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ABSTRACT

Solitary living has traditionally been regarded as the ancestral as well as most common and most
primitive form of social organisation in mammals. However, recent comparative studies indicate that
solitary living is not ancestral for all mammalian orders, and that solitary living is an adaptation to the
environment. | show that solitary living occurs in only 22% of studied mammalian species and argue that
the main benefit of solitary living is to avoid the costs of group-living. Group-living has been explained
using socio-ecological models, and | used the same factors of resource distribution and predation risk to
develop a socio-ecological model explaining solitary living. To reach a better understating of solitary
living, | studied the social system of free-living bush Karoo rats (Otomys unisulcatus) in the Succulent
Karoo semi-desert of South Africa. | used trapping and marking, focal animal observations and mini-GPS
dataloggers that | fitted simultaneously to neighbouring females. | found that 96% of female bush Karoo
rats were solitary living, with social groups of two or three individuals occurring occasionally. Groups
always consisted of close kin, typically females. The home ranges of kin neighbours overlapped more
than those of non-kin. Neighbours were, however, attracted to the same foraging grounds, irrespective of
relatedness. Females tolerated one another at shared foraging grounds, which could be interpreted as by-
product mutualism, a simple form of cooperation. | recorded interactions between neighbouring bush
Karoo rats both in a neutral test arena and in the field to investigate whether solitary living was due to
aggression and social intolerance. Social interactions between neighbours were rare and aggression was
rare in neutral arena tests. However, female bush Karoo rats were more aggressive towards non-kin
intruders in the field tests. Finally, the relationship between mother and offspring remained amicable even
after the offspring had dispersed from the lodges, indicating that maternal aggression was not the
mechanism that led to offspring dispersal and solitary living. In conclusion, | showed that solitary living
is not always characterised by aggression and avoidance, but rather that solitary species can have non-

random and individualised social interactions that are influenced by kinship.
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Glossary

Care system: Describes who cares for dependent young.
Conspecifics: A member of the same species.

Cooperation: An interaction between individuals that results in net benefits for everyone involved in the

interaction.

Kin structure: A component of social organisation describing the genetic relatedness of individuals within
the social unit and within the spatial structure.

Mating system: Describes who mates and reproduces with whom.
Philopatry: Remaining within or close to a natal territory.

Social organisation: The size and composition of a social unit. These social units include solitary, pair

(male-female pairs), and group.

Social structure: The content, quality, and patterning of social relationships emerging from repeated

interactions between individuals belonging to the same social unit.

Social system: The combination of four interrelated components: care system, mating system, social

organisation, and social structure.

Socio-ecological model: A conceptual model that combines ecological factors to explain traits of social
systems, thereby enabling prediction on relationships between resource distribution, competition and social

systems.

Solitary living: When both male and female adults forage and sleep alone only meet for mating and during

territorial encounters.

Spatial structure: A component of the social organisation that describes the distribution of social units

acCross space.
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CHAPTER 1. General introduction

Understanding the factors shaping animal societies has been a hallmark of behavioural ecology for decades
(Clutton-Brock, 2021; Kappeler, 2019). Socio-ecological models (SEM; Figure 1; Wrangham, 1980) were
developed to explain sociality via ecological factors such as the distribution of resources and predation
pressure, predicting the ecological conditions under which animals form groups (reviewed by Clutton-
Brock & Janson, 2012; Kappeler, 2009). Such models consider the net benefits of group-living, depending
on ecological factors, to predict whether individuals are distributed solitarily, in pairs or in groups. If the
benefits of group-living outweigh the costs, the net benefits favour group-living. It is therefore obvious that
solitary living should be an adaptive consequence of the same socio-ecological factors. However, socio-
ecological models were traditionally made to explain group-living, with solitary living functioning as the
default starting state that was not explained (Clutton-Brock, 2021; Wrangham, 1980). Therefore, there is a
need to develop socio-ecological models for solitary living, as | have done in my thesis (Chapter 2). | regard
solitary living as a special adaptation to the prevailing environmental conditions. Therefore, | expected the
benefits of solitary living to outweigh the costs in species where all or most individuals are solitary living
(Chapter 2).

Solitary living: an understudied phenomenon in mammals

The main benefit of solitary living is to avoid the costs of group-living (Makuya & Schradin, 2024). To
study solitary living, we must define this concept. Animals are defined as solitary living when both male
and female adults forage and sleep alone for more than 50% of the time?, and meet only for mating (Makuya
& Schradin, 2024a). This definition is based on the social organisation, one of four components of the social
system that considers the composition of social units consisting of adult individuals that live together and
share the same home range, including sleeping sites. The different social units described include solitary
living, pair living (male-female pairs), and different forms of group-living (Kappeler & Schaik, 2002).
Groups can comprise of a single male with multiple females, single female with multiple males, and multi-
male and multi-female groups (Kappeler & Schaik, 2002). The remaining three components of the social
system are the social structure (describing social interactions), the mating system (who mates with whom)
and the care system (who takes care of the offspring; Kappeler, 2019; Kappeler & Schaik, 2002). In solitary
mammals, the mating system is often polygynandry, while the care system is almost always that only
mothers take care of the young. The social structure of solitary species has typically been assumed to be
characterised by aggression and very few interactions. This view is changing (Makuya & Schradin, 2024b;
Twining et al., 2024).

*Most solitary living species spend >95% of their time alone, which is >75% in solitary mammals studied. However, to have a definition that
covers all possible (unstudied) species, the criteria to differentiate between solitary and pair / group-living was chosen to be 50%.



