were carried out between the personality
tests (see below for details). Experiments were performed opportu-
nistically whenever animals were relocated in the study area. Since
males have larger home ranges (83.4 + 23.7 ha, X + SD) than females
(37.2 + 11.9 ha) and roam solitarily (Schneider & Kappeler, 2016),
it was difficult to relocate them for the discrimination and reversal

tasks. Therefore, males were only subjected to the novel object tests
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and the cylinder task, whereas females were additionally subjected
the discrimination and reversal learning tasks. Because of their un-
usual social organisation characterised by sexual segregation, fe-

males were tested in their group, whereas males were tested alone.

2.2 | Experimental procedures
2.2.1 | General testing procedure

In all experiments, animals were located first, and the experimental
apparatus was baited with 10 pieces of cat food out of sight of the
individuals (about 50 m away) before the onset of a test. Animals
were then lured to the experimental set-up by using the acoustic sig-
nal described above. An experiment started when the first individual
entered a 3 m radius of an experimental area marked with a rope
on the ground, and ended when the last individual left the experi-
mental area. In order to avoid monopolisation of the experimental
apparatus by specific individuals during tests, we presented several
experimental apparatuses simultaneously, that is, one apparatus for
each individual. For the cognitive tests, each such presentation was
considered as one session. Within a session, an individual could per-
form several trials. A trial started when the animal manipulated the
box by touching or biting, and ended when the animal moved away
from the box at a distance greater than body length. Each individual
could perform several trials until it left the experimental area. The
apparatuses were not removed or re-baited after a trial, independ-
ent of whether the subject was successful or not. The session was

finished after all individuals left the experimental area.
2.2.2 | Measures of neophobia and inhibitory control

Novel object tests (measure of neophobia)
We assessed differences between individuals (N = 26 adult females,
N = 2 adult males, and N = 5 juveniles of unknown sex, in total N = 33)
in neophobia by presenting a novel object next to a food reward (dry
cat food) in an experimental area. The novel object was placed beside a
wooden plate (15 x 15 cm) containing food, surrounded with a metal cir-
cle with a diameter of 50 cm allowing precise estimation of the distance
between the subject and the novel object. Individuals were previously
habituated to the metal ring before conducting the novel object test. To
assess the repeatability of neophobia, we conducted two novel object
tests always administered in the same order: in the first novel object test,
we presented a colourful plastic ball (12 cm of diameter; Figure 1.a.i) a
nd in the second novel object test a red plastic cup (11 cm diame-
ter and 12 cm high; Figure 1.a.ii). The following variables (in seconds)
were recorded to quantify neophobia-related behaviours: latency to
enter the metal circle from the time of arrival, latency to contact the
novel object and latency to feed on the cat food from entering the
metal circle. If the animal was present within 3 m around the exper-

imental area but did not enter the metal circle or did not approach
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(a) Novel object tests

i) 15t novel object test (N = 33)

L[

. . * Latency to enter the ring
ii) 2" novel object test (N= 15) >,

Behaviours measured for each novel object test:

Latency to contact the novel object
* Latency to feed next to the novel object

Repeatability for Latency to feed next
each behaviour ——» to the novel object —»
(N =15) (R=0.439, P=0.04)

Measure of
neophobia

(b) Cylinder task

i) Opaque cylinder (learning sessions)
N trials until learning criterion
(80% correct trials)

N participated = 17
N learned = 16

i) Transparent cylinder (testing sessions)

Proportion of successful

trials out of 10 trials e ee
Measure of inhibitory control

N participated = 16

(c) Discrimination and reversal learning tasks

i) Discrimination learning task

N trials until learning
criterion (80%

N participated = 15

NI d =12
Black triangle accessible earne

/ white square blocked

correct trials) Discrimination
learning speed

i) Reversal learning task

N trials until learning

criterion (80% correct trials) Reversal

learning speed

N participated =9

N learned =8
Black triangle blocked /

white square accessible

FIGURE 1 Schematic overview of the different experiments carried out during this study. Each frame represents an experiment with the
order in which the tests were conducted. The respective number of individuals that participated in and learned each task and the outcomes

(behavioural variables) measured are mentioned, respectively

the novel object or the food, a capped latency that equalled the total
duration of the experiment was noted for this individual.

The first novel object test was conducted at the beginning of
the study. The second novel object was done 3 years later, except
for one group recently marked at the end of the study, which was
re-tested 4 months later (average time of 12.5 + 12.02 months be-

tween the two tests, Rasolofoniaina et al., 2020).

Cylinder task (measure of inhibitory control)

To quantify individuals' ability to inhibit pre-potent behaviour, we used
a cylinder task (MacLean et al., 2014). The testing apparatus consisted
of a cylinder with one open end (13 x 5 cm), fixed on a wooden board
(15 x 15 cm), in which a food reward (10 pieces of cat food) was placed
near the closed edge of the cylinder. Prior to testing, subjects were
trained to retrieve food from an opaque cylinder (Figure 1.b.i), and
for the actual testing session, animals had to retrieve the food from
a transparent cylinder (Figure 1.b.ii). To ensure that the individuals
learned to retrieve food from the opaque cylinder, they had to reach
a learning criterion of 80% of successful trials out of a minimum of 15

trials. This learning criterion was chosen to ensure that the individual's

performance was above chance levels. After reaching the learning cri-
terion, mongooses were tested with the transparent cylinder for ten
trials. A trial was considered successful when the individual retrieved
food from the opening with their paws or mouth. In contrast, a trial
was considered as unsuccessful when the individual touched the cyl-
inder with its paws and/or bit into the transparent cylinder. Depending
on individuals' motivation, individuals were allowed to perform several
sessions until they completed the 10 trials. Individual inhibitory con-
trol level was measured as the proportion of successful trials out of the
first ten testing trials completed, with more correct trials representing
a good inhibitory control ability (MacLean et al., 2014).

2.2.3 | Measures of learning and behavioural
flexibility

Discrimination learning task (measure of learning)
The discrimination learning task required individuals to develop

an association between a given cue and an accessible reward. To
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test discrimination learning, we used a colour, shape and location
discrimination task consisting of a wooden apparatus having two
compartments (Figure 1.c). Each compartment was set equidistant
at the edge of a wooden board and was framed at the front by two
different shapes of different colours: a black triangle (8 x 13 cm)
and a white square (each side of 8 cm). The fronts of the compart-
ments could be opened to obtain access to a food reward by swing-
ing a wooden lid to the left or right. The body of the compartments
was made out of transparent plastic bottles, which contained the
food reward (10 pieces of cat food). For the discrimination task, the
black triangle was the open compartment to retrieve food, and the
white square compartment was made inaccessible by blocking the
lid (Figure 1.c.i). To prevent individuals from making choices based
on olfactory cues; both compartments were filled with dry cat food
and the lids were equipped with small holes, allowing the odour of
the cat food to disperse.

A trial, which corresponded to one manipulation of one of the
lids of the two compartments, was scored as either successful
(opening and retrieving food or not) or as unsuccessful (animal
tried to open the blocked lid). As a successful trial, we considered
the opening of the correct lid only. The subject learned the task
when it reached a learning criterion set at 80% of correct trials.
After all individuals learned the task, they were assigned to the

reversal learning task.

Reversal learning task (measure of behavioural flexibility)

In the reversal learning task, the white square compartment was re-
warded instead of the black triangle compartment, which was then
blocked (Figure 1.c.ii). The experimental procedure was the same as
in the discrimination task, and the learning criterion was set again to

80% correct trials.

2.3 | Behavioural variables recorded

During all tests, subjects were video-recorded with a camcorder
(SONY HDR-CX 240), and videos were analysed using Boris (Friard
& Gamba, 2016). We measured individual learning speed as learn-
ing performance during the discrimination and reversal learning
tasks. Learning speed was defined as the number of trials needed
by an individual to reach the learning criterion or the reversal crite-
rion, that is, the discrimination learning speed and reversal learning
speed.

Since we tested the females in a group setting, we controlled for
social learning opportunities that might influence learning abilities
during the cylinder task, and the discrimination and reversal tasks.
For social learning opportunities, we recorded the number of correct
trials made by conspecific(s) seen by the focal individual during the
discrimination and reversal tasks. Social learning opportunities were
recorded for each individual from the start of the experiments until
they reached the learning criterion. The identity of the conspecific(s)
and the relationship between the individuals was not accounted for

during social learning opportunities.
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3 | STATISTICAL ANALYSES

We conducted all statistical analyses using R (R Core Team, 2017).
Even though males were subjected only to the novel object and in-
hibitory control tasks, they were included in the analyses of these
tests to increase sample size.

First, we examined the repeatability of the variables used in
the novel object tests in the 15 individuals that participated in both
novel object tests. Before the repeatability analyses, we log-trans-
formed the measured behavioural variables to achieve normality.
We estimated behavioural consistency within-subjects by calculat-
ing the point estimate R, using a linear mixed model (LMM)-based
method for Gaussian data with the package “rptR” (Nakagawa &
Schielzeth, 2010). Bootstrapping was used to estimate standard
errors (SE) and confidence intervals. Next, we retained the signifi-
cantly repeatable behaviour and defined it as “neophobia.” For fur-
ther analyses, we used values of the latency to feed next to the novel
object from the first novel object test as our measure of neophobia
because more individuals participated in the first test. Individuals
exhibiting longer latencies were categorised as more neopho-
bic, whereas those with shorter latencies were considered as less
neophobic.

Second, to examine whether individual inhibitory control levels
measured with the cylinder task correlate with either social learning
opportunities during the transparent cylinder task or neophobia, we
used Spearman's rank correlation tests.

Third, we analysed the importance of potentially influential fac-
tors, such as neophobia, inhibitory control and social learning op-
portunities, on individual performances during the discrimination
learning task by using Generalised Linear Mixed Models (GLMMs),
as detailed below. For these models, we used the package “Ime4”
(Bates et al., 2014) and all predictors were z-transformed (to a mean
of 0 and a standard deviation of 1) before all analyses.

As very few juveniles participated in the task (N = 3), we did not
include age as a factor in our analyses. In addition, as only females
could be tested in the discrimination and reversal tasks, the corre-
sponding analyses relied only on data from females that participated
in all tasks. Due to our relatively small sample size, we were restricted
to fit minimally complex models by including only one predictor per
model (as in Daniels et al., 2019). Therefore, we could not test the
influence of all predictors in a single model. Learning performance
corresponds to the total number of trials made by an individual to
reach the learning criterion (80% of correct trials), either during the
discrimination learning task or the reversal learning task, which re-
sults in one value per individual, respectively. Therefore, individual
identity was not included as random factor in our models. Prior to
the GLMMs, we analysed whether social learning opportunities
during the discrimination learning task correlated with neophobia
by using Spearman's rank correlation test. We also tested whether
social learning opportunities during the reversal learning task cor-
related with neophobia with a Spearman's rank correlation test.

To investigate factors influencing learning speed in the discrimina-

tion learning task, we conducted GLMMs with a Poisson error structure.
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We fitted three separate models by including discrimination learning
speed as response variable and one of the following factors as fixed fac-
tor: neophobia, inhibitory control and social learning opportunities. As
the members of a group were present at the testing arena for each test,
we tested multiple individuals together at the same time. Therefore, we
included group identity as random factor in these models.

To examine how learning performance in the reversal learning
task was related to the initial learning speed during the discrimi-
nation learning task, neophobia, inhibitory control and the social
learning opportunities during the reversal learning task, we used
Spearman's rank correlation tests.

For all models, we compared the respective full model with the
null model by using a likelihood ratio test. While this procedure is not
without problems (Bolker et al., 2009), it was considered the best out
of the available alternatives.

4 | RESULTS

We tested up to eight female groups of narrow-striped mongooses
(N = 26 adult females and N = 5 juveniles with unknown sex), with an
average group size of 4 + 2 individuals. Two adult solitary males were
tested additionally for the personality and the inhibitory control tasks.
Individual participation changed across the different tasks due to individ-
ual loss or to individuals' lack of motivation to approach the experimental
area. The sample size of individuals participating in and solving (reaching
learning criterion) the respective tasks, as well as the respective percent-
age of individuals that solved the tasks are summarised in Table 2. In ad-

dition, individuals' contributions to all tasks are summarised in Table 3.

4.1 | Novel object tests (measure of neophobia)

Thirty-three individuals participated in the first novel object test and
15 individuals in the second novel object test. Only the latency to
feed next to the novel object was significantly repeatable (R = .439,
p = 0.04), and thus used as measure of “neophobia” for further

analyses. The latency to enter the ring and the latency to contact the
novel object were not repeatable (Table 4).

4.2 | Cylinder task (measure of inhibitory control)

Seventeen individuals participated in the learning session of the in-
hibitory control task, and 16 individuals reached the learning crite-
rion with an average of 17.6 + 14.3 trials. In the testing phase, the 16
individuals were tested with the transparent cylinder, which made,
on average, 2.9 + 2.3 errors among ten trials of testing, resulting in
an average proportion of 0.7 + 0.23 successes. Social learning op-
portunities during the transparent cylinder task did not correlate
with the level of inhibitory control (Spearman's rank correlation test:
Social learning opportunities: r = .465, p = 0.069, N = 16).

4.3 | Discrimination learning task (measure of
learning)

Fifteen individuals, including 11 adult females and four juveniles with
unknown sex, participated in the discrimination task, and 12 individuals
reached the learning criterion with an average of 22 + 12 trials. Social
learning opportunities during the discrimination learning task did not
correlate with neophobia (Spearman's rank correlation test: Neophobia:
r=.160, p = 0.619, N = 12). We found that neither neophobia nor social
learning opportunities influenced discrimination learning speed (Table 5a
and 5b). Ten out of the 12 individuals that learned the discrimination
learning task also participated in the inhibitory control task, with individu-

als exhibiting higher inhibitory control learning faster (Figure 2; Table 5c).

