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Jingyu QIU

Personality, Life History and Metabolism in the Bush

Karoo Rat Qtomys unisulcatus

Résumeé

Cette thesemontre un lien entre I'histoire de vie, la physiologie et le comportement chez I¢
du Karoo buissonnant. Les résultats suggerent que la personnalité individuelle, et la r

entre la personnalité et le taux métabolique au repos est influencée par I'testi@ vie. Les

individus nés plus tard dans la saison de reproduction montrent une personnalité plus pro
gue les individus nés plus t6t. Lorsque le moment de la naissance a été pris en con
corrélation directe entre les traits de personnalitdes paramétres métaboliques a disparu, m
les deux étaient indépendamment liés a la date de naissance au cours de la saison.

Comprendre la relation entre la personnalité, le métabolisme et le cycle de vie est crucis
expliquer la variation indivicelle généralisée du comportement et du métabolisme.
connaissances pourrons améliorer notre compréhension de la fagon dont les animaux rép(
aux changements environnementaux a un niveau individuel, ce qui est particulierement pr
pour dévelopgr des stratégies de conservation efficaces face au changement climatique ¢
adaptées localement aux populations cibles.

Mots clés:
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This thesis demonstrates a link between life history, physiology and behavior in the Karop bush

rat. The results suggest that individ@giersonality, and the relationship between personal

ity

and physiology traitss influenced by life history. Individuals born later in the breeding season

show a more proactive personality than individuals born earlier. Wimea of birth was taken
into account, the direct correlation between personality and metabwhds disappeared, bulf
both were independently related tdime of birth within the season. Understanding th

e

relationship between personality, metabolism and life history is crucial to explain widespread

individual variation in behavior and metabolism. Thiswlealge will improve our understandin
of how animals respond to environmental change at an individual level, which is partig

g
ularly

valuable for developing effective conservation strategies in the face of global climate change that

are locally tailored todrget populations.
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Ré&umé

Les comportements des animaux sont divers, permettant aux individus d'interagir avec leur
environnement, voire de le miguler. Ceci est essentiel pour faire face aux changements rapides

et i mpr®visibles de | denvironnement. Bien que
considéablement entre les individus, elle pré&sente souvent une certaine cohéence chez un méne
individu. Ces difféences comportementales coh&entes chez les individus sont appelées
"personnalitéanimale”. Par exemple, certains individus sont constamment plus actifs et

explorateurs que d'autres. Cela soulé&e des questions fascinantes : Pourquiividss

difféent -ils en mati@e de personnalité et comment cette variation contribeiée aleur

aptitude asurvivre et ase reproduire ?

Bien que la personnalitéait une base généique, elle peut ére influencé par des facteurs
environnementaugermanents, telles que les expéiences pr&oces. Comme beaucoup de traits
biologiques, le d&eloppement de la personnalitéet son expression al'@e adulte peuvent ére
fapnné par les expéiences pr&oces. Par exemple, les individus ayant connu undeéio
d'abondance de ressources au déut de leur vie pourraient &re mieux améne de supporter le
compromis entre la survie et la reproduction. Ces individus pourraient bédicier d'un type de
personnalité"proactive'd dant plus actifs et/ou explorateuds pourrait offrir des avantages en
termes d'acquisition de ressources et de compéition avec les congéées. Comprendre ce qui
ddinit les difféences comportementales individuelles et comment elles sont liés aux traits
physiologiques est crucial pour ré&dda valeur adaptative des traits de personnalitéet pourquoi

ils persistent au sein des populations.

La personnalitéchez les animaux est droitement liee aleur dfpense dergéique. Les individus
proactifs, aux niveaux d'activité d'exploration et/ougitessivitéplus devés, tendent aavoir des
besoins éergéiques plus importants en raison de leur activitéphysique accrue. Outre l'influence
@ergdique liee al'activitéphysique, les chercheurs ont @alement examinéla relation

potentielle entre la psonnalitéet le taux méabolique de repos (TMR). Le TMR reflée I'éergie
n&essaire pour maintenir les processus biologiques de base et constitue une part importante du
budget éergdique global d'un individu. A I'€helle intendividuelle, le TMR préete une

variation considéable parmi les esp&es, dont une grande partie reste inexpliqué. Comme la
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personnalitéest un autre trait qui varie entre les individus, elle a éésuggéé comme un facteur

potentiel contribuant acette variation éergéique.

Il a ééproposéque la personnalitéanimale puisse ére int@ré@ dans le cadre de la thérie du
rythme de vie (Paeef-Life Theory), qui lie les traits comportementaux, physiologiques et de
cycle de vie dans un continuum "rapiéat”. La thé@rie du rythme d vie distingue les

organismes vivant aun "rythme rapide", caract&isé par une croissance rapide, une reproduction
pré&oce et une duré de vie plus courte, et ceux aun "rythme lent", marqué par une croissance
plus lente, une reproduction plus tardiveiee longé&itéaccrue. Les individus avec un rythme

de vie "rapide" tendent aadopter une personnalité"proactiyedant plus audacieux, plus actifs
et/ou explorateurd et ont un méabolisme éevé En revanche, les individus avec un rythme de
vie "lent' sont comportementalement réctids éant plus timides, moins actifs et/ou

explorateur® et ont un taux méabolisme plus bas. L'hypothée a éélargement soutenue par
des éudes au niveau intspe&ifique et interpopulationnel. Cependant, lorsqu'el appliquée

au sein dbébune population, | a relation sembl e

absence d'association, voire une association qui contredit les prélictions de I'hypothée.

Pour expliquer ces réultats contradictoires, Montigltal. (2018) ont affinéla thérie, en

proposant que les changements des conditions &€ologiques pourraient entraier des degrés
variables d'association entre le comportement, la physiologie et le cycle de vie. Les conditions
€ologiques spe&ifiques peuvd affecter la valeur adaptative des types de personnalité Par
exemple, dans des situations de contraintes &€ologiques comme le manque de ressources
alimentaires, le lien entre une personnalitéproactive et un rythme de vie rapide peut ére affaibli,
carl'd@ergie supplénentaire dépensé pour la recherche active de nourriture pourrait ne pas
conduire aun apport alimentaire suffisant pour compenser les cols. Pour mieux comprendre

comment les facteurscologiques influencent la relation avec le rythme ide iVest n&essaire

de mener davantage d'déudes de terrain.

L'objectif de ma thése est de comprendre comment les traits de personnalitéinteragissent avec le
cycle de vie et la physiologie chez le rat de brousse du Karoo (Otomys unisulcatus), une petite
esp&e de rongeur vivant dans le sarides du Karoo succulent en Afrique du Sud. Plus

pr&isénent, j'ai dudiési les traits de personnalitésont associé ala date de naissance au sein de

12



la saison de reproducti@ un déerminant cléde la trajectoirde rythme de vié et comment

cela affecte le méabolisme. J'ai énis I'hypothée que les individus né plus tard dans la saison de
reproduction, lorsque la densitéde population augmente et que les ressources deviennent rares,
adopteraient des traits derpennalitéplus proactif$d comme une plus grande audace et
explorationd par rapport aux individus nés plus td@, qui ont connu une pé&iode d'abondance de

ressources plus longue avant I'@e adulte.

Ensuite, j'ai éudiédans quelle mesure cela est liéafliEntes mesures du méabolisme. Je
m'attendais ace que les individus proactifs aient des taux méaboliques basaux plus éevés et une
rgponse méabolique plus forte aux stress aigus, refldéant les exigences éergdiques de leur type
de personnalité Ma tse se compose de trois chapitrasme dude comparative sur les rongeurs
Myomorpha et deux dudes de terrain portant sur la personnalité le méabolisme et le cycle de
vie chez les rats de brousse du Karoo.

Dans le premier chapitre, j'ai pré&entéla prara éude comparative contrd@ par la phylogéie

sur les habitudes de nidification chez les rongeurs de type souris (Myomorpha, 1655 species), et
j'ai &aluédans quelle mesure ces comportements, en particulier la construction de loges, un
comportementelativement rare, sont lié aleur histoire naturelle et ades facteurs &ologiques.

La construction d'abris avec des plantes s&hes et d'autres mat&iaux naturels (construction de
loges) ne se retrouve que chez 3,7 % des esp&es de Myomorpha. Ces smpiEes
principalement herbivores, et tendent ére celles pré&entant une plus grande taille corporelle par
rapport acelles qui habitent des terriers ou des abris naturels, et sont plus susceptibles de se
trouver dans des environnements arides afaible ristjneendie. En prenant en compte la
phylogéie, aucun facteur de I'histoire naturelle ou aux conditions &ologiques n'a éétrouvé
comme édant associéal'&olution des habitudes de construction d'abris chez les Myomorpha.
Cette éude a éepublie@ dans & Journal of Zoology (Qiu, J. & Schradin, C. 20Rddge

building in rodents: relationships with ecological and natural history fadousnal of Zoology.
https://doi.org/10.1111/jz0.13207).

J'ai ensuite recentrél'édude de la moddisation phylogénéiqueeir I'éude de terrain d'une esp&e
construisant des lodges, les rats du Karoo buissonnant (Otomys unisulcatus). Dans la premié&e

partie, j'ai dudiéles difféences comportementales et de cycle de vie entre les individus né plus
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tGetplustarddansla ai son de reproducti on. Loéexp®rience
2023), fournissant des preuves de l'existence de personnalité "proactifs”. J'ai @alement examiné
comment les difféences de personnalitésont influencés par le déerminant clédilecge vie :

la date de naissance au sein de la saison.

Les ré&ultats ont suggé&éque les individus né plus tard dans la saison, qui font face aune
densitéde population plus devé et aune concurrence plus intense pour les lodges, tendent aére
plus poactifs que ceux né& plus ta. Cette d&ouverte contredit les prélictions de la th@rie du
rythme de vie qui pr&oit que les individus né plus tG dans la population, avec un cycle de vie
"rapide", devraient adopter des personnalités plus proactiveslafginvestir dans une

reproduction pr&oce. Les ré&ultats ont mis en lumige l'influence des contraintes &€ologiques
(une péiode courte et abondante en ressources, sans possibilitéde reproduction et avec une
disponibilitélimitée de loges comme abris)aihs la relation entre la personnalitéet le cycle de

vie. Cette dude a déésoumis ala revue Behavioral Ecology and Sociobiology (Qiu, J., Pillay, N,
Schradin, C., Makuya, L., H.G. RdadHigher proactivity in lateborns: effects of birth date on

personéty in a small mammal. ala revue).

Dans la deuxiéne partie de I'éude de terrain, j'ai examinéles relations entre le taux méabolique,

la personnalitéet le cycle de vie dans le cadre. L'éude a fourni des résultats sur (1) la constance
des paraméres altaux mdabolique, (2) I'association entre les traits de personnalitéet les
paraméres du taux méabolique, et (3) le rde de la date de naissance comme facteur potentiel a
l'origine de la personnalitéet de la variation du taux méabolique. Les réaikaggéent que les

traits de personnalitéet les paraméres méaboliques sont indgpendamment influencé par la date
de naissance au sein de la saison de reproduction (Qiu, J., Schradin, C., Mata, Astolfo., Pillay, N,
H.G. Rdlel. Associations between metale rate and personality are driven by date of birth. en

préparation).

En rsumé mes résultats montrent un lien entre I'histoire de vie, la physiologie et le
comportement chez le rat du Karoo buissonnant. Les réultats suggé&ent que la relation entre la
personnalitéet le taux méabolique au repos est influencé par I'histoire de vie. Lorsque le

moment de la naissance a éépris en compte, la corréation directe entre les traits de personnalité
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et les paraméres méaboliques a disparu, mais les deuxrgéareigpendamment lié ala date de

naissance au cours de la saison.

Comprendre la relation entre la personnalité le méabolisme et le cycle de vie est crucial pour
expliquer la variation individuelle généalisé& du comportement et du méabolisme chez les
espe&es. Ces connaissances pourrons améiorer notre compréension de la fapn dont les
animaux rgpondent aux changements environnementaux aun niveau individuel, ce qui est
particuli@ement pr&ieux pour dé&elopper des stratgies de conservation effickrasau
changement climatique global, adaptés localement aux populations cibles.
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Abstract

In the animal kingdom, diverdeehavios enable individuals to interact with and to manipulate
their environment, which is essential in coping with rapid and unpredictable changes. Although
the expression dfehaviorcan be highly variable between individuals, it often shows a certain
consisteny within an individual. These consistent individual differencdseinaviorare referred

to as "animal personality.” For example, some individuals are consistently more active and
explorative than others. This raises intriguing questions: Why do indisidiféer in

personality, and how does this variation contribute to their fitness?

While personality has a genetic basis, it can be permanently influenced by environmental factors,
such as earlife experiences. Like many biological traits, the development of personality and its
expression in adulthood can be shaped by experiencedyirdeaelopment. For instance,

individuals experiencing resource abundant period in early life may benefit from having
Aproact i veo Opeen moveractiVeiandipr exppmtiwerhich, although energy
demanding, may offer advantages in resource aitoui and conspecific competition.

Understanding the driver of individual differencedpehaviorand how it is linked to

physiological traits is crucial for revealing the adaptive value of personality traits and why they
persist within populations.

Persmality in animals is closely linked to their energy expenditure. Proactive individuals, who

exhibit higher levels of activity, exploration, and/or aggression, tend to have greater energy

demands due to their increased physical activity. In addition tengeetic influence associated

with physical activity, researchers have also investigated the potential relationship between
personality and resting metabolic rate (RMR). RMR reflects the energy required to sustain basic
biological processes and constimmte a si gni fi cant portion of an i
budget. At the betweeimdividual level, RMR shows considerable variation across species,

much of which remains unexplained. As personality is another trait that varies among

individuals, it has beesuggested as a potential factor contributing to this energetic variation.

It has been proposed that animal personality can be integrated into thef-heec&amework,

which linksbehavioal, physiological, and lifln i st or y t r-al b sninuumbThis a fAf as |
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hypothesis is rooted in the classic concept of r/K selection but extends correlations beyond life

hi story traits. |l ndi viduals with a Afédasto pac
being bolder, more active, and/or exploradivand have a high metabolic rate. In contrast,

i ndividual s wit h ehafioslly cactvéd peing shy, leds aclive &nd/ora r e
explorativéd and have a lower metabolic rate. The pat:éfe hypothesis has been well

supported by studies at theerspecific and intepopulation levels. However, when applied to
within-population level, the relationship appears more complex. Field studies have found no
association, or even associations that contradict the predictions of thefpiéedypothesis.

To address these contradictory findings, Montiglio et al. (2018) revised th®phifee

framework, proposing that changes in ecological conditions leads to varying degrees of
association between behavior, physiology, and life history. Specific ecologiuditions can

affect the fitness value of personality types. For example, under ecological constrains situation
such as lack of food sources, the link between proactive personality with fast life history maybe
weaken as the additional energy spent alstifi@aging may not lead to sufficient food intake to
offset the costs. To better understand how ecological factors influence thefiéee

relationship, more field studies are needed.

The aim of my thesis was to understand how personality traitsahteita life history and

physiology in the bush Karoo rat (Otomys unisulcatus), a small rodent species that inhabits the
semtarid Succulent Karoo in South Africa. Specifically, | investigated whether personality traits
are associated with time of birthtiin the breeding seasdra key determinant of life history
trajectory. | hypothesized that individuals born later in the breeding season, when population
density increased and resources became rare, would adopt more proactive personélity traits
such as tgher boldness and explorat@rcompared to eariporn individuals who experienced a
longer period of resource abundance before reaching adulthood. Next, | studied in how far this is
related to different measures of metabolism. | expected that proactivieliradls will have

higher RMR and a stronger metabolic response to acute stressors, reflecting the energetic

demands of their personality type.

My thesis consists of three chapters: one comparative study on Myomorpha rodents and two field

studies focusingn personality, metabolism, and life history in bush Karoo rats. First, | presented
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the first phylogenetic controlled comparative study on the nesting habits in4file@ssdents
(Myomorpha, 1655 species), to test in how far lodgelding is associatedith natural history

and ecological factors. Lodgruilding defined as constructing shelters with dry plants and other
natural materials is only found in 20 (3.7% of) Myomorpha species. These species are mostly
herbivorous, tend to have larger body siegesmpared to those that inhabit burrows or natural
shelters, and are more likely to occur in arid environments with low fire risk. This study was
published in the Journal of Zoology (Qiu, J. & Schradin, C. 2024. L-bdgding in rodents:
relationships witlecological and natural history factors. Journal of Zoology.
https://doi.org/10.1111/jz0.13207).

| then moved the focus from phylogenetic modelling to field studies on a-lndigiing species,
the bush Karoo rat (Otomys unisulcatus). First, | | foundexneé on the existence of personality
and f p rbehavdonlisymdzomes. | then examined how personality differences are

influenced by birth date within the season, the key life history factor.

The results showed that individuals born later in the seagoo face higher population densities
and more intense competition for stick lodges, were more proactive than those born earlier. This
finding contradicts the prediction the pawfelife theory, that early born individuals in a

population with a "fast"ife history should adopt more proactive personalities for investment into
early breeding, supporting the revised hypothesis that ecological constraints (short resource
abundant period with no option for breeding and limited availability of lodges asrsbalte

modify the relationship between personality and life history along thalastcontinuum. The

results highlighted the influence of ecological constrains, in this study the constrain of lodge
availability, in shaping the relationship between peatipnand life history. This study is

currently under review (Qiu, J., Pillay, N, Schradin, C., Makuya, L., Rdlel, H.G. Higher

proactivity in laterborns: effects of birth date on personality in a small mammal. under review).

In the second part of the feektudy, | examined the relationships between metabolic rate,
personality, and life history under the paufdife framework. The study investigated (1) the
consistency of metabolic rate parameters, (2) the association between personality traits and
metabdic rate parameters, and (3) the role of birth timing as a potential driver of both

personality and variation in metabolic rate. The findings suggest that in bush Karoo rats,
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personality traits and metabolic parameters are both but independently frootheach

influenced by the date of birth within the breeding season. (Qiu, J., Schradin, C., Mata, Astolfo.,
Pillay, N, Rdlel, H.G. Associations between metabolic rate and personality are driven by date of
birth. in prep)

In sum, my thesis provides evidence the link between life history, physiology, abehavior

in a lodgebuilding species, the bush Karoo rat. The results suggest that the relationship between
personality and resting metabolic rate is mediated by life history. When birth timing was added
asa factor, the direct correlation between personality traits and metabolic parameters

disappeared, but both were independently linked to date of birth within the season.

Understanding the relationship between personality, life history, and metabolisroi# for

explaining the widespread individual variatiorb@haviorand metabolism across species. This
knowledge can enhance our understanding of how animals respond to environmental changes at
the individual level, which is particularly valuable forveéoping effective conservation

strategies in the context of global environmental change.
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Animal personality is an intriguing concept that describes consistent between individual
variation in behavior (Stamps and Groothuis, 2010). For instance, some individuals are always
more active than others. Personalityiversaly occurredacross a wideange of taxafrom
vertebratedo invertebrateqLuconXiccato et al., 2023; Golab et al., 2021; Sih et al., 2004a;
Stamps and Groothuis, 2010hdividuals in the same populatioevenfrom the same litteor
genetic clonescan differ in their personalities (Freund et al.,, 2013). Understanding animal
personality is crucial for understanding how individuals behaviorally respond to prevailing
environmental conditions and hdvehaviorcovariates with other individual characteristic, such
as life history and physiology traits.

Box I.1. Definition of animal personality and behavioral syndromes

Human shows consistent individual differences in how they behave. Many words have been
used to describe this behavioral pattern, such as friemgllyessive in general language, and
openness, conscientiousness, extraversion, agreeableness and neuroticism in psychology
(Zimbardo, 199). Similar terms have been used to describe this difference in animals, such as
Apersonalityo, Wédopi syngtrylmed .fanimalf & ;nh esn d lhietsy &
Apersonalityo is used to refer to these behav

behavior between individuals across time and contexts (Rale et al.,.2007)

In biology, "syndrome" is used to describe a set of correlated characteristics or features. The
term Abehavioral syndromeo descri bevghina suit o
population or speciesh& expression of behavisyndrome in an individual ieferred to as
behavioral/personalitiype. For example, aggressive syndromes have been observed in several
species (Riechert and Hedrick, 1993; Jandt et al., 2014), where some individuals are generally

more aggressivihan other§ iaggr essi veo type)

|.1 Animal personality

Over the past few decades, the field of animal behavior has increasiteyigsted inthe
consistent individual differences in behayioow it6 develogdand influences individual fithness
(Dingemanse and Réle, 2005; Rdlel et al. 130 Smith and Blumstein, 2008). This phenomenon
has been referred to variously as coping styles (Koolhaas et al., 1999), temperament (R&le et al.,

21



2000) or animal personalifiR@le and Dingemanse, 2012; Schuett et al., 2010). | will use the term
Aperlsiotnyao, which refers to an individual 6s bet
conspecifics but consistent in its behavior over time and across situd@iaoxg.{; R@ale and
Dingemanse, 2012).

1.1.1 Personality traits

Five axes of behavior#alaits have been widely used in the description of animal personality:
shynessboldness, exploratieavoidance, activity, aggressiveness and sociability (Rale et al.
2007; Figurd.1). In the shyneskoldness axis, individuals differ in their behavioral respotses
risky situations, such as being in the presence of predators (e.g. in a predator stimulus test, Carter
et al., 2012). Activity refers to the general level of activitgl @one of the most commonly
measured axes in personality research, where the quality and quantity of active behavior (usually
locomotion) are assessed in controlled settings (e.g. open field test; Gould et al., 2009).
Explorationavoidance canbe measdare by an i ndi vi dual 6s reaction
open field test or novel environment test; Huang et al., 2016) or novel objects (e.g. novel object
test; Heyser and Chemero, 2012). Sociability and aggressiveness are both related to interactions
in a social context. Sociability refers to ind
the presence or absence of conspecifics. This can be measured in separationgestdibgan
individual 6s reacti on t aurelareMiisg2054E Aggressitereess f r o m
refers to individual 6s agonistic reaction; fo
measurement of conspecific aggression (Balzarini et al., 2014). Studies also included the
agonistic reaction to other spes, such as prey animals, as an aspect of aggressivRiedseft
and Hedrick, 1998 The proper measurement for personality traits can vary between species.
Thus, the experimental setting often requires adjustment to acquire biological meaningftil data o
the focal species, such as using a visual stimulus for more visually dependent animals, or an odor

stimulus for more olfactorgependent animals.
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Activity Boldness

Exploration Personality Sociability

Aggressiveness

Figurel.1. Methodological framework proposing 5 axes for the ecological study of

temperament/personaliterived from Réle et al. 2007.

|.1.2. Behavioral syndromes

Personality traits are not independent from each other. Instead, they seem to be different
expressions of the same phenotype in various con(8xtset al., 2004a)The correlation of
behavioral traits is referred to as behavioral syndromesiite of correlated behaviors across
situations within/across populatiof®ox I.1; Sih et al., 2004a; Sih et al., 2004bhis can involve
several behaviotavariables that are correlated under different contextis example female
funnelweb spidergAgelenopsis aperjahatshow high aggression towards conspecifics are also
more aggressive to their prey (Riechert and Hedrick, 19®3he correlation betwen different
behavior traits under the same/different contexts, such asvoembats Miniopterus fuliginosuks
that show mutually positively correlated personality traits of boldness, activity and exploration,
described by the avdshKuoetal.a2624)ipr oacti veodo beh

Having behavioral syndromes can bring potential benefits. In Largespring mosquitofish
(Gambusiageiseyi, an i ndividual 6s behavioral type ren
a predator, such that mosquitofishes with a higher score in active/explorative axis are more likely
to escape from a novel predator species (Blake and Gabor, 2014). Howeetaitioos between
traits sometimes set limits to behavioral flexibility, so that when considered in isolation, some
traits appear to be neadaptive (Sih et al., 2004). A typical example is high level of activity in
prey animals, which increases theirgagon risk when predators are present (Brodin and
Johansson, 2004; Sih et al., 1988).

If having behavioral syndromes can be maladaptive under some situations, it raises the question

why behavioral syndrome exiségrosstaxa. From mammals to birds, labtry studies found
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genetic correlations underlying these behavioral traits, which directly affect behavioral patterns
and the common neuroendocrine system that regulates a suite of bepaBiors s s y , 1995;
and Abel,2002; Friedrich, 2022; @verli et al., 20080)ommon genetic bases can make it difficult

to decouple suites of correlated behaviors, even when some of them are maladalgticertain
scenarios. In spiders, a taxon known for aggression towards cditg(@euitt and Avilé 2018),

high aggressivenesan be associated with several raataptive behaviors: aggressive funnel web
spiders Agelenopsis aperjanitiate attacks quicker, both on prey and on conspecific intruders
(Riechert and Hedrick 1993) arstiow more overkilling predation (kill but do not completely
consume; Maupin and Riechert 2001). Although overkilling behavior is considered maladaptive,

it may be selected as a-pyoduct of aggressive behavioral syndromes, which in other contexts

bringsadvantages, such as territory competition and predation success (Sih et al., 2004).

Behavioral syndromes have a genetic hdbissthe related behavioral traits are often heritable
(Sih et al., 2004). Quantitative genetic studies in various species have provided evidence that
behavioral traits such as boldness, aggressiveness and exploration are genetically based
(Drosophila: Sokolowki, 2001; mice: Sluyter et al., 1995; birds: Dingemanse et al., 2002).
Exploration and boldness traits are genetically correlated and can be selected for in great tits
(Dingemanse et al., 2002; van Oers et al., 2004). The genetic correlation underhanop itz
traits can lead to evolutionary constraints but has the potential to evolve, altbeiamergence
of new syndromefor the populatiorto better copavith changing environments (Sih et al., 2004).
Threespined sticklebackGasterosteus aculeafugopulations from large ponds wiginesence of
predators exhibited a set of correlated aggressiveness, activity and explmehtgiors Although
this behavioral syndrome may bring more risk of predation, it can be the optimal trait combinations
under this environment (Dingemanse et al., 2007).