Socio-ecological model for group vs solitary living species

Group-living has been explained using socio-ecological models (Clutton-Brock & Janson, 2012; Kappeler
& Schaik, 2002), linking ecological factors to social systems and predicting the social organisation and
spatial structure of a species (Figure 1; Clutton-Brock & Janson, 2012; Kappeler, 2009; Kappeler & Schaik,
2002). In addition to these factors, the distribution of females is impacted by the risk of infanticide as well
as predation risk. By understanding how all these factors affect female distribution, we can also understand
how males are distributed because males tend to follow the decisions made by the females and their patterns
of receptivity (Clutton-Brock, 1989; Emlen & Oring, 1977): When females form groups, males stay with
them and attempt to monopolise reproductive opportunities, which is possible only for small groups, for
example in gorillas. Large groups of females typically contain several adult males, for example in
chimpanzees. If females are solitary, males will also be solitary, roaming over large areas to visit many
females for mating, for example in leopards (Panthra pardus) (Clutton-Brock, 1989; Emlen & Oring,
1977).

Distribution of Net benefits of group-living

: Predation risk
resources (benefits — costs)

& 3
distribution distribution

Risk of infanticide Benefits of paternal care

Figure 1. Socio-ecological model to explain group-living (adapted from Kappeler 2009, p. 493 Fig. 11.2). The model
shows that the distribution of females is influenced by the net benefits of group living. In addition, the distribution of
resources together with the predation risk and the risk of infanticide determines the distribution of the females. The
males then map their distribution according to that of the females with the potential added benefit of parental care.



Spatial structure

Spatial structure indicates how individuals are distributed spatially with respect to each other, is
characterized by who are neighbours and is an important aspect of a species” social organisation (Boellstorff
& Owings, 1995). One of the factors that determines the spatial structure is resource availability (Maher &
Lott, 2000). In addition, the spatial structure can be characterized by kinship, whereby kin live closer to
each other to exploit the same resources (Johnson et al., 2002) as in the Eurasian lynx Lynx lynx (Aronsson
et al., 2020). Recent attempts have been made to apply the socio-ecological model to solitary species. For
example, in mouse lemurs (Microcebus sp.), spatial ranging and sleeping associations of females differ
between two species, the group-living M. murinus and the solitary living M. berthae (Dammhahn &
Kappeler, 2009). Microcebus murinus relies on food resources distributed in large patches, thereby resulting
in females occupying overlapping home ranges and forming sleeping groups. In contrast, small, dispersed
food patches result in within group scramble competition in M. berthae and low associations between
females (Dammhahn & Kappeler, 2009). The authors of the study highlighted how solitary living can be

explained as an adaptation to the same ecological factors used to explain group-living.

Social structure in solitary living species

The social structure describes social interactions between individuals of the same species and has
traditionally been used to describe social interactions within one pair or a group (Kappeler, 2019) but can
also be used to describe interactions between neighbours in solitary species (Clutton-Brock, 2021). Do
solitary living individuals interact with each other? Although the obvious answer to this question is yes, the
quality of such interactions remains poorly studied. However, solitary species need to interact with
conspecifics at some point in their lives, either for mating or at territory boundaries. To reach a better
understanding of the social life of solitary species, we need to understand their social structure, how and

when they interact with conspecifics.

Individuals of solitary species interact with conspecifics during territorial encounters, mating, during
juvenile dispersal, and, in the case of female mammals, offspring care (Clutton-Brock, 2021). For example,
amicable social interactions between neighbours occurs in solitary species such as pumas (Puma concolor;
Elbroch & Quigley, 2016), Columbian ground squirrels (Uracitellus columbianus; Viblanc et al., 2016b),
Brants” whistling rats (Parotomys brantsii; Jackson, 1999), and nocturnal prosimians (Agnani et al., 2018;
Mdller & Thalmann, 2000). These studies showed that solitary mammals can have non-random social
interactions that are not aggressive, and that the quality of such social interactions probably impacts

individual fitness. Solitary living might thus only seem simple, with almost no social interactions, but can



in fact involve complex social structures. Solitary living in general is the most understudied of the social

systems, with pair- and group-living instead having received the most attention (Clutton-Brock, 2021).

Costs and benefits of solitary living

Solitary living has been regarded as the ancestral form of social organisation in mammals (Lukas & Clutton-
Brock, 2013b) which might explain why so little attention has been paid to understanding its costs and
benefits. However, | predict that solitary animals benefit from their type of social organisation, despite
missing out on the benefits of group-living. To understand the evolution of social organisation, it is
important to understand the costs and benefits of all different forms of social organisation, including solitary
living. Further, many mammal species are solitary living (Lukas & Clutton-Brock, 2013b; Makuya &
Schradin, 2024a), so understanding how they respond to change is essential to assess the consequences of
global change on mammalian biodiversity (Olivier et al 2022): how will environmental change influence

to net benefit of solitary living?