4.4 | Reversal learning task (measure of behavioural
flexibility)

Nine individuals participated in the reversal learning task, but only
eight individuals reached the learning criterion. They needed on

TABLE 2 Number of individuals, which participated and solved by reaching learning criterion the respective tasks (blank cells correspond

to tasks where learning is not required but only participation)

Solved among

Task Number of groups tested Participated Solved participants (%)

Novel object 1 8 33 - —

Novel object 2 5 15 — —

Repeatability of novel object 5 15 (that participated in both novel - —
tests object tests)

Inhibitory control - learning 5 17 16 94
sessions

Inhibitory control - testing 5 16 — —
sessions

Discrimination task 5 15 12 80

Reversal task 4 9 8 89
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TABLE 3 Summary of individuals' contribution in the respective tasks (ID: individual identity; Sex: F: female; ?: unknown sex; M: male;
yes: indicates participation; learner: indicates that the individual learned the task; blank: indicates no participation)

Novel Novel Opaque Transparent Discrimination Reversal
Group ID Sex object #1 object #2 cylinder task cylinder task task task
B 13 F Yes Yes Yes - learner Yes Yes - learner Yes - learner
66 F Yes Yes Yes - learner Yes Yes - learner Yes - learner
88 F Yes Yes Yes
© 15 7 Yes Yes Yes - learner Yes Yes - learner Yes - learner
21 F Yes Yes - learner Yes Yes - learner Yes - learner
22 7 Yes Yes Yes - learner Yes Yes
76 B Yes Yes Yes - learner Yes Yes - learner Yes - learner
86 7 Yes Yes
87 F Yes
D 26 F Yes Yes - learner Yes Yes - learner Yes - learner
29 F Yes
73 F Yes Yes - learner Yes Yes - learner Yes - learner
G 44 B Yes Yes Yes - learner Yes
92 7 Yes Yes - learner Yes - learner
93 B Yes Yes - learner Yes
94 7 Yes Yes - learner Yes
97 7 Yes
L 70 F Yes
77 F Yes
Non- F Yes
marked
L, 75 F Yes
96 F Yes
M 40 F Yes Yes Yes - learner Yes Yes
80 F Yes Yes Yes - learner Yes
81 F Yes Yes - learner Yes Yes
89 F Yes Yes Yes - learner Yes Yes
90 F Yes Yes Yes - learner Yes
N 94N 7 Yes Yes
95 F Yes Yes
99 7 Yes Yes
100 F Yes Yes
Solitary males 12 M Yes Yes
62 M Yes Yes Yes
Total number of 33 15 17 16 15 9
individuals
average 39 + 31 trials to reach the learning criterion. Social learning (Spearman's rank correlation test: Initial learning speed: r = .558,

opportunities during the reversal learning task did not correlate with p = 0.149, N = 8; Neophobia: r = -.243, p = 0.056, N = 8; Inhibitory
neophobia (Spearman's rank correlation test: Neophobia: r = .547, control: r =.150,p = 0.721, N = 8).
p = 0.171, N = 8). We found that social learning opportunities cor-
related negatively with reversal learning speed (Spearman's rank
correlation test: Social learning opportunities: r = -.805, p = 0.016, 5 | DISCUSSION
N = 8; Figure 3). Howev
er, neither learning speed during the discrimination task, nor neo- We characterised learning strategies of wild narrow-striped mongooses

phobia or inhibitory control correlated with reversal learning speed in a group setting by examining the relationship among neophobia,
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TABLE 4 X and standard deviations (SD) of each behaviour (latency to enter the ring, latency to contact the novel object, and latency
to feed next to the novel object) (in seconds) measured from all individuals that participated in the first and second novel object test, and

results of the repeatability analyses for each behaviour (N = 15)

First novel object test

Second novel object test

(N=33) (N =15) Repeatability
Behaviours X SD X SD R p SE cl
Latency to enter the ring 68.89 108.42 6.98 11.01 0.001 1 0.149 [0-0.491]
Latency to contact the 148.57 173.33 31.87 49.45 0.073 0.44 0.169 [0-0.557]
novel object
Latency to feed next to 46.51 112.35 6.812 13.91 0.439 0.04 0.199 [0-0.749]

the novel object

Note: Bold values indicate statistically significant results at the significance threshold p < 0.05.

Abbreviations: Cl, confidence intervals at 95%; P, p-value; R, point estimate for repeatability; SE, standard errors.

inhibitory control, and social learning opportunities in a discrimination
and reversal learning paradigm. Neophobia did not correlate with learn-
ing performance in either task. Inhibitory control influenced learning
abilities in the discrimination learning task, indicating that individuals
exhibiting higher inhibitory control learned faster than those with less
inhibitory control. Performance in the discrimination task did not cor-
relate with performance during the reversal learning task. However,
social learning opportunities correlated negatively with performance
during the reversal learning task, suggesting that individuals that wit-
nessed successful trials performed by other group members more
often learned faster. Hence, social learning seemed to facilitate learning

in a more challenging situation, such as the reversal learning condition.

5.1 | Factors influencing discrimination learning

Since our study was limited by sample size, we could not examine

the relative importance of non-cognitive and cognitive factors on

learning performance. Therefore, we will discuss our findings ac-
cordingly cautiously. First, we found that neophobia did not cor-
relate with learning performance during the discrimination learning
task and the reversal learning task, suggesting that neophobia does
not explain learning and behavioural flexibility in narrow-striped
mongooses. A meta-analysis examining the link between personal-
ity and cognition revealed that the relationship between these two
traits does not depend on the type of learning test, whether it is a
discrimination learning or reversal learning test, but rather on task
design to infer personality (Dougherty & Guillette, 2018). Notably,
neophobia measured by a response to a predator correlated posi-
tively with learning performance whereas neophobia measured by
exposure to a novel object did not consistently correlate positively
with learning performance (Dougherty & Guillette, 2018). As we
measured neophobia in response to a novel object, our results are
consistent with this general pattern.

Learning speed in the discrimination task was positively cor-

related with inhibitory control. Since our apparatus was made of two

TABLE 5 Parameter estimates from the Generalised Linear Mixed Models assessing variation of learning speed in the discrimination
learning task, with corresponding full-null-model comparisons (bold values indicate statistically significant results at the significance

threshold p < 0.05)

Likelihood ratio tests: full-null model comparisons

Parameter
estimates
Variable response Fixed effect Estimate
Learning speed a. Effect of neophobia
Intercept 3.105
z-transformed neophobia 0.042

b. Effect of social learning possibilities

Intercept 3.065

z-transformed social learning  -0.159
possibilities

c. Effect of inhibitory control

Intercept 3.129

z-transformed inhibitory -0.180

control

SE z p e df p
0133 23234  <0.001

0074  0.563 0.573

0137 22.232  <0.001

0113 -1.413 0.158

0.149 20952  <0.001

0073 -2.461 0.013 5915 1 0015

Abbreviations: ){2, Chi-squared test; df, degree of freedom; p, p-value; SE, standard error; z, z-statistic value.
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FIGURE 2 Influence of inhibitory control on individuals'
discrimination learning speed during the discrimination learning
task: individuals with a higher proportion of success during the
cylinder task required fewer trials to learn the discrimination
learning task. Discrimination learning speed, that is, the number
of trials needed by individuals to reach the learning criterion is
depicted on the y-axis. Z-transformed inhibitory control levels
are depicted on the x-axis, with negative values representing
individuals with low inhibitory control, whereas positive values
represent individuals with high inhibitory control. Each circle
represents an individual that learned the discrimination learning
task. The continuous line depicts the fitted model, and the dotted
lines depict its bootstrapped 95% confidence intervals
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FIGURE 3 Individual's social learning opportunities as a
function of individual's reversal learning speed: individuals that
witnessed correct trials more often made fewer trials to learn the
reversal learning task
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transparent compartments that both contained food, inhibitory con-
trol was required to avoid following only visual and/or odour cues
and inhibiting the urge to open the wrong lid. Our results are similar
to those of a study linking inhibitory control to problem-solving abil-
ities in meerkats (Suricata suricatta), where more innovative individ-
uals exhibited better inhibitory control (Thornton & Samson, 2012).
Specifically, meerkats that exhibited more inhibitory control in ma-
nipulating the non-functional parts of the apparatuses reduced their
solving time progressively across trials. Likewise, in our study, higher
inhibitory control appeared to promote narrow-striped mongooses'
learning performance. Social learning opportunities, however, did
not account for learning speed in the discrimination learning task,
which suggests that narrow-striped mongooses learned this task
individually.

5.2 | Factors correlating with reversal learning

Inhibitory control did not correlate with reversal learning speed. In
contrast to our findings, in Mme. Berthe's and grey mouse lemurs
(Microcebus berthae, M. murinus) and New Zealand robins (Petroica
longipes), inhibitory control promoted behavioural flexibility (Henke-
von der Malsburg & Fichtel, 2018; Shaw et al., 2015). However,
inhibitory control did not co-vary with behavioural flexibility in a re-
peated innovation task in spotted hyenas (Crocuta crocuta, Johnson-
Ulrich et al., 2018). Hyenas had to open a multi-access box, offering
different openings on each side of the box to examine repeated in-
novations. Inhibitory control, which was assessed with the same cyl-
inder task as in our study, did not promote innovation. Instead, more
proactive behaviour, including high persistence, motor diversity and
activity, but low neophobia co-varied with innovation rates. Most
likely because several opening options were simultaneously avail-
able, not requiring to inhibit an already learned solution (Johnson-
Ulrich et al., 2018). Hence, the link between inhibitory control and
measures of behavioural flexibility is ambiguous and may also de-
pend on task design.

We found that social learning opportunities correlated nega-
tively with reversal learning speed in narrow-striped mongooses.
In principle, reversed contingencies are more challenging to ac-
quire, and narrow-striped mongooses needed more trials to reach
the learning criterion in the reversal than in the discrimination
learning task. In addition, learning performance in the discrimina-
tion task did not correlate with learning performance in the re-
versal learning task. Hence, individuals may have, in addition to
individual learning, relied on social information to solve this more
challenging task. Since we could test only females in the discrimi-
nation and reversal learning tasks, their social characteristics may
facilitate social learning. Narrow-striped mongoose females live in
stable social units, and group members rely on each other when
foraging or travelling, which offer many opportunities for social
learning. However, the effect of individual learning and social
learning could not be teased apart with our study design, since

we accounted only statistically for the possibility of individuals to
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use social learning. Nevertheless, our results indicate the ability of
female narrow-striped mongoose to use both learning strategies
flexibly, since we did not find any effect of social learning oppor-
tunities during the discrimination learning task. The reliance on
social information might also explain why inhibitory control did
not correlate with learning performance during the reversal learn-
ing task. Social information was probably sufficient to compensate
for the difficulty of the reversed task. In contrast, narrow-striped
mongooses may have relied solely on individual learning during
the discrimination learning task, where inhibitory control might
have promoted their ability to learn the correct lid.

Finally, the present study suffers from limitations of the small
sample size, especially in the discrimination and reversal learning
tests. Consequently, we could not address the relative importance
or the joint effect of non-cognitive and cognitive factors on dis-
crimination and reversal learning. Although a small sample size is
often an unavoidable limitation when conducting cognition in the
wild (Morand-Ferron et al., 2016), it may inflate the Type 1 error
rate by running multiple analyses (Forstmeier et al., 2017), hence,
our results should be considered accordingly. In addition, we could
only test females in the discrimination and reversal learning tests
due to the idiosyncrasies of this species' social system (Schneider
& Kappeler, 2016). Hence, future studies involving more individuals
and especially males are required to examine whether a sex differ-

ence in social organisation entails a sex difference in social learning.

6 | CONCLUSIONS

Taken together, our study revealed that inter-individual differences
in cognitive performance can be linked to inhibitory control, which
might promote individual learning. Our results also indicate that nar-
row-striped mongooses seemed to rely on social information to solve
areversal learning task. More generally, our study also highlights the
importance of applying test designs that consider a species' social
characteristics to obtain a better understanding of factors influenc-

ing individual variation in cognitive performance.
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Abstract

Causal understanding and instrumental learning can underpin problem-solving abilities in
animals. However, most previous studies investigated only the influence of one of these
factors, not allowing the disentanglement of the primary mechanism permitting innovative
problem-solving. Although causal understanding has been demonstrated in other taxa such as
birds and primates, it remains inconclusive among carnivores. Moreover, to date, no study has
investigated the implications of causal understanding in problem-solving in carnivores, although
several studies have demonstrated good problem-solving performances in this taxon. Here, we
studied the influences of causal understanding, instrumental learning, and personality traits,
such as persistence and neophobia, on individuals’ likelihood to solve extractive foraging
problems. We addressed these questions by testing wild narrow-striped mongooses
(Mungotictis decemlineata), a generalist and extractive forager carnivore species. Our results
provided evidence that individuals who manipulated more often the apparatuses' functional
parts solved the tasks faster. However, causal understanding did not influence individuals’
performance in problem-solving. Besides, the proportion of functional parts manipulated did
not decrease between successes, indicating that they did not learn instrumentally. Moreover,
none of persistence, neophobia, and social influence affected individuals’ ability to solve the
tasks. We, therefore, conclude that problem-solving in narrow-striped mongooses is mainly due

to trial-and-error.