The association between behaviors can be spamigmpulatiorspecific depending on local
environmental conditions, behavioral syndromes found in one population may be absent or
different in another (Sih et al., 2004). From the same study of-#pieed sticklebacksnather
population from a smaller pond with an absence of predators showedrmetation between
aggressiveness, activity and exploration behavioral traits asnikiginboringpopulationof the
larger pond (Dingemanse et al., 2007). Aggressiveness towards conspecific and heterospecific
individuals can ceevolve in solitary speciebut the association may be weakened in giltwipg
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species or populations that experience more socially complex environments (Katzir, 1981; Schoepf
and Schradin, 2012). It therefore appears that the selection for behavioral syndromes is
environmenidepended, combining multiple behavioral traits that interact to enhance individual
overall fithess under specific ecological conditions.

1.1.3. Personality development and maintenance

Although animal personality has a genetic basis (Friedrich, 2022) and tky stable across
time and context, it is still under the influence of other biological factors such as age (Cabrera et
al., 2021; Class and Brommer, 2016; Zablethomas et al., 2018) and early life conditions
(ZablockiThomas et al., 2018Jhe experieaes arlyin life, including competition for the access
to resources, exposure to stress and social interactions, can permanently influences the
development of individual physical growth and phenotype, which ultimately affect their future
fitness (Monaghan2007). Heavier European rabb®rfctolagus cuniculyspups were more
exploratory and showed lower levels of anxiety than lighter pups (Rdlel and Monclts, 2011). In
seasonal changing environments, resource availability and competition can vary geyaitpey
and thus the timing of birth can significant/|
development of life history strategies (Montiglio et al., 2014). New individuals must cope
with the environmental conditions in which they &n. For example, in seasonally breeding
species, resources may be constrained for those individuals born during the later breeding season,
due to the naturally decrease of resources and increasing population density along the season. From
physical devaelpment (Vaiserman and Koliada, 2017) to behaviors, challenging conditions can
trigger a set of londasting outcomes that can last until adulthood. For example, European starlings
(Sturnus vulgaristhat went through a period of food deprivation becomerfdsragers (Andrews
et al., 2015). Similarly, in house micMs musculus inadequate nutrition of pups promotes
competition for access to nipples and predisposes the development of active and aggressive
behavioral traits (Mendl and Paul, 1991). Edilg condition can also have a lotagting
influence on personalitin adulthood(Dingemanse et al., 2010, Rdlel et al., 2011). Eafly
stress experienced as an embryo can lead to more active, explorative and bolder personality in
birds, which gain fitess benefits in later stressful environments (Dingemanse et al., 2004; Smith
and Blumstein, 2008). Similarly, early postnatal development had atéomgeffect on the
personality type of European rabbits, where pups with higher body mass were moretiegplora

and showed less predator anxiety as adults (Rdlel et al. 2011).
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Mat er nal effects can have a direct i nfl uenc

(Sachser et al., 2011; Braastad, 1998; Weinstock, 2001; Coutellier et al., 2008; Curley@8al., 20
Eriksen et al., 2011). The levels of stress hormones in females fluctuate throughout the breeding
period. For instance, elevated stress hormone concentrations can affect the behavioral traits of
offspring during the prenatal period. (Weinstock, 200&;Ser et al., 2011; Hinde, et al. 2015).

It has been found in European rabkityctolagus cuniculysand domesticated pigs that increased
maternal in glucocorticoid levels have negative effect on offspring suBealedek et al., 2021,
Stanta and Carroll, 1974)Within-litter competition contributes to these differences (Innes and
Millar 1993; Koivula et al. 2003; Eccard and Rdalel 2011). In several rodent species, competition
for milk and the warmer centre of the huddle leads to behawiiffatences among siblings.
Lighter individuals experience negative feedback loops that prime them to adopt a more proactive
behavioral style, such as repeatedly climbing toward the centre of the huddle where they were
consistently pushed back (Hudsomlket2011). These earlife adversities can have lasting effects,

promoting a more proactive behavioral type later in life compared to their siblings.

Other fundamental resources, such as food, not only vary significantly between seasons, but
also induceeompetition within the seasofAs population density increasegidly during the food
abundant period, individual could face more intense competition for other limited resources
Resource limitation related to date of bicdmn continuouslynfluenceindividual behavior type at
older age, as individuals becomes independent and collect resources (internally or externally) for
later survivaland reproducitonGenerally, earlife adversity decreases activity and exploration,
and has negative effects on dual and longterm fitness (Rdilel et al., 2008; Burns et al., 2012;
Lehto Hilimann et al., 2014; Marasco, Smith and Angelier, 2022; Patterson, Strum and Silk,
2022).

Relatively few studies have investigated to what extent personality can be affecfed by li
experiences after maturity. In adult European mMkgtela lutreold, personality can be
influenced by the prevailing situation and context: the levels of boldness and exploration vary
between breeding seasons (Haage et al. 2013). Similarly, comnesn{Madrotus arvali§ show
a decrease in boldness during winter, when the environment becomes harsh (Gracceva et al.,
2014). Due to the difficulty of capturing wild animals repeatedly in their early life stage, most

studies on earHife influence were doain captive colonies or animals housed in a geatral
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enclosure. Studies on how the influence of early life on personality influencebféattages,
especially in the wild, are still limited. Investigating species under their natural environments
will help to expand our understanding of early and later life influences on the development and
maintenance of personality differences.

|.2. Behavior and energy expenditure

The expression of avioris oftensupportedy physical activity and thus energy demanding
(Brown et al ., 2004). The energy cost can var
|l evel, which is closely related to personalit
individuals with hidner levels of activity, exploration and aggression can be expected to spend

more energy on physical activity than Adreact.i

1.2.1. Metabolic rate

Individuald energybudgetbroadly includes energequired inmaintaining basal biological
functions,energy allocadto thermoregulation, growth, maintenance of a functional immune
system, heat generation through digestion and physical activity (Blaxter, 1989; Speakman and
Selman, 2003). Energy spent on basic biological process is an important partatat energy
expenditure (Soares and Miller, 20I8eLany and Lovejoy, 1996), and any influences on this
energy expenditure will impact the total energy budget. The rate at which an animal oxidizes
food to produce energy is defined as the metaboliq k&), which is one of the most widely
measured physiological traits. Basal metabolic rate (BMR) is defined as the rate of energy
expenditure to maintain necessary biological processes by endothermic animals (McNab, 1997).
Measurements of BMR require higtdtandardizedonditions: the animal should be post
absorptive, nonactive, neneproductively active adult, and remain fasted and at complete rest
during the measurement. The testing environme
zone (McNab, 198). These requirements can be difficult to meet, especially under field
conditions. Thus, as an approximate approach, resting metabolic rate (RMR), has often been
used as a substitute for BMR when studying energy budget in animals (Agnani et al., 2020;
Speakman et al., 2004). RMR measurement requires less rigorous conditions, allowing
individual been measured in a more broadly basal state, but still requires the animal remaining in
a resting stage and measured witksrthermoneutral zone. Resting metabahte includes the
basal metabolic rate (BMR) and the thermic effect of food (Blaxter, 1989). The difference
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between RMR and BMR is generally small, thus they are often used synonymously in the

literature(Careau et al., 2008)

The literature indicates an increase of the physical activity level typically results in an
increase in RMR during the resting state (Speakman and Selman, 2003). Because RMR often
constitutes a substantial, and sometimes the largest, portion ofaniadividus dai |l 'y ener
budget (Clarke et al., 201@he influence of behavior on resting metabolic rate (RMR) may be
more significant than the direct energetic costs of the physical activity required to perform the

behavior itsel{Speakman and Selman, 2003).

RMR alsoshows high intrespecific variation. However, attempts xplainingthis intra
specific RMR differences are not as conclusive as explanations fespeeific variation in
RMR. Even after accounting for body mass, ambient temperature aneoir@nmental and
natural history factors, such as age, sex, social rank, mate choice and parasite load, a
considerable variation between individuals remains unexplained (Burton et al., 2011; Metcalfe et
al., 1995; McNab, 2002; Steyermark et al., 2005).

|.2.2. Personality and energetic consequences

Many studies have investigated the relationship between metabolic rate and personality,
focusing on basal metabolic rate (BMR) or resting metabolic rate (RMR), but the findings were
inconclusive (Mathot and Dgemanse, 2015%0me of themmeport a positive association between
resting metabolic rate and proactive personality types (Behrens et al., 2020; Careau et al., 2011,
G2chovg§ et al ., 2014) , suggesting proalctive
personality type can have energetic consequences: maintaining a high activity level requires more
energy devoted to physical activifjhus more explorative individuals need spendadditional
energy in exploring new environments, and more aggressireiduals are likely to engage in
intense physical confrontations, which are often eneagfly (Ros et al., 2006). The positive
association found in these studies indicates a generally higher energy budget in maintaining basic
biological process and the energy costly traits. However, numerous studies reported alternative
associations (Behrens et al., 2020; Careau et
where individual personality types were not associated with their RMR, or enestjy co
personalities were associated with lower RMR, implying no energetic association, orevshgy

personality and RMR constrains each other under a fixed energy budget . As the variation in this
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association apparently exists across contexts and spdurgher investigation is needed to
understand how contesgpecific factors and species differences shape the relationship between
personality and RMR.

Personality is also associated with variations in stress resfi®susgh et al., 2013a; Xin et al.,

2017) Birds with more proactive personalgishow relatively lower increases in corticosteroid
levels(Arlettaz et al., 2015; Cockrem, 20073) class of steroid hormones involved in regulating

the physiological stress response (hypothalgpriigtary-adrenal axis activity) in various taxa
(rodents:Gong et al., 2015eptiles:Moore and Jessop, 2003rds:Baugh et al., 2013bBlanca

et al (2018) proposed thadriation in corticosteroitkvels can be interpreted by response of energy
metabolism to stress. They found that psychological stressors, such as noise exposure, lead to an
increase in metabolic rate, which is reflected in elevated corticosteroid [Envislstudy provided
evidence that acute stress can increase metabolic rate and may, therefore, be associated with
personality as part of its influence on energy metabolism.

Personality also influences energy intake. For example, more explorative g(@atrtismajoy
are more competitive when accessing food and have a higher food intake (Cole and Quinn, 2011).
Although being active, bolder and more explorative require more energy, individuals with such
personality traits can afford this cost by incregsincess to food sources, whiat only supports
the energetic costs of proactive behaviors but may also allow for a generally higher overall energy
budget.

Three energy management models have been proposed to study the link between behavior and
metabolisn (Figurel.2, Mathot and Dingemanse, 2015): The allocation model assumes that the
total energy budget is fixed and the energy available for metabolism is constrained by energy spent
on behavior. This model predicts that individuals witheaergy costhyi pr oact i ve o per ¢
type should have loweBMR. The independent model assumes that the energy budget for basic
metabolism is independent of individual behaviors, suggesting no impact of personality type on
metabolic rate. Finally, the performance modssumes that higher metabolic rate is associated
with energetically costly behaviors, which provide a net energy gain, predicting an increase of
BMR associatewvi t h Aiproacti veoO personality type. The
and energy ntabolism remain unclear, highlighting the need for further investigation of

personality and metabolic traits, in particular in fi@eng populations (J&er et al., 2017).
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(a) Allocation model

BMR

Behaviour

BMR

Behaviour

Figurel.2. lllustration of three energy management models for the relationship between energy

(b) Independent model

(c) Performance model

BMR

BMR

Behaviour

BMR

Behaviour

available for behavior and BMR. Figure adapted fidathot and Dingemanse, 2015.

|.3. Pace of life:continuum of personality, metabolism and life

history

Increasing evidence supports the correlation between traits beyond behavioral characteristics,

forming a syndrome of behavioral, life history, and physiology. The-pat&e syndrome

hypothesis suggts that closely related species should differ in a suite of physiological (e.g.

metabolic, hormonal, immunity) and behavioral traits that have coevolved wiitipantcular

life-history, offering a framework that integrates behavioral and physioldgaaal with life
history (Biro and Stamps, 2008; Careau et al., 2008; Wolf et al., 2@0G3ey related species or

populations can differ in pae#-life depending on the given ecological conditions that favor a

particular combination of traits. This concept was later extended to the concept-of-itece

continuum (Réle et al. 2010). Rootedthme classic concept of r/K selection (MacArthur and

Wil son,

1967 :;

Pi anka,

1970),

t

i ntegfrates

s | oawis(Figurel.3). At the interspecific and interpopulation levels, paafelife theory has

been wellsupported by field studies: For example, tropical birds have a slowopdite related

to their temperature zone, with long life span, late maturity and fewer offspring produced
(Wikelski et al., 2003; Wiersma et al., 2007). The pakkfe of Trinidadian guppiesRoecilia
reticulata) depends on predation pressure: populations living upstream under low predktion

have s loblifedchamaerizethy slower development and later maturity, while

populations downstream with high predation risk mature earlier and exhibit more proactive

behaviors (Fraser and Gilliam, 1987; Reznick et al., 1996). In recent years, persaamslity

included in testing thpaceof-life hypothesis: bolder marine gastropods grew faster and had

higher resting metabolic rates (Cornwell et al., 2020). Even under artificial selection, domestic
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dog breeds that were shy had a longer life span and lower energy needs than aggeesisive b
supporting the interdependence of personality, metabolism adddifay traitgCareau et al.,
2010).

Pace of life

Slow M Fast

Reproduction

r 3
v

Delayed reproduction Precocious reproduction

Behaviour

A 4

Reactive « Proactive
(low activity, slow exploration, shy) (high activity, fast exploration, bold)

Physiology

r 3
A 4

Low metabolism High metabolism

a
v

High HPA axis reactivity Low HPA axis reactivity

Figurel.3. Potential integration of life history, behavior and physiology traits long agface

life continuum. Figure adapted from Raleadt, 2010.

When studying behavior under the paddife framework, one interesting question that can
be addressed is whether physiology and life hisi@iys contribute to (or are associated with)
individual variation in behavior. The paoélife syndome predicts that behavioral traits such as
high boldness, exploration or activity levels that increase resource acquisition at an expense of
survival shoul d bd-lifd, asit khoredsed the aklity fo tompetedor p a c e
reproduction oppaunities or reproductive resources (Montiglio et al. 2018; Réle et al. 2010).
Several studies have found support for this hypothesis: In bighorn sheésgénadens)s
bolder and more proactive rams had higher reproductive success but lower sumsval rat
consistent with a fast paad-life. Docile individuals, in contrast, exhibited delayed reproduction
and greater longevity, exemplifying a slower patdife (Rale et al., 2009). Superb faiyrens
(Malurus cyaneusshowed a riskaking behavioral sydrome: fasexploring individuals were
less likely to be present in the population after the age of 12 months (Hall et al., 2015). Finally, a
metaanalysis on the intrinsic state and personality revealed that aggressive, bold explorative and
active indivduals have relatively high metabolic rates and body masses (Niemeldand
Dingemanse, 2018).
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However, the pacef-life relationship within populations was not as well supported as
betweenrpopulation or species. Studies have found-significant, even negae association
contrary to what the paad-life hypothesis predicts. In a wild population of multimammate
mice (Mastomys natalensisexploration behaviors were not associated with survival; stress
sensitivity was linked with decrease in survival, buyauring food scared periods (Vanden
Broecke et al., 2021). In Trinidadian guppiPgé€cilia reticulatg, metabolic rate, personality
and growth rate showed individual variation, but were not associated with each other under
challenging ecological situatns, such as when food sources are limited and homogeneously
distributed, the energy intake from actively foraging may not cover the energy cost in
maintaining a proactive personality. Thus, the link between proactive personality with life
history traits an be diminished, because it is generally maladaptive under these conditions.
Another explanation for the absence of patéfe syndrome could be the occurrence of
methodological biases. That is, behaviors that reflects personality traits are higmgtetepmn
species characteristics, for example, exploration can be measured as hopping and flights between
branches for birdDingemanse etal.,2003) or i ndi vi dual 6s visit to I
maze test for roden{&orpela et al., 2011Behavioral differencebetween speciasakes it
challenging to determine whether the measured behavioral variables can reliatily dete
individual personality type, or which aspect of personality it is actually refllatiglio et al.,
2018) One way to achieve more biologically meaningful behavioedsurements could be to
use correlated variables that form behavioral syndromes, which provide a more integrated and

reliable way of quantifying personality.

The paceof-life hypothesis assumes that metabolism is the driver of individual behavior and
life history (Careau et al. 2008; Biro and Stamps 2010; Réle et al. 2010, Montiglio et al., 2018).
The prediction is consistent with the energy performance model; specifically, there should be a
positive association between being proactive, high metaboli@rat a fast life history (Careau
et al., 2008, Biro and Stamps 2010). However, studies testing this association within populations
have so far provided inconsistent results. For example, in a study on common Kpatdsd
vivipara), correlations betweebehavioral and metabolism parameters were weak, and expressed
a marginally significant, positive correlation at the age of one year (Le Galliard et al., 2013). In
wild-caught field cricketsGryllus pennsylvanicysbold individuals had a lower standard
metabolic rate than shy individuals (Careau et al., 2019), supporting the energy allocation model,
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which contradicts to what the pao&life hypothesis suggests. In adult male guppies, the study
population showed "proactive” syndromes, but it was noifgigntly correlated with resting
metabolic rate (Godin et al., 2022). In response to these inconsistent results, Salzman et al.
(2018) proposed that the pagklife syndromes may not always be obvious. That is, the
correlation between life history, behars and energy metabolism could be flipped around under

some ecologically constrained situations.

|.4. Desert rodent adaptations

The order Rodentia comprises more than 2,000 species that inhabit a wide range of terrestrial
environments globallyMusser ad Carleton, 200k Rodents exhibit significant intepecific
variation in phenotypic traits in response to a variety of unpredictable environmental conditions.
Examples of such an adaptation to ecological challenges occur in desedésemrodents, vene
the environmental conditions are generally harsh, with highly variable temperature and rainfall,
and relatively shorfood abundanperiods during the year. Such environments are especially
challenging for small mammals because their small body sits ltheir ability to store energy
and makes them less resistant to thermal stress (Klockmann et al., 2017). To compensate for these
phenotypic limitations, desert rodents show a series of physiological adaptations, such as reducing
urination, decreased ttadolism and reducing energy expenditure by shrinking the size ef non
essential organs (Rymer et al., 2016). Desert rodents have also developed a range of behavioral
adaptations, including nocturnal or crepuscular activity patt@asdall, 1993) burrowing or
constructing abowvground shelters to avoid extreme thermal conditi@askson et gl.2002)

Unlike physiological traits, behavioral adaptations allow direct interaction with, and even
modification of, the current environment, enabling a more flexible response to rapid and
unpredictable environmental changegnn and Brown, 2009)rhe adaptive value of personality

in such environments could be context specific: individuals with a proactive personality may have
an advantage in competing fagsources and reproduction during the resource abundant period
(breeding season), while reactive individuals may more likely to survive the prolonged, resource

scarce periods.

1.5. The study speciesOtomys unisulcatus

My study species is the bush Karob (@tomys unisulcatysa rodent endemic to arid

environments in South Afric@Volhuter et al., 2022)The bush Karoo rat is a diurnal, small
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(adult body mass 60160 g) solitary rodent living in serairid habitats in the Succulent Karoo,

South Afiica. The species is breeding seasonally and has a short life expectancy of less than 2
years in the wild (Wol huter et al. 2022). The
(Wilson et al. 2017). In the study site, the Succulent Karoo, the breesdiagrsis in the moist
winter/spring (around July to November), followed by the-bozeding season in hot and dry

summer (December to March) and autumn (Apuihe). Due to limited breeding opportunities

and high mortality during the dry season, bush Kaabaensities vary significantly between

seasons; the population density is usually at its lowest point at the end of the dry season, then
gradually increases as reproduction starts, typically reaching its maximum during the late

breeding season.

Bush Karoo rats reach sexual maturdésrliestbetween 5- 6 weeks oldin lab, and the
reproductive periodéh the fieldspans oveB - 4 months per year (Vermeulen, 1988; Wolhuter et
al., 2022).In the field, rew-born individuals usually have to surviverdligh the following dry
season and have their first reproductive activity in the next year, but those born early in the
breeding season were able to reach sexual maturity within the same season of birth, thus have the
chance to reproduce before the dryssesarrives, reducing the risk of dying without leaving any
of fspring. Ther ef or e, 0 teading pff durnegt suavivaf fbraadditianal p a ¢ e
reproductive opportunitiés seemsadvantageous for individuals born early in the season.

In contrast, individuals born later in the season needs to survive through tiheerding
season before having their first chance of reproduction. In addition, they also face greater survival
challenges during their own development. During breeding sepepulation density continually
increases while resouresailable for everyondecreases over time. Individuals born later were
exposed to higher population densities and more intense competition for resources, such as food
and other resources critidak survival. Adopting a "slow" pace of life can reduce energy cost and
predation risk during resour@®nstrained perioliry season)hus have greater change to survive
until the next breeding season. But the intense resource competition duringlbneddieg season,
especially for limited resources, may also drive competitive behavioral and physiological traits in
laterborn individuals.Thus, arly and lateborn individuals differ in their access to resources,
laterborrs face more intense competiti due to the increase of population density along the

season (Figuré.4). In bush Karoo rats, limitation for scarce resources can be reflected in the
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availability of shelter, a critical resource for the survival of bush Karoo rats in this harsh desert
ervironment(Wolhuter et al., 2022)n sum, the reproduction and survival differences induced by
thedateof birthwithin breeding seasanakes bush Karoo rats an ideal study species to investigate

the relationship with behavior and physiology linked to life history.
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Figure 1.4. Schematic representation of the mechanisms under. ¢fi)diyhe influence of life

history (birth datepnindividual behavio personality) and physiology (RMR: resting
metabolic rate; MR stress response: metabolic rate response to acuteastté@3jhe

associatiorbetweerpersonalityandmetabolic rate variables bush Karoo rats.
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Bush Karoo rats build unique construction of abgueund shelters, called "stick lodges".
Lodges are strong structures consisted of interlaced stick and twigs, usually supported by a living
shrub(Vermeulen, 1988)These observable structures (parabolic shape, mean volume®.41 m
usually sheltered by one rat at a time, occupancyeaasily determined by the existence of

fresh droppings and green plant materials left near the lodge ent(siecesulen, 1988)

The construction of stick lodges is a typical example of how behavior and its consequences
extend beyond the individual's physical form, a concept known as the extended phenotype
(Dawkins, 2016; Woods et.a2021). As a typical way of manipulating the environment,
extended phenotype of shelter construction can be found in many taxa (Hdldobler & Wilson,
2009; Barber, 2013; Kinlaw, 1999). Individuals interact and modify their external environments
by creatng architectures, most commonly as protective shelter, trapping/foraging tools or for
interaction with other individuals (Hansell 2005). Depending on ecological characteristics,
shelters can be built in a variety of ways. For example, bats can sheltedifrethbird nest,
ant/termite mound or make Atentso by modifyin
species of rodents dig extensive burrowing systems (Kinlaw, 1999). Such underground tunnels
offer a mild micro environment for nesting and protecti@amfiarge predators (Erlinge et al.,

1983; Leahy et al., 2016). Underground foragers such as moles also use tunnels to search for
insects or tubers (Kinlaw, 1999, Zhang, Zhang and Liu, 2003). Although less common, rodents
are also architects above ground,bcst ruct i ng Al odgeso, Amoundso,
a variety of useable materials such as sticks, twigs, stones and even urine and feces (Figure 1.5).
The stick lodges built by bush Karoo rats offers critical protection from the ambient
environmentnot only protecting them from predators, but also creates a-gliorate with

relatively high humidity and mild temperature from the hot dry summer day to cold winter night
(Brown and Willan, 1991; du Plessis and Kerley, 1991). As a complex animdtatuate, the

stick lodges are costly to construct, but are #asging structures that can beused by other
individuals, and therefore represents an essential and valuable resource throughout individual
lifetime. Existing stick lodges can be inheritmad continually maintained, offering shelter for

other conspecifics after the original builder disappears (Vermeulen and Nel, 1988; Onley et al.,
2022).
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Figure 1.5. Sheltering behaviors in Myomorpha rodents. From left to right: using natural

shelters, burrowing and lodge building.

From massive beaver dams to bush Karoo rat lodges, thesegrbowe structures are
energetically expensive to build and maintain. Taeyusually critical resources for the survival
of the building species but they can be vulnerable to unpredictable natural events: for example,
packrat Neotomaspp) middens made from dry plant materials can persist for millennia, but can
be easily destryed by wildfire (Howard et al., 1959). Similar situations can be expected for
other species that build their shelters with flammable materials such as dry sticks and twigs. The
distribution of these building species may be constrained to areas wheshétigr can persist
over a long period with low risk of being destroyed by unpredictable events, such as areas of low
fire risk (Kerley and Erasmus, 1992)

|.6. Study objectives and organizational layout

In this thesis, | am interested in thek between life history, physiology and behavior in a
lodgebuilding species, the bush Karoo rat. My thesis includes one phylogenetic comparative study
on the sheltering behavior of modgdes rodents (Myomorpha), and two research chapters
focusing on awild population of bush Karoo rats (Figur®). The main aim was to investigate
whet her personality traits are influended by
a critical life history determination factbrand how these traits relate fohysiology. |
hypothesized that individuals born later in the season would adopt a more active, bold and
explorative (Oproactived) personality type, a
resources in the late breeding season. Additionalypothesized that certain personality trait

expressions would have energetic consequences, with proactive individuals exhibiting higher
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resting energy expenditure, and reactive individuals would be more sensitive to a stressful stimulus,

reflected in m&@bolism as having higher metabolic rate increase after exposed to acute stressor.

Chapter 1 Chapter 2 Chapter 3

Personality, metabolism
& date of birth
in bush Karoo rats

Figure 1.6. Schematic representation of the structural framework used in this thesis. Chapter 1
covers questions on ecology and natural history of kimgleling in Myomorpha rodents.
Chapters 2 and 3 focusses on the lebigidding bush Karoo rats. Chapter 2 exploites link
between personality and life history and Chapter 3 focuses on the association between

metabolism, personality and life history.
Chapter 1 1T Ecol ogi cal an euildilgtinMyomorphdi st ory f a

In the first part of my PhD, | condted a phylogenetic comparative study of sheltering behavior
to investigate the association with phylogeny and life history as well as ecological factors in
mouselike rodents. This study was done while | was waiting for my residence permit in France
before | could obtain a visa for field work in South Africa. The aim of this study was to investigate
which environmental and life history factors are linked to the evolution of sheltering behavior,
especially the unique loddmuilding, and to what extent it effected by phylogeny. The results
suggest that lodgkuilding species are more likely to inhabit arid areas with low fire risk, with a
moderate to high phylogenetic signal. This chapter relates to the next two experimental chapters,
because my study spes is one of the rare loddmiilding rodents, and lodges are a vital resource
throughout its life cycle, with lodge availability possibly influencing personality.
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Chapter 2 1T Effects of birth date on personal

later-borns

In my second chapter, | conducted a field study on individual differences in behavior-of free
living bush Karoo rats. | investigated the behavioral and life history differences in earlier/later

born individuals, providing results on (1) the pedy (behavioral consistency within

individual), (2) the existence of AdAproactivel/
di fferences dependateof birth. PAlthaugh the rpaceflife llypothésis s
suggests that latdror n i ndi vi dual s sha-ul e adogt t Ausisho

personality type because they do not have the opportunity to reproduce within the same breeding
season of their kth, the results of my study provide evidence of the opposite association between
personality and time of birth. Together with the evidence of increasing competition for of stick
lodges as the breeding season progresses, the expressionofjfacgyndomes may be altered

by ecological constrains.