PROBLEM IDENTIFICATION

Given the diversity of social systems in mammals, it is not a trivial question to ask why solitary living is so
successful in many species. So far, it had been assumed that most mammals are solitary, and that solitary
living is the primitive ancestral state needing no explanation for its evolution (Lukas & Clutton-Brock,
2013b). However, in my thesis, | will show that in recent comparative studies only 22% of mammals were
recognised as solitary living and that solitary living is neither primitive nor ancestral (Chapter 2; Olivier et
al., 2024). To better understand solitary living, | studied the social system of a small rodent, the bush Karoo
rat (Otomys unisulcatus), focussing on its social organisation, spatial structure and social structure. |
investigated how these social components depend on kinship, and whether there could be some simple form
of cooperation in this solitary mammal. This information on the social system of the bush Karoo rat will
help to better understand the costs and benefits of solitary living. My overarching question was what
strategies do bush Karoo rats use for a successful solitary life. | expected to show that the bush Karoo rat is
a good model to study the evolution of solitary living by focusing on its social organisation, spatial structure

and social structure and finally review the costs and benefits of solitary living
STUDY SPECIES

Many solitary mammals, such as shrews, rodents and large predators are challenging to study because they

are either small and nocturnal and occupy dense habitats, or are large and nocturnal and occupy large areas.
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I studied the bush Karoo rat because it is an ideal model to study the costs and benefits of solitary living. It
is diurnal, occupies an open habitat characterised by low growing annuals and dispersed shrubs, it is a
central place forager that always returns to its main nest with food, and easily habituates to the presence of
human observers. It weighs about 100g and a large sample of 20-50 social units can be studied
simultaneously on a field site of 5ha. There are no peer-reviewed studies on the social system of bush
Karoo rats. Unpublished student reports and PhD theses of populations in other parts of the distribution
range of the species suggested that more than one adult rat can occupy a nest (Babu et al., 2011; Do Linh
San et al., 2016; Hoepfl, 2013; Xalu et al., 2009). However, preliminary observations from our field site

indicate that only one adult bush Karoo rat occupies a nest at a time (Thomson, 2018).

The bush Karoo rat builds stick-lodges inside shrubs and most published studies in this species focus on
these lodges (Brown & Willan, 1991a; Jackson et al., 2004; Jackson et al., 2002; Vermeulen & Nel, 1988).
The lodges offer a favourable microclimate with high humidity and mild temperatures and thus offer
protection against the harsh outside environment, characterised by unpredictable winter rainfall coupled
with a long dry season, to which the bush Karoo rat is physiologically poorly adapted (du Plessis & Kerley,
1991; du Plessis et al., 1992). These stick lodges start off small (20cm in height) at first but can reach 1.5
meters high and three metres wide over the years due to cumulative additions to continual work on them
by multiple generations of bush Karoo rats (Schradin, 2005). Each occupant maintains the lodge during its
tenure such that multiple generations maintain the lodges over time, resulting in a cumulative growth of the
lodges (personal observations). These stick-lodges are thus expensive to build and represent a valuable

resource.

AIM, OBJECTIVES AND PREDICTIONS
Aims

The main aim of my study was to reach a better understanding of the costs and benefits of solitary living. |
aimed to archive this by studying the social organisation, spatial structure and social structure of a solitary
living rodent, the bush Karoo rat. Furthermore, | investigated whether cooperation existed between female
kin, compared to interactions with non-kin neighbours. To be able to address these aims, | validated the

method of using mini-GPS data loggers to assess space use in this small rodent species.
Objectives and predictions
I had four objectives.

1. Review evidence about costs and benefits of solitary living in mammals (Chapter 2)



To reach a better understanding of what is known about solitary living in mammals, | reviewed the literature
to assess how common solitary living is in mammals, when in phylogenetic history it might have evolved,
what we know about the social structure of solitary mammals, and what empirical evidence exists about the

costs and benefits of solitary living. | also developed a socio-ecological model for solitary living.
2. Investigate the social organisation in bush Karoo rats (Chapters 3 and 4)

I investigated the social organisation of bush Karoo rats using trapping and observation data. | also assessed
whether the spatial organisation represents kinship, i.e. whether close kin live close to each other. For this,
first | validated the use of mini-GPS dataloggers (Chapter 3) and then studied the daily range sizes and

overlap of daily range sizes to test three predictions regarding social organisation in (Chapter 4).
e The bush Karoo rat has a solitary social organisation.

e Daily ranges will be larger during the breeding season, when females search for food than

during the dry non-breeding season.

e The spatial organisation will comprise of a female kin structure, meaning that 1) female
neighbours were close kin, and 2) daily ranges of female kin neighbours overlapped more

than that of non-kin.
3. Investigate the social structure of bush Karoo rats (Chapter 5)

Social interactions, including close proximity, amicability and aggression, were recorded during
behavioural observations. | experimentally measured aggression / amicability in dyad encounters in a
neutral presentation arena and in field intruder tests. | compared the reactions towards kin versus non-kin
neighbours. Using all three approaches, | investigated how mother-infant relationships changed over time.

Based on the above objectives, two predictions were tested.

e More amicable behaviour, closer proximity and less aggression will occur between kin

neighbours compared to non-kin neighbours.

e Mother-infant relationships will change over time with a decrease in amicable behaviour
and being in close proximity, and an increase in aggression as juvenile offspring become

adult, explaining solitary living.
4. Test for evidence of cooperation between closely related neighbours (Chapter 6)

Here, | combined results about the spatial structure (part of social organisation) and social structure (social

interactions) and related these to food availability using linear and generalized models. To assess the quality



of home ranges, | conducted runway surveys where | counted food plants along the runways. | further
calculated the proximity of bush rats to their neighbours’ using data from mini-GPS dataloggers that were

carried by the neighbouring rats simultaneously. Based on the above objectives, two predictions were tested.

e Related females will share more foraging grounds (as measured by runway surveys) without

aggressive interactions than unrelated females.

e Related females will have higher temporal overlap in their ranges than non-related females.