Keywords: problem-solving, carnivores, Mungotictis decemlineata, causal understanding,

perceptual feedback
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Introduction

Individuals face everyday challenges in their environment, requiring them to find a solution to a new
problem or finding a new solution when an old solution is outdated [1]. Innovative problem-solving
allows individuals to apply new behaviour to exploit unfamiliar or complex resources, thereby avoiding
costs like competition or harsh environmental conditions [1,2]. Innovation has been examined across
taxa [e.g., 3-6] and is suggested to be linked to a species’ foraging ecology [7,8]. This link forms the core
of the “technical intelligence hypothesis,” which suggests that the factors influencing species’ feeding
ecologies, such as dietary breadth and food accessibility, may influence their performance in problem-

solving [7-10].

When producing new behaviours to solve problems, animals should rely on causal understanding and/or
instrumental learning [11,12]. On the one hand, causal understanding allows inferring how one event
leads to another one, and it is deduced from sensory information [13]. Causal understanding is an aspect
of physical cognition that is ecologically relevant to infer hidden resources and their extraction [14,15].
Therefore, causal understanding is a necessary skill for extractive foragers [14]. For example, in New
Caledonian crows (Corvus moneduloides), causal understanding explained individuals’ performance in
solving complex physical problems [13]. New Caledonian crows were trained initially with a trap tube
task and then tested with four different versions of the same task to examine whether they used causal
understanding or associative learning to solve the task. Successful individuals solved the tasks that
shared the same causal feature (i.e., the trap) and not the task with associative cues, suggesting that
they relied on causal understanding [13]. Similarly, chimpanzees (Pan troglodytes) and gorillas (Gorilla
gorilla gorilla) use causal understanding to be efficient and flexible in problem-solving tasks [16]. The
causal understanding ability of these two ape species was first assessed with a task where the
individuals had to remove horizontal straws to drop food rewards. When re-tested with a transfer task
with the same properties, the apes performed the same solution to access the food. Likewise, in three
species of lemurs (Varecia variegata, Lemur catta, Microcebus murinus), individuals displayed causal
understanding in solving mean-ends problems by being successful above chance in different setups of

the task [5].

However, some studies revealed that some species failed to use causal understanding when solving
problems. For instance, dogs (Canis lupus familiaris) were trained with several combinations of the

string-pulling task differing in their difficulties [17]. Dogs were successful in the most straightforward
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string presentation, a single perpendicular string connected to the reward. However, dogs were
unsuccessful in solving problems when the string was presented with an angle or several strings were
combined, suggesting that dogs failed to understand the causal properties of the task in general [17].
Similarly, when tested with tasks based on the means-ends connection of two boards connected with
rewards, dogs were unsuccessful in solving the task where the boards were discontinuous. However,
they succeeded in the task with more perceptual properties. This finding suggested that dogs relied

more on perceptual cues than on a causal understanding of the task [18].

Novel behaviour can also be due to instrumental learning, which is driven by the perceptual-motor
feedback from the interaction with the task [12,19-22]. Perceptual motor feedback is the repetition of
actions that bring the reward closer [22]. For instance, in four species of apes (bonobos: Pan paniscus,
chimpanzees, gorillas, and orangutans: Pongo abelii), individuals could solve problem-solving tasks by
benefitting from visual feedback of the effect of their actions [23]. In tasks involving a sequence of
coordinated actions, individuals depended on the visibility of the movement of the reward through the
tasks. Likewise, in a string-pulling task, naive New Caledonian crows were able to solve the task equally
to experienced individuals, when a mirror was mounted to provide visual feedback of the action
progress [24]. In a similar vein, innovative Carib grackles (Quiscalus lugubris) contacted the openable lid
of a foraging apparatus more often than the individuals who failed in innovation, which suggested that
successful individuals responded to the lid movement differently from the unsuccessful individuals [20].
However, most previous studies looked at the effect of either causal understanding or instrumental
learning on problem-solving abilities (but see [26]), not allowing disentangling primary factor driving

behavioural innovation.

Individuals vary in their ability to innovate as a function of two intrinsic traits. A recent meta-analysis
found that personality traits are strong predictors of innovation, with individuals characterised by less
fear of novelty and higher persistence being better innovators [27]. Several studies also supported the
effect of persistence on problem-solving performance [29-31]. However, many studies revealed either a
positive or negative relationship between neophobia and problem-solving performance, and some
reported the absence of a relationship [reviewed in 23]. Since, neophobia, the fear of novelty, is a
significant personality trait relating to how an individual responds to environmental stimuli. It might
hamper individuals’ ability to interact with novel apparatuses, slowing down the individuals’
performances to be effective [32]. Hence, neophobia should be controlled for in studies of innovative

problem-solving.
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Although carnivores are known to be good problem-solvers [29,31,33,34], the influence of causal
understanding is poorly investigated in this taxon compared to other taxa like birds [e.g., 13,31-33] and
primates [e.g., 5,16,34]. Few studies examined the presence of causal understanding skills in wolves and
dogs [14,17,39], banded mongooses (Mungos mungo) [40], and racoons (Procyon lotor) [33], suggesting
that they have a limited causal understanding. However, the implication of causal understanding ability
in problem-solving abilities in carnivores remains unexplored, although this taxon includes extractive
forager species.

In the present study, we evaluate the causal understanding of another carnivore species, the narrow-
striped mongoose (Mungotictis decemlineata), and examine its influence on innovative problem-solving
abilities. We fully capture the factors that influence individuals’ capacity to solve problems and generate
novel behaviour by conducting the experiments in a social setting. Narrow-striped mongooses are a
forest-dwelling species, extractive foragers, and characterised by a generalist diet [41]. The large dietary
breadth of ecological generalists is assumed to be linked to better performance in behavioural
innovation [1], and extractive foraging behaviour is an indicator of the presence of causal understanding
ability [14]. In fact, narrow-striped mongooses mostly extract food from trees, deadwood, or mollusc
shells [41,42]. Because female narrow-striped mongooses live in stable groups year-round [43], social
influence might affect problem-solving performances in addition to other factors such as neophobia,
persistence, and causal understanding. Based on previous works on other species, we predicted that (i)
causal understanding or instrumental learning or both would influence problem-solving performance,
and that (ii) social influence, especially for more neophobic individuals, and motivational factor would

drive individual variation in problem-solving abilities.

Materials and methods

Study subjects and general experimental protocol

From November 2014 to September 2017, up to 33 individuals from seven female groups in an
individually-marked population of free-ranging narrow-striped mongooses were studied in Kirindy
Forest, western Madagascar. The following procedure was applied for all experiments: first, the groups
were located within their territories using radio-tracking. Next, the test apparatuses were baited out of
sight of the subjects and placed in the experimental area. Then, the individuals were attracted to
approach the experimental area with an acoustic signal. After that, the testing started and was video-

recorded using a camcorder (SONY H DR-CX 240). For each testing, several apparatuses equalling the
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number of individuals were presented to the subjects to avoid monopolisation by the dominant
individual. A presentation is called a session. A session started when an individual entered the
experimental arena of 3 m radius, and it ended when the last individual left the arena [45, 46]. The
participation of the individuals depended on their motivation to approach the experimental area.

Therefore, the number of individuals participating in the experiments differed.
Neophobia

We assessed neophobia using two separate novel object tests with a similar experimental setting. The
novel object was presented alongside a wooden plate containing food (dry cat food). Both components
were placed in the middle of a metal circle, allowing accurate estimation of the distance between the
subject and the novel object. Before the novel object tests, individuals were familiarised to approach the
metal ring only. We presented one experimental set-up per individual to avoid monopolisation by the
dominant individual. We used a coulourful plastic ball for the first novel object test and a red plastic cup
for the second one. We conducted the first novel object test at the beginning of the study, whereas the
second novel object three years later (except for one group marked at the end of the study, the two
tests were conducted 4 months apart; average time interval of 12.5+12 months between the two tests).
From the two novel object tests, we measured the latencies taken by the subject to enter the metal
circle, to contact the novel object, and to feed next to the novel object. We assessed the repeatability of

each latency to determine neophobia [45, 46].
Causal understanding task

To examine causal understanding, we tested the narrow-striped mongooses with the shape task [see
14], which is constituted of two wooden squares (each5cmx 5 cm) placed equidistantly on a
rectangular wooden board (35 cm x 15 cm x 3 cm) (Figure 1.1). A reward (one piece of dry cat food) was
placed under one of the squares, causing it to incline. During a trial, a subject was allowed to choose
between the two squares. The choice of the individual was correct if it chose the inclined square and
incorrect if it chose the other square. The position of the inclined square was randomised (left or right)
across trials. Cat food powder was applied under the flat square to avoid odour cues. Individual
performance in the causal understanding task was measured based on a learning criterion of 80%

correct trials out of a minimum of 12 trials and will be used in further analyses.
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1) Shape task

(Top view of the shape task)

(Profil view of the shape task showing
the inclined small board at the right)

2) Problem-solving tasks

a. Jar task b. Pull task

c. Rotator task

Fig 1. The apparatuses used to test causal understanding ability and problem-solving abilities: (1) the shape task

and (2) the three problem-solving tasks: (a) the jar task, (b) the pull task, and (c) the rotator task
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Problem-solving tasks

To test innovativeness, we applied three different problem-solving tasks: the jar, the pull, and the
rotator tasks; Figure 1.2.a-b-c) previously used in a study in meerkats [29], adapted to the size of the
narrow-striped mongooses.

The jar task. The first problem-solving task was made of a plastic cylinder (non-functional part)
(10 cm x 6.4 cm) closed at the sides with aluminium foil (functional parts) that could be opened easily.
The body of the plastic cylinder was provided with small holes in order to let the odour dissipate. In
order to access the reward placed inside the cylinder, the subject had to remove the aluminium foil at
the sides of the box.

The pull task. The second problem-solving task was made of a plastic bottle (non-functional
part: 20.9 cm x 6.4 cm x 6.4 cm) provided with a round wooden lid (functional part: 6.4 cm of diameter)
at the middle of the bottle, dividing the bottle into two parts. The rewards were placed in the upper part
of the bottle, and the lid could be pulled out to obtain access to the rewards. In addition, the upper part
of the bottle was provided with small holes to let the odour to dissipate.

The rotator task. The third problem-solving task was made with a round plastic box (non-
functional part: 5 cm height) with the interior body of the plastic box divided into two compartments
(big and small). The reward was placed in the small compartment. The top of the box (functional part: 12
cm of diameter) was made of transparent plastic and with a mechanism allowing it to be rotated. The
top was provided with an opening of the same size as the small compartment, and the subject had to
rotate the top of the box until the opening matched the small compartment to access the rewards.

Each box was fixed on a wooden board (15 cm x 15 cm x 3 cm) to give stability to the apparatuses.

Moreover, to avoid any order effect, each group was tested with a different order of the three tasks.

Problem-solving tasks scoring

We quantified behavioural variables (defined in Table 1) from the video recordings using the software
BORIS [44], which were included in the further analyses. We recorded behavioural variables as
quantified in the earlier study in meerkats [29], which are the following: the success latency as a
measurement of individual performance in each problem-solving task and the proportion of
manipulation of the functional parts of the apparatuses. Additionally, we measured the individual’s
contact attempt toward the tasks, , and persistence which represents the engagement of the individual
with the task or task-directed motivation [21]. We also measured the proportion of social influence as

we tested the subjects in a natural group setting.
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Table 1. Ethogram of the behaviours recorded from the video analyses on the three problem-solving

tasks and their respective descriptions

Variables Description

Success latency Time spent manipulating the task actively in seconds,
from the first contact with the box until opening the
task correctly and retrieving food reward.

We recorded the time until the individuals succeed
once the tasks (first success latency) and the time
between the first and the second successes made by

the individuals (second success latency).

Proportion of manipulation of Proportion of the number of times manipulating the
functional parts functional part of the apparatuses to the total number
of times manipulating the functional and non-functional

parts

Contact attempt Time spent in contact with the task (includes all
attempts to contact the apparatuses less than a head

length, such as touching, sniffing, except tail contact)

Persistence Ratio of time spent manipulating actively the task to the

time spent in contact with the task

Social influence Proportion of time spent with conspecific(s) at the

experimental area during the testing session

Statistical analyses

We performed all statistical analyses using R statistical software [48]. Linear mixed models were
conducted using the package Ime4 [49].

First, we examined the presence of neophobia in narrow-striped mongooses by calculating the
repeatability of the variables measured in the individuals that participated in the two novel object tests

(N = 15). Before the repeatability analyses, we log-transformed the measured behavioural variables to
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achieve normality. We estimated behavioural consistency within-subjects by calculating the point
estimate R, using a linear mixed model (LMM)-based method for Gaussian data with the package “rptR”
[50] (Nakagawa & Schielzeth, 2010). Bootstrapping was used to estimate standard errors (SE) and
confidence intervals. Next, we retained the significantly repeatable behaviour, defined it as
“neophobia”. For further analyses, we used the values of the latency to feed next to the novel object
from the first novel object test as our measure of neophobia because more individuals participated in
the first test. Individuals exhibiting longer latencies were categorised as more neophobic, whereas those
with shorter latencies were considered as less neophobic.

Second, we examined whether causal understanding performance co-varies with neophobia. For
this, we conducted a Spearman’s rank correlation test between neophobia and causal understanding
performance of the individuals that reached the learning criterion. Likewise, we examined whether
individuals' persistence until their first successes in every three problem-solving tasks co-varies with
neophobia by using Spearman’s rank correlation tests.

Next, we examined whether individuals’ persistence differed within and between tasks. We
conducted a two-ways repeated measure Anova to check whether individual’'s persistence differed
between the first and the second successes (referred as “success time” hereafter) and between the
three problem-solving tasks. Individuals that solved twice the three problem-solving tasks (N = 10) were
included in this analysis.