Chapter 3 1T Associations between metabolic rar

In the second empirical chapter, | investigated lhmdwidual metabolic rate, personality and
life history are relad to each other under the paddife framework, testingabout the (1)
consistency in metabolic rate parameters, (2) association between personality and metabolic rate
parameters and (3) time of birth as a potential driver for both personality antbwariahetabolic
rate. This study suggests that personality traits and metabolic parameters are independently linked
to the date of birth within the breeding season, and further highlights the importance of considering

metabolic stress response as a bialalfy relevant parameter.
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Ahstract

Mouselike rodents often takeover innatural shelteror burrowundeground where they build
simple nestsA few species build extensive shelters above ground, called lodges, mounds or houses.
Here we present the first phylogenetically controlled comparative study on the ecological factors
of habitat heterogeneity, environmeraaildity andfire risk related tonesting habits in moudike
rodents (Myomorpha26 genera 20 species from 7 genera were found to build logdges they
mainly occur in arid environments with |dive risk. Mostlodgebuilding specieg14 out of D)

belong to the packrats (genmdeotoma, which in phylogeny only represent one event of evolution

of lodge buildingand therefore limit the statistical power of the phylogenetically controlled
analysis The Bayesian phylogenetic mixeffects models show a phylogenetic signal of Go43

515 Myomorpha specief/nder this moderate to strong phylogenetic relatedmesdid not find
specific factors being associatedthe evolution ofsheltering habit ilMyomorpha We suggest
studyng the importance of aridity combined with Idwe risk for lodge building on the species

level, for example by studying the limits of species distribution ranges depending on these factors.

Keywords:
Myomorpha; lodge; shelter; phylogenetiidity; fire
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ttroduction

Many animals construct externstructures as an adaption against the harshness of the local
environment. Such structuregstend beyond the individuals® bodpdarethusone example of
extended phenotypéPawking 2016; Woods et gl2021) Eusocial insectsuch agermites, ants
and bees build nests that offer protection for hundi@dsllions of individuals(Lischer, 1961,
Korb, 2003; Hdldobler & Wilson, 2009) many fish and bird species construct nests during the
breeding season to incubate and raise tiftspring(Barber 2013) Among mammalsgpes build
led nessfor sleeping Prasetyo et 812009) bears prepare dens for hibernatibredrich, 2011)
and roderg are famous for constructing burrow systefkSnlaw, 1999 Hayes, Chesh &
Ebensperger, 200.7The protective nature of external structucealdbe especially important for
small animals as they often face high predatidn(gslinge et al., 1983; Lima et al., 2001; Leahy
et al., 2016Deeming 2023 and are prone to thermal stréBsanckenhorn, 2000; Klockmann,
Ginter & Fischer, 201Y.

As the largest order in mammals, rodents show a high diversity in eallogches occupied
and in shelter usag8omeuse natural sheltessich agree holes and rock crevices, in which they
build simple nes or create their own architectumost commonlyindergroundurrows(Frank
& Layng 1992 Zhang, Zhang & Liu, 20Q3Hayes, Chesh & Ebensperger, 2p®@r/andrelatively
rareaboveground sheltefgVhitford & Steinberger2010). Burrows offer protectiorfor their nest
andfor some specielelow ground foragingopportunitiegKinlaw, 1999 Zhang, Zhang & Liu,
2003. Fewer species build shelters above ground, which are called H@ius&nholz 1963),
middens(CamposBoeing & Throop 2019)or lodges(Vermeulen 1988 Wolhuter et al., 2022

Lodge building in rodents is rare and could represent an adaptation to specific environments.

Lodgesarestructure built above groundusually made oplant maerial, offering protection
for the nest which lays insiddackso et al., 2002Beavers Castor sp.) are famousgor building
extensive lodges inside ponds they @eath beaveddams(Baker & Hill, 2003).North American
packrats fleotomaspp.) useurine, plant and animal materials to build middens alypeend,
which are extremely sturdy and can astthousands of yeaedter being abandongBetancourt,
Devender & Martin, 2P1). Bush Karoo rats@tomys unisulcatydrom South Africa and greater
stick-nest rats I(eporillus conditoj from Australia build extensive stick lodges which offer

protection against the arid and lebtnate {/ermeuleret al., 1988Copley, 1999;Moseby& Bice,
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2004;Robinson1975. For small rodents, lodges ameergeticallyexpensive to bild but can offer

protection forgenerationgVermeulen & Nel1988; Onley et al 2029.

Specific climate conditionsanmake the investment of lodge building adaptiver example,
the emperature inside the lodgef bush Karoo ratsom semidesertsn South Africavaries less
than ambient environmerthe temperature inside is higher than outside in cold winter negyinds
lower in hot summer day®u PlessisKerley & Winter, 1992) Water vapor pressure inside lodges
is 6474% in summer and 583% in winter, bothvaries less ang always higher thain the
outsidearid environmen{Du Plessis et g11992) If lodgesgenerallyoffer a favourable micro
climate,theymay beespeciallyadaptivein envronments with extreme temperatures and aridity.
Lodgesbuilt in arid and hot habitats may offer protection against the harsh ambient conditions,
but the high temperatures and lack of rainfall can creatduelvmoisturein such habitats. The
dry plant magrial used to build these lodges is highly flammable and thergfdnerableto
wildfires (Kerley & Erasmus, 1993Jackson, Bennett & Spinks, 2004 lodges burn, then instead
of offering protection they might represent a deadly trap. This leads to the predictitoul et

occur mainly in arid environments with low fire risk.

Ecological factors andaturalhistory shape evolution, but how theylugnce and interplay
with the evolution of lodgéuilding behavioris less clearEcological factorghat can influence
the evolution of lodge building include fire risk, aridity, amabitat heterogeneityAs sheltering
habit may evolve as an adaptati@anspecific habitats, species that occur in multiple types of
habitats may developither a consistent sheltering habit that is universally adaptive to all the
habitats they live in or the ability to show multipdéeltering habits depending on the local
ervironment. Regarding natural history factdhe protective nature of lodges could be especially
important for animals with small body sizes, as they are more sensitive to thermal stress
(Blanckenhorn, 2000; Klockmann, Ginter & Fischer, 2Q1a%) alternavely, alarger bodysize
may bring advantages in carrying building materials and in defending their preciousagduess
competitors Considering the overlap of food sources and building materials;aet diet can
be expected to facilitate lodgeilding and maintenance, animals feeding on green plant materials
may be more efficient in collecting sticks, and the food remains can contribute as building
materials (Betancourt, Devender & Martk()21). Lodges may offer protection against the heat
during the day for nocturnal species, or offer protection against predators for diurnal species
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(Betancourt, Devender & Martin, 2@). In sum, the natural history factors of body size, diet and
activity pattern might influence the evolution of lodge buildidgspite these potential influences,
how this distinct trait in sheltering habit may differentiate these lgeing species from their

relatives in ecological and natural history remains unknown.

We conducted a comparative study focusing on sheltdratgts for mouselike rodents
(suborder Myomorpha) to determine what ecological rzatdralhistory factorsvereassociated
to lodge buildingThe extreme arid environment where the lodge building may be adaptive often
associated with high climate fireski, which puts the flammable lodges at riSkecifically, we
predicted thatX) lodgebuilding is more common iarid environments as an adaption to highly
variable or extreme ambient temperature/humiaglitgl(2) lodge building is more common in asea

with low fire risk.

Rlaterials and Methods

.3.1.Database on shelter use

We established a databaseatrelter usdor mouselike rodents (suborder Myomorpha)/e
searched for information 01655 speciesof Myomorpla (classified bylUCN 2022) inthe
fiHandbook of thaMammals of théVorld. Vol. 7. Rodentdlo (Wilson et al, 2017 andfound
information on shelter usdor 532 species(seven families, 201 generdjor 11 species, the
description in the book was not clear enotmtetermine sheltering type (e.g., it was stated they
use shelters without stating the type of shelter, or it was not stated whether they constructed shelters
or used shelters constructed by other specses)y thatwve searched for additional information
online (publications, photos of the shelters), allowing us to add seven additional species into the
database (included in the 532 speki8helter type was categorized as natural shelter (nests inside
dense vegetation, rock crevices, tree holes, or shbliddsby other species), burrows, and lodges
(shelters above ground constructed by sticks and other mgteBatsuse some species can use
more than one tyeof shelter, we classified sheltaseinto seven categoriesodge, burrow,

natural, lodger burrow, lodget natural, burrow+ natural lodge + burrow + natural

3Natral history variables
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As important natural history variables that may affect preferred sheltering types and the ability
of shelter construction (see introduction), we recoroadly mass and length,iet and ativity
patters  f r o Handbdole of thévlammals of thaMorld. Vol. 7. Rodentdlo (Wilson et al,

2017). Habitattype wasobtained from thepeies description in thkJCN Red List of Threatened
Species Habitat heterogeneity waken calculateds thetotal number of habitateccupiedper

species (Olivier et al., 2022, Qiu et al., 202Z3ble 1 summarises the categories of these variables.

. BAridity

Aridity was estimated based on the Kopfigeigerclimate classification mafBeck et al,
2018, which preserstglobal climate classification majfrom 1980 to 2016. Based on threshold
values and seasonality of monthly air temperature and precipittteoppenGeiger system
classifies global climatmto five main classedropical,arid, temperatecold andpolar (Beck et
al, 2018) To focus onaridity, we coded the arid areasoneand nonrarid area aszera By
compaing this map with species distribution polygons, we could determine how muuwé of t
speciedlistribution area falls into the arid climate classificatidhe levels of aridity for each
species was then calculated by the percentage cduadth each species distribution polygon,
rangng from zero(no distribution in arictlimate) to one(totally distributed in arictlimate.

Species distribution information was obtained fromIth€&N Red List of Threatened Species
based on definitions of preseneeedc o ded as fextant o, fAprobably e
were considered as the distribution area of the spdai@s the 516 species included in the
phylogenetic model, the distribution of 12 specestained areas where the species were
introduced(caiegoryfiExtant & Introducedin the IUCN). Only three specidsad considerable
introduced areaRolynesiarrat, Rattus exulandHouse ratRattus rattusOriental house rat,
Rattus tanezuri),We included these areas in this study because (1) the specileknot be
able to become resident in introduced area if they are nadagated to the local environments
and (2)origin and introduced areaere sometimes difficult tdistinguish and natural dispersal
may be involvedespecially forglobally spreadspecies such deehouse mouseus
musculuy, for which thelUCN Red List of Threatened Specgses no information about their

native origin

. BFEire risk
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We were interested to know if species building lodges do not occur in areas that frelouertly
(high fire risk). Thuswe calculatedire risk by the proportion of historicallpurntarea in this

study Thedata vasproduced by a data mining process using MOBUgtarea product

Collection 6 (MCD64A1https://Ipdaac.usgs.gov/products/mcd64alv008ie entire product is
available under the umbrella of the Global Wildfire Information System (GWIS, Boschetti et al
20232, which provides numerous data services to report and forecast the global activity of
wildfire. With this global burnt areanap, we usedll data availablérom 2001 to 2020

information was givety tile (Smallest special unit that sum up the fire event and burnt area of
each fire 0.25*0.25 degreeBurnt area was acquired dailgth accuacy of one hectare,

overlapping in the same area was counted sepafatartés et al. 2019for more details).

By comparing the species distribution ranges with this fire dataset, we were able tohabtain t
cumulaedburntareafrom 2001 to P20 (km?, cumulated data of 20 years) in each species
distribution range. Specificallypf each species, the tilkem the fire maghat had its centroid
intersectocatedwithin the species distribution polygon were selected to add up to the burnt area
multiple fires events from the same tile of the 20 years were inclidesl value was then

divided by species distribution range @rto get a comparable fire risk between spe¢es:

detailed calculation, s&&M .A in Suppl. Materialgs

. 53 Statisticalanalysis

Phylogenetic comparative analyses were conduatétlv.3.6.1, using the R packages brms
(Birkner. 2017 Birkner. 2018), RStan (Stan Development Team. 202@nd Rethinking
(McElreath. 202D The modelling and R code were adapted from Jaeggi2€l8land Qiu et al
2022 Habitat heterogeneity, aridity and fire risk were includedh@ Bayesian phylogenetic
mixed-effects model testimatewhetherthey have an influence on the evolutionsbelter us.
Aridity was weakly correlated with ftemas ri sk
independent variables in the modéle conducted a alternativemodel totest forthe potential
interaction between aridity arfide risk, which didnot giveany significance differences; therefore,
we excluded the interaction from the main modeie phylogenetic relationships anieir
uncertainty were represented by a sample of 100 phylogenetic trees, downloaded from the

phylogeny subsets ahnline databas¥ertLife (http://vertlife.org/phylosubseds/which produce
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distributions of trees with subsets of td3atz et al., 2012)Phylogenetic signalj was calculated

as the proportion of random factovariance captured by the phylogenetic randomectf
representing the tendency of related species to resemble each other more than species drawn at
random from the samieee.The model employs a categorical error distribution, fitted with

Markov ChainMonte Carlo (MCMC) chains, undergoing a total of 2000 iterations each, with the

first 1000 iterations in each chain designated as-buto allow for parameter convergenddne
sheltercategories were combingd simplify the model and increase statigtipower: for, the

main analysis, we usdtiree categoriesnatural shelter (natural), burrows (burrow, burrows

natural) and lodge (lodge, lodgeburrow, lodget natural).As somdodgebuilding specieslso

dig burrows, we ran an additional phylogenetic analysis vatir €ategoies natural shelter

(natural), burrows (burrow, burrowsnatural), lodge (lodge, lodgenatural), burrowt+ lodge

4. Results

. 14 Shelter usage

Out ofthe532species of Myomorpha with available dé&td5 speciesisenatural shelter320
species oy burrowsand 14 species construct lodgesith the remaining 53pecieshaving more
than one form of shelter us&7 speciesisenatural shelteranddig burrows onespecies construct
lodgesand usaatural shelterdive speciexonstructodgesand digburrows No species use three
types of shelters at the same time, reducing the shelter usage categorifes &iaistical analysis
(Figure .1). In total wefound 20 species that build lodges. Of these, three species ({Rolead
muskratNeofiber alleni Common muskra)ndatra zibethicusWater mouseXeromys myoid@gs
are semiaquatic and construct lodges upomeaby water, the other 17 species taestrialand
construct dry lodges on the ground. 14 of 20 lodge building species belongs to the packrat
(Neotoma, a lodgebuilding genus. @e exceptionn this genuss N. mexicana which generally
doesnot build lodges andasthus recorded as ndadge building in our data sourcelowever,
ités i mpor t theytcan use lodgestbeild by lother species and were reportssl

capable of building lodgasaside naturals shelters such as rock crgCksnely & Baker, 1986).
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B Burrow (60.2%)

= Natural (27.3%)

B Burrow + Natural (8.8%)
W Lodge (2.6%)

M Lodge + Burrow (0.9%)

 Lodge + Natural (0.2%)

Figure .1.532 Myomorpha species with available information on shelter use. Burrow: only
construct burrows; Natural: only use natural shelters; Burrow + Natural: construct burrows and
use natural shelters; Lodge: only construct lodges; Lodge + Burrow: construes ki)

burrows; Lodge + Natural: construct lodges and use natural shelters. The 20 species that build

lodges are framed by black line.

. 24 Description of natural history and ecological factors

The majority species were herbivorous, and this was more pronounced inHoiidjeg
speciesfigure .Ain Suppl. Materialslodge 89%, burrow 54%, natural 56%). Most spesiese
nocturnal independent of shelter usgy(re .Bin Suppl. Materials The mest common habitat
was forest (270 species), followed by shrubland (240 species), grassland (216 species) and
artificial (191 species). Mean habitat heterogeneity was two and did not sigfeficantly
between the species with different sheltering ha&bgure .Cin Suppl. Materials There also no
significant differences in body length and body m&sgure .D in Suppl. Materialy but lbdge
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building species had a lower body length/mass ratio than offedste( .A in in Suppl. Materials
lodge: 1.2+ 1.07; burrow 2.4 1.5; natural 2.2 1.39).

The mean aridity of lodgbuilding species was higher than species that dig burrows or live in
natural shelters (lodge: 0.5&80.416; burrow: 0.426& 0.406; natural: 0.158 0.260;Figure .2,
Table .Ain in Suppl. Materials Fire riskwas lowest where lodgeuilders occur (lodge: 0.210
+0.324, burrow: 0.72% 2.231; natural: 0.728 1.345;Figurel.2, Table .A in Suppl. Materials

(a) (b)

0.8
0.6
- 0.6 -
04 :|:
> ®
° =
= o
< = 0.4
0.2
Lo | o
0.0 0.0
Lodge Burrow Natural Lodge Burrow Natural
(n=20) (n =366 ) (n=145) (n=20) (n=366) (n=145)
Shelter Habit Shelter Habit

Figure .2 The association of sheltering habit w{g) aridity, rangefrom 0 (no distribution in
arid habitat) to 1(totally distributed in arid habjtahd(b) fire risk, btal aresburnt during20 yeas
within the species distribution range (R/species distributionange (kni), both asmean+ SE

Data available for 531 Myomorpha species.
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. 3 Phylogenetic comparative analyses

The mhylogenetic signal’A&0.43 wasmoderateo high for the515 Myomorpha species in the
model. Pylogenetic distributiorshowed sixindependengevolutionary originsof lodge building
behavior (Figure 3). In the phylogenetally controlled analysis the associations of lodge
building with ecological factors (habitat heterogeneity, ariditg fire risk) were nosignificant
(Figure 4). The additional model with dategories gave similar resu(fSigure .E in Suppl.
Materialg.
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3. Phylogeny of 53Myomorphaspecies and theccurrencef lodgebuilding. Red

branches represent the lodgailding species.
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Figure 4. lllustrating evolutionary transitions in sheltering habit as a function of the predictors.
Columns show (from left to right) the probability of natural shelter, burrows, lodge, while rows
show (from top to bottom) predicted changes in those probab#isies function of number of
habitat (&c), aridity (df) and fire risk (§i). The numbers in the legends are the posterior
probabilities (PP), i.e. the proportion of the posterior distribution that supports a given association;
these were not available foatural shelter, as this was the reference category. Within each row,
all other predictors were held at their baseline value. Solid black lines are the predicted means,

thin coloured lines are 100 random samples drawn from the posterior to illustratainbcer
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Biscussion

We studied whethelodge building rodents occur especially in harsh arid areas with low fire
risk, which would benefit them with a mild miecatimate within the lodge without the risk that
their lodge becomes a deadly burning t@prdescriptive resultsorrespond witlthis hypothesis
lodge building species occur in arid areas with low fire risk. Lodge building is a conspicuous
behavior but worldwide only 20 myomorph rodent species (4% of studied species) have been
reported to build lodges. However, when controlling foylpgeny, neither aridity nor fire severity
remained as a significant predictor for the evolution of lodge building. This is probably due to the
fact that most lodge species belong to one single genus, the pale@tiomaspp.), reducing the
number ofindependent evolutionary origins to orgix. Two evolutional pathways for lodge
building did not associate with low aridity, whiarere speciebuildinglodges nearby water, as is
alsoknown for several species ahother rodent suborder, tBastorimorph BeaversBaker &

Hill, 2003).

Wildfires directly threatenthe survival of a variety of animaléJolly et al, 2022. Small
mammals cannot run away from wildfires but seek protection in sh¢kerd et al, 1999)
Observatios suggestthat not manyrodentscan escape fromvildfires unless protected by
underground burrowfHoward Fenner & Childs 1959. Wildfires can kill rodents directly and
reduce their survival probability after fires. As fire destroy above ground shelters, they additionally
increase predationrisk (Pastro, 2013) Lodges are usually made of dry plant material in
environment with low humidity and are thwsiinerableto fire. Fire vulnerability has been
observed in packra{dleotomaspp.) whichare reluctant to vacate théadgesand likely dieunder
fire event(Howardet al., 1959; Simons, 1991Although some lodgéuilding species can dig
burrows underneath their lodges, this cannot protect their expensive and flammable lodges from
being burnt downA burning lodge would likely kill the rodent hiding in it, and even if it survives,

it would loss its protecting shelter.

Our study points to two strategies for lodnyglding species to avoid fire. Three seagjuatic
species build lodges near water, nmakfire unlikely to ignite theiwetlodges. Similatactics are
observed in nomyomorph rodents such as the two species of bea@astdr speg, which
construct lodgesearwaters withsticks and branche8#éker & Hill, 2003. Most lodgebuilding
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speces (17 of 20) ilMyomorphahabituated in arid environments, based on the hot weather with
low humidity, theyfacea relatively hightheoreticalfire sensitivity However,the actuafire risk
wasvery low for lodge building specieprobably because thearid environmens had little fuel
available to support wildfires. Many arid environments are associated with low plant productivity
(Turner & Randall, 1989Miranda et al., 2009vue et al., 202)) which does not provide a lot of
natural shelters but also makes fires unlikely to spread: if a fire starts, it simply runs out due to
patches without any burnable matefiisicLaughlin & Bowers, 1982Pausas & Keeley, 2021

For example, thbush Karoo ra(Otomys unisulcatysccurs in the arid and hot Succulent Karoo

of South Africa, wheravildfires cannot spread as there is not sufficient plant material, but it does

notoccur in South African savannah habitat, wheitdfires occur regularlyKruger etal., 200§.

The dataset we used to calculéite risk was based ordaily observed fires with threshold
100xX1L00m Py hectae) for a period of 20 years, such that fires that occimteérvals longer than
20 yearswere not representetdihe dataset doeslow for the detection of relatively small fires
however, fireswith burnt areasmaller thariLha were not representdeélven n areawith ahigh
fire risk, there might be pocket areas thatreless burntand in areas with low fire rislsmall
firesmightoccur inpatches with sufficierfuel., Whether such local environmental characteristics
influence species distribution would be interesting to study, especially to understand the variation

in distribution of a species within its distribution range

Our descriptive results agree with thgypothesighat lodgebuilding species are more likely
distributed in arid environments with low fire risk, but these effects were not significant when
controlled for phylogeny. Phylogenetically controlled models takeuvbkigonary relatedness of
species into accourfHadfield & Nakagawa, 2010andthe 20 lodgebuilding species fall into
sevengeneratwo of them closely related) @fvo (seven in totglmyomorph families. Mos{l4
of 20) of the lodgéuilding species argackrats leotomaspp.), such that their data are
phylogenetically dependent, representogy one independent evolutionary transition. While
only approximately 1/3 of myomorph species had data on shelter usage, the use of lodges is very
conspicuous andur data source hasobably reported for most species that do build lodless,
it is unlikely increase the statistical power of our analipsisncluding more species that build

lodges In summary, our result suggests lodgelding species often disbute in areas
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characterized by low firgsk, during evolutonal processegsheymay have persisted in areas with

less incidence of largendintense fires, possibly due to low fuel loads

Two evolutionary transitions to loddmiildingoccurred in species living in wetlands and along
waterwaysThesespecieqNeofiber alleni, Ondatra zibethicus, Xeromys myaidigs in regions
with an overallthree times highefire risk compared to the othkrdgebuilding specie$0.63vs.
0.21). However, within these habitats they choosguatic niches for lodge building which
significantly reduces the likelihood of their lodges beimngnt down Therefore these species
suggest another possibilitgr the evolution ofodge building Thevulnerability of lodges to fire
could be reduced by either (e environmenteingtoo wet to allow lodges to igniter (ii) the

environment has low primary productivity and does not produce sufficiehto maintairfires.

Based on the result of thigudy, wesuggest future studies lodgebuilding rodentsshould
focus on specific species to test whether aridity combined with low fire risk is associated with the
limitation of their distribution rangefor example, this would predithat the range foodge
building speciegends where fire risk increase® that in these areas they use different shelters
than lodgesin addition, studies on specific species also lalptuing the effect of short and
patched fireswith smaller spatial and time scaleshich are likely underestimated studies
conducted in global scal&ost lodgebuilding species are folivore©f{omys, Leporillusmany
species oNeotoma, some eat seeds and fruikus spicilegusNeotoma phengxand one even
eats invertebrateXéromys myoidgs The mainly folivorediet is consistent with their sheltering
habit as lodges are mainly constructed with plant material and thus also offer a food source directly
at the shelterOur descriptive results suggested that ledgeding species have larger body size
(body mass/length ratio) than those living in natural shelters or burrows, which may bring
advantages for them to construct and defend their lodge against other (Sderadin & Pillay,
2005 Schradin, 200pb As these descriptive results are not controlled by phylogeeyannot
determine to what extent the association is biased by their phylogenetic relatedness. It would be
interesting to have further investigation dwe thatural history traits commonly shared by lodge
builders and the potential interaction with ecological factors, for example if -lngitpers
becomes larger when faces higterspecific competitiorfor their lodges. Therefore, studies
comparing the bogsize between lodgeuilding species with sympatric néadge building rodent

species would be useful to test this potential association.
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Conclusions

Our study investigated possible associaibatween ecolog naturalhistory andsheltemg
habits in mousdike (myomorph) rodentsThe descriptive result suggests that lodgelding
speciesare mostly herbivorousend to have larger body size than those who live in burrows or
natural shelters, and are more likébyoccur in arid environment with lowfire risk. However,
lodgebuildingremainsa rare sheltering strategy for nsmlike rodentq3.7% of speciesand the
high relatednessbetween those species makes it difficult to test these associations in
phylogenetically controlled studiel sum, the associations found in our study shbeldested
rather on a specigban comparativéevel. For example, a previous study on bush Karoo rats
suggested that their distribution was limited by wildfikeiley & Erasmus, 1992We suggest to
study lodge building rodents such as the South African bush Karoo rat or the Australian stick
lodge rat toto test the predictions: (1) lodge builder are larger than other sympatric rodents, and (2)
lodge builders have a species distribution range resttgtaddity (species distribution more arid

than area around it) and (3) fire risk.