THESIS OUTLINE

This thesis comprises of 7 chapters, the general introduction (chapter 1), a review on the costs and benefits
of solitary living (chapter 2), four empirical chapters (3-6), and a general discussion (chapter 7). Chapter 2
is published in the Journal of Zoology, Chapter 3 in Mammalian Biology, Chapter 4 in Animal Behaviour,
Chapter 5 and 6 are submitted and currently under review. For the review chapter and the empirical
chapters, | was responsible for the main investigation, data collection, statistical analyses, writing of the
original draft and final edits. Additional publications that | authored or co-authored during my thesis are
listed in the Appendix and include a commentary on the importance of studying solitary species published
in Proceedings of the National Academy of Science (PNAS) (Makuya & Schradin, 2024b).

A separate reference list is available at the end of each chapter, and thus there is overlap in referencing
between chapters. All tables and figures are numbered sequentially per chapter, while page numbers are

numbered throughout the thesis.
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Abstract

While for decades behavioural ecologists have studied the costs and benefits of group-living, solitary living
has received little attention. Instead, it was assumed to be the default stage from which sociality evolved.
Mammals underwent around 200 million years of social evolution, with a few species evolving communal
or cooperative breeding in harsh environments. Other mammal species are successful with solitary living
in exactly the same and many other environments, indicating that solitary living is beneficial under many
environmental conditions. Comparative studies on mammals indicate that solitary living might not be the
ancestral but a derived state. Solitary living in mammals is less common than previously believed, occurring
in 22% of the studied species. Here we review costs and benefits of solitary living in mammals. We found
very few studies that considered solitary living and show important future avenues of research based on the
factors that are important for the evolution of group-living. We also emphasize that a solitary form of social
organisation does not imply an unsocial lifestyle: Solitary mammals typically have non-random but

individualised social interactions with their neighbours, indicating important social structure.

Keywords: solitary living; group-living; social system; socio-ecology; thermoregulation; mammal

Introduction

Mammals show a fascinating diversity of social systems, including solitary and pair-living species,

extended families and cooperative or communal breeding (Burda et al., 2000; Clutton-Brock, 1989).
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Understanding the evolution of this diversity of mammalian social systems received significant attention
(Kleiman & Malcolm, 1981; Lukas & Clutton-Brock, 2013b; Thierry et al., 2000). Comparative studies
have made the arguments that the first placental mammal was solitary and that the more complex forms of
social systems such as monogamy and cooperative breeding evolved later (Gebo, 2004; Lukas & Clutton-
Brock, 2013b). Here we question the assumption that solitary living in mammals is primitive. Instead, we
argue that solitary living in mammals is a specialized form of social organization which we need to study
if we want to comprehensively understand mammalian social evolution and how to protect solitary living

mammals.

What is solitary living?

We follow the concept of Kappeler & Schaik (2002) (updated by Kappeler (2019)) which identifies four
components for each social system including the (i) social organisation, (ii) social structure (iii) mating
system, and (iv) the care system (see Table 1 for definitions). It is now widely accepted that we have to
clearly differentiate between these components, as for example not all pair-living species mate
monogamously, display pair-bonds and biparental care (Fernandez-Duque et al., 2020; Huck et al., 2020;
Kvarnemo, 2018). Previous studies defined solitary living based on a mixture of the mating system (only
one breeding female) and care-system (maternal care only) (Lukas & Clutton-Brock, 2013b), which lead to
the problem that several species having social units consisting of several adults were categorized to be

solitary rather than group-living (Schradin, 2017).

We define solitary living based on the social organisation of social units (see Table 1 for definitions): both
adult males and adult females sleep and forage alone for more than 50% of the time and mainly meet for
courtship and mating. While for our definition the criteria of 50% applies (allowing all species on the
continuum from O to 100% to be categorised), from our experience social units typically are either >75%
of the time with the same conspecifics (then called group living) or >75% of the time alone (then called
solitary living). Social units that forage alone but consistently (>50% of the time) share the same nesting
site and territory with the same conspecific(s) are not regarded as solitary living, but as pair- or group-living
solitary foragers. A social unit (a solitary individual, a pair, or a group) can have only one form of social
organisation, while species consisting of many social units can have several forms of social organisation,
leading to intra-specific variation in social organisation.

Table 1: Glossary of important terms for the categorisation of social systems in mammals used in our review (note
that in other taxa, especially social insects, other terms and definitions might be used). Our categorisation is based on
(Kappeler, 2019; Kappeler & Schaik, 2002). We include additional terms that are commonly used when writing about

social systems, but that are not well defined and which might therefore lead to confusion, stating how we use these
terms in the current review or why we try to avoid them.
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Term

| Definition

| Examples / comments

Terms from the classification by (Kappeler, 2019; Kappeler & Schaik, 2002)

Care system

Describes who shows infant care.

Parental and allo-parental care;
helpers at the nest.

Mating system

Describes who mates with whom
and who reproduces.

Monogamy; singular or plural
breeding; communal breeding.

Social organisation

Composition and size of a social
unit.

Solitary; pair living; group living.

Social structure

Social interactions
communication.

including

Social bonding; dominance
hierarchy. Includes all social
behaviours, amicable and
aggressive ones.

Social system

The combination of the four
components care system, mating
system, social organisation and
social structure.

A biparental monogamous pair
living species with pair bonds.

A maternal, polygynous, solitary
species where female kin tolerate
each other but are aggressive
towards non-kin.