Then, we examined whether the proportion of manipulation of functional parts differed
between the two successes and between tasks. Reduction in the manipulating the functional parts may
indicate that the individuals became more efficient [29]. For this, we conducted a Generalised Linear
Mixed Model (GLMM) with a “binomial” structure. In the model, we included the number of
manipulations of the functional parts and non-functional parts per individual until the first and the
second time they solved the tasks as response variable (using the “cbind” function in R). Success time,
task, and social influence were added as fixed effects. The interaction term between success time and
task was included in the model, and when non-significant, the single terms were included. Since social
influence might affect the probability an individual to manipulate a part of the apparatuses by observing
other individuals, we included it as fixed effect. In addition, subject was included as random intercept
and tasks as random slope.

Finally, we examined influences on individuals’ success latencies in the three problem-solving
tasks by conducting a Linear Mixed Model (LMM). Success latencies were included as a response

variable, and causal understanding performance, neophobia, social influence, persistence, the
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proportion of manipulation of the functional parts, success time, and tasks were included as fixed
effects. Before conducting the LMM, we transformed all variables in order to achieve normality. The
variable response (success latency) was transformed with a logarithmic transformation, and the
numerical fixed effects (causal understanding performance, neophobia, social influence, persistence,
and the proportion of manipulation of the functional parts) were transformed each with z-
transformation (to a mean of 0 and a standard deviation of 1).

To simplify our model, we checked for possible two-way interactions between the fixed effects
and tested the significance of the interaction term before including them in the final model. If the
interaction term was significant, we included it in the final model rather than the single terms. When
applicable, Tukey’s pairwise comparison was applied as post-hoc test for the categorical fixed effects
(which are success time and tasks). We also included subject’s identity as random intercept and tasks as
random slope.

For the mixed models, we checked for collinearity between the fixed effects using the function
“vif” of the package car. We tested for the significance of the full models against respective null models

using likelihood ratio test. The significance of the fixed effects was examined using the drop1 function.

Results

Novel object tests

We could test 33 individuals for the first novel object test and 15 individuals for the second novel object
test. The latency to feed next to the novel object was significantly repeatable over time (R = 0.439, p =
0.04), whereas the latency to enter the ring (R = 0.001, p = 0.149) and the latency to contact the novel
object (R = 0.073, p = 0.44) were not repeatable. Therefore, we consider the latency to feed next to the

novel object as neophobia.

Shape task and problem-solving tasks

We could test in total 19 narrow-striped mongooses belonging to five female groups out of the
seven female groups with an average group size of 4 + 2 individuals. Individual participation changed
across the tasks due to individual loss or individuals’ lack of motivation to approach the experimental
area. The sample size of individuals participating in and solving the tasks and their respective

percentages of solving tasks, are summarised in table 2.
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Table 2. Number of individuals that participated in the three problem-solving tasks and in the shape

task
N N solved Percentages N solved Percentages N learned
participated for the of individuals  for the of
first time that solved second individuals
for the first time that solved
time (%) for the
second time
(%)
Jar task 17 17 100 13 76.47
Pull task 16 16 100 15 93.75
Rotator task 18 18 94.73 17 94.44
Shape task 18 16

a. Causal understanding performance and neophobia

Eighteen individuals participated in the causal understanding task. However, only 16 individuals
succeeded in solving the task, after an average of 17.25 + 8.14 trials. The other two individuals did not
complete the minimum number of trials required for the task. However, we included them in the further
analyses by calculating the proportion of correct choices they made divided by the minimum number of
trials required, resulting in low performances. Causal understanding performances did not correlate with

individuals’ neophobia level (Spearman’s rank correlation test: r =0.413, p = 0.088, N = 18).

b. Persistence and neophobia
In each of the three problem-solving tasks, individuals’ persistence during the first success latency did
not correlate with neophobia (Spearman’s rank correlation tests: jar task: r =-0.193, p = 0.455, N = 17;
pull task: r = 0.247, p = 0.355, N = 16; rotator task: r = 0.263, p = 0.343, N = 18). Concerning the
difference in persistence within and between tasks, we found neither an effect of success time (first and
second success latencies) nor an effect of tasks (two-ways repeated measures Anova: F 5, 15 = 0.062,

p =0.939).

c. Difference in proportion of manipulation of functional parts within and between tasks

In the jar task, individuals manipulated the functional parts with an average proportion (mean *
standard deviation: SD) of 0.58 + 0.2 until the first time they solved the task, and an average proportion

(mean * SD) of 0.56 + 0.2 until the second success. In the pull task, individuals manipulated the
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functional parts with an average proportion (mean + SD) of 0.42 + 0.2 until the first time they solved the
task, and an average proportion (mean % SD) of 0.48 + 0.2 until the second time they solved the task. In
the rotator task, the individuals manipulated the functional parts with an average proportion (mean +
SD) of 0.73 £ 0.2 until the first success, and an average proportion (mean + SD) of 0.70 £ 0.2 until the
second success. The model examining the difference in proportion of manipulation of functional parts
within and between tasks was significant (2= 39.004, df = 4, p<0.001). We did not find any difference
within tasks in the proportion of manipulation of functional parts (p = 0.528; Table 3), indicating that the
individuals did not improve efficiency between the first and the second time they solved the tasks.
However, we found that the proportion of manipulation of functional parts differed between tasks in
general, with the individuals manipulating more often the functional parts in the rotator task (p < 0.001;

Figure 2; Table 3).
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Fig 2. Proportion of manipulation of functional parts between tasks: individuals manipulated more often the

functional parts in the rotator tasks compared to the jar and pull tasks
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Table 3. Parameter estimates of the GLMM examining the effects of task, time and social influence on the

proportion of manipulation of functional parts

Parameter estimates

Lower  Upper

Variable response al al Min
Proportion of Intercept 0262 0330 -0.911 0389 -0334 -0126 -0.793 0.427
manipulation of Pull task -0.406 0246 -0.897 0077 -0.533 -0.278 -1.648 0.099
functional parts
Rotator task 0770 0229 0318 1224 0673 0836 3.348 <0.001
Time second 0110 0.175 -0.232 0458 0040 0.171 0.630 0.528
Social influence 0004 0392 -0.776 0771 -0208 0235 0012 0.990

Est: estimate; SE: standard error; Cl: confidence interval; Min: minimum estimated coefficient; Max: maximum

estimated coefficient; z: z-value; p: p-value

d. Influences on success latencies

Individual’s average latency to the first success was 29.57 + 25.98 seconds (mean + SD; N = 17) in the jar
task, 47.58 + 39.63 s (mean = SD; N = 16) in the pull task, and 82.73 + 113.57 s (mean = SD; N = 19) in the
rotator task. From the first time success until the second success, individuals (N=13) solved the jar with
an average latency of 20.13 + 14.26 s (mean * SD), the pull task with an average latency of 45.30 + 37.30
s (mean £ SD; N = 15), and the rotator task with an average latency of 57.03 £53.19 s (mean + SD; N =
17).

We examined influences on the problem-solving performances of all individuals that solved once or
twice the three problem-solving tasks (96 observations). The interaction between the proportion of
manipulation of functional parts and task was not significant (p = 0.606), as well as the interaction
between neophobia and social influence (p = 0.199). Therefore, we included all the single terms in the
model. The model examining influences on problem-solving performance was significant (2= 33.339, df
=5, p < 0.001). We found that the proportion of manipulation of functional parts influenced success
latencies, with the individuals manipulating the functional parts more frequently solving the tasks faster
(p < 0.001, Figure 3, Table 4,). In addition, we found an effect of task on success latencies (p = 0.004,
Table 4). The post-hoc test revealed that individuals needed more time to solve the pull and rotator
tasks than the jar task (Figure 4; Table 4). Specifically, the success latencies during the rotator task
differed from the success latencies during the jar task (Tukey’s test: rotator task versus jar task:
p<0.001), and the success latencies during the rotator task differed from the success latencies during the

pull task (Tukey’s test: rotator task versus pull task: p = 0.006). But, success latencies during the pull task
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did not differ from the success latencies during the jar task (Tukey’s test: pull task versus jar task: p =
0.704). However, there was no effect of success time on success latencies in the three problem-solving
tasks (p = 0.474), suggesting that the individuals did not improve their solving performances.

We did not find any effect of neophobia (p = 0.763) nor persistence (p = 0.441) on success latencies.
Social influence did not affect also individuals’ ability to solve the three tasks (p = 0.359). In addition,

individuals’ causal understanding performance did not influence success latencies (p = 0.413, Table 4).

Log4ransformed solving latencies

-5 - 15 1] s 1 15
Z-fransformed proportion of functional parts

Fig 3. Influence of proportion of manipulation of functional parts on success latencies: individuals that
manipulated the functional parts more often solved the problem-solving tasks faster. Log-transformed success
latencies are depicted on the y-axis. Z-transformed proportion of manipulation of functional parts is depicted on
the x-axis, with negative values representing individuals that manipulated less the functional parts, whereas
positive values represent individuals that manipulated the functional parts more often. Each circle represents an
individual that solved the three problem solving tasks until the first and/or the second successes. The continuous

line depicts the fitted model, and the dotted lines depict its bootstrapped 95% confidence intervals.
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Fig 4. Effect of task on success latencies in problem-solving tasks: individuals required more time to solve the pull

and rotator tasks compared to the jar task

Table 4: Parameters estimates of the linear mixed model (LMM) examining the influences on problem-solving

performances

Likelihood test ratio
using drop1 function

Parameter estimates

Upper

Variable response Cl

Success latencies  |ntercept 2.889 0210 2474 3301 2800 3.169 @ a e
Neophobia -0.039 0.129 -0.269 0.193 -0.063 1.162 0.090 1 0.763
Social influence 0.090 0.093 -0.089 0.267 0.065 0.157 0.839 1 0.359
Persistence -0.069 0.088 -0.248 0.108 -0.121 -0.035 0.592 1 0.441
Pull task 0.179 0.225 -0.241 0.626 0.072 0.238 10.939 2b  0.004°
Rotator task 1.083 0.281 0.553 1.618 0.966 1.218 a a a
Time -0.112 0.156 -0.395 0.196 -0.206 -0.050 0.510 1 0.474
Proportion of
manipulation of -0.671 0.100 -0.866 -0.473 -0.743 -0.601 31.944 1 <0.001
functional parts
Causalunderstanding 116 140 0156 0398 0020 0288 0669 1 0413
performance

Est: estimate; SE: standard error; Cl: confidence interval; Min: minimum estimated coefficient; Max: maximum

estimated coefficient; df: degree of freedom; z: z-value; p: p-value
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Discussion

This study aimed to investigate factors influencing problem-solving abilities in wild narrow-striped
mongooses. We used extractive problem-solving experiments applied before in meerkats to examine
whether instrumental learning and/or causal understanding elicit performances in problem-solving.
Individuals that partook in the problem-solving tasks were also successful in the causal
understanding task. However, we found that individuals’ problem-solving performances are due to
instrumental learning, and not to causal understanding, as the individuals manipulating more often
the functional parts of the apparatuses solved the tasks faster. However, we did not find any
improvement in success latencies within tasks, and the individuals appeared not to have improved
their efficiency in manipulating the functional parts within tasks. In contrast to previous studies,
persistence did not affect individuals’ problem-solving performances. In addition, problem-solving

performances did not covary with neophobia or social influence.

We found that the individuals that manipulated the functional parts of the apparatuses more
often were faster in solving the three solving-problem tasks. This outcome suggests that narrow-
striped mongooses might have extracted a general rule on the functionality of the openable features
of the tasks. Generalisation of feature functionality was also found, for instance, in New Caledonian
crows. Individuals tested with different tasks that differ in the characteristics provided had the same
solving success, suggesting that they acquired the general mechanisms of the apparatuses [51].
However, the narrow-striped mongooses did not enhance their efficiency in manipulating the
functional parts within tasks, indicating that they did not learn the tasks instrumentally. Likewise,
meerkats performed similarly in the same experimental set-up [29], as the time spent handling the
functional parts was not reduced for the individuals that solved the tasks three times. Perhaps more
trials are needed to observe learning effect. In addition, we found that the individuals manipulated
the functional part of the rotator task more often than the jar and pull tasks, suggesting that the
rotating lid movement might have provided visual feedback for the subjects. Such perceptual motor
feedback was demonstrated in previous studies to support problem-solving performances [20,23,24].
However, more elaborated experiments will be needed to observe such effect, like the use of control
setup. Therefore, since the narrow-striped mongooses did not learn instrumentally, it appears that
the individuals relied on trial-and-error to solve the extractive problem-solving tasks.

Neither neophobia nor persistence predicted problem-solving performances in narrow-
striped mongooses. Neophobia did not influence the likelihood to solve the problem-solving tasks,
indicating that all personality types could solve the tasks. In a similar vein, neophobia did not affect
the latency to solve problem-solving tasks in great tits (Parus major) [52]. A recent meta-analysis on

innovation [27], but also a review [21], support this finding, suggesting that neophobia does not
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necessarily influence innovative problem-solving performance, although it may interfere with
individuals’ interaction with the tasks. It is possible that the effect of neophobia manifests in the
approach of the task, which we did not address in the current study, and not for solving it. In
addition, social influence did not influence problem-solving performances. Since social influence
might allow individuals to overcome their neophobia [53], and neophobia did not influence solving
performance, this outcome is conclusive.

In contrast to other studies [e.g., 21,26,37], persistence failed to explain individuals’
performance in problem-solving. Indeed, most of the narrow-striped mongooses, which participated
in the problem-solving tasks, solved the tasks twice, and individuals’ persistence did not differ within
or between tasks. Our results indicate that most of the narrow-striped mongooses engaged equally
in the three problem-solving tasks. Moreover, Amici et al. showed that although persistence is well-
known to correlate positively with innovative performances, persistence is a weaker facilitator of

innovation and is not the primary influence of innovation [27].