References

Artés, T., Oom, D., de Rigo, D., Durrant, T.H., Maianti, P., Liberta G. & Sdiguel-Ayanz, J.
(2019).A global wildfire dataset for the analysis of fire regimes and fire behasor.
Data6, 296.

Bailey, V. (1931). Mammals of New Mexichl. Am. Faun&3, 11 412.

Baker, B.W. & Hill, E.P. (2003). BeaveCéstor canadens)sin: Feldhamer, G.A., Thompson,
B.C. & Chapman, J.A. (ed¥Yild Mammals of North America: Biology, Management, and

Conservation2nd edn. The Johns Hopkins University Press, Baltimore, pii3288

Barber, I. (2013). The evolutionary ecology of nest construction: insight from recenufigsst
Avian Biol. Res6, 83 98.

71



Beck, H.E., Zimmermann, N.E., McVicar, T.R., Vergopolan, N., Berg, A. & Wood, E.F. (2018).
Present and future KippeGeiger climate classification maps akrh resolutionSci. Data
5, 180214.

Betancourt, J.L., Van Devender, T.R. & Matrtin, P.S. (20Ragkrat Middens: The Last 40,000

Years of Biotic Changélniversity of Arizona Press.

Birkenholz, D.E. (1963). A study of the life history and ecology of the rdaield muskrat
(Neofiber alleniTrue) in northcentral FloridaEcol. Monogr.33, 255 280.

Blanckenhorn, W.U. (2000). The evolution of body size: what keeps organisms @mBk¥.
Biol. 75, 385 407.

Boschetti, L., Sparks, A., Roy, D.P., Giglio, L. & Skliiguel-Ayanz, J. (2022). GWIS tianal
and subnational fire activity data from the NASA MODIS Collection 6 Burned Area
Product. NASA Applied Sciences grant #80NSSC18K0400.

Birkner, P.C. (2017). brms: an R package for Bayesian multilevel models using) S&at.
Softw.80, 1 28.

Biukner, P.C. (2018). Advanced Bayesian multilevel modeling with the R packageRhis),
395411.

Campos, H., Boeing, W.J. & Throop, H.L. (2019). Decaying woodteb{omaspp.) middens
increase soil resources and accelerate decomposition of contempteary. |Arid
Environ.171, 104007.

Copl ey, P. (1999). N a t unesarats, genusepodllusi(Rodentia f  Austr
Muridae).Wildl. Res26, 513 539.

Cornely, J.E. & Baker, R.J. (198®&eotoma mexican®amm. Speciel 7.

Dawkins, R. (P16).The Extended Phenotype: The Long Reach of the @Gahad University

Press.

72



Deeming, D.C. (2023). Nest construction in mammals: a review of the patterns of construction
and functional roles?hilos. Trans. R. Soc. Lond. B Biol. 48, 20220138.

Diedrich, C.G. (2011). An overview of the ichnological and ethological studies in the Cave Bear
Den in Urkilor Cave ( WkEmoseBrav6.Car pathi ans, R

Du Plessis, A., Kerley, G.l. & Winter, P.D. (1992). Refuge microclimates of rodents: aesurfa
nestingOtomys unisulcatuand a burrowingParotomys brantsiiActa Theriol.37, 351
358.

Erlinge, S., GGansson, G., Hansson, L., Ha@stedt, G., Liberg, O., Nilsson, I.N., Nilsson, T., von
Schantz, T. & Sylvé, M. (1983). Predation as a regulating faatosmall rodent
populations in southern Swed&dikos40, 36 52.

Ford, W.M., Menzel, M.A., McGill, D.W., Laerm, J. & McCay, T.S. (1999). Effects of a
community restoration fire on small mammals and herpetofauna in the southern
AppalachiansFor. Ecol. Manag.114, 233243.

Frank, P.A. & Layne, J.N. (1992). Nests and daytime refugia of cotton Recerfiyscus
gossypinusand golden micedchrotomys nuttal)iin southcentral FloridaAm. Midl. Nat.
21i 30.

Hadfield, J.D. & Nakagawa, S. (2010). General quatinie genetic methods for comparative
biology: phylogenies, taxonomies and miifeiit models for continuous and categorical
characters]. Evol. Biol.23, 494 508.

Hayes, L.D., Chesh, A.S. & Ebensperger, L.A. (2007). Ecological predictors of rangarateas
use of burrow systems in the diurnal rodé@xdtodon degusthologyl113, 155 165.

Hdldobler, B. & Wilson, E.O. (2009)The Superorganisiin The Beauty, Elegance and
Strangeness of Insect Societigést edn. W. W. Norton & Company, New York.

Howard, WE., Fenner, R.L. & Childs, H.E. (1959). Wildlife survival in brush burns.

73



IUCN. (2022).The IUCN Red List of Threatened Speciéssion 20222.

https://www.iucnredlist.org

Jackso, T.P., Roper, T.J.ofradt, L., Jackson, M.J. & Bennett, N.C. (2002). Alternative refuge
strategies and their relation to thermophysiology in two sympatric rodearstomys

brantsiiandOtomys unisulcatug. Arid Environ.51, 21 34.

Jackson, T.P., Bennett, N.C. & SpinksCA(2004). Is the distribution of the aadcurring
otomyine rodents of southern Africa related to physiological adaptation or refugeltype?
Zool.264, 110.

Jaeggi, A.V., Miles, M.l., FestBianchet, M., Schradin, C. & Hayes, L.D. (2020). Variable
sodal organization is ubiquitous in Artiodactyla and probably evolved fromlaig
ancestorsProc. R. Soc. Lond. B Biol. S287, 20200035.

Here are the additional references formatted according ®ehavioral Ecology and

Sociobiologystyle:

Jetz, W., Thomas, G.H., Joy, J.B., Hartmann, K. & Mooers, A.O. (2012). The global diversity of
birds in space and timblature491, 444 448.

Jolly, C.J., Dickman, C.R., Doherty, T.S., van Eeden, L.M., Geary, W.L., Legge, S.M.,
Woinarski, J.C.Z. & Nimmo, 5. (2022). Animal mortality during firé&Glob. Change
Biol. 28, 2053 2065.

Kerley, G.I. & Erasmus, T. (1992). Fire and the range limits of the bush KarGbomatys
unisulcatusGlob. Ecol. Biogeogr. Letfl1i 15.

Kinlaw, A. (1999). A review of burrowing byemifossorial vertebrates in arid environmeidts.
Arid Environ.41, 127 145.

Klockmann, M., Ginter, F. & Fischer, K. (2017). Heat resistance throughout ontogeny: body
size constrains thermal toleranGob. Change Biol23, 686 696.

74


https://www.iucnredlist.org/

Korb, J. (2003). Termoregulation and ventilation of termite moundaturwissenschafte®o,
2121 219.

Kruger, F.J., Forsyth, G.G., Kruger, L.M., Slater, K., Le Maitre, D.C. & Matshate, J. (2006).
Classification of veldfire risk in South Africa for the administration of gggdlation

regarding fire management.

Leahy, L., Legge, S.M., Tuft, K., McGregor, H.W., Barmuta, L.A., Jones, M.E. & Johnson, C.N.
(2016). Amplified predation after fire supp
savannasWildl. Res42, 705 716.

Lima, M., Julliard, R., Stenseth, N.C. & Jaksic, F.M. (2001). Demographic dynamics of a
neotropical small rodenPfgyllotis darwin): feedback structure, predation and climatic
factors.J. Anim. Ecol70, 761775.

Lischer, M. (1961). Airconditioned temite nestsSci. Am205, 138147.

McElreath, R. (2020)Statistical Rethinking: A Bayesian Course with Examples in R and Stan.
Chapman and Hall/CRC.

McLaughlin, S.P. & Bowers, J.E. (1982). Effects of wildfire on a Sonoran desert plant
community.Ecology63, 246 248.

Miranda, J. de D., Padilla, F.M., L&aro, R. & Pugnaire, F.I. (200®)changes in rainfall
patterns affect semiarid annual plant communitles?eg. Sci20, 269 276.

Moseby, K. E. & Bice, J.K. (209#i c k Ateposllisat at e (
conditon in arid South AustraligEcol. Manag. Restob, 118 124.

Olivier, C.A., Matrtin, J.S., Pilisi, C., Agnani, P., Kauffmann, C., Hayes, L., Jaeggi, A.V. &
Schradin, C. (2022). Primate social organization evolved froexéfé pairliving
ancestorbioRxiv2022.08.29.505776.

75



Onley, I.R., Austin, J.J., Mitchell, K.J. & Moseby, K.E. (2022). Understanding dispersal patterns
can inform future translocation strategies:
rat (Leporillus conditor. Aust. Ecol47, 203 215.

Pastro, L. (2013). The effects of wildfire on small mammals and lizards in the Simpson Desert,

Central Australia.

Pausas, J.G. & Keeley, J.E. (2021). Wildfires and global ch&nget. Ecol. Environ19, 387
395

Prasetyo, D., Ancrenaz, M., Morrodgdernard, H.C., Utami Atmoko, S.S., Wich, S.A. & van
Schaik, C.P. (2009). Nest building in orangutans. In: Wich, S.A., Atmoko, S.S.U., Setia,
T.M. & van Schaik, C.P. (ed§rangutans: Geographic Variation in Behavioiatology
Oxford University Press, Oxford, pp 26577.

Qiu, J., Olivier, C.A., Jaeggi, A.V. & Schradin, C. (2022). The evolution of marsupial social
organizationProc. R. Soc. Lond. B Biol. S289, 20221589.

Robinson, A.C. (1975). The sticknest flagpaillus conditor, on Franklin Island, Nuyts
Archipelago, South Australi@ust. Mammall, 319 327.

Schradin, C. (2005). Nesite competition in two diurnal rodents from the Succulent Karoo of
South Africa.J. Mammal86, 757 762.

Schradin, C. & Pillay, N(2005). Demography of the striped mouB&d&bdomys pumil)an the
Succulent KarooMamm. Biol.70, 84 92.

Simons, L.H. (1991). Rodent dynamics in relation to fire in the Sonoran D&dddmmal.72,
518 524.

Stan Development Team. (2020). RStan:Rhaterface to Stan. R package version 2.21.2.

Turner, F.B. & Randall, D.C. (1989). Net production by shrubs and winter annuals in southern
NevadalJ. Arid Environ.17, 23 36.

76



Vermeulen, H. & N. (1988). The bush Karoo @bmys unisulcatugn the Cape W& coast.
Afr. Zool.23, 103 111.

Whitford, W.G. & Steinberger, Y. (2010). Pack rateeftomaspp.): keystone ecological
engineersd. Arid Environ.74, 1450 1455.

Wilson, D.E., Lacher, T.E., Jr & Mittermeier, R.A. eds. (20Hg9ndbook of the Mammals thfe
World. Vol. 7. Rodents ILynx Editions, Barcelona.

Wolhuter, L., Thomson, J., Schradin, C. & Pillay, N. (2022). Life history traits oflifre
bush Karoo rats@tomys unisulcatysn the semiarid Succulent KarodMamm. Res67,
731 81.

Woods, H.A, Pincebourde, S., Dillon, M.E. & Terblanche, J.S. (2021). Extended phenotypes:
buffers or amplifiers of climate changéfends Ecol. Evol36, 889 898.

Yue, K., Jarvie, S., Senior, A.M., Van Meerbeek, K., Peng, Y., Ni, X., Wu, F. & Svenni@g, J.
(2020) Changes in plant diversity and its relationship with productivity in response to

nitrogen addition, warming and increased rainfalkos129, 939952.

Zhang, Y., Zhang, Z. & Liu, J. (2003). Burrowing rodents as ecosystem engineers: the ecology
and managment of plateau zokoMyospalax fontanieriin alpine meadow ecosystems on
the Tibetan Plateatlamm. Rev33, 284 294.

77



6. Supplementary Material

SM .A. Calculation of fire risk

1 Formula
The fire risk R) for species was calculated as:

R Aburnt J

P
Adistribution,i

Aburmed; iS Obtained by cumulating the burnt areas within the distribution range of species
including multiple fire events over the 20 years.
Adistribution, iiS the total geographical area covered by the distribution of species

9 Data source

The global burnt area map was produced by a data mining process using MODIS burnt area
product Collection 6 (MCD64AIhttps://Ipdaac.usgs.gov/products/mcd64alVvi)@dfailable

under the umbrellaf the Global Wildfire Information System.

The map uses tiles as area measurement unit:
Tile: 0.25*0.25 degree tile, 770 Ky tile can have multiple Fid
Fid: months when fire occurred, a fid can have multiple events (number of fire) including fire

range (burnt area) of each event
9 Calculation in QGIS

Select tiles that overlap with species distribution polygon

Load the global burnt area map in QGIS
Load polygon of the species needs to be calculated in QGIS
Open fASelect by | ocationd function

P w D P

Select features from threap layer, s el I netcetr. sies ettl eec ts pfie c i .dos p ol y g ¢
Aby comparing to Rume features fromo. Hi t

5. Right click the map layer, ExpairtSave selected featuresiaBormat XLSX OR CSV
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Figure .A. Diet of myomorph rodents with different shelter habits. Lodge: species that
construct lodges (may in addition use natural shelters or dig burrows); Burrow: species that dig
burrows (may use natural shelters but do not construct lodges); Natural: Spaica@dyt use

natural shelters. Data available for 327 burrowing species, 19-lndigitng species, and 131
natural sheltering species.
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Figure .B. Activity pattern of myomorph rodents with different shelter habits. Lodge: species
that construct lodge(may use natural shelters or dig burrows); Burrow: species that dig burrows
(may use natural shelters but do not construct lodges); Natural: species that only use natural

shelters. Data available for 325 burrowing species, 15 {bddding species, anti26 natural

sheltering species.
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Habitat heterogeneity

Lodge Burrow Natural

Shelter type

Figure .C. Habitat heterogeneity of myomorph rodents with different shelter habits,fmean

SD. Lodge: species that construct lodges (may use natural shelters or dig burrows); Burrow:
species that dig burrows (may use natural shelters but do not construct lodges); Natural: species
thatonly use natural shelters. Data available for 367 burrowing epe20 lodgéduilding

species and 145 natural sheltering species.
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Figure .D.Body mass and body lengbh myomorph rodents with different shelter habits,
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Burrow: species that dig burrows (may use natural shelters but do not construct lodges); Natural:
species thabnly use natural shelters. Data available for 332 burrowpegies, 18 lodge

building species and 133 natural sheltering species
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.E. lllustrating evolutionary transitions in sheltering habit as a function of the predictors.

Columns show (from left to right) the probability of natural shelter, burrows, burrow + lodge,

lodge, while rows show (from top to bottom) predicted changes ie frababilities as a function

of number of habitat heterogeneityi ¢ aridty (dif) and fire risk (§i). The numbers in the

legends are the posterior probabilities (PP), i.e. the proportion of the posterior distribution that

supports a given associatidhgse were not available for natural shelter, as this was the reference

category. Within each row, all other predictors were held at their baseline value (dotted black line).

Solid black lines are the predicted means, thin coloured lines are 100 randplassdrawn from

the posterior to illustrate uncertainty.
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Table .A Ecological and life history variables bfyozmorpha rodents with different sheltering

habits (lodge/burrow/natural).

mean median SD

Fire risk (lodge) 0.210 0.103 0.324
Fire risk(burrow) 0.725 0.132 2.231
Fire risk (natural) 0.720 0.108 1.345
Aridness (lodge) 0.566 0.803 0.416
Aridness burrow) 0.426 0.319 0.406
Aridness (natural) 0.158 0.004 0.260
Body length (lodge) 188.9 202.3 45.490
Body length (burrow) 136.6 120.5 59.530
Body length (natural) 148.5 127.0 70.844
Body mass (lodge) 274.4 249.3 264.369
Body mass (burrow) 147.4 55.0 308.571
Body mass (natural) 178.6 58.5 353.050
Body length/mass (lodge) 1.2 0.8 1.069
Body length/mass (burrow) 2.4 2.2 1.594
Body length/mass (natural) 2.2 2.3 1.392
Habitat heterogeneity (lodge) 3 3 1.065
Habitat heterogeneity (burrow) 2 2 1.263
Habitat heterogeneity (natural) 2 2 1.242
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1Abstract

In shortlived animals, individuals born earlier in the breeding season frequently reproduce
within the season of birth. Consequently, it has been proposed that those born early benefit from a
more proactive behavioral type to compete for reproductive roputes whereas latdrorns
adopt a more reactive personality to conserve energy to survive through theeedimg season
and reproduce in the following year. However, being proactive could also beneflidaterin
acquiring decreasing resourcesha late breeding season. We investigated personality differences
depending on the date of birth in relation to resource variation in #ivineg population of the
bush Karoo ra{Otomys unisulcat)s This species constructs stick lodges, a critical ues
protecting the rats from the harsh satasert environments, but the availability of vacant lodges
decreases with increasing population density during the breeding season. We predicted an
increased occurrence of proactive phenotypes during the tatedibg season, contrasting with
the commonly assumed decrease in proactive phenotypes in late season due to lack of reproductive
opportunity. We behaviorally phenotyped 99 individuals through repeated behavioral tests and
found consistent individualiffierences along a proactiveactive gradient. Most importantly,
laterborns showed greater activity, boldness and exploration tendencies, indicating a more
proactive personality. In addition, among edstyn females, individuals which reproduced
showedno differences in personality compared to those which did not reproduce. Our results
indicate that seasonal differences in personality types in the bush Karoo rat may be driven by

resource constraints in the late season rather than by differences inuotiprodpportunities.

Keywords: behavioral phenotype, consistent individual differenc€pmys, paceof-life

syndrome
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Antroduction

For animals living in seasonal environments, reproduction typically coincides with periods of
high resource abundan@&hittier and Crews 1987 he timing of birth during such highly
concentrated reproductive periods can lead to different life histalg-dfés and thus to
alternative phenotypic developmental trajectories (Roff 1993; Varpe 2017). In mariistubrt
species, such as rodents, individuals born early during the breeding season can reach sexual
maturity and reproduce within the same sed3#adlec and Zejda 1995; Montiglio et al. 2014)

In contrast, individuals born later experience a shorter resoigtceeriod and are less likely to
reproduce within the season of their birth. Thus, they need to survive through theodoative
period toreproduce in the following yegkambin and Yoccoz 2001Lonsequently, the timing

of birth within the season may shape distinct behavioral traits in early and late born offspring to

adaptively cope with their different survival and reproduction challenges

Over the past decade, behavioral studies have gained a deeper understanding of consistent
individual differences (animal personality), how these are maintained and their association with
life history (Réle et al. 2007; Biro and Stamps 2008he paceof-life syndrome proposes that
the tradeoff between current versus future reproduction leads to differences in behavioral traits
(Ré&le et al. 2010; Dammhahn et al. 2018): in seasonal breeding rodents, individuals born early
which have an opportunity topeoduce within the season of birth, should benefit from an active
and risktaking personality that could be advantageous when acquiring resources needed for
reproduction. In contrast, being less bold and lesstailsikng may be more adaptive for later
borrs because such a personality type will contribute to saving energy, increasing the probability
of surviving through the nehreeding season until they can reproduce in the following year
(Graccevaet al.2014) Such an association between personality Bediting of birth has been
reported, for example, in eastern chipmunkangias striatu in which birth cohorts with early
reproductive opportunities were faster explorers than those reproducing at a later age (Montiglio
et al. 2014). Similarly, ifcuropean shag®halacrocorax aristotel)s chicks hatched early in the
breeding season had higher social ranks and showed higher levels of aggression compared to
those hatched lat€¢velando 200Q0)However, another study suggests a differential assatiatio
between personality and timing of birth: in shlbred common volesMicrotus arvalig;
individuals captured in spring (mostly latern cohorts from the previous year) were bolder than

those captured at other times of the year (Eccard and Herde Z@is33ontradiction among

90



different studies suggests the necessity to investigate the effect of seasonal environmental
factors, which may contribute to explain the emergence of differences in behavioral types

between different seasonal birth cohorts.

Apart from reproductive tradeffs that underly the paedf-life continuum, ecological
conditions can also be important drivers of personality (Dammhahn et al. 2bil@)szky et al.
2018; Montiglio et al. 2018 Individuals with proactive phenotypes aruially more successful
in competing for resources (Sih et al. 2004; Smith and Blumstein 2008). During the late breeding
season, resource availability typically declines, while population density increases at the same
time. Being proactive can be benefldar individuals born late in the season in competition for
limited resources. Therefore, two alternative hypotheses exist: (1)beary are more proactive
to acquire enough resources for reproductiersus(2) lateborns are more proactive to acquire
enough resources for survival. Therefore, to understand the association between personality and

the birth timing, further investigations, preferably under natural conditions are necessary.

The seasonal breeding bush Karoo @tb(nys unisulcatysa shorlived small mammal
living in arid environments of South Africa, is an appropriate model to study the association
between birth timing and personality. This species shows a distinct ecological feature that can
result in intense resource competition duting breeding season. Bush Karoo rats construct
Astick |l odgeso from dry plant material as ref
favorable micreclimate that protects the rat from the harsh ambient environment (Vermeulen
1988;Brown and Willan 991; Du Plessis et al. 1992). A stick lodge is costly to build and is
commonly used by only one adult individual in this solitary species (Makuya et al. 2024),
although it can be reused by others after the builder disappears. Thus, vacant stick lodges
represent a limited survival resource, and the availability decreases in the late breeding season
when subadult individuals start to occupy stick lodges of their own. As more lodges become
occupied, individuals born later face increadiliffjculties in finding unoccupied lodges or will
even need to build new ones. In this situation, having a proactive personality becomes adaptive
as it could lead to finding and competing for unoccupied lodges, or in competing for building
materials for constructing new lodg@%ermeulen 1988

Our aim was to investigate the effect of the date of birth on personality in adult bush Karoo
rats. First, we studied whether fridng bush Karoo rats show consistent personality traits in

activity, boldness and exploration behavigext, considering the potential effects of increasing
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population density on the availability of stick lodges, we predicted that such personality traits
would be associated with birth timing, as laerns would adopt a more proactive (active, bold
and/orexplorative) behavioral typ&inally, we studied whether there was a seasonal change in
behavior, specifically whether the proactive response decreased in the food restricted dry season
when compared to the food rich moist sea¥da.conducted a fieldtudy over two years (2022

2023) and repeatedly quantified six behavioral parameters related to three different behavioral
personality traits, activity, boldness and exploration (sensu Rale et al. 2007), which was
compared between individuals born earrland later during the breeding season.
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Materials and Methods

B. Study site and study population

Our study population occurred in the arid Succulent Karoo, a biodiversity hotspot in South
Africa, characterized by variable climate and low precipitation. Bush Karoo rat breeding activity
coincides with seasqiwWolhuter et al. 2022)Reproduction is conog¢rated in the moist period
from July to November, followed by the hot and dry +weeding period from December to
June. Bush Karoo rats have a relatively short life spar2 (lears). The earliest age at sexual
maturity is between 56 weeks, and theeproductive period spans over 8 months per year
(Vermeulen 1988; Wolhuter et al. 2022). Offspring born early in the breeding season can reach
sexual maturity within the season of their birth (Wolhuter et al. 2022). The competition for
reproductive resarces mostly concerns individuals born early in the season, while the
availability of stick lodges is relevant for the survival of all individuals and may be especially

limiting for those born late in the season.

The study was conducted in the Goegap NaReserve, Northern Cape Province, South
Africa. The field site in the serarid Succulent KaroCowling et al. 1999js characterized by
an annual rainfal]l of 160 mm/year on average,
during winter and from #o 42 € during summer (weather station at the field sitepsikbf the
rainfall occurs in winter, creating abundant vegetation that supports the onset of reproductive
activity in our study population (Wolhuter et al. 20Z)efield site for the studysi
approximately 4.5 ha.

3. Stick lodge surveys

Stick lodge surveys were conducted twice a year, at the beginning of the breeding season in
July and after the breeding season in January. We classified the stick lodges, which built within
shrubs, into three size categories: (i) small: lodges with athegbw 20 cm; (i) medium:
lodges with a height from 280 cm; and (iii) large: lodges that almost covered the entire shrub
with a height above 50 c(®chradin 2005)For every lodgewe recorded whether it was old
(several years old) or whether it was newly built within the past few months, based our field

records.
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For each season, we calculated the total number of stick lodges on the field site as the total of
old lodges surveyed in January (e.g. lodge survey in January 2023 for the breeding season that
started in July 2022). Because we wanted to have a measwalabke old lodges, we recorded
these separately from lodges that were built within the prevailing season (the new lodges). More
fine-scaled data on changes in the numbers of available stick lodges during 2022 and 2023 were

not available for this study.

.3.3. Trapping and individual tagging

In the field site, trapping was carried out at all occupied stick lodges throughout tlaes year
part of a longterm data collectionThe field site was split into 6 trapping areas, with trapping
being carried out at twareas simultaneously by two people for three days, before switching to
two other areas. Additional trapping was done at lodges with previously unmarked juveniles and
focal individuals for behavioral tests. Trapping was done 5 days a week, and occfared be
sunrise. The traps were set at lodge entrances and checked every 30 min. All traps were closed
within two hours after sunrise to avoid overheating. We used Sherman traps and locally
produced metal (Shermdike) live traps (26 x9 x9 cm), which hadsall holes in the sides to

allow circulation of air.