Social unit

Individuals that live together and
that share the same home range
including sleeping sites.

A solitary male leopard.

A pair of nocturnal prosimians that
share the same home range and
sleeping site.

A group of baboons.

Additional terms

Colony

Multiple social units (social
organisation) that live so close to
each other that communication and
visual contact between social units
is possible (social structure).
Interactions between social units
are typically aggressive, within
social units amicable.

Colonies of bats where (in some
species) the social units forming a
colony can consist of one breeding
male and multiple females with
offspring. In  whistling rats
(Parotomys spec.), social units are
solitary females that defend their
burrow and territory against other
solitary females in the colony.

Social behaviour

Any  behaviour  shown in
interactions between conspecifics.
Includes amicable and aggressive
behaviours (social structure) and
behaviours of the care system.

Grooming, fighting, warming
offspring.

Social

This term is not well defined. It is
typically used to classify
individuals / species with amicable
interactions (social structure), but
also those living in groups (social
organisation) or showing parental
care (care system).

This term should be avoided and
replaced by specific terms from the
four components of social systems.
Its not useful to rank species as
“very” social, “highly” social,
when no measure for comparison is
provided.

Unsocial

This term is not well defined. It is
typically used to classify
individuals / species where nearly
all interactions (social structure)
between conspecifics are
aggressive and individuals live
solitarily (social organisation).

This term should be avoided and
replaced by specific terms from the
four components of social systems.
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A species is said to be mainly solitary when most males and females follow this definition. This excludes
dispersers, as most mammal species have a solitary dispersal phase, often biased but not restricted towards
males (Lawson Handley & Perrin, 2007b). Including dispersers into the classification of a species’ social
organisation would inflate the number of species being partially solitary living to nearly 100% and make
most species showing intra-specific variation in social organisation. While such a classification would be
useless, understanding costs and benefits of solitary living will help us to better understand the life history
of the many mammalian species that have a solitary disperser stage.

Many species show intra-specific variation in social organisation (Schradin et al., 2018a) and this includes
species where most individuals live solitarily, though some individuals form pairs or even groups (Makuya
et al., 2022; Valomy et al., 2015b). Therefore, one can differentiate between species that are obligately
solitary living (all individuals are solitary), mainly solitary living (most individuals are solitary living) and
facultatively solitary living (most individuals live in pairs or groups and less than 50% solitary).
Considering such variation is important in comparative studies about social evolution and can challenge
previous studies that ignored variation (Dalerum, 2007; Griesser & Suzuki, 2016; Olivier et al., 2024; Qiu
etal., 2022).

Table 2. Solitary living in different mammalian taxa based on data from field studies. Included are all taxa for which
detailed reviews are available (see “Reference”), but unpublished data indicates that similar patterns are found in all
other mammalian orders (Olivier, 2023). Given are total number of species and in brackets the % of solitary species
relative to all species studied. Obligate: all observed social units were solitary living; mainly: >50% of observed
units were solitary living; facultative: <50% of observed units were solitary living. *: The published database does
not allow to differentiate between mainly and facultatively solitary species.

Taxa Number | Number Species Species Species Reference

of species with | obligate mainly facultatively

species | field data solitary solitary solitary living

(IUCN) living living
Marsupials 345 65 20 (31%) 6 (9%) 8 (12%) (Qiu et al,

2022)

Xenarthra (slots | 30 9 7 (78%) 1(11%) 1(11%) (Makuya et al.,
and ant eaters) 2022)
Macroscelidae 19 8 1 (13%) 0 5 (63%) (Olivier et al.,
(elephant 2022a)
shrews)
Eulipotyphla 445 16 7 (44%) 0 5 (31%) (Valomy et al.,
(insectivores) 2015hb)
Avrtiodactyla 226 100 5 (5%) 0* 55* (55%) (Jaeggi et al.,
(even-toed 2020)
ungulates)
Carnivora 271 171 71 (42%) 0* <46 (27%) (Dalerum,
(carnivores) 2007)
Strepsirrhini 132 43 3 (7%) 5 (12%) 7 (16%) (Agnani et al.,
(prosimians) 2018)
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Haplorrhini 450 180 0 (0%) 5 (3%) 0 (0%) (Olivier et al.,
(apes and 2024)
monkeys)

Solitary living in mammals

It is often believed that most mammals are solitary living. For example, Lukas & Clutton-Brock (2013b)
classified 1741 out of 2545 (68%) of mammalian species as solitary living. This included several hundreds
of mammal species that have not been studied in the wild but that were assumed to be solitary living due to
their nocturnal and cryptic lifestyle (Agnani et al., 2018; Schradin, 2017). Table 2 summarises reviewed
empirical data from field studies on mammals from a broad range of taxa. It becomes evident that solitary
living is rather rare in mammals, being the obligate or main form of social organisation in 22% (131 of 592)
of the studied species (Table 2).

Phylogenetic heritage of solitary living? Evidence from palaeontology

Cynodonts living 250 million years ago gave rise to mammaliaforms, the ancestors of true mammals. Fossil
evidence of parental care in cynodonts was reported already more than 60 years ago (Brink, 1956) and is
available for two cynodont genera (Jasinoski & Abdala, 2017). Cynodonts were burrowing animals
(Groenewald et al., 2001) and associations of both juveniles with adults as well as of several adults found
in fossilized burrows are indicative of group-living (Jasinoski & Abdala, 2017). The absence of sexual size
dimorphism in the cynodont Thrinaxodon and the small number of adults found together (Jasinoski &

Abdala, 2017) indicates that this species might have been pair-living.