We did not find any difference between the first and second success latencies of the
problem-solving tasks, indicating that the narrow-striped mongooses did not improve their solving
time. Our result is similar to the finding in meerkats, where no difference was found between the
first and the second success latencies [29]. Similarly, pheasants (Phasianus colchicus) did not improve
their success latencies even after several presentations of the same task, which might be due to the
fact that innovation is the by-product of a mainly motivational trait, i.e., persistence, and not
cognition [30]. However, in our study, we did not find any influence of persistence on problem-
solving performances, ruling out this possibility. In addition, the proportion of manipulation of
functional parts did not differ between the first and second successes, indicating that the individuals
did not improve their efficiency in manipulating the functional parts with time. A similar result was
found in meerkats, where the individuals did not reduce the handling time of the functional parts
[29]. The failure of individuals to enhance their efficiency in manipulating the functional parts within
tasks is consistent with the individuals’ inability to improve their success latencies with only two
successes, which supports the notion that problem-solving performance is driven by trial-and-error in

our study.

Narrow-striped mongooses learned the shape task above chance in our study, indicating that this
species possesses causal understanding ability. However, the individuals’ causal understanding
performance in the shape task did not influence individuals’ performance in the problem-solving
tasks. Perhaps, it is because all individuals solved the task, which did not drive pronounced variation
in performances. The shape task has been conducted before to assess the ability of apes, old world

monkeys, and domestic dogs to make causal inferences about the location of food [14]. It has been
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shown that apes were better performers because of their necessity to make inferences about hidden
resources involved in their extractive foraging skills compared to domestic dogs [14]. However, the
shape task is based on visual cues [14], and it could be that the problem-solving tasks did not address
the same causal cues. Ideally, to overcome this ambiguity, examining problem-solving performances
in transfer tasks, which means comparing individuals’ performances on related tasks with and
without specific causal features, would allow disentangling whether a species uses causal
understanding ability to solve a given problem (see, for example [13]). In addition, future studies

should control for perceptual-motor feedback in designing the task.

To conclude, our study contributes to the understanding of innovative problem-solving in carnivores,
as well as the role of personality traits and causal understanding in this context. Our study indicates
that narrow-striped mongooses relied only on trial-and-error from the manipulation of the functional
parts to solve the tasks. Although, the narrow-striped mongooses possess causal understanding
ability, it did not determine their success in problem-solving. Moreover, our study suggests that the
shape task is probably not representative enough of the causal ability needed in extracting hidden
food resources, in contrast to the findings of a previous study [14]. Therefore, future studies should
consider a more elaborated task design to examine the link between causal understanding and

extractive problem-solving.
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Abstract

Social learning is widespread in the animal kingdom, but individuals can differ in how they acquire and use social informa-
tion. Personality traits, such as neophobia, may, for example, promote individual learning strategies. Here, we contribute
comparative data on social learning strategies in carnivorans by examining whether narrow-striped mongooses (Mungotictis
decemlineata), a group-living Malagasy euplerid, learn socially and whether neophobia influences social learning. To this
end, we tested seven wild female groups with a two-option artificial feeding box, using a demonstrator—observer paradigm,
and conducted novel object tests to assess neophobia. In five groups, one individual was trained as a demonstrator displaying
one of the techniques, whereas the other two groups served as control groups. Neophobia did not co-vary with an individual’s
propensity to seek social information. However, less neophobic individuals, and individuals that tended to seek social infor-
mation, learned the task faster. Moreover, individuals in demonstrator groups learned the task faster than those in groups
without a demonstrator and used the demonstrated technique more often. Hence, narrow-striped mongooses rely on social
facilitation and local or stimulus enhancement to solve new problems. Finally, our results suggest that several individual
characteristics should be taken into consideration to obtain a more comprehensive understanding of social learning strategies.

Keywords Carnivora - Social facilitation - Neophobia - Attendance bias - Mungotictis decemlineata

Introduction

Learning by observing others is a mechanism for behavioural
plasticity that can shape the behavioural repertoire of an
individual (Kendal et al. 2010; Aplin 2016). Social learning
is associated with many benefits, from acquiring behavioural
traits in different contexts to the establishment of cultural
behaviour across populations (Aplin 2016; Whiten and van
de Waal 2018). However, social learning also comes with
costs, as it can spread incorrect information (Rieucau and
Giraldeau 2011). Consequently, individuals should ideally
switch flexibly between asocial and social learning strategies
(Kendal et al. 2018). To maximize the benefits, an individual
should flexibly use social learning strategies to decide from
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whom and when to learn, and which information to acquire
(Laland 2004; Kendal et al. 2018). Social learning strate-
gies encompass social information seeking and its use or
application in future contexts. For instance, one type of a
social learning strategy, the “state-based strategy”, depends
on the observer’s intrinsic characteristics, such as rank, age,
and sex, which may influence its decision to learn socially
in a given situation (Kendal et al. 2018). Moreover, a state-
based strategy will influence an individual’s choice to be
attentive to a conspecific to seek social information, trig-
gering a preferential attendance bias (Kendal et al. 2018),
resulting in directed social learning or a transmission bias
(Kendal et al. 2015). As a result, the tendency to seek and
use social information can vary at the individual level across
group members (Mesoudi et al. 2016; Watson et al. 2018).
One of the main factors driving this variation is animal
personality, i.e., individual differences in behaviour that are
consistent across time and contexts (Réale et al. 2007; Kur-
vers et al. 2010a; Mesoudi et al. 2016). Personality traits,
such as boldness, neophobia or exploration, appear to influ-
ence the tendency to use social information and provide a
benefit against danger in a high-risk environment (Greggor
et al. 2015; Crane and Ferrari 2017). For example, in a
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social foraging experiment, shyer barnacle geese (Branta
leucopsis) were more likely to use social information than
their bolder conspecifics because they had fewer opportu-
nities to gather individual information and, hence, relied
more on conspecific demonstrators to find high-quality
food patches (Kurvers et al. 2010a). In contrast, in great
tits (Parus major), bolder individuals were more inclined to
profit from social learning because the more fearless indi-
viduals hindered shyer individuals from participating in the
learning situation (Marchetti and Drent 2000). Furthermore,
neophobia can also be transmitted socially as for example
in fathead minnows (Pimephales promelas), where naive
observers also learned neophobic responses from a dem-
onstrator in a social learning paradigm (Crane et al. 2015).

Exploration influenced social learning in a study exam-
ining mate choice and food choice, with less explorative
female zebra finches (Taeniopygia guttata) copying the deci-
sion exhibited by a conspecific model even if it would lead to
unfavourable choices, such as the choice of a non-preferred
male or non-preferred food (Rosa et al. 2012). Although
female zebra finches were previously tested for their individ-
ual preferences, they still followed the model’s choice, indi-
cating that they prioritised social information over personal
information (Rosa et al. 2012). In three-spined sticklebacks
(Gasterosteus aculeatus), more explorative individuals were
more likely to join an unfamiliar demonstrator because less
explorative individuals needed more time to familiarize
themselves with the new conspecific and were, hence, more
sensitive to risk (Nomakuchi et al. 2009). Therefore, per-
sonality traits can modify the tendency to learn socially by
obtaining access to either personal or social information,
as well as the tendency to rely more on social learning in
contexts where unfamiliar objects/conspecifics are involved.
However, whereas the effect of exploratory behaviours on
social learning is well known (summarised in Mesoudi et al.
2016), the effect of neophobia on the tendency to seek social
information remains obscure in comparison.

Although social learning is widespread across animals
(insects: Slaa et al. 2003; Griiter and Leadbeater 2014; fish:
Nomakuchi et al. 2009; Webster and Laland 2017; birds: Mar-
chetti and Drent 2000; Morales Picard et al. 2017; carnivorans:
Thornton and Clutton-Brock 2011; primates: Schnoell and
Fichtel 2012; van de Waal et al. 2013), it has been less often
studied experimentally in social carnivores. For instance,
spotted hyenas (Crocuta crocuta) did not learn socially in a
problem-solving task (Benson-Amram et al. 2014). For meer-
kats (Suricata suricatta), however, individuals preferentially
chose the landmark in a two-choice task that was also pre-
ferred by a demonstrator, indicating inadvertent social learn-
ing via stimulus enhancement (Thornton and Malapert 2009).
Teaching, a highly derived form of social learning, has been
shown in meerkats, with adults providing pups opportunities to
interact with live prey to learn prey-handling skills (Thornton
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and McAuliffe 2006). Moreover, young banded mongooses
(Mungos mungo) imitate the foraging technique exhibited by
adult individuals (Miiller and Cant 2010). Thus, patterns of
social learning appear to be highly variable across carnivorans.
To contribute new comparative data to this field of research,
we investigated the presence of social learning in narrow-
striped mongooses (Mungotictis decemlineata). Specifically,
we examined the influence of personality on an individual’s
probability to learn socially in a social diffusion task. Female
narrow-striped mongooses live in stable, hierarchical groups
(3.7+0.4 individuals) (Schneider and Kappeler 2016), and
exhibit a generalist and opportunistic feeding ecology (Raso-
lofoniaina et al. 2019). Group members regularly forage for
hidden prey, which may present opportunities for social learn-
ing to acquire relevant hunting strategies, exploration of novel
food, or space use. In particular, we examined whether an indi-
vidual’s tendency to learn socially is related to individual vari-
ation in neophobia, because neophobia is generally thought
to hinder individual learning (Webster and Lefebvre 2001).
Using field experiments, we examined individual varia-
tion in neophobia by presenting novel objects, and we stud-
ied social learning by conducting a social diffusion experi-
ment. Social diffusion experiments are set out to study how
founder behaviours spread across multiple individuals in a
group (Whiten and Mesoudi 2008). By presenting an arti-
ficial feeding apparatus that can be opened by two different
techniques and for which demonstrators have been trained to
use only one of the two techniques, social learning has been
demonstrated in various species (primates: Pesendorfer et al.
2009; van de Waal et al. 2010; Schnoell and Fichtel 2012;
Claidiere et al. 2013; birds: Morales Picard et al. 2017). To
investigate experimentally social learning, we confronted
narrow-striped mongooses with such a two-option feeding
apparatus. We predicted that: (1) if neophobia positively
influences the propensity to observe the demonstrator,
more neophobic individuals are expected to spend more
time with the demonstrator manipulating the task than less
neophobic individuals, (2) If neophobia positively influences
social learning, less neophobic individuals are expected to
learn the task faster than more neophobic individuals, (3) If
narrow-striped mongooses learn socially, we predicted that
the presence of a demonstrator should improve the learning
speed of observers compared to individuals learning without
demonstrator, and (4) individuals are more likely to use the
demonstrated technique to open the feeding appartus.

Methods
Study animals and general testing procedure

Between November 2014 and September 2017, we studied
seven female groups (Table 1) from an individually-marked
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Table 1 Group composition (all female adults and the juveniles and
infants of unknown sex) and experimental condition during the social
learning task

Group Number of individuals Condition
B 3 (3 adults) Control
L 3 (2 adults and 1 juvenile) Control
C 6 (4 adults and 2 juveniles) Pull

N 4 (2 adults, 1 juvenile and 1 infant) Pull

Gl 2 (1 adult and 1 infant) Pull

L1 2 (2 adults) Slide

M 5 (5 adults) Slide

population of free-ranging narrow-striped mongooses (Sch-
neider and Kappeler 2016) in Kirindy Forest, Madagascar.
Individuals in a group were marked either by radio-collars
or with specific fur-shaving patterns on the tail. Groups were
located within their territory using radio-tracking and were
tested opportunistically. For testing, we used the following
general experimental procedure: apparatuses were baited
with dry cat food out of sight of the individuals, and ani-
mals were lured with an acoustic signal, shaking a plastic
box containing cat food to the experimental area (Schnoell
and Fichtel 2012). The experiment started when the first
individual of the group approached one of the apparatuses
within a range of 3 m and ended when the last individual
left the arena.

Novel object test

Neophobia was assessed by presenting a novel object next to
a wooden plate containing food. Both objects were placed in
the middle of a metal ring, allowing an accurate estimate of
the distance between the subject and the novel object. Indi-
viduals were previously habituated to the metal ring before
conducting the novel object test. To avoid monopolisation
by certain individuals, we presented one experimental set-up
per individual. To assess the repeatability of the personality
trait “neophobia,” we conducted two novel object tests, by
presenting either colourful plastic balls or red plastic cups
as novel objects. In six groups, we repeated the novel object
test after a period of 3 years, whereas in one group, marked
at the end of the study, we repeated the novel object test after
a period of 4 months. The average time between the two
novel object tests was 12.5+12.02 (mean + SD) months. We
tested 33 individuals in the first novel object test but only 15
individuals in the second novel object test, due to individual
losses over the 3 years or a lack of motivation of some indi-
viduals to approach the experimental area.

Based on video-recordings, we measured the following
behaviours from the two novel object tests: latency to enter
the metal ring, latency to contact the novel object, and

latency to feed next to the novel object. We estimated the
repeatability of each individual latency with individuals
that participated in both novel object tests (N =15), using
the package “rptR” (Nakagawa and Schielzeth 2010).
Before the analyses, we log-transformed the variables to
achieve normality. We computed point estimates of repeat-
ability R, p values, standard errors SE, and the confidence
intervals with bootstrapping. The significant repeatable
latency to feed next to the novel object was retained and
defined as “neophobia.” Individuals exhibiting longer
latencies were categorised as more neophobic, whereas
those with shorter latencies were the less neophobic ones.