At first capture, bush Karoo rats were individually marked with aluminum band ear tags in
both ears (0.25 g per tag) with a unigue individual number (National Band and Tag Co.,
Newport, KY, USA). Duringe-trapping, we always checked for infections at the ear tags, which
would have resulted in the removal of the tag on the affected ear; such cases never occurred
during the study period. Birth date was estim
linear association between age and body mass in the bush Karoo rat as published in Pillay
(2001).Trapping data used for our study spanned frérdahuary 2022 to 1¥December 2023.
When a female born within the season showed signs of pregnancy/lafpatjpetble embryos at
late pregnancy stage; lactation as eviderthieydevelopmental stage of the mammary glands), or
when a female had dependent young (as evident by juveniles trapped at the same stick lodge
prior to the next breeding season), this femads considered as having reproduced during the

season of Dbirretphr o(ddupcrt @ cooncdi)a u s

8. Assessment of changes in population density

94



Based on trapping data, we recorded the population density of adult (older than 5 weeks) bush
Karoo rats i(/ha) at the beginning of the breeding season in July and again after the breeding
season in January for both seasons. Therefore, for each month, we counted the total number of
trapped adult bush Karoo rats and divided this number by the size of the fielWlesieere able
to mark and monitor the population through observations because the field site is an open terrain
(dispersed shrubs with sandy areas in between), the bush Karoo rat is diurnal, and occupied stick
lodges showed clear signs of occupancy. Agexiwith signs of occupancy where we did not
trap an individual within 3 days, we continued with additional trapping. We also conducted
behavioral observations (described in Makuya et al. 2024), enabling us to identify occupied

lodges and unmarked juversle

8. Experimental procedure

Trapping of focal individuals was conducted using the same method as described above.
Individuals were transported to a field laboratory situated next to the field site (less than 10 min
walking distance) for behavioral tegy. Except when checking ear tags and performing
behavioral tests, the rats remained in their traps during the whole time. After the test procedure,

individuals were released next to their stick lodge, i.e., at the site where they had been trapped.

Focd individuals underwent up to four repetitions of behavioral tests. Because the field site
changed from the moist to dry season with a decrease in food abundance over time, we measured
behavioral repeatability at short term (tweek interval) and long ter (16-week interval, in the
moist and dry seasons) to account for the seasonal variation of food abundance. The test schedule
was determined by age; the first and second tests were conducted at early adult stage (age class
Ayoung adul t sgehptapproximately @ weeks whenrtheyt reaeh sexual maturity
(Pillay 200). The second test was scheduled two weeks later. The third and fourth tests were
conducted at fully adult stage (age class nol

individuals were approximately 20 weeks old, and the fourth test two weeks later.

As was evident from our trapping data, females usually disperse for shorter distances and
therefore were more likely be continually caught using our trapping protocol. ifhihs, first
year, the selection of focal individuals was limited to females and included four behavioral test
replicates. In the second year, both males and females were selected as focal individuals.

However, due to time constraints, the rats underwelyttbe first and second behavioral tests in
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the second year. Due to unpredictable field conditions, trapping of focal individuals was not

always successful, which led to delays for repeated behavioral tests in some cases. The average
age for Asg(athelpad 2% dewsltt) was 54 days, and the av
(at the & and 4" test) was 151 days. Because our study involved individuadigked focal

animals, the experimenter(s) were not naive to individual identities during testing

Population density of small mammals in our field site typically decreases dramatically during
the dry season to the onset of the next breeding season, when it is only approximately a quarter
of the density at the end of the breeding season (Nater2&tld). As expected, many
individuals disappeared from the field site throughout the study, mainly due to predation. We
could not predict which individuals would disappear, so we tested as many individuals as

possible at the onset of the breeding season.

During the first year (2022), we tested a total of 56 individuals, out of which 37 individuals
were successfully trapped and underwent the last tarf@ 4") tests as older adults: 19 of
them underwent all four tests (i.e. two times during older acagiesand two times during young
adult stage), eight individuals were tested three times (i.e. two times during older adult stage and
one time during young adult stage), and 10 individuals were only tested two times (i.e. two times
during older adult stageyhis was not the case for 19 individuals that had disappeared prior to
the last testing during older adult stage. During the second year (2023), we tested a total of 43
individuals, out of which 29 underwent all two tests; note that during the seconavgeamly
carried out two tests during the younger adult stage (see details above). The remaining 14
individuals could only be trapped and tested for ffieest. Overall, out of the total of 99
individuals tested in 2022 and 2023, 66 individuals diddmppear prior to the end of the
testing.

As a consequence of the disappearance of some animals in combination with the differences
in (re-)trapping success, the individuals had different experiences when undergoing the different
tests. All 99 individual®f our sample were tested at least one time, n = 78 individuals
underwent at least a 2nd test, n = 30 individuals underwent at least a 3rd test and only n = 19

individuals underwent all four tests.

3 Behavioral tests
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One to a maximum of four individuals were trapped for behavioral tests pek ddyte
chamber (100 cm long, 85 cm wide and 65 cm high) made of melamine panels was used as a test
arena(Figure .1). Before introducing a new individual into the arena,dtena was always
thoroughly cleaned using 95% alcohol and air dridbitests were videgecorded and later
analyzed using the software BORIS (Friad and Gamba 2016) and Single Mouse Tracker (Icy
software, De Chaumont 2012). Focal individuals undertfeae successive behavioral tests
directly after the morning trapping. To minimize observer bias, blinded methods were used when

all behavioral data were recorded and/or analyzed.

(a) (b)
100 cm 100 cm /‘(57\

20cm

Door Door b’\'

-
-
<, e

N

Novel odor objects

wo 0¢
85cm

85 cm

Starting box

Figure .1. Experimental setting used for (a) starting logen field testand (b) novel odor
tests, either orange skin, tomato sauce, peanut butter or strawberry jam (for the 4 replicates) were
used to provide novel odors carried in the identical sieve balls. Note that the starting box inside

the arena in (b) was lifted by a @y system once the experiment started

Starting bok This part of the apparatus (the starting box) consisted of a 31black acrylic and

opaque square box with one side that could be opened (door) and a lid at the other side. The open
side was directly attached to the test arena and separated by a closétgioer (.1a). After

individuals were placed into the startibgx via the lid, they were allowed to calm down for 3

min in the closed box. Then the door was opened and we recorded whether the animal entered
the test arena in the following 10 min. If the animal did not enter the arena within this time, it

was gently ndged in using a plastic ruler (2 x30 cm) by reaching into the box through the lid.
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Once the individual had entered the arena, the door was closed to prevent its return into the

starting box.

Open field test Once the rat had entered the arena, the belehtest beganKigure .1a).

During the following 5 min, the individual could freely explore the arena. We recorded three
behavioral parameters: (1) the distance travelled, defined as the total distance of locomotion
measured in cm; (2) the % time timelividual was active in the arena, defined as the total time
minus the time being immobile (i.e. no obvious movements for more than 10 seconds); and (3)
the % time the animal spent exploring the walls and corners of the arena, defined as sniffing or

putting the front paws against the walls.

Novel odor test During our preliminary tests, bush Karoo rats did not show notable interactions
with plastic toys presented as visual novel objects. However, interactions were observed when
objects were applied with mel odors (e.g., orange peel). We therefore did not apply classical

novel object tests (Denninger et al. 2018) bu

towards objects carrying novel odors in a standardized setting.

After the open field testvas completed, the animal remained in the arena and was confined
again by the experimenter using the sdmaek acrylic square boxX'he box was attached to a
fixed pulley system so it could be lifted to release the individual with minimum disturbance. The
focal individual was first placed in the center of the arena while covered by the box. Then, four
identical hollow metal, egghaped sieve balls (4.5 x3.9 cm, steel) providing the same novel
odors were placed inside the arena, 10 cm away on the exteéadedal of the black box (see
Figure .1b). The source of odor used in thHétést was orange peel, tomato sauce was in the
2" test (two weeks later), peanut butter was used in'thesd and strawberry jam in th& test.
After setting up the arena, the rat was allowed to calm down for 5 min inside the box, then the
box was lifted and the individual was given 5 min to explore the four metal balls. We recorded
two behavioral parameters: (1) the time the animal spgrbreng the objects, defined as the
total (summeelip) duration the individual sniffed or touched one of the four tea balls; and (2) the
number of objects explored, defined as the total number of tea balls, which were sniffed or

touched by the individualdr i ng t he test (range from 0 1 4).

3. Quantification of seasonal food abundance

98



Because the repeated behavioral tests were conducted in two seasons with variable food
availability, we quantified seasonal changes in the abundance of food plants addredrite
potential effects on individual behavioral performance during tedtiogd plant abundance was
measured monthly using the BraBtanquet method as part of the letegym data collection on
the field site, assessed by the average numbe
randomly located in the field si{&/erger 1974Schradin and Pillay 2006 he resulting index
was used in the statistical analysis (see details below) as an estimate of the food plant availability
at the time of the different test sessions.

8. Statistical analysis and sample sizes

In total, 99 indviduals(Nmaies= 15, Nremales= 84) were tested in 226 behavioral tedtge
considered potential effect of multiple test replicates per individuals, as such repeated testing
may lead to habituation effedtSalomonset al.2010. The sample sizes available during the
di fferent test replicates (hereafter referred

| ast paragraph of section AExperi ment al proce

Statistical analyses were carried out in R, version 4.3.0 (B TGzam 2023)n the first step,
we checked for repeatabilities of the six behavioral variables quantified in the starting box test,
open field test and in the novel odor test, across the four different test sessions, as well as for
associations betweehdse behavioral variables. All six response variables (behavioral variables,
given inTable .1) were scaled for analysis. This analysis (with 99 individuals) was done
using a single, multivariate generalized linear miréfdcts model GLMM (i.e., with six
response variables) based on the R pack&@® Cglmm(Hadfield 2010). The predictors were
year and sex (2 levels each) and test sequenaogb@nof tests the individual has done before, 4
levels), with random effects for individual ID. We applied a weakly informative prior, allowing
the data to primarily inform the posterior distributions. One chain was run with 100,000
iterations. The first ®0O iterations were discarded as bimnand every 100iteration was
retained (thinning interval = 100), resulting in 950 samples per chain. The response variables
followed appropriate distributions: a categorical distribution for the latency toteatarena,
poisson distribution for the number of objects explored (count variable from O to 4), and
Gaussian distribution (after some transformations, see details balde .1) for the

remaining four continuous behavioral variables. As the early désaippce of some animals
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prior to the completion of the four test sessions in the year 2022 or of the two test sessions in
2023 may have potentially created a calculation bias, we repeated the analysis by a multivariate
GLMM with a subsample af = 66 animés (out of the originah = 99 individuals) which were

still present (i.e. trapped and tested) during the last test sessions of both years Sestudgre
details above, in the secti omoréddnsenative ment al

analysis evealed highly similar findings, as presented in TablgS, .D in Suppl. Materials.

Repeatabilities across the (up to) four repeated tests per behavioral paramdiailéseel)
and pairwise correlation coefficients between the different behaviorsTiaele .3) were
calculated based on the withimdividual and amongndividual variance matrices provided by
this model. Associations between the different behavioral varial@essonsidered statistically
significant P < 0.05) when the 95% Bayesian credible intervals of the correlation coefficients
(R) did not overlap zero (Houslay and Wilson 2017). However, in case of repeatabilities over
time, as per definition only nemegaive values can be obtained and thus the 95% credible
intervals cannot overlap zerd;values could not be calculated based on the abwarmioned
method (Houslay and Wilson 2017). Consequently, our inference on repeatabilities was only
based on interpretation of the 95% credible inter\&ls.calculated the overall (lortgrm)
repeatabiliy, based on all (up to) four behavioral tests of our 99 focal individuals over all age
classes (young adult at first and second tests, older adult at third and fourtin+e22§;
measurements for each behavioral variable), as well astehortepeatabty, based on the first
two behavioral tests for 99 young adults with a total 8f145 measurements for each

behavioral variable.

In the second step, we tested the effects of the date of birth (covatiatdy as baseline; see
the rather consistéuistribution of birth dates along the seasofigure .2) on the six
different behavioral variables (s&able .3). Therefore, using the R packadgee4(Bates et al.
2015), we applied separate modedsgeneralized linear mixegffects model (GLMM) for
binomial data with a logit link for the probability to enter the test arenali@ale .3a), and
linear mixedeffects models (LMM) for all remaining (ntinuous) behavioral variables (see
Table .3b-f). To obtain a normal distribution of model residuals (verified by visually checking
normal probability plots) and homogeneity of variances (by plotting residuals versus fitted
values) for LMMs, we squayeat transformed the distance travelled &ne % time the animals

spent exploring the walls and corners of the arena, and log [x+1] transforntedetiee animal
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spent exploringhe object in the novel odor testdividual identity was always included as

random (intercept) factor. Al model s S include
and29t ests or o l"“hedd testst B Ievels), tha sex df theefoc® animals and the

year of testing (all factors with 2 levels), thetteequence (factor with 4 levels) and the food

plant abundance at testing (covariate). Because we were interested in whether possible

differences between earlieand latetborn individuals were only apparent in young adults or in

older adult individualsywe also tested theRay interaction between date of birth and age class.

When nonsignificant, this interaction was removed from the models and these were recalculated
(Engqvist 2005)P-values were calculated by ty8eéWald chisquare tests (Bolker et 2009).

We also tested whether the behavioral responses oftgariyfemales (i.e., femalé®rn
until/including the 8 week of the breeding season, when the last reproducing female was born)
in the different tests were associated with their actual reproductive activity during their season of
birth. Using the R packagene4(Bates et al. 2015), we applied GLMMs for binomial data with a
logit link using the same transformations for some of gfealioral variables (now used as
predictors in our model) as described above. Each model included one behavioral variable, and
all included year of testing (2 levels) as fixed variance. Individual identity was always included

as a random (intercept) fact@lso, P-values were calculated by ty8aWNald chisquare tests.
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4. Results

4.1. Seasonal differences in population density and stick lodge availability

In both years of the study, the adult population density showed dramatic variation between the
breeding/norbreeding seasons. Population density increased during the breeding season from
July to January by 120.7% on average. Specifically, during theyéiastof study (Jul 2022 Jan
2023), the adult density increased by 81.4% from 12.6 to 23.4 individuals/ha, and during the
second year (Jul 2023Jan 2024), it increased by 160% from 6.5 to 16.9 individuals/ha.

However, the population also dramaticallysased during the ndireeding season by 72.0%
between January to July 2023.

In the breeding season starting in July 2022, 172 old lodges (i.e. existing ones) were available
and 26 new lodges were built. The availability of old lodges decreased theibgeeding
season, from 3.1 to 1.6 lodges/adults from July 2022 to January 2023. In the breeding season
starting in July 2023, 194 old lodges were available and 9 new lodges were built. The availability
of old lodges decreased from 6.9 to 1.8 lodgestaditdm July 2023 to January 2024. When
only considering the large lodges with a height above 50 cm, which can be assumed to be the
most valuable resource, this seasonal difference was more pronounced. The availability of such
large lodges decreased fron8 @er adult individual to 0.4 in 2022/2023, and from 1.7 to 0.4 in
2023/2024.

4.2. Pattern of seasonal reproduction

We quantified the temporal distribution of reproductive events during the breeding season
using the estimated dates of birth of the jiles trapped, based on a sampla ef226 juveniles
(229 born in 2022 and 97 born in 20E8yure .2). The annual start of the reproductive season
was determined by the occurrence of at least three juveniles born on different dates within a
week (i.e.apparently from different litters), revealing a highly similar onset of the reproductive
season between the two years of study (2022:J18; 2023: 1# July). In 2022, the mean date

of birth was on 29 August, and during the reproductive season irB2@2avas on 8 September.
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Figure .2. Distribution of reproductive activity (assessed by the frequency of birth events)
during the breeding season in the bush Karoo rat, given as density probability (red line). Data
from n = 226 individuals captured during the years 2022 and 2023, including the 99 focal

individuals which underwent behavioral tests

4.3. Consistent individual differences in behawio

We analyzed the consistency of six behavioral variables recorded iffay tepeated
starting box tests, open field tests and novel odor tests. Overall, we found notatiiong
consistencies across time (i.e., repeatability) and thus across different age classes (young to older
adults), with respect to three of the fouhbeioral variables recorded in the starting box and
open field tests. These variables were the probability to enter the arena within 10 min, the
distance travelled, and the % time the individual spent exploring the walls and corners of the
arena Table .1a). In contrast, the % time the rats were active in the open field arena as well as
both behavioral variables measured during the novel odor tests showed very low repeatabilities

with large credible intervatlosely approaching zerddble .1a).

Regarding shofterm consistency, when only considering the first two tests during which

individuals could be considered as young adults, we found repeatabilities similar-terimng
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consistency in the starting box and open field test, but again noatwéaepeatability in the

novel odor testTable .1b).

Table .1 Repeatability R, including its 95% credible intervall) of behavior parameters
measured in repeatstartingbox (SB), open field (OF) and novel odor (NO) tests of 99
individuals. Analysis by a multivariate GLMM including individual identity as a random factor,
year, sex and test sequence (4 levels) as fixed variance. (ajdramgepeatability was based on
all (up to) four behavioral tests of all age classes 226 measurements for each behavioral
variable), (b) Shofterm repeatability was based on (up to) two behavioral tests during young

adult stager(= 145 measurements for each behavioral variable)

(a) Long-term repeatability (b) Short-term repeatability

R Closo R Closw
SB - Probability to enter arena 0.699 [0.483, 0.872] 0.477 [0.050, 0.860]
OF - Distance travelled! 0.364 [0.204, 0.521] 0.384 [0.141, 0.610]
OF - % Time active 0.167 [0.025, 0.308] 0.219 [< 0.001, 0.417]
OF - % Time exploring 0.253 [0.093, 0.427] 0.317 [0.039, 0.536]
walls and corners of arena
NO - Time exploring object? 0.119 [<0.001, 0.325] 0.038 [<0.001, 0.158]
NO - Number of objects explored 0.127 [<0.001,0.364] 0.051 [<0.001, 0.244]

I squareroot transformation of dependent variable

2 log [x+1] transformation of dependent variable

We also found significant associations among the parameters recorded in the starting box test
and open field tesBpecifically, the probability to enter the arena, the distance travelled, the %
time the animals showed activity and the % time the animals spent exploring the walls and
corners of the open field arena were positively and significantly correlated atwe=be
individual level Table .2).
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Table .2 Associations between the different behavioral parameters, based on measurements
taken from 99 individuals of different age classes. Analysis by a multivariate GLMM including
individual identity as a random factor, and year, sex and test sequence (4ads Viis)l

variance. Correlation coefficients (among individieadel) are given, valuegven in bold

indicate that the 95% credible interval s do not overlap, ¢h@rwise they are given in

brackets. Note that results stem from the same model as ugkd talculation oTable .1a,

more details, including the credible intervals, are givehable .A in Suppl. Materials

PEA DT %TA %TEA TEO NOE
PEA 0.763 0.840 0.780 (0.549) (0.454)
DT 0.786 0.620 (0.484) (0.429)
%TA 0.848 (0.605) (0.470)
%TEA (0.494) (0.372)
TEO (0.614)

NOE

PEA: Robability to enter arena; DT: Distance travelled (squaret transformed)%TA: % Time active%TEA: % Time
exploring walls and corners of arena (squa@t transformed); TEO: Time explorimdpject (log [x+1] transformed); NOE:

Number of objects explored

4.4. Effects of birth date on personality traits

All behavioral parameters recorded in the starting box and open field tests were significantly
associated with the individual date of birffable .3). The probability to enter the areneable

.3a,Figure .3a), the distance travelleddble .3b, Figure .3b), the % time activel@able

.3c, Figure .3c) and the % time exploring the walls and corners of the afeide .3d,
Figure .3d)were all significantly higher in individuals born later in the season. The interaction
between the date of birth and age class at testing was never statistically significant, indicating
that the significant effects of date of birth on behavi@ble .3a-d) were independent of age
class. In contrast, the two parameters recorded during the novel odor test were not significantly

associated with date of birtiigble .3e, f). We found a significant and positive effect of the
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current food plant abundance oMby the total time spent exploring the objects carrying the
novel odors Table .3e). Specifically, the higher the food availability around the time of

testing, the longer the individuals explored the novel odor.
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Figure .3. Effects of birth date within the breeding season on different behavioral traits in the
bush Karoo rat. All effects presented here are statistically significant. Regression lines (including
95% confidence intervals given as grey shadings) are based omeparastimates as given in
Table .3

106



In two parameters measured in the open field, we found significant sex differences; males
travelled a longer distance in the arehalfle .3b) and spent a higher % time being active
(Table .3c). We also found highlgignificant effects of the test sequence (number of tests the
individuals had experienced, range from3) regarding the distance travelled, the % time
active, and the % time of exploring walls and corners in the open field draipia ( .3b-d).

Post ha comparisons revealed that for these three parameters, the values were significantly
higher during the first test compared to all subsequent test sessionsdpasatistics irfrigure

A in Suppl. Material).

4.5. Personalityspecific reproduction acéarly-born females

Out of 84 females tested, 9 (10.7%) had already reproduced in the breeding season of their
birth. All reproducing females were born early in the breeding season, during in the first 3 weeks
of the season in 2022 and during the first ®keeof the season in 2023.

There were no significant associations between any of the six behavioral variables-in early
born females (birth dates during the first 5 weeks of the breeding seas@ii), and the
probability ofreproduction during the same season (GLMM for binomial dat®,zalD.50; see

details inTable .Bin Suppl. Materials).

Table .3 Effects of different predictor variables on behavioral traig)(af 99 individuals,
repeatedlymeasured up to 4 times in starting box (SB), open field (OF) and novel odor (NO)
tests. Analysis by a multifactorial GLMM including individual identity as a random factor. The
2-way interaction between age class at testing and the date of birth durregribgtuctive

season was tested in all models but was never statistically signifcar@.05). Significant

effects are given in bold

Dependent variable Predictors & df b+SE P
(a) SB- Probability to enter Date of birth withinseaso 6.065 1 0.043 +0.017 0.014
arena Age class at testing [old] 0.002 1 70.041 +1.003 0.967
Sex [m] 3.493 1 2.446 £1.309 0.062
Food plant abundance at testing 0.630 1 0.383 +0.483 0.427
Test sequence 9 2.623 3 710.806 £0.525 0.454
[3 10.529 +0.993
[4t) 10.092 +1.116
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Year [29] 3.258 1 11.554+0.861 0.071
(b) OF- Distance travelled Date of birth within season 4.000 1 3.017 +1.508 0.045
Age class at testing [old] 0.885 1 713.189 £3.389 0.347
Sex [m] 5.541 1 9.151 £3.888 0.019
Food plant abundance at testing 0.822 1 1.459 £1.610 0.365
Test sequence g 91.163 3  115.774 £1.706 <0.001
[39 116.216 £3.461
[4t7] 121.940 £3.934
Year [24] 0.063 1 0.728 +2.898 0.802
(c) OF: % Time active Date of birth within season 8.608 1 0.306 +0.105 0.003
Age class at testing [old] 1.110 1 17.531 £7.149 0.292
Sex [m] 3.266 1 13.183 £7.295 0.071
Food plant abundance at testing 0.931 1 3.414 +3.539 0.335
Test sequence 19 51.848 3 125.279 £3.932 <0.001
[3 122.149 +£7.226
(4t 140.905 +8.195
Year [2] 1.345 1 16.245+5.386 0.246
(d) OF: % Time exploring Date of birth within season 10.610 1 0.021 +0.006 0.001
walls and comners of areda  Age class at testing [old] 4.524 1 70.875+0.412 0.033
Sex [m] 0.479 1 0.308 +0.445 0.489
Food plantabundance at testing 1.968 1 0.280 +0.199 0.161
Test sequence 9 41.058 3 11.197 £0.215 <0.001
[3] 11.359 +0.418
[4t 12.274 +0.475
Year [2] 0.695 1 0.276 +£0.331 0.405
(e) NO: Time exploring Date of birth within season 2.497 1 0.204 £0.129 0.114
object® Age class at testing [old] 3.007 1 70518+0.299  0.083
Sex [m] 0.025 1 0.052 +0.328 0.873
Food plant abundance at testing 6.700 1 0.373 £0.144 0.010
Test sequence 19 6.810 3 710.319 £0.155 0.078
[3 0.013 +0.304
[4th) 0.284 +0.345
Year [24] 4.806 1 10.535+0.244 0.028
(f) NO: Number of objects Date of birth withinseason 1.264 1 0.091 +0.081 0.261
explored Age class at testing [old] 3.199 1 70.351+0.196 0.074
Sex [m] 0.445 1 0.141 +0.211 0.505
Food plant abundance at testing 3.252 1 0.170 +0.094 0.071
Test sequence g 1.894 3  10.146 +0.111 0.595
[3] 10.135 +0.195
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[4h) 710.062 +0.217
Year [29] 2.164 1 70.232 £0.158 0.141

1 squareroot transformation of dependent variable

2]og [x+1] transformation of dependent variable
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.5. Discussion

We studied whether the date of birth during the breeding season affects personality in a
seasonally breeding rodent, the bush Karod/Nathypothesized that individuals born later in
the season should adopt a more proactive persobaligusesuch a behavioral type would be
advantageous fdinding/building their own stick lodges. This was confirmed by our findings:
later-born individuals were bolder and more active and explorative in behavioral tests,
suggesting a more proactive personalitjhiase rats than in those born earlier. We did not find
support that proactivity has evolved to support reproduction in-barly females because
females that reproduced within the season of their birth did not show higher proactivity
compared to femaldbat did not reproduce within the same seaborally, while food
abundance decreased from the moist breeding season to doyesaling season, this did not

affect the proactive responses.

Individuals displayed higher levels of some behaviors duringréteest compared to all
subsequent tests (Suppl. Materkagure .A), even in three behavioral parameters which were
notably repeatable over time. Such decreases in the expression of behaviors related to activity
and exploration is frequently explained by th
about is structural elements, thus leading to a loss of motivation to explore (Bolivar et al. 2000;
Salomons et al. 20)0Accordingly, a study in laboratory mice showed that the introduction of
novel, tactile cues during repeated offield testing could preverduch decreases in behaviors
indicative of exploration (Chen et al. 2023). In contrast, in our setting, the open field arena
constituted a novel environment only during the first trial, triggering comparatively higher levels
of explorationrelated behavis: Nevertheless, as shown in our study, such an initial change in
populationlevel test responses over the first two test sessions does not call into question the
existence of consistent individual rank differences in personality. Similar findings have bee
reported in other studies conducting behavioral phenotyping in small mammals, frequently
showing notably higher or lower responses (dependent on the kind of test) during the first test
repeat compared to subsequent ones (Vakar et al. 20@f5unaga anwWatanabe 2010;

Lewejohann et al. 20)1

Despite such changes over time in the absolute levels of some of the behaviors considered, we

found consistent individual differences in measurements of activity, boldness and exploration as
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well as significant asxiations between these different variablesficming findings obtained in

other small mammals under field conditions (d.gntovéet al. 2011; Eccard and Herde 2013

Individuals in our study that were more active were also bolder and more explasaggesting

a behavioral syndr ome wh Koolhaasveeal. 1089Simifan be as #@p
associations have been reported in other small mammals under field contbti@xsmple,

more exploratory Europeanbbits Oryctolagus cuniculyswverebolder during early age, and

were less sociable and tended to be more aggressive as suiilgltet al. 201%.