Some cynodonts were already pair or group-living, and the same has been found for some early mammals.
For example Filikomys primaevus, which lived 75 million years ago and belonged to the then dominant
mammalian order of Multituberculata, was group living (Weaver et al., 2020). Fossils found at a dinosaur
nesting site in the USA indicate that this burrowing species lived in groups of multiple generations that
shared one burrow system and nesting site. The stem-metatherian Pucadelphys andinus that lived in Bolivia
63 million years ago is a relative of extant marsupials (Ladeveze et al., 2011). Fossils of multiple adults of
both sexes were found together with sub-adults and juveniles, indicating a group-living social organisation
(Ladeveze et al., 2011). The only major mammalian taxa for which no fossil evidence for group-living
exists are monotremes. Monotremes are regarded as the most primitive living mammals and typically
regarded to be solitary (Nowak & Wilson, 1999). However, there have been numerous reports of den
sharing in platypus (Makuya et al., 2022). In sum, fossil evidence indicates that ancestors of mammals and

some early mammals were social, questioning a solitary ancestry for mammals.
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Evidence from recent comparative studies

Multiple comparative studies on different mammalian taxa aimed at estimating the social organisation of
the common ancestor. In Xenarthra, most species were described to be solitary living, but too few studies
were available for a comparative analysis (Makuya et al. 2022). In Eulipotyphla it was suggested that the
ancestor might have been pair-living (Valomy et al., 2015b). Comparative studies using modern Bayesian
statistics and databases based on field studies found pair-living to be the most likely ancestral form of social
organisation in marsupials (Qiu et al., 2022), artiodactyla (Jaeggi et al., 2020), primates (Olivier et al.,
2024), and even all mammals (Olivier, 2023).

Solitary living as a special adaptation

Both evidence from paleontology as well as from comparative studies indicates that solitary living is not
ancestral in mammals. If solitary living is not ancestral, then it must have evolved as a specific adaptation,
and this probably repeatedly in several lineages as indicated by the comparative studies on different

mammalian taxa.

Solitary mammals are the product of millions of years of evolution. Today, they live in very diverse habitats,
and many are exposed to environmental variation and harshness (Makuya et al., 2023; Schradin et al., 2023),
factors associated with the evolution of a few complex mammalian societies (Lukas & Clutton-Brock,
2017). For example, in the harsh Kalahari, only 2 out of 90 mammal species listed by Anderson (1998) are
cooperative breeders (meerkats and Damaraland mole-rats), while 30 species are solitary living. Solitary
living should be considered as a specialized adaptation to specific environments, in the same way as has
been done for cooperative breeding. The problem is that so far solitary living has not been studied as an
evolved trait.

There is some evidence that solitary living evolved as an adaptation to specific environments. Extant
monotremes are highly specialized invertebrate feeders, and their solitary social organization might be an
adaptation to this non-sharable and sparsely distributed food resource (Nowak & Wilson, 1999). Aardvarks
(Taylor & Skinner, 2003), ant bears and armadillos are other specialized insect feeders that are solitary
(Makuya et al., 2022). Being insectivorous means feeding competition doesn’t allow large groups and might
thus favour pair- or solitary living, which is common in Eulipotyphla (Valomy et al., 2015b). For some
insectivorous species, being pair- or group-living solitary foragers can be a solution, for example for

insectivorous bats (Kerth, 2022). Large predators such a many bears and most large cats are solitary, maybe
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as an adaptation to the distribution and size of their prey (Nowak & Wilson, 1999). Thus, wide distribution
of food sources might favour solitary living. Solitary living also occurs in folivorous sloths (Makuya et al.,
2022) which are well camouflaged as a protection against predation, an advantage that would disappear if

groups of sloths would occupy the same tree.

Solitary species need not be asocical

Solitary living in mammals is assumed to develop due to offspring dispersing when reaching adulthood
either because they themselves develop the urge to leave, or because the mother rejects them. Maternal
aggression towards offspring reaching puberty has been observed in European hamsters (Cricetus cricetus;
(Eibl-Eibesfeldt, 1953) and in some, but not all species of elephant shrews (Rathbun, 1979 Schubert et al.,
2012). More studies are needed to know how common maternal aggression is in inducing dispersal, or
whether its internal motivation of the offspring when / after reaching puberty driving them to disperse and

become solitary living.

Solitary species don’t have to be asocial, actively repelling each other. Instead, species with a solitary social
organization often have a complex social structure in which individuals do interact in a non-random way.
For example the puma (Puma concolor) displays a complex social structure characterized by hierarchical
reciprocal tolerance of adult females centred around dominant adult males (Elbroch et al., 2017b).
Similarly, female leopards (Panthera pardus) share space according to kinship (Roex et al., 2022). Complex
social structures influencing fitness also occur in nocturnal solitary prosimians (Agnani et al., 2018; Muller
& Thalmann, 2000) as well as in solitary living but colony forming rodents such as Columbian ground
squirrels (Urocitellus columbianus, (Viblanc et al., 2016a)) and Brants” whistling rat (Parotomys brantsii,
(Jackson, 1999)). The spatial distributions of solitary species can affect social interactions and fitness
(Siracusa et al., 2021). Solitary species can gain fitness benefits by living near familiar neighbours

(Walmsley et al., 2023). In sum, social interactions often play an important role in solitary species.