Social learning experimental set-up

A problem-solving feeding apparatus (Fig. 1) was con-
structed similar to an apparatus that has been used in a
study of social learning in vervet monkeys (Chlorocebus
aethiops) (van de Waal and Bshary 2011). The appara-
tus consisted of a wooden box (9.5 cm x 13.6 cm), with
a transparent plexiglass door, fixed on a wooden plate
(13 cm X 17 cm). The door could be opened via two open-
ing mechanisms, by either pulling or sliding the plexiglass
door. We first trained a demonstrator by presenting only
one box that could be opened by one technique only. Fol-
lowing this training, we conducted the group experiment
by presenting several boxes that could be opened by both
techniques and we presented one box for each group mem-
ber. In total, we tested seven groups: five groups in which
a demonstrator was trained to open the box with either the
pull (N=3 groups) or the slide technique (N=2 groups),
and two groups in which no demonstrator was trained
served as control groups. For the control groups (N=2),
we used boxes that could be opened by both techniques.

Fig. 1 Two-option foraging apparatus used to assess social learning.
The door can be opened by either sliding or pulling
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Demonstrator training procedure

To train the demonstrator, only one feeding apparatus was
presented, which was monopolized across sessions and
groups by the oldest and dominant female of a group, and
she served as the demonstrator (Schneider and Kappeler
2016). In three groups, we trained the demonstrator to open
the apparatus with the pull technique by blocking the slide
technique, whereas in the other two groups, we trained the
demonstrator to open the apparatus with the slide technique.
For the training, we presented the boxes once per day and the
demonstrator could perform only one trial over the course of
20 days, resulting in 20 trials performed by the demonstrator.
To ensure that they had learned the task, each demonstrator
had to open the box more often than expected by chance by
reaching a learning criterion of 80% successful trials.

Since groups of narrow-striped mongooses always forage
together (Schneider and Kappeler 2016), other group mem-
bers (observers) were present in the experimental arena and
could approach the demonstrator while she manipulated the
apparatus. To assess the propensity to seek social informa-
tion, we placed a metal ring (50 cm diameter, the same metal
ring used during the novel object tests) around the feeding
apparatus during the presentation, allowing us to measure
the time spent close to the demonstrator for each observer.
To prevent observers from manipulating the boxes during
the training of demonstrators, the hinge of the door was built
tight, so that it stayed open and did not close automatically
after the demonstrator let the door loose. In addition, only
one piece of cat food was placed in the box for the demon-
strator, preventing observers from scrounging.

Group testing procedure

After the demonstrator had learned the task, we tested the
entire group. We presented several boxes corresponding to
the number of individuals in a group to avoid monopolisa-
tion of the apparatuses by the dominant female. The boxes
were now baited with ten pieces of dry cat food to allow
individuals to perform several trials repeatedly while both
opening mechanisms were available. This time the door of
the boxes closed automatically after the individual let the
door loose, so that they had to open it again to obtain access
to another reward. For the group testing procedure, each
presentation of the apparatuses per group was considered as
one session. Within a session, an individual could perform
several trials. Subjects were tested until they reached a learn-
ing criterion of 80% of successful trials out of a minimum of
15 trials. Since several pieces of dry cat food were available,
the apparatuses were not re-baited after each trial and were
only removed after the last individual left the experimental
arena.
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Video analyses

During the experiments, subjects were video-taped with a
camcorder (SONY HDR-CX 240), and videos were analysed
using Boris (Friard and Gamba 2016). From the demonstra-
tor training sessions, we assessed social learning opportu-
nities, which were defined as the time an observer spent
together with a demonstrator within the metal ring, while the
demonstrator was actively manipulating the boxes. To meas-
ure individual learning performance, we scored individual
learning speed during the demonstrator training sessions and
the group testing sessions. Learning speed was defined as the
number of trials needed by an individual to reach the learn-
ing criterion, which was 80% of successful trials.

Statistical analyses

We conducted all analyses using R statistical software (R
Core Team 2017). First, to examine whether social learn-
ing opportunities co-varied with neophobia, we conducted
Spearman’s correlation test between neophobia and social
learning opportunities. Second, we examined whether the
learning speed of observers in the demonstrator groups was
predicted by neophobia and social learning opportunities by
fitting a GLMM with a Poisson structure, using the pack-
age lme4 (Bates et al. 2014). Learning speed corresponds to
the number of trials required by an individual to reach the
learning criterion (80% of correct trials). Learning speed
was fitted as the response variable and neophobia and social
learning opportunities were fitted as fixed factors. We ini-
tially included the interaction term between fixed factors and
we checked its significance using likelihood test ratio. When
non-significant, the interaction between fixed factors was
dropped from the analysis and the single terms were kept in
the model. As the members of a group were present at the
experimental arena during each test, we tested multiple indi-
viduals together at the same time. We, therefore, included
group identity as random factor in the model.

Third, we examined whether learning speed was influ-
enced by the presence of a demonstrator (yes or no). For this
analysis, we used a Cox proportional hazards model with
learning speed as the dependent variable, treating whether
the individual learned the task or not (yes or no) as cen-
sored observations. The Cox model was conducted using
the R-package “survival” (Therneau 2015).

Fourth, we examined whether observers in the pull and
slide groups differed in the proportion of trials during which
they used the pull technique using a Mann—Whitney U test.
We also performed exact binomial tests to examine whether
individuals in both the demonstrator and control groups
developed a preference for one technique to solve the two-
option task. We defined a preference when individuals used
one technique more often than expected by chance to solve
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the two-option task. Moreover, using binomial tests, we
examined whether the number of individuals that developed
a preference differed from those that did not develop a pref-
erence for all groups and in the demonstrator groups only.

For the mixed models, we checked for collinearity
between the fixed factors prior to all analyses. For all mod-
els, we performed likelihood test ratio for the full-null model
comparisons and we visually inspected normality and homo-
scedasticity with residual plots. For the Cox proportional
hazards model, we checked for the violation of proportional
hazards.

Results
Neophobia

The latency to feed next to the novel object was signifi-
cantly repeatable over time (R=0.439, p=0.04), whereas
the latency to enter the ring (R=0.001, p=0.149) and the
latency to contact the novel object (R=0.073, p=0.44) were
not repeatable. Hence, we consider the latency to feed next
to the novel object as neophobia. Neophobia did not corre-
late with social learning opportunities however (Spearman’s
rank correlation test: »=0.009, p =0.989).

Use of social information for learning

During the demonstrator training sessions, all five dem-
onstrators learned to open the feeding apparatus. Four out
of five demonstrators required 20 trials to learn the task,
whereas one demonstrator (from group N) needed 28 tri-
als. On average, the demonstrators needed 21.6 +3.6
(mean + SD) trials to learn the task. Demonstrators needed
on average 5.24 s (median, IQR: 4.77, N=3) to open the
door using the pull technique and 4.42 s (median, IQR:
5.27, N=2) using the slide technique, suggesting that both
techniques were equally difficult. During the group testing
sessions, five out of seven observers in the pull groups and
three out of four observers in the slide groups learned the
task within 31 + 16 (mean + SD) trials. In the control groups,

four individuals participated, but only one individual learned
the task after 55 trials.

The learning speed of observers co-varied with the pres-
ence of a demonstrator (p =0.037, Table 2), with individu-
als in demonstrator groups learning the task faster com-
pared to individuals in control groups (Fig. 2). During the
demonstrator training sessions, observers spent on average
6.7 +13.7 min (mean + SD) within the metal ring together
with the demonstrator, our measure of social learning oppor-
tunities. We found that learning speed was influenced by
both neophobia (p=0.011; Table 3a) and social learning

80

P (o))
o o
1 1

Learning speed (number of trials)
N
o

Without demonstrator With demonstrator

Group condition

Fig.2 Difference in learning speed between individuals provided
with demonstrators (pull and slide groups) and individuals without
demonstrators (control groups): individuals in groups with a demon-
strator learned the task faster

Table 2 Result of the Cox’s proportional hazards model assessing the effect of the presence of the demonstrator on individuals’ learning perfor-

mances (N=15)

Model Fixed effect Censor variable

B+SE Z

P value Test for the proportional
hazards

e (95% CI)

Effect of the presence of
demonstrator on learning
speed

Learning speed Learning (yes orno) 2.32+1.11 2.08

10.23 (1.15;90.8) 0.0369 0.486

B beta coefficient; SE standard error; z Wald statistic value; P p value; e: exponentially transformed parameter estimates show the proportional
change of hazard ratio, that is, the probability of solving the task, in response to unit change of predictors.; CI confidence interval of the hazard
ratio Bold value indicates statistically significant result at the significance threshold p <0.05
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opportunities (p <0.001; Table 3a), with less neophobic
individuals and individuals seeking social learning oppor-
tunities for longer learning faster. Since one observer had
a much longer latency to feed next to the novel object
compared to the other individuals, we repeated the model
without this outlier and obtained similar results for both
neophobia (p =0.022; Fig. 3; Table 3b) and social learning
opportunities (p <0.001; Fig. 4; Table 3b).

We also found that the proportion trials in which they
used the pull technique differed between pull and slide
groups, with observers in pull groups using the pull tech-
nique more often whereas observers in the slide groups used
the pull technique less often and, hence, the slide technique
more often (Mann Whitney U test, W=25, p=0.042, Fig. 5).
All demonstrators maintained the technique learned during
the group testing sessions, although three out of five demon-
strators also discovered the other technique (Table 4). Over-
all, independent of whether individuals reached the learning
criterion or not, eight individuals developed a preference for
one technique and six exhibited no preference (binomial test,
p=0.795, Table 4). In the demonstrator groups, seven indi-
viduals developed a preference, whereas only one developed
a preference in the control groups (N =1, one-tailed bino-
mial test, p=0.035). However, from the seven individuals
that developed a preference, five preferred the demonstrated
technique whereas two individuals exhibited a preference
for the other technique (one-tailed binomial test, p =0.227).

Discussion

We investigated the effect of neophobia on social learning in
wild narrow-striped mongooses. Neophobia did not correlate
with the propensity to seek social information. Less neo-
phobic individuals and those that spent more time with the
demonstrators during the demonstrator’s training sessions
learned the task faster, suggesting that personality and social
facilitation enhanced learning. The improvement of learn-
ing performance in the presence of a demonstrator indicates
that local or stimulus enhancement may have fostered the
acquisition of the different opening techniques. Moreover,
the proportion of animals using the pull technique differed
between observers in the pull and slide groups, indicating
that individuals in the pull groups used the demonstrated
technique more often, and five out of seven individuals
developed a preference for the demonstrated technique.
Hence, narrow-striped mongooses appear to rely on inad-
vertent social learning processes, such as social facilitation
and local or stimulus enhancement, to deal with new chal-
lenges, such as the artificial feeding boxes.

In contrast to other species (Kurvers et al. 2010b), neo-
phobia did not co-vary with the observers’ propensity to seek
social information during the training sessions. However,
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both, neophobia and the tendency to seek social informa-
tion influenced learning speed. Less neophobic individuals
learned faster, supporting the hypothesis that fast personality
types learn faster than slow personality types in a new situa-
tion (Sih and Del Giudice 2012). Moreover, the tendency to
seek social information varied across individuals, indicating
an attendance bias, which has been recognised to indicate
directed social learning or transmission bias (Kendal et al.
2015). Narrow-striped mongooses that were more likely to
seek social information also learned the task faster. Since
the demonstrator was the dominant female of each group,
the attendance bias might result from social inhibition by
dominant females, constraining some observer’s tendency
to approach her closely to avoid aggression (Schneider and
Kappeler 2016).

Similarly, in meerkats and chimpanzees (Pan troglodytes),
the rank of demonstrators influenced the tendency of lower-
ranking individuals to seek social information during social
learning (meerkats: Thornton and Malapert 2009; chimpan-
zees: Watson et al. 2017). Moreover, in Amazonian parrots
(Amazonia amazonica), individuals receiving aggression at
an artificial feeding apparatus interacted less often with the
apparatus, thereby constraining their social learning oppor-
tunities (Morales Picard et al. 2017). In chacma baboons
(Papio ursinus), boldness/neophobia did not co-vary with
the tendency to pay attention to a demonstrator in a social
learning experiment (Carter et al. 2014). As in our study,
less neophobic individuals had greater learning success, but
the tendency to seek social information did not influence
learning success in baboons. Since the social learning task
was relatively easy to solve, chacma baboons probably did
not need much social information to solve the task, which
benefitted bolder individuals that were more likely to inter-
act with the novel food or feeding apparatus in solving the
task faster (Carter et al. 2014). Hence, personality, but also
the use of social information, can influence learning strate-
gies when individuals are confronted with a new challenge.

Similarly, as several other species, such as red-fronted
lemurs (Eulemur rufifrons; Schnoell and Fichtel 2012),
Amazonian parrots (Morales et al. 2017) or blue tits
(Cyanistes caeruleus; Aplin et al. 2013), narrow-striped
mongooses in demonstrator groups learned the task faster
than those in groups without a demonstrator, suggesting that
the presence of a knowledgeable individual may have facili-
tated learning via local or stimulus enhancement (Hoppit
and Laland 2008).

Narrow-striped mongooses also discovered the alterna-
tive technique to open the box. Individuals belonging to the
demonstrator groups performed the demonstrated technique
more often than the other one. Our findings here echo results
from previous studies in which observers tended to adopt the
technique displayed by the demonstrators or knowledgeable
individuals (meerkats: Thornton and Malapert 2009, banded
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Fig.3 Influence of neophobia on individual learning speed during the
testing sessions. Less neophobic individuals learned the task faster.
The X-axis depicts the latency to feed close to a novel object as proxy
of neophobia, with negative values representing less neophobic indi-
viduals and positive values for the more neophobic ones. Each cir-
cle represents an individual that learned the discrimination learning
task. The continuous line depicts the fitted model, and the dotted lines
depict its bootstrapped 95% confidence intervals

mongooses: Miiller and Cant 2010, red-fronted lemurs:
Schnoell and Fichtel 2012, and vervet monkeys: van de Waal
et al. 2013). However, in the pull groups, only 2 out of 4
individuals that developed a preference preferred the pull
technique. In the slide groups, all individuals that developed
a preference, preferred the demonstrated slide technique.
Hence, despite the fact that observers in the demonstrator
groups used the demonstrated technique more often, not
all individuals developed a preference for the demonstrated
technique.