Furthermore, benving bats Miniopterus fuliginosusshowed positive associations between

traits reflecting boldness, activity and explorat n, descri bed by the aut hec
(Kuo et al. 2021

The main hypothesis of our study, that ldterns are more proactive, was based on the
assumption that such individuals face more intense competition for stick lodges, a critical and
limiting resource for survival in their harsh ambient environment. As it is typical for alisiedrt
seasonal breeder, population density of bush Karoo rat peaks during the late breeding season, and
such a high population density has the potential to nedyatiffect resource availabilitfVhite
2008. Accordingly, in our study, we found a sharp rise in population density during the course
of the breeding season and an associated and notable decrease in stick lodge availability.
Although there was always maitgan one lodge available per adult, lodges differed in their
guality, such that the availability of large highality lodges decreased to below one lodge per
adult by the end of the breeding season. The availability of smaller lodges was higher but they
were usually less steady and in poor condition, thus needing a higher investment in building and
repairing. The emergence of new lodges during both seasons suggests that the existing lodges
were not able to meet the demand of the increasing populatios, Stiak lodges clearly

represented a limited resource at the end but not at the start of the breeding season.

Individuals born at high population density during the late breeding season can be expected to
be at a disadvantage at locating and occupyingntastick lodges. Due to their young age and
relatively small body size, they can be expected to be less competitive than older and larger
individuals born earlier. As a result, they would need to invest in either finding unoccupied
lodges or building theiown ones, and both would require travelling and exploring a broader
range of their habitat. In support, a link between increased space use and a more proactive

personality has been foundNorth American red squirrel§ @miasciurus hudsonicus) which
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individuals with higher activity levels in standardized tests weteaggoed over a larger range of

the study site (Boon et al. 2008)nder field conditions, the trait combination of being more
exploratory and more active, as found in our study (seePasals et al. 2037could contribute

to an increased efficiency in searching for stick lodges or of building materials. Thus, being more
proactive could be beneficial in latBorn individuals in response to the increasing difficulty of
acquiring stick édges.

The life history of bush Karoo rats allows individuals born early to have the chance for
precocious reproduction within the same season. In our study, precocious reproduction occurred
in 10.7% (= 9) of the females, which is lower than in some other seasonally breeding rodents or
lagomorphs (greater Guinea [igwvia magnal8.8%,Kraus et al. 2005 uropean rabbits in a
Mediterranean habitat: 18.6%, Soriguer 1981 our study, females reprodugiduring their
season of birth were born relatively early, all before the middle of the breeding season. However,
when only considering early born females, we did not find support for a higher proactivity
associated with precocious reproduction. In addjtiemales born early, i.e. the ones that had an
opportunity to reproduce, were generally less proactive than those born later during the season

(seeFigure .3).

We suggest that the emergence of a lower proactivity in eadier bush Karoo rats has
possbly evolved due to ecological constraints. Our study population experiences a short
breeding season and individuals have to survive a long dry season thereafter. Such a harsh
environment could limit the benefits of precocious reproduction. Reproducyogiag age can
even have negative fitness consequences on both the first litters and the (hathbeis and
Yoccoz 2001; Rdalel et al. 2023and furthermore a more proactive personality has negative
consequences on survival (Smith and Blumstein 2008; &aleQuinn 2011; Luna et al. 2020),
for example through increased predation risk (Rdalel et al. 2D&bpé et al. 2019. Even
though earliedborn females may benefit from being proactive in competition for reproductive
resources, the survival impact migtgcrease the general fitness of both the young females and
their litters to below the threshold for surviving the extremely harskpnoauctive period. As a
result, the benefit of being proactive may depend on the time of birth during the breeding season:
for earlierborn individuals, being a proactive breeder may not be adaptive due to the harsh

ecological environments, while for latborns, the scarcity of liferitical resources (stick
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lodges) makes the risk of being proactive worthwhile in exchangett#r chances in acquiring

stick lodges.

In conclusion, our study presents an example of personality differences in association with a
key life history trait, the timing of birth within the season. Bush Karoo rats born later in the
season showed highergactivity and we suggest that such an association has evolved in
response to the availability of survival resources, particularly the reduced availability of vacant
stick lodges. Being more active, bolder, and more exploratory could be adaptive under such
conditions because it could help labarns explore more habitat to find unoccupied lodges or
building materials. Our study highlights the importance of investigating not only reproduction
opportunity, but also potential survival challenges to betteerstand the diverse mechanisms

underlying the integration between life history and behavioral traits.
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Figure .A. Pairwise comparisons between the numbers of previous tests done on the three
behavioral parameters for which a significant effect of this factor has been shown in Table 3. Zero

(on x-axis) indicates that the animals underwent this test for thetifinst (test sequence = 1).

Mean values with 95% confidence intervals are given. Pairwise comparisons (post hoc to
significant effects of the factor ATest seque.l
Bonferroni correction (Holm 1979). See d&tain transformations with of the different response
variables in Table 3. Significant differences between groups are indicated by different letters inside
theFigures.
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Table .A Correlation coefficientsand 95% credible intervals (Cl) between the different
behavioral parameters recorded in repeated starting box, open field and novel odor tests, based on
measurements taken from 99 bush Karoo rats of different age classes (same model as given in
Table 1a)Analysis by a multivariate GLMM including individual identity as a random factor, and
year, sex and the number of the test session (4 levels) as fixed variance. Lines given in bold indicate
that the 95% credible interval s do not overlap zero, and tkgs tissociations can be considered

as statistically significant.

Association meanR 95% CI [lower, upper]
PEA - DT 0.763 [0.573, 0.930]
PEA - %TA 0.840 [0.644, 0.982]
PEA - %TEA 0.780 [0.530, 0.974]
PEA-TEO 0.549 [TO. 534,
PEA- NOE 0.454 [TO. 833,
DT - %TA 0.786 [0.579, 0.955]
DT - %TEA 0.620 [0.325, 0.864]
DT -TEO 0.484 [TO. 372,
DT - NOE 0.429 [TO. 755,
%TA - %TEA 0.848 [0.637, 0.979]
%TA-TEO 0.605 [TO. 507,
%TA - NOE 0.470 [TO. 857,
%TEA-TEO 0.494 [TO. 534,
%TEA- NOE 0.372 [TO. 838,
TEO- NOE 0.614 [TO. 611,

PEA: Robability to enter arena; DT: Distance travelled (squaret transformed)%TA: % Time active%TEA: % Time
exploring walls and corners of arena (squaet transformed); TEO: Time exploring object (log [x+1] transformed); NOE:
Number of objects explored
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Table .B Effects of different behavioral variables on the probabilitgrecociouseproduction

in females born early in the breeding season (with a birth date during the first 5 weeks).
Analysis by multifactorial GLMMs for binomial data including individual identity as a random
factor and year as fixed variance. Note that fifects of the different behavioral variables were
tested in separate models, since several of these were strongly collinear (see.3ablone of

the effects were statistically significant.

Predictors & df b+SE P
Probability to enter arena 0.061 1 0.896 +3.617 0.804
Year [2] 0.225 1 2.044 +4.308 0.635
Distance travelled 0.002 1 10.004 +0.107 0.967
Year [29] 0.180 1 1.771 £4.176 0.672
Time active 0.002 1 0.001 +0.053 0.989
Year [29] 0.181 1 1.732 +4.076 0.671
Time exploring walls and corners of aréne 0.009 1 0.090 +0.927 0.923
Year [2] 0.172 1 1.693 +4.088 0.679
Time exploring object 0.024 1 0.211 +1.376 0.878
Year [2] 0.202 1 1.894 +4.216 0.653
Number of objects explored 0.045 1 0.270 +1.280 0.833
Year [21] 0.216 1 2.080 £4.475 0.642

1 squareroot transformation of dependent variable

2]og [x+1] transformation of dependent variable
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Table .C Repeatability R, including its 95% credible intervall) of behavior parameters
measured in repeatstartingbox (SB), open field (OF) and novel odor (NO) texta subset of

66 individuals, which were all still present in the population during the last testing session of the
year of study (four test sessgm 2022, and two test sessions in 2023) and were all at least tested
for two times (resulting in a total of= 178 measurements for each behavioral variable). Analysis
by a multivariate GLMM over all available (up to four) test sessions, includingdudividentity

as a random factor, year, sex and test sequence (4 levels) as fixed variance

R Closw
SB - Probability to enter arena 0.503 [0.244, 0.775]
OF - Distance travelled* 0.301 [0.097, 0.509]
OF - % Time active 0.123 [< 0.001, 0.274]
OF - % Time exploring 0.216 [0.042, 0.406]
walls and corners of arend
NO - Time exploring object? 0.078 [<0.001, 0.260]
NO - Number of objects explored 0.077 [<0.001, 0.274]

1 squareroot transformation of dependent variable

2 log [x+1] transformation of dependent variable
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Table .D Associations between the different behavioral parameters, based on measurements
takenfrom of a subset of 66 individuals which were all still present in the population during the

last testing s&sion of the year of study (four test sessions in 2022, and two test sessions in 2023)

and were all at least tested for two times (resulting in a total-oi.78 measurements for each
behavioral variable). Analysis by a multivariate GLMM over all avaddhbp to four) test sessions,

including individual identity as a random factor, and year, sex and test sequence (4 levels) as fixed
vari ance. Note that results stem from the san
Correlation coefficients (anmg individuatlevel) are given, values given in bold indicate that the

95% credible interval s do not overlap zero, otherwise they are given in brackets

PEA DT %TA %TEA TEO NOE
PEA 0.717 0.688 0.702 (0.342) (0.457)
DT 0.729 0.596 (0.318) (0.477)
%TA 0.758 (0.418) (0.478)
%TEA (0.289) (0.392)
TEO (0.510)

NOE

PEA: Robability to enter arena; DT: Distance travelled (squaret transformed)%TA: % Time active%TEA: % Time
exploring walls and corners of arena (squaret transformed); TEO: Time exploring object (log [x+1] transformed); NOE:

Number of objects explored

References
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1Abstract

Consistenindividual variation in behavior (personality) can have an influence on energy demands.
However, studies focusing on the link between animal personality and resting metabolic rate
(RMR) often found weak or no associations. We investigated whether petgamassociated

with RMR and shorterm metabolic rate responses to an acoustic stressor Hivirgebush

Karoo rats Qtomys unisulcatysand therefore we measured personality and metabolic rate in 78
adult female rats. Individuals showed a proactdedavioral syndrome (positive associations
between the repeatable traits: activity, boldness and exploration), repeatable RMR and a general
increase in metabolic rate in response to the acute acoustic stressor. Significantly higher RMR was
associated witlproactive personality traits. However, a more detailed path analysis revealed that
this apparent association was in fact driven
individuals born later in the season were more proactive, havingrhigiiR and a lower
metabolic response to acoustic stress, but there was no significant direct association between
personality and any metabolic rate variable. This finding can explain why previous studies report
contradictory results regarding the persdgadiRMR relationship: their association is indirect,
driven by shared underlying factors such as birth timing or possibly other ecological/life history

traits that are contesgpecific.
Keywords

behavior, behavioral performance, life history, metabolic, rateenotypic correlation, stress

response
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Antroduction

From fundamental biological processes to complex behaviors, energy fuels every function of
living organismgBrown et al., 2004)Consistent individual differences in behavior, or animal
personality, are prevalent characteristics observed in animals (Bell et al., 2009; Rale et al.,
2007).Because different personality types can lead to varying levels of energy demanding
activity and stress response, personality has been predicted sw lvelaled to individual energy
budget and metabolis(€areau et al., 2008)

The rate at which an animal oxidizes substrates to produce energy is its metabolic rate (MR).
The basal retabolic rate represents the minimum energy expenditure necessary to sustain basal
biological function (McNab, 1997), a major component of daily energy costs (Daan et al., 1990;
Nagy et al., 1999; Speakman and Selman, 2003) and it is often used agpaoxylittbr
assessing the energetic consequences of behavioral traits. As a more easily measurable
parameter, resting metabolic rate (RMR) is frequently used as an approximate substitute for basal
metabolic rate. Bolder, more active and more exploratoryinhgials have been suggested to
have higher resting metabolic rate than shy, inactive individuals (Mathot and Dingemanse,
2015). This is because such enecggtly behaviors promote energy acquisition, as for example
by spending more time exploring and fgireg facilitates greater access to food and other
resources, providing net energy gain to sustain a generally higher level of metabolism. Studies in
several taxa investigated the link between individual differences in RMR and personality traits,
includingfish (Killen et al., 2012; White et al., 2016), birds (Bouwhuis et al., 2014), and
mammals (Careau et al., 2015; J@er et al., 2017). In a synthesis of these studies, Mathot and
Dingemanse (2015) reported that around half of these studies provided pamitalations, but
the remaining ones found no or negative correlations. This raises the question why species differ
in their association between personality and RMR, and how the association between these traits
is mediated.

Other aspects of energy metabol, such as the metabolic response to acute stress, may be
also related to personality (J&@er et al., 2017). Physiological stress functions to quickly provide
energy to overcome critical situations (stressors), typically via beh@abradin et al., 2023)
Personality traits could affect the display of such behavioral responses, including activity and

boldnessin many animals, acute stress, such as induced by the appearance of a predator, can

127



trigger a freezer-flee response, i.e., individuals either reduce activity ("freeze") or try to escape
("flee™; Eilam et al., 1999), while at the same time triggering the sympathetic stress response to
immediately activate energy supplig¢ile et al., 2006) More proactive and less proactive

animals have been reported to show differential stress responses at thershartd at the

longer term(Santicchia et al., 2020\hilst the immediate, sympathetic stress response has been
shown to be more pronounced in more proactive individuals, less proactive indivyghicdd

show a stronger activation of the HPA (hypothalapitaitary-adrenal) stress axis (Koolhaas et

al., 1999; Duparcq et al., 2019). These differences, in turn, might also affect the dynamics of
metabolic responses in animals with different perspnilpes. It is surprising that the

relationship between the metabolic consequences of the stress response and personality has so far

hardly been studied.

Both, metabolic rate and behavioral traits are influenced by multiple factors. For example,
previousstudies demonstrated that edifg environments can have lotgsting effects on
personality traits. In laboratory ratRdttus norvegicysheavier offspring were bolder and more
exploratory, and also litter size influenced behavioral responses amdyaiiilel and Meyer,

2011). In zebra finched éeniopygia castanofisnutritional restriction early in life affected
physiological traits, with individuals experiencing such restrictions as nestlings exhibiting higher
basal metabolic rates in adulthod@bfeau et al., 2014). Thus, individual variation in behavior

and RMR may be concomitantly driven by external factors, leading to apparent correlative but
not causal associations of metabdighavioral traits.

In shortlived, seasonal breeding rodents, the date of birth within the breeding season has been
repeatedly shown to st r-feaaxpeyencesndnd thisiniluerce gam d i v i
persist to adulthood and even leadlistinct life historytrajectorieqRoff, 1993; Rdlel et al.,

2009; Varpe, 2017). Eadynd lateborn cohorts typically face distinct environmental conditions
depending on their time of birth: resources and reproduction opportunities are usually rich in the
early breeding seas, but continually decrease over time. This could lead to differing
reproductiorsurvival tradeoffs between early/late born individuals, expressed as within
population differences in life history, behavioral and physiological asgectsu(d and Herde,

2013; Montiglio et al., 2014 Thus, we hypothesize, that the date of birth within the breeding
season could be an important factor influencing the possible correlations between behavior and

energy metabolism.
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We quantified personality traits and metabaodites at resting/stressful situations in a small
rodent, the bush Karoo rad{omys unisulcatysOur study was done in the Succulent Karoo,
South Africa, a seasonal environment with superabundant food in moist spring, followed by very
hot and dry summessith very low food availability. Previous studies have confirmed the
existence of personality in this specf@gnani et al. 2020)importantly, the results from a larger
dataset of the study species found that individuals born later in the breedingastzsed a
comparatively more proactive (bolder, more active and explorative) personality than earlier
borns (Qiu et al., in presspaking bush Karoo rats a suitable study species for our question in

how far personality, metabolism and timing of birth eelated to each other.

We studied whether personality traits are associated with RMR and metabolic response to
acute stress in bush Karoo rats, considering environmental and life history factors, especially the
individual birth date within the breedingas®n. A previous study on the same population did not
find a significant correlation between RMR and the two personality traits, docility and
exploration (Agnani et al., 2020). Therefore, we considered a larger array of personality traits
(activity, boldnes, exploration) and measurements of metabolic rates under different conditions.
Specifically, we hypothesized tha} RMR is associated with personality traits, with bolder,
more active and/or exploratory individuals having higher RMR, thanhgividuals with a more
proactive personality show a lower metabolic rate in response to an acute stressor (i.e.,
experiencing reduced MR increase after exposure to this stressoi)i Jaihat(the date of birth
is positively correlated with personality and withergy metabolism, with latdéyorn individuals
being more proactive, having higher RMR, and showing a lower MR stress response. Finally,
(iiii ) by the aid of a path analysis to disentangle potential causal processes, we hypothesize that
theassociation ieveen personality and metabolic rate (MR) is not direct but is instead driven by
their shared relationship with date of birth.
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IMaterials and Methods

3 Stlidy species and study site

The bush Karoo rat is a diurnal, small (weighingB369) solitary rodenfWolhuter et al.,
2022) The studied population is the same in Chaptee@+born individuals used in this study
was borrbetweerthe moist period fornmid-Julyto late November (Qiu et ain pres$. Our
study population inhabits the searid habitats of South Africa, specifically in the Succulent
Karoo region of the Goegap Nature ReseN@thern Cape, South Africdhe semiarid
Succulent Karoo is a biodivetgihotspot(Cowling et al. 1999), characterized by an annual
rainfal]l of 160mm/ year on average, and by tem
winter and from 4 to 42€ during summer (data from a weather station at the field site). Most of
the rainfdl occurs in winter, leading abundant ground vegetation that supports the onset of
reproduction in bush Karoo rats (Wolhuter et al. 20RMDre information about the study site
and study specine3sl. Suadymite brel stfdppopuldidon fnr dim Chapt er

3 Stl@dy area and trapping

We collected data at a study site of approximately 4.5ha from August 2022 to December
2023. Bush Karoo rats construct and take refu
plant materials and can be updtdm high (Vermeulen 1988; Brown and Vait 1991; Du
Plessis et al. 1992), making them easy to locate in the field. Trapping and marking were carried
out at all occupied stick lodges throughout the year as part of outdongdata collection;
therefore, focal individuals for this study could identified by their aluminum band ear tags
carrying a unique individual number (National Band and Tag Co., Newport, KY, USA). We used
Sherman traps and locally produced metal traps (269> cm) of Sherman trap style. Traps were
set at lodge entrances bedsunrise and checked every 30min. All traps were closed within two

hours after sunrise (i.e., trapping was stopped) to avoid the animals overheating.

The field site was divided into six areas for daily trapping, which was always carried out at
only two of these areas at the same time by research assistants and colleagues for three days,
before moving on to the next two areas. Daily trapping was done to mark and track the study

population. Additional trapping for focal individuals for this study was dpn&Q and research
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assistants. Captured focal individuals were transported whilst inside the trap to a field laboratory,
which was less than a 10min walking distance from the fieldMitee information about

trapping pr ocedu.B.2 Treppim ar erdividoautagdiogi fnr dim Chapt er

3 Fagal animals and sample size

Females used in Chapter 2 was selected as focal individual in thisGaptyred focal
individuals were transported whilst inside the trap to a field laboratory, which was less than a
10min walking distance from the field site. We studied only females, the more philopatric sex.
We measured behavioral responses (in standartkzex) and metabolic rate in the same
morning of trapping in up to four rats at a time (see details below). Thereafter, individuals were
released back at their lodge withi¥6B after capture. Except from checking their identity,
performing behavioral tés and metabolic rate measurements, the rats remained in the trap until
they were released. This was done because they were accustomed to the traps and showed no

obvious signs of distress when inside, compared to keeping them in unfamiliar transparent cage

All rats were scheduled for four repeated (behavioral and metabolic) tests at two age classes.
The first behavioral and metabolic rate tests were scheduled at an age of approximately six
weeks, the age when bush Karoo rats reach sexual maturity @04y.A second test session
scheduled approximately two weeks laeo r mor e i nf or mati oim.3&f t he

Experimental proceduée f r o m Qnhthee first gear ofstudy, individuals (2@ioof 52

focal individuals) that survived long enough werdasted at an older age at approximately 20

twenty weeks old (3test), and again two weeks latef' ¢ést). Due to logistical constraints in

the second year of study, focal individuals onlgemvent up to two tests at an age of

approximately six weeks and again two weeks after (27 focal individuals). Trapping of focal
individuals was not always successful, so that tests and measurements were sometimes delayed

or not carried out due to tempoyar permanent disappearance of the individuals. The average

age at thetand 29test was 54 days (age class: young adult, rangd:0B4days), and the
average age atth&#and4't est was 151 days (age cl ass: ol de
Birth date was estimated from the animal sd bo
age and body mass in the bush Karoo rat as published in Pillay (2001).
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3 Petsonality test

Boldness, activity and exploration were measured using staring box and open fielthiests
test arena was a white chamber (100cm long, 85cm wide and 65cm high) made of white coated
plywood panels, with two liftable doors symmetrically located onwleshort sides of the

rectangular aren@moredetails infin .3.6. Behavioral tesd. For testing, rats were individually

introduced into the starting box, which was a 1®btack acrylic and opaque squared box

conneted to the arena. The starting box was separated from the test arena by a closed door.

Starting box tesfSB)i After the focal individual rested for 3min in the starting box
(habituation time), the door to the test arena was lifted and we recordedlthbipty to enter
arena, defined as whether the animal entered the test arena in the following 10 min.

Open field tes(OF) 1 The open field test began once the rat had entered the arena. Thereatfter,
the door was closed to prevent it from returning into the starting box. The behavior of the focal
individual in the open field was video recorded for 5Smin. We quantified twovizeah
variables: (1) the distance traveled, defined as the total distance of locomotion in the arena
measured in cm, and (2) the % time exploration, defined as the time the animal spent sniffing or

putting its front paws against the walls or into the ecsn
3 Réspirometry

After the behavioral tests, individuals were transferred back to their original traps to rest for
2-3 hours. Respirometry measurements were obtained after the behavioral test of the last
individual of the day, at least 4 hours afenrise, which corresponds to the famtive period of
bush Karoo rats.

Metabolic rate was measured by oxygen consumption using aHlowgh system with
excurrent flow. The system included a B0 water vapor analyzer (Sable Systems
International, SE Las Vegas, Nevada), a FoxBox respirometer (Sable Systems International,
SSI, Las Vegas, Nevada), one metabolic chamber and two channels (one for the test chamber and
one for baseline). The baseline channel was directly connected to ambient air wiaigt the
channel was connected to ditér metabolic chamber containing the focal individual. A three
way valve was used to control the airflow, directing it either into the test channels holding the
focal individual or into the baseline channels for baselectordings.
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Ambient air was drawn from outdoors at a flow rate of around 700ml/min, first through a
spiral copper tube to have full ther mal excha
(Pelt 5, SSI)Water vapor, carbon dioxide and oxygamcentration were measured in both
chambers using the RBDO water vapor analyzer and thesensor of the FOXBOX
respirometer (SSI, Las Vegas, Nevada), respectively. For calibration, see descriptions in the user
manual. Data were recorded and analyzedguthe ExpeData software package (SSI, Las
Vegas, Nevada). During the metabolic rate experiments, we observed the behavior of the animals
live on a computer monitor, situated outside the test area. Therefore, all activities of the focal
individual duringthe metabolic rate measurement were recorded and transferred via a webcam
(C170, Logitech).

Individual & consumptioniL 1) wds calibrated for 0 and CQ and calculated using
the equations for the pull system (Lighton, 2018). Body rsaakted RMR wasalculated as
individual & consumption divided by individual body mass measured before entering the

chamber.

Small rodents are sensitive to threat signals (Mobbs and Kim, 2015), such as to auditory cues
(Mongeau et al., 2003). Based on this sensory dgpae measured individual metabolic
responses to an acoustic stresédkey finder (Thousandshores Deutschland GmbH, model HL
KFO02A, manufacturer model KFO2A, 5Smm>x2mm >0.5mm) controlled by a remote was placed in
advance inside the respirometry chambeparated from the focal individual by a honeycomb
metal plate. Pressing the remote conprolduced d@.0s alarm, consisting of a sequence of high
frequency short beeps of around 90dB. This alarm sound was assumed to induce acute stress in
the animals. Thi was confirmed by our preliminary experiments and direct observation,
verifying that bush Karoo rats showed eithestartle response and/or freezing behatodhe
playback of this acute acoustic stressor. Furthermore, we had verified in preliminanyrexps

that the playback of this sound led to an increase in metabolic rate above the resting state.

The metabolic rate recordings started with a 5min baseline measurement, where after the
airflow was switched to the test channel for at least 20miedord metabolic rate at resting
state. As the gconcentration stabilized when the focal individual remained at rest (immobile, as
seen on the computer monitor), the key finder was triggered by a remote control, producing an

acute auditory stimulus (alarrfgr 10s. The focal individual experienced the alarm sound twice,
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with a 10min interval. Resting metabolic rate was retained as the lowest 5©mean

consumption over 10min before the first alarm. The metabolic response to this acute stressor was
measuredising two variables: (1) max. relative MR stress response, calculated as the maximum
Oz consumption within 1min after the alarm sound, divided by theoBsumption at resting

state and (2) integral MR stress response, calculated ane¢he integral o©, consumption

during 1min after the acoustic stimulus divided by the@sumption at resting state in 1min.

For both variableghe mean of the two repetitions was used for statistical analysis.

After the metabolic rate measurements, the focal indivedwale given succulent plants and
bait (a mixture of bran flakes, salt and sunflower oilj@®pensation for missed foraging

opportunities, before being released back to the stick lodge from where they had been captured.