Costs and benefits of solitary living

While for decades studying the benefits of group-living has been a main focus of behavioural ecology, little
is known about the benefits of solitary living. To understand why a species is group- or solitary living, we
must know the costs and benefits. Many studies found good evidence that group-living provides benefits,
but we still lack good measures of the costs of group-living (Clutton-Brock, 2021; Krause & Ruxton, 2002).

Benefits of solitary living arise when costs of group-living can be avoided (Table 3). Thus, benefits of
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solitary living are the costs of group-living and missing benefits of group-living represents costs of solitary

living (Table 3). Whether a species benefits from solitary or from group-living living depends on the net

cost-benefit calculation of all factors summarised in Table 3, and it is the environment that influences the

outcome for each factor. For example, while for a species under its environmental condition one factor such

as foraging might favour group-living, high costs of group-living due to increased predation risk might

nevertheless lead to the evolution of solitary living. Here we discuss how solitary living animals might

compensate or avoid these costs. Understanding benefits of solitary living will not only allow us to

understand why so many species have this form of social organisation but will also lead to a better

understanding of the evolution of sociality.

Table 3. Environmental factors influencing the costs and benefits of group- versus solitary living. Left: Commonly
stated benefits of group-living and how this induces costs of solitary living by missing these benefits. Right: Costs
of group-living inducing benefits of solitary living, when being avoided. Whether a species evolves group- or

solitary living depends on the net outcome of all the factors combined.

Factor

Costs of group-
living

Benefits of solitary
living

Parasites

Increased
infection risk.

Decreased infection
risk.

Disease

Increased
infection risk.

Decreased infection
risk.

Predation risk

Increased risk of
being detected by
predator as
groups are more
conspicuous than
single
individuals.

Reduced risk to be
detected.

Competition for
food, reduced
food availability.

Monopolised access to
food.

Foraging and
competition for
food

Territoriality

Larger territory
needed to have
sufficient
resources.

Smaller territories that
are less costly to
defend.
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Reproduction Easy access to | Increased investment | Direct All individuals can
potential mates. to find mates. competition for | reproduce. No mate
access to mates. monopolisation.
Reproductive Low reproductive
suppression. skew.
High
reproductive
skew.
Infant care Help by allo- | Infants alone for | Costs of showing | All parental
parents. longer, higher | allo-parental investment goes into
individual costs of | care. own offspring.
infant care. Males invest time and
energy into  mate
searching instead of
paternal care.
Thermoregulation | Reduced costs of | High costs of | Increased risk of | -
physiological thermoregulation. infection  with
thermoregulation disease and
due to huddling. parasites due to
body contact
between
individuals.

Parasites and disease

Decreased risk of disease and parasite transmission has been discussed to be a main benefit of solitary living
(Krause & Ruxton, 2002). Indeed, a positive correlation between parasite load and colony size has been
reported in both birds (Brown & Brown, 1986) and mammals (Lopez et al., 2013), though empirical
evidence is mixed, as sociality can also lead to decreased parasite load (Lutermann et al., 2013). Thus,
removal of ecto-parasites would be a benefit for group-living (Table 2). Meta-analyses focus on gregarious
species living in groups of different sizes, having very little data from solitary species, finding that parasite
intensity and prevalence but not parasite species richness increase with group size (Patterson & Ruckstuhl,
2013). Surprisingly few studies have measured parasite load in solitary species. In rodents, no effect of
sociality on endoparasite richness was found, but solitary rodents have a higher ectoparasite richness
(Bordes et al., 2007). The weak evidence of increased risk of disease with increased sociality could be due
to evolved mechanisms to reduce infection risk / parasite load. This includes allo-grooming to remove
parasites, sickness behaviour (sick individuals being inactive and thus reducing spread of disease (Hart &
Hart, 2019)), and possibly a stronger immune system to cope with increased disease load (Bordes et al.,
2007). In sum, while it is a plausible hypothesis that solitary species have a lower disease transmission rate,
empirical data supporting this hypothesis are so far missing, maybe because so few solitary species have
been studied. Another problem is that research has focussed on ecto-parasites, which can be removed by
conspecifics in social species, while few data are available regarding the spread of infectious disease caused

by bacteria and viruses.
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Predation risk

While living in groups can be of great benefit to avoid predation due to the dilution and confusion effect as
well as group defence (Krause & Ruxton, 2002), this is mainly the case for large mammals. For small
mammals (and most mammals are small) such as rodents, insectivores and small carnivores, it is less clear
whether moving around in a group would bring benefits of predator avoidance, or rather attract predators
(Krause & Ruxton, 2002). Little research has been done on this topic in mammals, but from birds it is
known that larger flocks can attract more predator attacks (Cresswell, 1994) and that nests in colonies suffer
higher predation rate than solitary nests (Andersson & Wiklund, 1978). Small mammals that are central
place foragers can benefit from high densities when warning each other with warning calls, whether they
are truly social (marmots; (Blumstein et al., 2006)) or whether colonies consist of many solitary individuals
(whistling rats; LeRoux et al., 2002). Similarly, solitary Formosan squirrels Callosciurus erythraeus have
alarm calls to inform the neighbourhood and they mob together against predators (Tamura, 1989; Tamura
et al., 1989). Thus, solitary small mammals can benefit from conspecifics by forming colonies, while

solitary small mammals not living in colonies reduce predation risk by being less conspicuous than a group.

Foraging and competition for food

Solitary individuals cannot benefit from following knowledgeable conspecifics to good food sources,
though it has been often observed that solitary predators, such as cougars (Elbroch et al., 2017b) and

Tasmanian devils (Andersen et al., 2020), meet at carcasses, leading to severe competition.