To summarize, we found that neophobia but also social
information influenced problem-solving abilities in nar-
row-striped mongooses. Less neophobic individuals and
those that tended to seek social information learned the
task faster and the presence of a demonstrator facilitated
learning, indicating the use of inadvertent social learning
strategies, such as social facilitation and local or stimu-
lus enhancement, to solve problems. Hence, our results
emphasize the importance of also considering personality
traits to obtain a more comprehensive view of social learn-
ing strategies. Finally, similar to other mongooses (Thorn-
ton and Malapert 2009), narrow-striped mongooses rely on
the use of social information to solve problems, informing
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Fig.4 Influence of the tendency to seek social information on learn-
ing speed. Individuals who spent more time with the demonstrators
within the metal ring solved the task faster. Each circle represents an
individual that learned the discrimination learning task. The continu-
ous line depicts the fitted model, and the dotted lines depict its boot-
strapped 95% confidence intervals
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Fig.5 Proportion of pull actions made by individuals in the pull and
slide groups. Individuals in the pull condition performed the pull
actions more often compared to individuals in the slide groups

our understanding of social learning among carnivorans
with different social systems.
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T?ble 4 Results of the exact Group 1D Role Learner Pull actions Slide actions p value
binomial tests to assess performed performed
preferences for sliding or
pulling techniques for each Groups assigned to the pull condition
tested individual Gl 44 Demonstrator - 14 1 <0.001
97 Observer No 8 1 0.03
C 76 Demonstrator - 13 0 <0.001
15 Observer Yes 11 33 0.001
22 Observer Yes 22 18 0.635
86 Observer Yes 7 5 0.774
87 Observer No 4 24 <0.001
N 95 Demonstrator - 14 <0.001
94 Observer Yes 6 7 1
99 Observer Yes 20 <0.001
Groups assigned to the slide condition
M 40 Demonstrator - 2 11 0.02
81 Observer Yes 4 26 <0.001
89 Observer Yes 4 23 <0.001
90 Observer Yes 0 12 <0.001
L1 75 Demonstrator - 2 18 <0.001
96 Observer No 13 16 0.711
Groups assigned to the control condition
B 13 - No 11 21 0.11
66 - Yes 18 26 0.291
88 - No 19 46 0.001
L 77 - No 16 17 1

Bold values indicate statistically significant results at the significance threshold p <0.5
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Appendix
Estimation of “g” factor in narrow-striped mongooses

Since we conducted a psychometric test battery consisting of several cognitive tests in the
physical and social domain, we estimated the presence of potential general intelligence
factor “g” in narrow-striped mongooses. However, individuals’ performances from the
transparent cylinder task, causal understanding task, problem-solving tasks, and
discrimination learning task were included in the analyses, in order to reach the maximum
number of individuals that partook in these tasks.

In order to standardise the direction of individual cognitive performances in the
psychometric test battery, we considered that a low value of performances indicated good
performances. For the three problem-solving tasks, discrimination-learning task, and causal
understanding task, we considered learning speed to learn or to solve each task. A shorter
time spent in learning or solving a given task indicates a better performance. For every three
problem-solving tasks, solving latency was considered as a measurement of performances
(see Chapter 2). For the discrimination-learning task (Chapter 1) and the causal
understanding task (Chapter 2), learning speed was the measurement of performances.
However, for the transparent cylinder task, we considered the number of errors as an

indicator of the level of inhibitory control since a low number of errors indicated a higher

inhibitory control level.

Statistical analyses

All following statistical analyses were conducted using R (R Core Team 2017).

First, since we carried out three problem-solving tasks (jar, pull, and rotator tasks),
we summarised individuals ‘performances from these three problem-solving tasks using an
unrotated Principal Analysis Component (PCA) with the “prcomp” function in R. The first
Principal Component (PC) resulting from the PCA was included in further analysis.

Next, we conducted a pairwise correlation with Holm adjustment for multiple
comparison to the alpha-level of significance (package “psych”, Revelle, 2018), to examine
whether cognitive performance in one task is related to predicts performance in the other

task.
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Then, to investigate whether inter-individual performances could be explained by a
single factor (i.e., “g”), we conducted an unrotated PCA with the “prcomp” function in R.
Principal Components (PC) with eigenvalue>1 was retained as the single factor and which

explained more than 40% of variance.
Results

Fifteen individuals participated in the three problem-solving tasks (jar, pull, and rotator
tasks). The performances of these 15 individuals were summarised using PCA. The first
component explained 46.8 % of variance and all three problem-solving tasks loaded
negatively on the first component (Table 1a). The first component was retained, and was
used furtherly in the analyses.

Ten individuals partook in all the tasks we considered in this analysis. Few of the
individuals’ performances were positively correlated, which are in 3/6 of the pairwise
correlation (PC of problem solving tasks, transparent cylinder task, causal understanding
task, and discrimination learning task) (Table 2). In addition, none of the correlations was
significant (after Holm correction).

For the PCA of the performances in the three different tests and the first component
of the problem solving tasks (PC of problem solving tasks, transparent cylinder task, causal
understanding task, and discrimination learning task), two components were extracted with
eigenvalues>1. The first component explained 46.8 % of the total variances in the tasks
performances of the narrow-striped mongooses, and the second component explained 26.8
% of variances. However, only one task out of four loaded positively onto the first

component (Table 1b).

From our results, we found that the performances from all the tasks did not correlate
positively. Moreover, low correlations were found between the performances. Hence, we

cannot conclude that narrow-striped mongooses possess a “g” factor.
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Table 1. Results of the PCA summarising the performances of the three problem-solving tasks (a),
and of the PCA summarising the performances from all the cognitive tasks (b) (PC: principal

component).

PC1 PC2 PC3

a. PCA of the performances from the three problem-solving tasks (jar, pull, and rotator tasks) (N=15)

Jar task -0.368 -0.770 -0.520
Pull task -0.530 0.633 -0.562
Rotator task -0.763 -0.068 0.642
Eigenvalues 1.41 1.170 0.41
Variances explained (%) 47.2 39.1 13.7

b.  PCA of the performances from all the cognitive tasks (N=10)

Causal understanding -0.255 0.632 0.731
Discrimination learning -0.299 -0.734 0.526
Transparent cylinder task -0.678 -0.112 -0.128
PC of problem-solving 0.619 -0.217 0.415
Eigenvalues 1.87 1.07 0.83
Variances explained (%) 46.8 26.8 20.9

Table 2. Spearman’ correlation matrix of all cognitive task performances. P values with Holm

adjustment are between brackets.

Detour reaching  PC problem-solving
task performances

Causal Discrimination
understanding learning task

Causal understanding ‘ 0.20 (p=1) 0.36(p=1) -0.44 (p=0.99)
Discrimination learning ‘ 0.37 (p=1) 0.00 (p=1)
task

Transparent cylinder task ‘ -0.62 (p=0.34)
PC problem-solving ‘

performances

66



Chapter 5: GENERAL DISCUSSION

In the present thesis, | investigated the cognitive performances belonging to the domain-
general cognition, physical and social cognition of wild narrow-striped mongooses, M.
decemlineata. Overall, my findings indicate that narrow-striped mongooses show
behavioural flexibility, are able to produce novel behaviour in a new problem context and
rely significantly on social information. Moreover, | aimed to examine the proximate factors
that might influence individuals’ differences in these cognitive performances. | found that
individual differences in cognitive performances were driven by neophobia, inhibitory
control, and social information.

In this last section of my dissertation, | will discuss my results on the cognitive performances
of narrow-striped mongooses in learning and behavioural flexibility, innovative problem-
solving and social learning. Then, | will discuss the implication of neophobia briefly on
cognitive performances. Next, | will discuss my findings with the cognitive performances of
other carnivore species. After that, | will address the result of the estimation of the “g”
factor in M. decemlineata. Furthermore, | will draw attention to the limitations encountered
in establishing psychometric test battery in the wild. Finally, | will highlight potential
directions for future studies that could enhance the understanding of the evolution of

cognition in carnivores.

Individual differences in cognitive performances in narrow-striped
mongooses

The overall results of my study show that narrow-striped mongooses perform in behavioural
flexibility and innovative problem-solving as aspects of domain-general cognition, and in
social learning as an aspect of social cognition. Individual differences in cognitive
performances are driven primarily by neophobia, inhibitory control level, and the use of
social information. In the previous chapters, | have already discussed the findings on factors
explaining individual differences in cognitive abilities in this species. In the following section,
| would like to address the possible explanations between the cognitive performances of M.

decemlineata and its socio-ecological characteristics.
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Individuals’ abilities to respond to either social or ecological changes belong to domain-
general cognitive abilities (Sol et al. 2016b). In Chapter 2, | investigated the ability of narrow-
striped mongooses to be behaviourally flexible and the factors that co-varied with individual
differences in learning and flexibility. | found that narrow-striped mongooses could
discriminate between visual cues and could learn flexibly in an altered situation. During the
discrimination learning, inhibitory control was necessary for learning. Specifically, individuals
exhibiting a higher level of inhibitory control were faster learners during the discrimination
learning task. Inhibitory control is a cognitive trait component of executive function
(correlates of behaviours involved in behavioural control), which is linked to psychological
processes, such as attention and working memory (Zelazo et al. 1997). Since inhibitory
control is involved in many cognitive processes, its variation may underline variation in other
individuals’ cognitive performances (Lucon-Xiccato et al. 2019). As the individuals need to
inhibit the tendency to manipulate the wrong lid to learn faster, this could explain the
influence of inhibitory control on discrimination learning performance. However, individual’s
performances did not correlate either with neophobia or social information. My findings
demonstrate that neophobia does not explain learning and that narrow-striped mongooses
applied individual learning during the discrimination learning task.

Interestingly, individuals relied on social information to be flexible during the reversal
learning task (Chapter 2). Specifically, individuals that witnessed more often correct trials
made by other conspecifics during the experiments were more flexible. My result indicates
that M. decemlineata relied on social information when the situation became more
challenging and that social context modulates individuals’ learning strategies. This reliance
on social information suggests that M. decemlineata benefits from group-living to maximize
their efficiency during foraging activities and cope with ecological challenges. However,
individuals’ performances during the reversal learning task did not covariate with neophobia,
indicating that neophobia is not involved in behavioural flexibility in narrow-striped
mongooses. Besides, inhibitory control did not covariate with reversal learning
performances. Because M. decemlineata relied on social information to solve the reversal learning

task, inhibitory control was not needed for learning the task.

Narrow-striped mongooses exhibited problem-solving skills driven by a trial-and-error

approach and not by using causal understanding ability (Chapter 3). The “technical
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intelligence hypothesis” posits that species ability to solve problem-solving is linked to their
feeding ecology (Tebbich et al. 2016). For extractive forager species, causal understanding,
an aspect of physical cognition, should primarily influence ability in resource extraction
(Brauer et al. 2006). The narrow-striped mongoose is an extractive forager manipulating
strata such as deadwood and trees to find food (Rasolofoniaina et al. 2019). However, my
finding failed to support the prediction that causal understanding ability underlines problem-
solving abilities in narrow-striped mongooses. Probably because the causal understanding
ability assessed in my study did not address the same causal cue involved in the foraging
problem-solving task. Therefore, the task itself could be the reason for the result here.
Future works will benefit from more elaborated task design such as including the causal

feature involved in the problem-solving task to examine this aspect.

Neophobia did not influence individual variation in problem-solving performances. A recent
meta-analysis suggested that the influence of neophobia might manifest more in the latency
to approach the tasks in problem-solving (Amici et al. 2019), which is an aspect not
addressed in this study. Therefore, this could explain the absence of covariation between
neophobia and problem-solving performances here.

Interestingly, persistence did not influence the variation in individuals’ problem-solving
performances in this study (Chapter 3). The absence of effect of persistence can be
explained by the fact that individuals showed the same level of persistence across tasks.
Persistence is known to be pronounced in species requiring it during their foraging ecology.
For instance, grey wolves (Canis lupus) exhibit higher persistence in problem-solving tasks
compared to domestic dogs (C. lupus familiaris), which is probably due to the fact that
wolves hunt mobile preys and require higher persistence during this mode of foraging, while
dogs are more scavengers (Rao et al. 2018). Since M. decemlineata feed mainly on
arthropods year-round (Rasolofoniaina et al. 2019), a predictable prey either on distribution
or availability, it is possible that M. decemlineata does not require so much persistence

during foraging activities.

Furthermore, | investigated to what extent is the reliance of narrow-striped mongooses on
social information. | found that narrow-striped mongooses rely significantly on social
information. Mungotictis decemlineata uses social information to enhance learning in a

challenging situation (Chapter 2), and | found that the individuals use social facilitation as
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social learning mechanism for solving a two-ways foraging task (Chapter 4). Naive narrow-
striped mongooses benefited from skilled individuals, with individuals belonging to the
groups provided with demonstrators learning the foraging task much faster than the
individuals in the control groups. Similarly, coyotes (Canis latrans) solved much faster and
were more successful in solving a foraging task when provided with demonstrators (Young et
al. 2019). Moreover, in the current study, individuals showed a tendency to adopt the
technique demonstrated by the skilled individuals for solving the foraging task. This pattern
is also found in meerkats, for instance (Thornton and Malapert 2009). Together, my results
support the idea that the presence of proficient individuals modifies the ability of other
individuals to improve their foraging efficiency and to acquire a trait via exposure to social

information (Galef and Giraldeau 2001).