3 Stétistical analyses

Foreach individual, we included data only from test sessions during which we managed to
collect both MR measurements and behavior data. 78 females were tested 155 times during the
15t 21d 39 and 4" tests, among which 58 females were tested 83 times derff and 2 test
( 3 #0Ddays old, mean oftbdays),37 females were tested 71 times during the 3rd and 4th test
(13871213 days ol Statistioabaaatyses \fere tasried odtagng R software,
version 4.4.1 (R Core Team, 2024).

Repeatabity T Repeatability (consistency over time) of behavioral and metabolic variables
was analyzed using lineamixedmodel (LMM)-based intraclass correlations, including
individual identity as a random intercept factor, using the R paakag¢Stoffel et al. 2017).
Repeatability was measured as stterin repeatability (Land 29 test session) when the
individuals were still young adults and as letegm repeatability (tto 4" test session) including
both age classeB-values were calcated using Mont€arlo permutation tests (10,000
permutations of the model) implemented in the packathe

All behavioral and metabolic variables (givenTiables . ,12) were scaled and some of
them were transformed for analysis (see below) in the sayas the path analysis. Our
previous study using the same data set found significant differences over time regarding the
behavioral measurements. That is, individuals showed a generally higher level of behavior in the

first test session than in the sudpgent ones, possibly due to habituation effects (Qiu et al., in
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press). Such strong populatitevel differences over time (over consecutive test sessions) with
respect to the animal sd behavioral responses,
mask the detection of individulbsed repeatabilities. Thus, we included the number of tests the
individual has experienced before (0/1/2/3) as a fixed factor to control for the possible influence

of such differences among test sessions.

Association bateen behavioral traits and metabolic ratén the first step, we tested for
direct associations between the three behavioral variables (predictors: probability to enter arena;
distance traveled; % time exploration) and metabolic rate variables (three different response
variables, used in separatedels: RMR; max. MR stress response; integral MR stress
response). To establish whether there was a direct relationship, we explicitly did not include any
further predictor variables, such as the individual date of birth, in these models. This was done
by LMMs (linear mixedeffects models) using the R packadme (Pinheiro et al. 2023 Due to
collinearities between the three behavioral variables, they were considered separately in different
models, i.e. 9 models were calculated in total (see Tablg3 All models included individual

identity as a random intercept factor.

P-values were calculated using Monte Carlo permutation tests (10,000 permutations) in the
pgirmesgpackage (Giraudoux 2028ven though permutation tests do not rely on a normal
distribution of model residuals (Good 2005), we verified whether variances were homogenous
for all models by plotting fitted values versus the residuals (Faraway 2005), since unequal
variances in permutation testing can inflate type | error rates (Huang e0@). Z@us, we
homogenized model variances by applied transformations to two of the MR variables: the
response variablenax. MR stress responseas squarg€oot transformed after adding a value of
4.53 to obtain positive values, and the integral MR stesggonse variable was ldgansformed
after positivizing all values by adding 23.73. These transformations of these two MR variables

were also used later in the LMbhsed path analysis, as described below.

Path analysi$ In the second step, vexaminedhe chain of relationships among date of
birth, behavioral traits and metabolic variables, considering further possible predictors using path
analysis (Shipley, 2009). The date of birth affects behavioral traits in the bush Karoo rat (Qiu et
al., in presp and we aimed to test whether the date of birth would directly and/or indirectly (via

its effects on behavioral traits) affect the different MR variables. In other words, we aimed to
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explore whether the date of birth possibly affected the variationtbf imalividual behavioral

traits as well as metabolic variables.

Path analyses were carried out with the R packagrewiseSENLefcheck, 2016), based on
combinations of LMMs and a GLMM (generalized linear mieffibcts model) for binomial data
with a logt link. The latter was used for modelling effects on the binary behavioral response
variapbdkrali | ity to enter the test arenad (see
model in Table .A in Suppl. Materials LMM and GLMM were calculated usg the R
functionslmer andglmer (packagdme4 Bates et al., 2015, linked to the package
piecewiseSEML.efcheck, 2016)including individual identity and the number of tests the
individual has experienced before (0/1/2/3) as a random intercept fAtdorlculated separate
path models for the different response variables: RMR, max. MR stress response, and integral
MR stress response. Initially, we constructed directed acyclic graphs to examined the causal
relationships of each of the metabolic variablgs the three personality traits (probability to
enter arenaistance traveled and time exploration), the individual date of birth within the
season, the year of testing (2022/2023), age class at testing (young adult/older adult), ambient
temperature (§ and food abundance (number of food plant per 4sqm square, Werger, 1974;
Schradin and Pillay, 2006). Because path analyses use only covariatelg\hlgfactors, age
class and year, were transformed i nndel numeri c
(Lefcheck, 2016). The expected collinearities between the different behavioral variables (see Qiu
et al., in press) were implemented into the path models as correlated errors (Lefcheck, 2016).

All variables were scaled for analysis to obtain staridaddslopesf), where the absolute
value of the standardized slope (beta weight) can be interpreted as the relative effect size of an
association (Lefcheck 2016). For each response variable in the path diagram, we also report
(multiple) marginaR{see Fig. 1), which represented the proportional explained variance
excluding the contribution of random factors (Nakagawa and Schielzeth, 2013). For all LMMs,
we checked for the normal distribution of model residuals (verified by visually checking normal
probalility plots) and homogeneity of variances (by plotting residuals versus fitted values;
Faraway, 2005). To adjust the residuals to a normal distribution, we sgoateansformed
the % time the animals spent exploring, squa [x+4.53] transformed thmax. MR stress
response and log [x+23.73] transformed the integral MR stress response. We verified the

goodness of fit of the global path models usingsthiared tests (Lefcheck, 2016).
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AResults

4 Cdnsistent individual differences in behavior

We found significant repeatabilities over time for all three behavioral variables at the short
term as well as at the loigrm(Table .1). Inter-individual differences in these behaviors
remained consistent both during the repeated measurements within around two weeks of time in
young adultg1stand 29test; Table .l1a),as well as at the loagerm over different age classes,

i.e. in youngand older adulstage(all four test sessions; Table.1b).

Table .1.Repeatability estimatiorR{ including its 95% confidence interv@lose) of
behavioral variables measured in repeated starting box (SB) and open field (OF) tests.

(a) Short -term repeatability (b) Long-term repeatability

R Closn p R Closo p
Probability to enter arena (SB)* 0.993  [0.987,0.999] 0.002 0.552 [0.117,0.979] <0.001
Distance traveled(OF)2 0.495 [0.167,0.734] 0.003  0.353 [0.141, 0.542] < 0.001
% Time exploration (OF)? 0.584 [0.294,0.779] <0.001 0.387 [0.178,0.569] < 0.001

Analysis of data from 78 female bush Karoo rats by GLdaéed intraclass correlations

(*binomial distribution2Gaussian distribution), including individual identity as a random

intercept factor and number of tests the individual has experienced before as fixed variance. (a)
Shortterm repeatability was based on (up to) two behavioral tests during young adu{b8tage
individuals,n = 85 measurements for each behavioral variable). (b)-temg repeatability was
based on all (up to) four behavioral tests of all age classes (78 individgal§6 measurements

for each behavioral variablé-values were calculatday permutation tests (10,000 Monte

Carlo permutations); significant effects< 0.05) are highlighted in bold.

4 Cdhsistent individual difference in measures of MR

We also found significant repeatabilities over time for RMR, both at the-&rorta long
term(Table .2). The repeatability of the max. MR stress response was significant (R = 0.367,
p =0.041Table .29 atthe short term (within two test sessions during two weeks as young
adults). No significant repeatabilities or tendencies of such were found for the integral MR stress

response.
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T a b | e Repeatabhility estimatiorR including its 95% confidence imteal Clgs) of three

metabolic variables.

(a) Short-term repeatability (b) Long-term repeatability
R Closw p R Closw p
RMR 0.417 [0.064,0.683] 0.017 0.391 [0.182,0.551] <0.001

Max. MR stress response 0.367 [0.028,0.648] 0.041 0.064 [<0.001,0.260] 0.257
Integral MR stress response < 0.001 [<0.001, 0.373] >0.999 0.012 [<0.001,0.230] 0.478

Analysis of data from 78 female bush Karoo rats by Lidd4sed intraclass correlations (for
Gaussian distribution), including individual identity as a random intercept factor and the number
of previous tests as fixed variance. (a) Calculations on-frontrepeatabilities were based on

data from (up to) two behavioral tests during young adult stage (58 individuwa&s

measurements for each behavioral variable). (b) iteng repeatabilities were based on data

from all (up to) four behavioral tests of abe classes, i.e. from young adult stage to older adult
stage (78 individuals) = 156 measurements for each behavioral variaBlepalues were

calculated by permutation tests (10,000 Me@telo permutations); significant effects< 0.05)

are highlidnted in bold.

4 As3qciation between personality traits and variables of MR

RMR was significantly and positively associated with the two behavioral variables measured
in the open field test. That is, individuals with higher RMR traveled longer distances and showed

more exploration behavior in the open fi€lchble .3a).

For mostindividuals, we found rather clear, shtetm increases in metabolic rates after the
playback of the acoustic stressor, as evident by the mostly positive values of the maximal MR
stress response and integral MR stress resgbigggre .2b, c).However, ve did not find any
significant associations of these two metabolic variables with any of the three behavioral
variables using LMMTable .3b, c).
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Table .3.Associations between behavioral traits and metabolic rate variabksured in

repeated starting box (SB) and open field (OF) tests.

(a) RMR (b) Max. MR stress  (c) Integral MR stress
response response
bSE P biSE P biSE P
Probability to enter arena (SB) 0.037#.184 0.846 0.185#.185 0.330 0.099#.185 0.596
Distance traveled(OF) 0.191#6.075 0.014 710.031#6€.081 0.706 10.058#.081 0.475
% Time exploration (OF) 0.17406.078 0.028 10.0694.081 0.399 10.065#.081 0.420

Analysis of data from 78 female bush Karoo rats by LMM with one metabolic rate parameter as
dependent variable per model. Due to collinearities between the three behavioral variables (see
Fig. 1), three separate models were calculated for each personality trait as predictors (covariates),
all including individual identity as a random intercepttéa. Standardized estimatds (vith

standard errors are givePrvalues were calculated by permutation tests (10,000 Moatk

permutations); significant effect®<€0.05) are highlighted in bold.

4 Faktors affecting the associatibatween personality and MR

Our path analysis confirmed significant associations between all three behavioral traits, thus
forming a behavioral syndrome. Individuals, which traveled a higher distance in the open field
also spent more time exploring theraaeand such individuals were more likely to enter the open
arena(Figure .1).All of these three behavioral traits were associated to the individual date of
birth. As already shown in our recent study (Qiu et al., in press), later born individuals were
significantly more exploratoryb=0.284, Figure . )1) and showed a tendency of traveling
greater distance in the open fiele=0.209, P=0.063), and also tended to enter the open arena
with a higher probability within the 2i@in of testing f=0.402 P=0.0&; Figure .1, details in
Suppl. Materials, Table .A).

We found direct and significant effects of the date of birth within the breeding season on all
metabolic rate variables. Latborns had a significantly higher RMR=0.311, Figures. .1a,
2a),alower max. MR stress responde=(0.354; Figures. .1b, 2b),and a lower integral MR

stress respong@=1 0.362, Figures. .1c, 2c). However, there were no significant and direct
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associations between any of t heFidueh.ad),therr al

max. MR stress respondeiqure . M), or their integral MR stress responBeg(re . d).

We also found some significant effects of other confounding factors on the three metabolic
rate variables. RMR decreased with increasing ambeemperaturef=i 0.218, Figure . 4&;
seeFigure .A in Suppl. Materials). There was also a significant year effieet% time
exploration = 0.253) and RMRA = 0.646) measured during the second year was significantly
higher than during the first yeéfigure . d), and the Max. MR stress response measured
during second year was significantly lower than during the first yeaii0.431, Fi gur e
FurthermoreMax. MR stress responsiecreased significantly at older a@ei 0.605, Figure

. [4; seerigure .Bin Suppl. Materials)Food abundance had no significant effects on any of

the behavioral or metabolic variables testéidre . &c).

(a)

RMR
Age class
R2=0.47
Ambient
temperature
Distance +0.679 % time
traveled ~ =P oyploration %
R?=0.04 R?=0.09 Year
“ _Mk /0.435
Food
Probability to abundance
enter arena +0.284
\ R2=0.17
A
+0.402
Date of birth
within the

season
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Figure .1.Path models for the effect of date of birth, personality traits and other variables on
metabolic rate variables in the bush Karoo rat. Response variables in the different path models
were @) resting metabolic rate RMR (mk@er h and g body massp) the maximal MR stress
respons€%, within 1 min) andc) the integral MR stress respor(8&, within 1 min); all models
including year (2022, 2023), individual age class (young or old), ambient temperature and food
abundance as fixed variables, see table S1 for details. Standardized estimates are given next to
the arrows connecting the diffeterariables; arrow thickness reflects the absolute value of the
standardized estimates. Solid arrows represent significant associptfo8<6) and dashed

arrows indicate statistical tendencips<(0.10; nonsignificant associationg > 0.10 are not
depicted The twasided arrows between the different behavioral variables indicate collinearities
among them, which were implemented into the path models as correlated errors. NR&rginal
(given in the gray boxes) summarize the effects of all predictaahbtas towards a variable.

25{(a) 250 (b) 200(c)

[~}
(=]
(=}

150

100

Max. MR stress response (%)
-
Integral MR stress response (%)

Jul Alg  Sep  Oct  Nov Jul Alg Sep Oct  Nov Jul Alg Sep Oct  Nov
Birth date Birth date Birth date

Figure .2.Effects of birth date within the breeding season on metabolic rate variables in the
bush Karoo ratAll effects presented here are statistically significant, see statistics in Fig. 1la
Regression lines (including 95% confidence intervals given as gray shadings) are based on
parameter estimates obtained by a path analysis based on combined LMM and GLMM,
regression line of (b, c) are based on back transformed parameter e@eratere details in

Suppl. Materials, Table .A).
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Discussion

Variation in resting metabolic rate betweeadividuals has often been assumed to be related
to personality Mathot and Dingemanse, 2015lowever, results from previous studies were
inconsistent when testing this hypothesis, indicating that other additional factors might be
important mediators in this relationshiggthot and Dingemanse, 201%lere, we studied
whether the date of birth within the breeding season could concurrently influence between
individual differences in metabolic rate as well as personality differences in bush Karoo rats. In
our first analysis, without considering any potentially confounéic@ogical factors, we indeed
foundRMR and personality were significantly correlated. However, when applying a path
analysis with other factors taken into account, we found the date of birth as the underlaying
factor influencing both personality and RMBuyt there was no direct link between RMR and

personality.

Animal personality can affect the total energy budget available for behaviors and other
biological activities. That is, personalitiriven consistent variation in behavior might contribute
to the betweetindividual differences in basal metabolic rate (BMBgcause more energy
demanding personality types are expected have an increase energy expenditure, which might also
affect their necessary energy intake. Three energy management models have been proposed to
explain the energy allocation for behavior andm hypothesizing that energy available for
behavior and BMR could either (1) constrain each other (negative correlation), (2) be
independent, or (3) be positively associated (increased behavioral performance when BMR is
higher). Our first results align i theperformance modeivhich hypothesizes that individuals
with higher metabolic rates are predicted to display more ertengnanding behaviors, probably
because they need to increase their net energy gain to maintain the elevated total expenditure
(Mathot and Dingemanse, 2015).

However, our more detailed analysis (path analysis) suggests that there is in fact no direct link
between RMR and personality. That is, a significant correlation between RMR and-energy
demanding personality traits was only agparwhen further factors were not taken into account.
Not considering such external factors could result in a bias, because these may simultaneously
influence both metabolic rate and personality traits. For example, a previous study on great tits

(Parus mgor) has reported such an effect, as in this study the association between BMR and
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risk-taking behavior was mediated by predator disturbances, where the great tits exhibited
alternative BMRbehavior associations under low or high predation pressure (Mthbt

2015). In our study, when we accounted for external influences in our path analysis, the direct
link between RMR and personality disappeared, although individuals born later in the season
were more active and explorative (indicative of an eneegganding personality) and had

higher RMR compared to those born earlier. This suggests that the date of birth simultaneously,

yet independently, influences both, personality and RMR.

We also hypothesized that the metabolic rate response to acute striesbevassociated
with energydemanding personality trait8ccordingly, we found a general pattern of temporary
fluctuation in MR after the acoudécaystpatssteor
observed in various features involved in stresponse (Taborsky et al., 2021). Latern
individuals showed a lower level of MR increase after acute stress (relative to their own RMR
levels) compared to earliorns, indicating higher resistance to acute stressors. We hypothesis
that due to incresed population density and resource constraints, individuals born later in the
season need to put more effort into foraging and searching for shelters tharbeankefThis
will increase the possibility of exposure to various environmental stressocsalddead to
stronger habituation effects in lafeorns, expressed as reduction in their stress responses.
Energetically, this could be adaptive by allowing them to save energy when coping with non
risky but frequently encountered stressors. Importaaiywe could show by our path analysis,
the MR stress response has no direct link with personality type, but similar to RMR, low MR

stress response and proactive personality traits are both independently correlated to date of birth.

For shortlived species experiencing seasonally changing environments, individuals born
early or late in the breeding season may encounter markedly different ecological conditions,
producing distinct life history trajectories. The date of birth can represent varioutssasjibe
ecological and social environment during an individual's early life, influencing both
physiological and behavioral development (Roff, 1993; Varpe, 2017). For instance, European
shag Phalacrocorax aristotelischicks that hatched earlier in theebding season adopted
higher social ranks and exhibited greater levels of aggression compared to those hatched later
(Velando, 2000). Furthermore, using data from the UK Biobank, Didikoglu et al. (2020) found
that the season of birth influenced humanwel§ with individuals born in summer having

higher basal metabolic rates than those born in early winter. In bush Karoo rats, individuals born
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early in the breeding season benefit from a "silver spoon" effect: they experiencing a longer
resourcerich perbd prior to the onset of the dry season, and a lower population density causing
lower competition for vacant stick lodges. While those born later face an environment with more
intense resource competition, particularly due to the scarce availabilitglofaiges. To ensure
survival, they may adopt a more active and exploratory personality while maintaining a higher
RMR to gain greater ability to mobilize energy, which could enable them to search for resources

or compete for shelters more effectively (@iwal., in press).

Apart from the date of birth, we also identified other factors influencing MR variables.
Similar to the general findings in other studies in rodents (Whitaker et al., 1990; Zhang and
Wang, 2006), bush Karoo rats exhibited higher RMRwaer ambient temperatures. MR stress
response was lower in older than in younger adults, which could be due to a reduced stress
response as apparent in some mammalian species by decreased stress hormone (corticosteroid)
levels with increasing age (Lendwtial., 2015; Oh et al., 2018). Furthermore, in our study, it
may be simply due to an increasing habituation to repeated testing at older age. The significant
year effect observed in our analysis could also be the result of differences in the agéidistribu
in our samples obtained during the two years of study. In the second year, individuals were tested
only as young adults, which could have increased the overall mean response compared to the

first year, when individuals were tested as both young atef aldults.

In conclusion, our study reveals that the date of birth within the breeding season plays a crucial
role in shaping both personality and metabolic traits in seasonally breeding bush Karoo rats.
Individuals born later in the breeding season amtbhigher resting metabolic rates, lower
metabolic responses to acute stress, were more active and showed more exploration. However, no
direct association between metabolic rate and personality occurred. These results indicate that the
date of birth is ashared cause for both physiological and behavioral variation in this seasonal
breeding small mammalhe findings from our path analyses could contribute to explain why
previous studies reported contradictory results regarding the persdrigiRyrelatiorship: their
association could be indirect, driven by shared underlying factors such as birth timing or possibly
by other ecologicall/life history traits. Our findings underscore the importance of taking in
consideration such external parameters, espedi@lyistory factors, as potential drivers when

studying the relationship between energy metabolism and animal personality.
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6Supplementary Material

3.51

Temperature (°C)
Figure .A. Effects oftemperatur®n resting metabolic rate (RMR) in the bush KarooThe
effect presented heresgatistically significant, see statisticskigure . d Regression lines
(including 95% confidence intervals given as shadings) are based on parameter estimates in the

path analysis (Table . A
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Figure .B. Metabolicresponses to acute stress in different age classes in the bush Karoo rat.
Meanvalues with 95% confidence intervals are givéaung adult stage: 386 days old, on
average 56 days#8SE; older adult stage:-238 days old, on average 149 days#38SE.

effects presented here are statistically significantFsgere . H, c for detalils.
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Table .A Summary of path analyses of 78 female bush Karoo rats for theseffeetrious

fixed variables on (a) resting metabolic rate RMR, (b) max. MR stress response (%, within 1

min), and (c) the integral MR stress response (%, within 1 Details on the structures of the

paths are given iRigure

. &c. Analyses with GLMM for binomial data) and LMM including

individual identity as a random intercept factor. Note that all the lines in the table labelled as (a

b-c) apply in the same way to the different path diagrams given in Fig. 1a, b and c. Standardized

estimates ) including their standard error are given. Significant effects are given in bold

statistical tendencies are highlighted with

Dependent variables Predictors biSE P
(a) RMR Distance traveled 0.0950.092 0.301
% Time exploratioh 10.033#0.944 0.730
Probability to enter arena 0.0510.163 0.730
Age class 0.1940.104 0.067
Food plants abundance 0.0454.141 0.750
Temperature 10.2084.083 0.014
Birth date 0.3170.086 <0.001
Year 0.6510.100 <0.001
(b) Max. MR stress resporise Distancetraveled 10.06440.000 0.586
% Time exploratioh 0.006#.156 0.617
Probability to enter arena 0.1004.491 0.266
Age class 10.61010.324 <0.001
Food plants abundance 10.0874.591 0.620
Temperature 0.1224.062 0.239
Birth date 10.3624.010 0.002
Year 10.4394.300 <0.001
(c) Integral MR stress respodise  Distance traveled 10.0646.000 0.307
% Time exploratioh 0.001#.002 0.400
Probability to enter arena 10.0014.001 0.754
Age class 10.283#.076 0.001
Food plants abundance 10.2014.150 0.184
Temperature 0.00440.015 0.788
Birth date 10.00840.002 <0.001
Year 10.17140.015 0.021
(a-b-c) Distance traveled Age class 10.002:0.128 0.989
Food plants abundance 0.074:0.158 0.639

153



Temperature 0.023:0.093 0.807
Birth date 0.21#0.111 0.06T
Year 0.005:0.118 0.966
(a-b-c) % Time exploratioh Age class 0.2044.132 0.124
Food plants abundance 10.1040.164 0.526
Temperature 10.0650.097 0.504
Birth date 0.28A40.118 0.016
Year 0.2540.124 0.028
(a-b-c) Probability to enter arena  Age class 10.09A0.455 0.612
Food plants abundance 10.1914. 640 0.478
Temperature 10.1370.405 0.421
Birth date 0.3940.512 0.067
Year 10.1170.503 0.550

!squareroottransformed for analysis

2|og transformed for analysis
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General Discussion
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1. Main findings

In my thesis, | first investigated the ecological and natural history characteristics of lodge
building in rodentsn a comparative studyhen | focused on one of the loddpeiilding species,
the bush Karoo rgDtomysunisulcatu$, to investigate the link between life history, behavior

and physiologyn a seasonally changing environment.

In Chapter 1, | identified three main forms of sheltering habits in Myomorpha rodents: natural
shelter, burrows, and lodges, and stgated how natural history and ecological factors,
especially aridity and fire risk, influence the distribution of lotdgéding species. found six
independent evolutionary origins for the occurrence of lduigkling rodentsthe majority of
them comstruct dry stick lodgem arid habitatswith low fire risk.

In Chapter 2, | investigated hgwersonalityof bush Karoo rats diffstbased on the time of
their birth within the breeding season. Individiabrn earliein the seasoexperiencd aless
competitive environment with abundant resource and lower population demsityipst
importantly,have the opportunity to breed within the season in which they were iuose
born later are not only unable to breed within the season, but alsaléreased resource
availability under higher population densitynder theeproduction directegaceof-life
framework,earlierbornsaree x pect ed t o adopt a fAifastodo pace
explorative personalities to compete for reproductesources. This chapter provided evidence
for the existence of a proactive behavioral syndrome in bush Karowhath,was associated
withi ndi vi dual Odlrscontrasttethpredictian thaearker-bornswould be more
A pr o a,tfounddae®born individuals exhibédhigher levels oproactive behavioral traits
This is possibly related to challenging ecological and social conditions experienced by
individuals born in the later breeding season, in particular the greater competitionlifoittoe

availability of stick lodges.

In Chapter 3, | investigated the relationship between metabolic rate and personality
considering h e i n ddate of kirthees tomon factor found that lateborn individuals
exhibit higher resting metaboliates and lower metabolic rate responses to acute stress, but no
direct association between energy costly personality types (high proactiveness) and any

metabolic rate variables. This finding indicates that personality and energy metabolism are not
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directly associated but are linked via their association déife of birth which could behe
shareddriver forthe relationship between life history, behavior, and metabolism in bush Karoo

rats.

2 . | nfl uence of dat e of birt h:

survival resources

For shortlived mammals, nevborn individuals can differ in their experience of
environmental conditions, resource availability and reproductive opportunities depending on
theirdate of birth(Eccard and Herde, 2013a; Montiglio et al., 201ading to different
survivatreproduction strategigStearns, 1998and ultimately resuiin diverseof life history
strategies, behaviors, and physiological development.