Neophobia influenced individual’s social-learning strategy by facilitating learning, although it
did not influence the tendency to watch a demonstrator to acquire social information
(Chapter 4). This counterintuitive effect of neophobia on the tendency to seek for social
information might be explained by the fact that several intrinsic factors may influence
simultaneously individual’s social learning strategy. Since only one box was available for the
demonstrator during the experiment, social rank might have influenced the tendency of the
observers to approach the demonstrator (Chapter 4). Several studies show that the
identities of both the demonstrator and the observers can influence social learning (Reader
and Laland 2003a). Considering the matrilineal hierarchy that rules the female unit in
narrow-striped mongooses (Schneider and Kappeler 2016), social rank is a possible factor
that may explain social information seeking in this context. For instance, in great tits (Parus
major), during a social feeding context, proactive individuals were also the dominant
individuals that approached first a feeding platform (Bibi et al. 2019). Likewise, in coyotes,
observers were the subordinates and the more neophobic individuals (Young et al. 2019). In
the current study, the dominant female in each group was the demonstrator during the
social learning experiment (Chapter 4). However, the dominant female was not always the
oldest in the group, but sometimes a younger adult (personal observation). It could be that
dominance is related to other intrinsic characteristic such as personality traits or

reproductive status for M. decemlineata. Therefore, it would be interesting for further
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studies to consider more intrinsic factors from demonstrators and observers simultaneously
when examining social-learning strategy.

The use of social information differs across tasks in narrow-striped mongooses. Social
learning influenced behavioural flexibility and learning of a foraging task (Chapter 2 and 4),
but it did not affect innovative problem-solving ability (Chapter 3). Individual learning is a
costly process due to increased energy expenditure and exposure to predation (Dukas and
Ratcliffe 2009). Moreover, individuals in the female unit synchronise their activity, forage
and roam in close proximity, and den together (Schneider 2015), presenting several
opportunities for social learning for the individuals. Furthermore, species are known to rely
flexibly on social information (Kendal et al. 2018). In the current study, narrow-striped
mongooses use social information depending on the context, which supports the idea of

flexible use of social learning in this species.

Relationship between neophobia and individual cognitive performances

Neophobia is a behavioural trait beneficial for an individual by limiting its exposure to
danger, but also it can be costly by preventing the exploration of resources (Greggor et al.
2015). During my study, | assessed behaviours relating to neophobia in M. decemlineata and
the latency to feed next to the novel object was repeatable after an average time of 12.5 £
12.02 months (Chapters 2, 3, and 4), indicating consistent individual differences in
neophobia through time. However, medium repeatability was found between the
measurements of the first and second novel object tests. A possible explanation for this can
arise from the testing design. Indeed, the long interval between the two measurements

could have decreased the repeatability (Bell et al. 2009).

Overall, my results indicate that the relationships between neophobia and individual
cognitive performances have different directions according to the cognitive task. Neophobia
did not correlate with learning performances in the discrimination-and-reversal learning
tasks (Chapter 2), but correlated positively with individual’s performances in the social
learning foraging task (Chapter 4). Specifically, more neophobic individuals were low
performers in the social learning task (Chapter 4). Concerning the problem-solving tasks,

neophobia did not affect the likelihood of solving the tasks (Chapter 3).
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These mixed findings in the current study could be explained by the fact that the relationship
between personality traits and cognitive performances is highly variable and does not
depend on the cognitive measure investigated (Dougherty and Guillette 2018). Moreover,
there are additional factors that co-vary with personality traits, such as individual intrinsic
factors (e.g., hormonal levels), which could also influence the relationship between
personality traits and cognitive performances (Niemeld and Dingemanse 2018; Dougherty
and Guillette 2018). For instance, in rooks (Corvus frugilegus), individuals’ neophobia levels
differ between breeding and non-breeding seasons, with individuals showing more risk-
taking toward novel people during the breeding season (Greggor et al. 2016a). Moreover, in
rooks, individuals’ rank and neophobia are correlated during the breeding season, with
subordinates being more risk-takers than dominant individuals (Greggor et al. 2016a). For
the current study, the cognitive tasks for the narrow-striped mongooses were conducted
only during the dry seasons, which correspond to the mating season of the species (see

the females in oestrus.

Furthermore, personality traits can be related to change in the social context (Jolles et al.
2016; Blake et al. 2018). For instance, female great tits (Parus major) are less risk-prone
during a social feeding context, when males were around, and showed more vigilance in
order to decrease behavioural interference (van Oers et al. 2005). During the current study,
the female narrow-striped mongooses were often approached and harassed by the males
during the experiments since it was the mating season (Schneider and Kappeler 2016). This
might have caused more vigilance for the group members and/or stress during the testing.
Therefore, these factors might influence the relationship between personality traits and
cognitive performances as well. Further works should consider these proximate mechanisms
while examining the influence of personality traits on cognitive performance, which will

allow explaining better the variation found on the effect of personality traits.

Comparison to the cognitive abilities of other Carnivore species

Since | did not carry out a study including a direct comparison of cognitive performances of
M. decemlineata to those of Carnivore species, | do not claim that the cognitive skills of M.

decemlineata are equal to the cognitive skills of other carnivores’ species here. Therefore, in
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the following section, | will address possible explanations of similarities and dissimilarities to
the cognitive skills of M. decemlineata that can be found across the carnivore taxon, in

relation to their socio-ecological characteristics.

Within the mongooses’ families, the meerkats (Suricata suricatta) belong to the family of
Herpestidae, which is a closely related taxon to the narrow-striped mongooses (Eupleridae).
The Herpestidae and the Eupleridae evolved from a single colonisation by an African
ancestor Myr ago (Yoder et al. 2003). Accordingly, the two clades share an ancestral solitary
lifestyle, from which group-living evolved independently in both families (Veron et al. 2004;
Schneider and Kappeler 2014). The narrow-striped mongooses and the meerkats share few
similarities in their ecological characteristics. For instance, concerning diet, both species are
generalist and feed mainly on arthropods (Doolan and MacDonald 1996; Rasolofoniaina et
al. 2019). However, their habitats differ from the meerkats inhabiting an open habitat
(Doolan and MacDonald 1996), while the narrow-striped mongooses are inhabiting a tropical
dry forest (Albignac 1976). Despite the differences between the habitats of the narrow-
striped mongooses and the meerkats, the predation risks can be assumed to be particularly
high for both species (Rood 1983; Clutton-Brock et al. 1999).

The striking difference between the meerkats and the narrow-striped mongooses is about
their social organisations. Both species are group-living: the meerkats live in more complex
social group, while a sexual segregation characterises the narrow-striped mongooses with
the females living in relatively small stable group (Schneider and Kappeler 2014, 2016).
Indeed, meerkats live in family extended group (up to 30 individuals) and is characterised
with a cooperative breeder system (Clutton-Brock et al. 2002). While concerning the narrow-
striped mongooses, the female unit is based on matrilines, comprising related adult females,
and juveniles and infant, and a group size of three to four individuals on average (Schneider
et al. 2016).

However, the cognitive performances of meerkats and narrow-striped mongooses are
relatively similar in some aspects. For instance, to assess innovative problem-solving, the
testing design used to test innovation in meerkats was also applied to the narrow-striped
mongooses (Chapter 3). Individuals from both species could perform well in the three
problem-solving tasks (jar, pull, and rotator tasks) (Thornton and Samson, 2012; Chapter 3).

In addition, neither the meerkats nor the narrow-striped mongooses exhibited improvement
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in instrumental learning (Thornton and Samson, 2012; Chapter 3). Concerning social
learning, both species relied on social information. Individuals in both species tended to
adopt techniques used by demonstrators (Thornton and Malapert, 2009; Chapter 4).
Moreover, observing successful individuals led to success in solving the tasks in both studies
(Thornton and Malapert, 2009; Chapter 4). However, in the studies on meerkats, clear
relationship between proximate factors and cognitive performances were not addressed,

limiting the comparison in this direction.

Outside of the mongooses’ families, cognitive performances in domain-general cognition
and social cognition were investigated in spotted hyenas, racoons, wolves, and dogs.
Concerning behavioural flexibility, spotted hyenas (Crocuta crocuta: (Johnson-Ulrich et al.
2018)) and racoons (Procyon lotor: (Daniels et al. 2019)) are good performers like the
narrow-striped mongooses. For instance, inhibitory control level promoted behavioural
flexibility in narrow-striped mongooses. Similarly, inhibitory control was involved in
innovation problem-solving in meerkats (Thornton and Samson 2012). However, inhibitory
control did not influence behavioural flexibility in spotted hyenas (Johnson-Ulrich et al.
2018) and racoons (Daniels et al. 2019). These mixed findings could be explained by the fact
that inhibitory control is context dependent (Bray et al. 2014; Vernouillet et al. 2018) and

was not needed for individual’s performances in these studies with contrary outcomes.

u_n”n

Estimation of general intelligence factor “g” in the M. decemlineata

o n

The outcomes obtained in estimating the presence of “g” factor in narrow-striped
mongooses do not allow drawing for conclusion. Cognitive performances across the different
tasks (detour reaching task, discrimination task, causal understanding task, and problem-
solving tasks) did not correlate positively with each other (Appendix). | found weak and non-
significant correlations between individual performances. Moreover, these cognitive
performances did not all positively affect the first principal component obtained from the
principal component analysis (PCA), which mirrored the correlation matrix results
(Appendix). Specifically, performances in the problem-solving tasks loaded positively, while
performances from the other three cognitive tasks (detour reaching task, discrimination
task, and causal understanding task) loaded negatively. Similar finding was shown in free-

living males spotted bowerbirds (Ptilonorhynchus maculatus) with the performances on
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problem-solving task did not correlate with other performances from other cognitive tasks
(Isden et al. 2013). The fact that individual performances from the problem-solving tasks
loaded negatively in the first principal component (PC) indicates that performance in
problem-solving did not align with the cognitive performance across the other three
cognitive tasks.

Performances in problem-solving tasks were suggested not to address cognitive trait (see
Thornton and Samson, 2012), but more the product of motivational trait. Since no effect of
persistence was found on individual performances in the three problem-solving tasks
(Chapter 3), the performances as a by-product of motivation is not considered. The failure to
obtain positive correlation among the cognitive performances could be because individual
variations in the performances in the three cognitive tasks (detour reaching task,
discrimination task, and causal understanding task) were not highly pronounced. Since the
estimation of “g” depends on individual variations that should correlate positively across
several cognitive tasks, the presence of high behavioural variability is necessary (Isden et al.
2013; Arden and Adams 2016). For instance, in dogs, high variability in performances in a
range of tasks (detour tasks, discrimination tasks, and choice tasks), and a phenotypic
structure “g” was found to underlie these cognitive performances, with dogs being fast and
accurate in several tasks (Arden and Adams 2016). The individual variation obtained in the
current study could be because the cognitive tasks used are not complex enough. In order to
obtain more pronounced individual variation, one can use more complex cognitive tasks. For
example, a more complex task to assess behavioural flexibility would be a set of repeated
tasks with different difficulties (e.g., in Huebner and Fichtel, 2015). Thus, further

investigations should consider applying more complex cognitive tasks to obtain pronounced

individual variation in cognitive performances.

Conclusion and reflections regarding to the evolution of intelligence in
carnivores

In the present thesis, | have investigated the cognitive performances of the narrow-striped
mongooses across several cognitive traits, and the factors influencing individual differences
in these cognitive performances. The findings of my study offer new insight into the drivers
of individual differences in cognitive performances and allow further understanding about

the cognitive abilities of carnivore species characterised with a different socio-ecological
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characteristic than other species studied previously. | could show that narrow-striped
mongooses performed well in the cognitive traits investigated, such as behavioural
flexibility, causal wunderstanding, innovation problem-solving, and social learning.
Additionally, | found that neophobia and inhibitory control covaried with individual
differences in learning. Moreover, M. decemlineata appeared to rely significantly on social

information.

However, conducting cognition studies in the wild involves limitations, such as the limited
data set and the time constraint in establishing the psychometric test battery. It would be
more advantageous to carry cognitive studies with captive animals or wild animals that could
be kept temporarily, for example. Besides, this would reduce factors that could not be
controlled in the wild. Moreover, conducting the study with captive animals would allow
reaching a greater sample size, which is essential for power analyses and will allow

addressing more intrinsic factors in the study.

To capture fully the evolution of intelligence in carnivores, it would be useful to investigate
individuals’ cognitive abilities with the same psychological background in several species of
carnivores varying in their socio-ecological characteristics. Previous studies on other
carnivore species did not address the same cognitive traits, limiting the comparison that can
be inferred from the studies. For instance, wolves and dogs are extensively studied in
inhibitory control (e.g., Bray et al., 2014; Marshall-Pescini et al., 2015), problem-solving tasks
(e.g., Rao et al., 2018), and human-dogs communication (e.g., Range and Viranyi, 2014).
However, a detailed study of inhibitory control was not addressed yet in other wild
carnivores’ species (e.g., bears). Moreover, future works should examine cognitive
performances belonging to few cognitive traits or cognitive processes constituting a mini-
test battery (i.e. only in physical tasks) (Shaw and Schmelz 2017), in order to obtain the same
data on the same cognitive trait in several species. This will provide a better comprehension
of the factors influencing cognitive traits across species. Furthermore, how cognitive abilities
in carnivores are linked to natural behaviours and fitness are lacking. It would be interesting

to examine this aspect to understand the adaptive value of a cognitive trait.
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