2. 1. R edpecteddaceftlife o n

Reproductiorprioritized life history (¥rselection) is common in small mammal with short
lifespanstheir behavioral and physiological characteristic could covaries with this life history
strategy andontributing to a "fast" paeef-life continuum whichincreag resource acquisition
for reproductiorat the cost of survivgRéale et al., 2010; Wolf et al., 200.Apifferences in
reproduction opportunity by date of birth within the season exists in bush Karoo rats, but the
influences seem to be limite@ihe breeding season in bush Karoo rats is restricted4or 3
months in springand most individuals have to survive the long dry season (summer and autumn)
before they can reproduaethe next yearnn otherseasonal breedimgdentsnewborn
individualshave a longer time window reachthe sexual maturity and prepare for reprichn
within the breeding season in whitttey were born, that often lasts for 6 months during spring
and summe(Eccard and Herde, 2013Klerritt et al., 2001)Consequentlymore individuals can
participate in the reproduction activity and benefit fradoginga A f a sof-like, ephébiting
amore proactive personalitynore active, explorative and bolder) and a HjR, which
facilitate precocious reproduction prior to the onset of thebwerding seasorlowever, in my
study population, this reproducti@hr i v e n Aof-ldesdems tepbatsentpnly few early
borrs (11.9% of all focal females in behavioral testaanagd to reproduce in the season of

their birth despite more that were able to reach the age of sexual maturity.
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2. 2. | ecdldgicabconstaint® dn paoélife

Apart from the driing force of reproduction,raincreasing number of studies have
highlighted the importance of consideriagplogical constraints in the pactlife relationship
within species or populatioMontiglio et al (2018) incorporated the role of natural history and
ecological constraints into the pagtlife framework and discussed how constraints such as
high predation pressures or limiting resources can shape the relationships between life history,
behaior and physiologyFor example,herole of behavioral traitén resource gathering can be
adjusted by the scarcity and distribution of the resources, artimaalforage on patchy food
sources are more likely to benefit from actively exploring the enmient than those that forage
for food that is abundant and more evenly distribiikd¢acArthur and Pianka, 1966)

In this thesis] proposel that differences imesaircecompetitionbased on thdate of birth
within the seasoshapé the relationships between life history, behavior, and physiology in bush
Karoo ratspecausehedifferences in reproductive opportunitisre absent or smallthough
earier-bornindividuals experience relatively mild ecological conditions during their own
developmentreproducing at an early age can have fitness cost on the young mother and their
offspring,(Lambin and Yoccoz, 2001it is not worthwhile if the fitness cost makes the female
and their offspring cannot survive tlugh the following harsh dry seasdrhe low incidence of
reproduing whining the same season of bistiggesthe reproductive value for earbornbush
Karoo ras wasprobablyd i mi ni shed, reducing the influence
paceof-life among earhporns.In fact, | foundbehavior and physiology were associated with
thedate of birth but in a direction opposite to theoretical predictions. Eaten individuals
displayed characteristic of a ‘fast' pafdife, with bolder, more act, and more explorative

personalities and higher RMR.

Laterborn individuals have no opportunityitatiate immediateeproductiorafter reaching
adulthood, as the breeding season was ceased due to low food availaltilibhey encounter
more severe survival challenges. On the one hand, they are born into an already populated
environment with reduced resource availability. On the other hand, they are at a disadvantage in
competing with oldeand morematureconspecifis (individuals born in the previous year and
those born earlieiin the same year). Under such conditions, the classicgddde theory
predicts that they-awdlcsekd bepebathf owmi ahfiwaul

158



avoiding conflict (beinghy and less aggressive) and predation risk (decreased activity and
exploration)to optimize their survival until conditions environment become favorable again for
reproductionThis would predicted that theshow a more reactive personality and lower RMR

to conserve energfareau et al., 2008; Rimbach et al., 20HYwever, a reactive personality
syndromecan be maladaptive in situatiowith high competition for limited resourcéa/hen
necessaryesourcegamotbe avail able for every individual,
energy conservative strategy could reduancles of securing enough resources to support their

own survival. As a result, survival pressure can also shape behavioral and physiological
characteristic that help individuals acquire resources in highly competitive enviror{Beifiés

et al., 2015; Cole and Quinn, 2011; Pettersen et al., 2020)

.3. Divergence by date of birth: the role of resource competition

Maintaining a proactive personality and high RMR can be advantageous for competing for
resources, but poses higher predation ([kbois and Binning, @22)and such a strategy could
be energetically expensive to mainté@@areau and Garland, 2012he influence of food
quality is supported by several field studies, for example,imaspendent BMR increases with
habitat poductivity in degus@ctodon degysBozinovic et al., 2000 Previous studies in
African striped miceRhabdomys pumilidRimbach et al., 20)8asympatricspecies of bush
Karoo rats in our field site, found aaease in RMR with lower food abundance. However, this
was not the case in the bush Karoo rat. In Chapter 2 and 3, | tested the effect of food plant
abundance opersonality traits and RMRAIthough the food plant abundance decreased
considerably over theourse of the breeding seasiihadno significant effect on any metabolic
rate parametensor on personalityThus,differences in foodwvailability doesnot explain why
laterbornindividuals have higher RMR. Another resource with significant impoetéamdush
Karooratsare the stick lodges, which offer crucial protection against the extreme and
unpredictable serdesert environmental conditions. Due to increasing population density, the
availability of vacant stick lodges becomes increasingly sc¢aveard the end of the breeding

season, leading to intensified lodge competition that mostly concerng date.

.3.1. Stick lodges
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Shelter construction is an important adaptation in small rodents against the harshness of the
external environmer{(Eadie, 1953; Young et al., 201¥Yhether building underground or
aboveground, such structures can provide critical protection for their survival and reproduction.
Bush Karoo rats construct stick lodges, which are a typical example of thex-sleglendent
lifestyle (Vermeulen, 1988)Lodgebuilding is a relatively rare form of shelter construction in
rodents, but like burrows, lodges can offer protection from predators and buffer against
fluctuations in the ambient environmébu Plessis et al., 1989; Du Plessis et al., 1982)
previous study found that bush Karoo rat lodges create microenvironments with more suitable

temperature and humidity ranges than the ambient enviror{(DerRlessis et al., 1989)

Building a new stick lodge is an expensive investnfertmeulen, 1988)However, once
built, a wellconstructed lodge can be letasting, providing shelter for generations after the
original builder has disappeargsichradin, 2005)There are several ways for a nbarn bush
Karoo rat to occupy their own stick lodge: constructing a new lodge, finding an unoccupied
lodge, or even inheriting the birth lodge from their mother (unpublished data). In Chapter 2, |
demonstrated the dea®e in stick lodge availability during the breeding season, suggesting an

intensified lodge competition for latéorn individuals.

3. 2. Ecol ogi c al-bom® fox and atickdodge f or t he

availability

Bush Karoo rats are strictly herbivosiibtuart, 2013and rely on the protection of stick
lodges to survivéDu Plessis et al., 1992 decrease in food abundance and a reduction in stick
lodge availability are two ecological constraitttat occur in théate breeding seasoftick
lodges are patchy distributed in the field site and can be monopolized by individuals. Lodges are
difficult to construct but can be used for generations, making them low in renewability. In
addition,onelodge is usually occupied by only one individual, which actively defends it by
expelling othergMakuya et al., 2024)Although direct physical conflict is rarely observed in
bush Karoo rat@Makuya et al. 2024we have observed in the field thatlividualsactively
chasing away outside(sonspecific or other rodent species) from their stick lo@genpetition
for lodges is likely a form of contest competitiGlensen, 1987; Holdridge et al., 201%ijth
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individualsrejecting others from sharing this sheltering resourdegsf value (Holdridge et al.,
2016; Jensen, 1987)

During the late breeding season, all individuals are equally affected by the reduced food
availability, but have unequal aced® stick lodges: those more competitive stand advantages in
finding and occupying an empty loddgehe behavioral and physiological characteristic found in
later-borns likely represents an increasednpetitionability in access tempty lodges and
activdy defending it. When the number of lodges is insufficient to meettibkeringneedof
newbornindividuals individualsthat failed in the competition for vacdontigescan still benefit

from these characteristieghen searching fdsuilding materials to construct new ones.

My resultsshowno notable associationetweerfood abundancandbehavioral trait®r
metabolicmeasures in the bush Karoo; miiggesng the scarcity of stick lodges likely the
primary driver that promotesproactive personality syndromelater-borns Laterborn
individuals arealreadyat a disadvantage when directly competing for lodges already occupied
by older and larger individualas a resulttheyneed to explore unknown areas to find
unoccupied lodes or building materiat® construct new ondSpiegel et al., 2017The
increased necessity for exploration and the ability to defend lodges may favor the emergence of

proactive behavioral traits in lateorn individuals.

A proactivepersonality brings higher competitive ability but is emically costly(Careau et
al., 2008) One would expect individuals to reduce energy budgets in other aspects, such as
restng metabolic rate, to maintain an equilibrated energy balance under lower food abundance
conditions(Rimbach et al., 2018However, energgemanling behavioral traits, such as
exploration, can also result in net energy gain by increasing foraging efficiency to support the
energy cost and maintain a higher RiEareau et al., ZIB). Thefindingsthat laterborn
individuals showed higher RMBuggest thelecreasefbod abundance is not an ecological
constraintimiting their energy metabolisntEventhough foodavailability decreases during the
late breeding season, these indi\dts are still able to maintain an enexgpstly personality
(more proactive) and higher RMR, possiblydainingenoughnet energy through active
foraging. A higher RMR indicates that more energy is available for basal biological activities,
which improve physical function and competitive abilitiasd also possibly enhanced

thermoregulatiorfSobrero et al., 201 1¢nabling them to better copath external temperature
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changes whelack of stick lodges or only occupy lodges of low qual&ithough maintaining a
proactive personality and spending more time foraging to sufiypedrigh energy budgetomes
with the survival cost of increased predation risk, it may be worthwhile if it improves their
chance®f securingthe occupancy adtick lodges.

For earlyborns, tle ease of finding stick lodges, or even inheriting their birth lodges from
their mother, reduces tlienefit ofactively traveling and exploring the habitat in search of
lodges. Even during the late breeding season, those hiier age naturally at an advantage in
defending their stick lodgesgainst the dispersing latbornsdue to their larger body size.
Furthermore, due to low reproductive activity, earbern individualsmaybenefit from
exhibiting a "slow" and energgonservative strategy to increase survival, characterized by
relatively reactive behavioral traits (shyer, less active and explorative) and maintaining a lower
RMR than lateiborns, because the resource competition are less pronounced. When survival is
not limited by certain critical resourcdseen shy and stay inside the lodge instead of actively
traveling the field sitean be adaptivasit helps conserve energy and reduces exposure to
potential risks.

My field studies on théush Karoo ratalso offerinsight into the broader ecological and
evolutionary processes that influence the pafelefe strategies in small mammals. The patterns
observed in bush Karoo rats may reflect similar processes occurring in other species facing
variable resource landscap@emphasizing the role of resource competition in exploring the

relationship of lifehistory, behaviors and physiology.

4. Relationship between personality, metabolic rate and life

history

Associations between behavior and metaboasewell-known (Careau et al., 2008 here
has been accumulated interest in exploring the relationship between animal personality and the
variation in metabolic rate, particularly in explaining the iitelividual variation in resting
metabolic rate by animal personal{fyareau et al., 2008RMR is measured in resting animals

to exclude the influence of behavior, but this could result in a bias in personality, as proactive
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individuals aranore likely to beexcludedb e c au s e t h e gurirgtheemedisurameritsl e s s 0
(Careau et al., 2008; Jaer et al., 20l1A)addition,e i ng Arestl esso (or si mp
requires more energpotentially affecting the energy available for RMR. Apart from the

potential influence on RMR, proactive behaviors (boldness, activity and explorations) are

directly associated with increasedéés of physical activity. Thus, their energetic influences on
nornresting activities, such as metabolic rate fluctuation in response to stressful situation, should

also be considered, but few studies have investigated the influence of personality gn energ
metabolism during a neresting state.

Three energy management modelgdizeen proposed to explain the relationship between
behavior and basal metabolic rate (BMR): energy available for BMR either has no association, a
positive or a negative associatiaith energy available for behavi@€areau et al., 2008; Mathot
and Dingemanse, 2015)he paceof-life integration into the energy performance model
hypothesizinghat energy available f&(*MR is positively associated with energy available for
behavior. In Chapter 3, | demonstrated that faten individuals shownoreenergy costly
behavior (activity ad exploration) and higher level of RMR, supporting the hypothesis that
higher RMR is associated with higher expression of ereogily behaviors that brings net

energy gain.

My thesis supports the positive integration between behavioRERI but suggestan
alternative association with | ife history str
personality, higher RMR in bush Karoo veg¢refound in laterborns but not in earlidoorns.We
constructed path models to explore the association at diffierexls, attempting to disentangle
the significance of the path with birth date as the underlaying factor that potentially affect
personality and RMRandcomparing it withthe path that directly associatgersonality traits
with RMR. External factors that may have influenced these associations were controlled for in
the analysis, such as food abundance, ambient temperature and individual age at testing.
However, none of the external factors explained tgke RMR in laterborn bush Karoo rats. As
observed in many other studigdarke et al., 2010; van Ooijen et al., 200@dividual RMR
(measured at thermoneutralityps highewhenambient temperaturegerelower. Combined
with shorter photop&rd, this supports that individuals born earnythebreeding season that
experience lower ambient temperature and shorter day length should have increased metabolic
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rate(Lynch, 1973; Song and War2)06) However, the significant effect ambient
temperature cannot explain the divergence in bush Karoo rats, bbcatis€aroo rats borater
when it was warmer (late spring vs. early sprina)l higher RMRThere was no significant
effect of age n body masscaled RMR, thus suggesting no underlying influencegefwhen

individual was measured

By integrating all variables in the path model, the results showed that both personality and
RMR were significantly correlated with birth date, but peaditypand RMR had no direct
association with one another. This suggests that variation in RMR does not necessarily directly
influencepersonality type. This finding helps explain why previous studies report contradictory
results regardinthe personaliBRMR relationship(Mathot and Dingemanse, 201H)eir
association is indirect, driven by shared underlying factors such as birth timing or other

ecological/life history traits that are contesgecific to stugkd populations/species.

| used the same path model structure to investigate how metabolism ifresting state is
associated with personality traits and diae of birth The results indicate that lateorn
individuals have a lower energetic respottsan acute acoustic stressor. Although they have
higher RMR, the levels increask$sfollowing the acoustic stressor thanaarlierborn
individuals. One possible explanation for tbaaild behabituaion to stressful situations
(Grissom and Bhatnagar, 2009; Jeamtkat al., 1985; Valsamis and Schmid, 20Maybe die
to overpopulated environment and increased resource competition during early life stage, they
weremore frequently exposed to stressful stimuli (e.g., sneative conspecific encounters,
unpredi¢able environmental disturbance when actively exploring unknown environments),
which led to a form of habituation to environmental stres$orsontrast, earlieborn
individuals, who face less competition for resources, tend to adopt a more conservative
behavioral strategy characterized by remainin
They are generally shyer, less active, and less explorative in unfamiliar field sites, making them
less accustomed to potentially stressful environmental sti@otisequently, these individuals
may exhibit stronger stress responses due to their limited habituation to general environmental
stressorsThe measurement of the two variables for metabolic stress response shows consistent

results,providing a new perspdive on metabot measurementuring nonresting states and
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offers evidence of the metabolic response to acute stress, highlighting how it shares common

drivers with personality and RMR.

5. Limitations of t he thesi s

To obtain a more comprehensive assessment of animal personality and its relationship with life
history traits and metabolic rates, there is room for improvement in at least two aspects not
addressed imy thesis:confounding factors in field studiesd tle experimental design of
behavioral tests.

A typical constraint of field studies is limited information about what individuals have
experienced in the field, such as feeding status, physical conditiggrandusreproduction, all
of which can have potental ef fects on an individual 6s beha
metabolism. When trappingdividualsfor behavioral tests and metabolic rate measurements,
ideally, all focal individuals should be trapped and tested repeatedly at the same age. But, in
reality, trapping can be delayed or failed for several reasons. First, due to the high mortality rate
in the study population, less than a quarter of thelmew individuals remained in the field by
the time of the final test in the first year (ChapterT2)e dramatic decrease in sample size over

time was inevitable, and | compensated for thistoglyingas many newborns as possible.

Secondly, individuals typically disperse from their birth lodges during juvenile or young adult
stage, so it was hardertirap some of them during this period when they actively travel and
switch lodges. As a result, these individuals had delayed testing or were absent from the tests
during some periods of their lives. This coulfluencethe repeatability of personality trs,
because previous experiences and test intervals influence individual perforiftanees and
Thompson, 1970; O6Neil |l eSimilarinfluencezdult 8lsooceur n Oer
in metabolic stress response measure@gnly amarginalsignificance was found for short
term repeatabilityFinally, males were more difficult to track than females, thegwere
included as focal individuals onlyg thesecondyear, leading to a sample size bias towards
females. This potentially affected accuracy in estimating influence of sex on behavioral traits,

and contributed to the significant year differences in the model.

Exploration was tested in two diffent aspects: exploration in a novel environment (open

field test) and to novel objects (novel odor test). | did not find significant repeatability for the
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exploration to novel objects, and therefore variables measured in this test were not used in
furtherinvestigations. There are sevepaksiblereasons why this experiment failed to capture

the exploration traits. First, to avoid habituation to the novel objects, the odor presented for each

test was different. However, the missing tests of some indilsdasulted in a different

sequence of experiencing these novel odors. Some individuals experienced their first novel odor

test with orange peel and second with tomato sauce, while individuals which missed the first test
experienced their first order witbmato sauce. The general preferences or avoidancertain

odors make novel odor tests more sensitive to missing tests than other beksst®iiad avoid

this problem, one can always use the same novel odor at different test sequencesthguat this

|l eads to a habituation problem in that the sm

explore the odor at all.
6 Future perspectives

.6.1. Ecological value and conservation of lotiggders

In the first chapter, | focused on the influencecodlogical and natural history factors on the
distribution and evolution of lodgeuilding rodents, but | did not assess the ecological value of
|l odge buil ders on their | oc aslikemushKarsocarsmme nt . 0 A
known for theirability to manipulate the environment to make it more suitable for their own
living, which often leads to changes in habitat conditions for other sétaesell, 2005;
Hunter, 2009)A well-known examplarethe lodgebuilding beaversGastorspp.), often
referred to as fAecosys ttealterirgthg patheoéstreamdsaddu e t o t
rivers to create a pond, where they buildtheidges(Baker and Hill, 2003)Their building
activitieshavagr eat 1 mpact on the | andscape, creati ng
ecological communities, with benefits for a variety of wetland sp¢caas et al., 2016; Smith
and Mather, 2013)The ecological value of other lodgeilders is less studiedlthough the
influence may not be as visible as the beaver damgty stick lodges built by bush Karoo rats
could serve as an fAoasiso in t hepredatorseand envi r o
providing a suitable thermal environmemdt only for themselves but alsar other small
animals in generaPrevious work in our field site has reported that stick lodges build by bush
Karoo rats offer shelter for stripe mi¢gchradin, 2005)As a further example; it has been
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reported that stick |l odges (or fAmiddenso, bui
(Neotomaspp.) providedanimportant microhabitat for arthropo{Ehies et al., 1996; Whitford

and Steinberger, 2010vertime, he decomposition djuilding materiat (dry plantsand the
accumulation of droppings left bydge owners might influex@ nutrient availabilityin soil

(Gleixner, 2013; Liang et al., 201 &ffecting the surrounding plant communities.

The longlasting stick lodgekas its weaknessebly thesis revealed that most lodgeilding
species inhabit arid environments, building lodges of dry sticks and twigs. The flammable
building materials make their lodges vulnerable to wildfteck lodgescan be a potential fire
starter oracted as an accelerant in the Breent To dae, studies of fire occurrence in the
distribution of lodgebuilding speciesrelimited (Kerley and Erasmus, 1992)his sensitivity to
wildfire should be considered in the evaluation of threats in conservation work and fire control.
For example, prescribed firédowell et al., 2018)n North America forests should be
evaluated for the negative impact on lodigelding packratgHoward et al., 1959; Simons,

1991). In some situationgurning downstick lodges anatonstructing materialsify plants
matters)with controlled firecouldeven be used as a means of controlling overpopulated-lodge

building rodents.

.6.2. How resource constraints influence behawaoisenergy metabolism

In bush Karoo rats, the availability of stick loddigsly representsn important ecological
constraint that drives individual behavioral and physiological differences. Lodge dependency is a
unique characteristic in bush Karoo rdtsother populations or species, thipe of resources
that couldact asecological constraints depend on the spéogsilation characteristend the
specific environmental challenges they face. Any resource that is critical for surviving in their
prevailing environmentoulddrive the development of competitive personality types. The need
for reproductive resources is another common driver of personality variation, but its effects may
only become evident when reproduction is not restricted by prey&dtialogical conditions
(Montiglio et al., 2018)

| propose that future studies shoutthsiderthe date of birth within the season as an
importantco-factor influencing beveenrindividual differences in behaviors and metabolic rate.

Similar to the driving f o-+ofdife, resdurcercempetitodaeac t i o n
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promote a suit of fAproactiveo behavioriyl trai

to access enough resources to ensure survival. Understanding these dynamics can provide
valuable insights into the behavioral and energetic strategies the animals adopt to cope with

environmental challenges and resource limitations.

6. 3. Fink between amnall perdonality and energy metabolism:

future direction

Three Energy management models provide a hypothetical framework for linking metabolic
rate and personalifCareau et al., 2008; Mathot and Dingemanse, 2@&ighificant
associations between behavioral traits and RMR have been supported in the literature
(performance modeCutts et al., 199&llocation modelVaanholt et al., 2007put inconsistent
findings make the direction of these associations and the underlying mechanisms kmnclear.
Chapter 3, | demonstrated a positive energetic correlation irdatarindividuals, where
energydemanding behavioral traits are associated avitigh RMR. Similar to how behavioral
syndromes can be environmetgpendent, the energetic link between behaviors and RMR can
also be modulated, or even cancelled out, by ecological conditions. The positive association in
bush Karoo rats is likely due totense resource competition occurring in kderns, one would
expect that in other seasonal breeding populations/species whereleariardividuals more
actively engaged in reproduction, differences in reproductive opportunities may drive a similar

behaviorRMR relationship in ear-born individuals.

As relationship between metabolic rate and personalitlyiven by date of birth in bush
Karoo ratssimilarly, other €ological factors such as food availability, predation pressure, and
social inteactions campotentiallybe the key irmodulating tlis relationshipin other species
High resource availability may alleviate energetic constraints, thereby weakening the covarying
energetic link between metabolic rates and behavioral t@otsversely, populations under food
limitation may favor performance or allocation strategy, either reducing energy expenditure by
reducing RMR and behavior cost (exhibiting reactive personality) or distributing more energy for
actively foraging while maitining lower RMR Predation pressure can influence this
relationshipfavoringshy and noractive behavior to reduce detectability by predators but have

little influence onindividual metabolic ratel propose that future studies shouatthsider the link
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between behavior and energy metabolism as an expression of underlying fzantiicalarly

focusing on ecological constraints that impact individual fitness. A better understanding of these
ecological drivers would provide further insight into how nateedéction shapes the
relationshipbetween energy expenditure, behayéord fitness.

.7. Concluding remarks

My thesis aimed to investigate the relationship betvpegsonalityjife history, and
physiology in the lodgéuilding bush Karoo rat. By testinfgis relationship under the paoé
l'ife framewor k, | found evi de thesaudyfspecies.ipr oact i
Individuals born later in the breeding season were behaviorally more proactivegher RMR
and lower metabolic response to &cstressor. The divergence of personality and physiology
depending omlate of birthis likely driven by ecological constrains during the late breeding
season: although lat&orns do not compete for reproduction, the increasing competition for
survival resources, such as stick loddié®ly drive behavioral and physiological traits that

promoteaccess to these limited resources

This thesis presented for the first time (1) a phylogenetic comprehensive analysis of the
evolution of lodgebuilding behavior in Myomopha rodents in relation to ecology and natural
history, especially the influence of aridity and fire risk; (2) personaldibush Karoo rats is
associated with life history: individuals born later in the breeding season are bolder, more active
and explorative; and (2)ate of birthas life history factor that explains the indirect association

between personality and restimgptabolic rate.

Thefirst part of my thesigChapter Jimproved our understanding of the sheltering strategies
used by mouséke rodents. Byanalyzingdata from 515 Myomorpha rodents, | was able to
construct a phylogenetic tree and identify independealutionary origins for lodgéuilding
behavior. Additionally, the study revealnatural history patterns and preferred environmental
characteristics of lodgkuilding species. Although relatively rare, lodgeilding species can
have significant ecolagal value by offering crucial shelters for other small animals from
predators and harsh climatic conditions. This study provided a reference for the conservation
work for these lodgduilding species, particularly in wildfire management becauseedir e

vulnerability of their lodges
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The second part of my thesis considered the relationship between personality and life history
traits under the paeef-life framework. By conducting repeated behavioral tests in 99 new born
bush Karoo rats, | provided eedce for the repeatable behavioral traits and the existence of
Aproacti veo belhfaowummad atl haty nam oimedi vi duddtebs per
of birth within the breeding season, a life history factor tbatesentsohort differences
between earlieflaterborn individuals in resource availability and reproductive opportunities.
This study on bush Karoo rats provides an example where, when reproductive opportunities are
limited, resource competiti@nin this case the intense competitfon stick lodged may

possibly promote the emergence of proactive personality traits irblaterindividuals.

Based on this understanding, Chapterehitone step further by including energy metabolism
into this framework. By combining the behavioraladatith metabolic rate data from 78 new
born bush Karoo rats, | found that active and explorative personality traits are indirectly
associated with resting metabolic rate via a shared factatatbeof birthwithin the breeding
seasonlater born individals hadhigher activity exploration and RMRevel. This reenforced
the finding of Chapter 2 and highlighted date of birth as a key underlying factor in the
personalityRMR relationship, suggesting the inconsistencies in previous study results may
reflectdifferences in the key factor (e.g., ecological or-hfstory traits) specific to the study

population or species, rather than a direct link between RMR and personality.

In addition, this study provided support for individual differences in metabodissst
response: later born individuals had lower metabolic fluctuations under the influence of acute
stress, which could reflect an eneigpving strategy or a habituation to acute environmental
stressor in the latdrorns. This study involved the investiiga of the influence oflate of birth
on behavior and energy metabolism in a wild population, which is likely driven by intensity of

resource competition depending aate of birthwithin the breeding season.

Overall,my thesis provides insights into the adaptive limitation of ledg#ding rodents in
high fire-prone habitat, and highlights the importance of ecological constraints, such as
competition for scared resources, in shaping the relationship between life,pst@gnality and
physiological traits. This is the first study to show that competition for survival resources during

the late breeding season, rather than competition for reproduction resources during early season,
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may ultimately lead to the emergencaldferent personalities and to differences in energy

metabolism.
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