Conspecifics compete for food, inducing costs, especially when food is scarce and patchily distributed. A
group will deplete a resource faster than a single individual. Thus, amount and distribution of food sources

will determine to what extent it is costly to forage in groups.

Territorial solitary individuals can benefit from monopolising access to food sources. It has been argued
that species feeding on dispersed insects as well as those predating on large widely distributed prey
(leopards, tigers, bears) are solitary to avoid competition. While plausible, an empirical test of these
hypotheses is missing. Many insectivorous Eulipotyphla are more sociable than previously believed
(Valomy et al., 2015b), and most canids as well as lions do live in groups (Dalerum, 2007). Comparative
studies testing whether food distribution affects social organisation are needed. One empirical study was
done by Dammhahn & Kappeler (2009) where they looked at two solitary foraging mouse lemur species

that differed in the spatial ranging and sleeping associations of females. Microcebus berthae relied on small,
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dispersed food patches causing within-group scramble competition that could explain low associations
between females. In contrast, M. murinus made use of patchily distributed large food resources allowing

females to overlap their home ranges and to form sleeping groups.

Territoriality

Territoriality is a way to monopolise access to resources, which can include food, mates, and shelter. The
quantity of food available per square meter is one determinant of territory size, and higher food abundance
leads to smaller territories (Schoepf et al., 2015; Schradin et al., 2010b). As more individuals need more
resources, groups need to defend larger territories and also might have to travel larger distances. One benefit
of solitary living is thus that smaller territories need to be defended and that smaller distances need to be
travelled to obtain sufficient food, which would reduce energetic costs and could reduce predation risk
when this means the individual can spend more time under cover. A solitary carnivore, the leopard, was
found to display relaxed territoriality under high population density, which reduced the risk of injury due

to territorial disputes (Roex et al., 2022).

Reproduction

It is sometimes argued that one benefit of group-living is easy access to mates. However, whether finding
a mate is difficult rather depends on population density than on sociality. A solitary female that has several
male neighbours might easily find a mate without being constrained in choosing which male to mate with

compared to a female living in a group with a clear male hierarchy.

One major benefit of solitary living is the absence of direct reproductive competition within groups that can
lead to reproductive suppression (behavioural or physiological) in both sexes, and infanticide by females
(Clutton-Brock et al., 2006; Faulkes & Bennett, 2001; Schradin et al., 2012). Female infanticide also occurs
in solitary species, but it is much more common in group-living species (Lukas & Huchard, 2019). While
dominant individuals might benefit from living in groups where they can monopolise reproduction while
they and their offspring benefit from helpers, for subordinate individuals of lower competitive ability,
solitary living can be beneficial. But even large competitive females might prefer solitary breeding over
communal breeding to avoid infanticide, if they are the first females to give birth during the season (Hill et
al., 2015; Schradin et al., 2010a).
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Infant care

Allo-parental care where offspring especially of dominant individuals benefit is common in group-living
species (Kokko et al., 2002; Riedman, 1982). Allo-parental care can lead to indirect fitness benefits if
directed towards close kin (Riedman, 1982; Schradin et al., 2018c). Allo-parental care evolves when
constraints such as habitat saturation and reproductive suppression by dominants make independent
reproduction costly (Emlen, 1982a, 1982b). Solitary living is a tactic to avoid such constraints (Schradin et
al., 2010a). Solitary breeding females benefit from being able to invest all care into their own offspring,
while solitary males can invest their time into further mate searching for direct reproductive success instead

of investing into allo-parental care.

Thermoregulation

Thermoregulation via huddling can lead to significant energy savings, especially in small mammals (Canals
et al.,, 1997; Schradin & Ancel, 2019). For solitary mammals, many of which are small, missing
thermoregulatory benefits of huddling represents a major cost of solitary living. In some species, this can
be compensated by spending the inactive period in well insulated burrows (Kinlaw, 1999), while other
species use sun-basking to reduce thermoregulatory costs (Geiser et al., 2002; Zduniak et al., 2019). So far
it is unknown whether solitary species invest more in these mechanisms than group-living species that can

use the same mechanisms to save energy.

Benefits of solitary living: Simplicity of life?

Solitary living could be summarised as a strategy to avoid costs of group living: avoiding social
transmission of disease and parasites, less conspicuous to predators, no competition for resources within
the smaller territory, no social stress and dominance hierarchy causing reproductive suppression, and all
parental investment goes into own offspring. However, it also induces the costs of missing all the benefits
of group-living, and no study so far tried to measure the net benefit of solitary living. Figure 1 summarises

a conceptual framework for such studies.
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Figure 1. Socio-Ecological Model of Solitary Living. Seven main factors that influence the social organisation of a
species. + indicates which condition favours solitary living, - which favours group-living. Combined, these factors
influence whether solitary or group-living leads to a net benefit for females. In mammals, social organisation is mainly
determined by how females distribute themselves, while males follow female social organisation, being solitary living
when females are solitary, joining groups when females form groups.

Conclusions

Solitary living in mammals cannot be regarded as a primitive default stage that needs no scientific
explanation. Instead, we must study why some species are solitary living in the same way as we investigated
for decades why some species are group-living. For this, costs and benefits and associated ecological drivers
of solitary living must be studied. Without a comprehensive understanding of solitary living our
understanding of mammalian social evolution is significantly constrained and conservation efforts for
solitary mammals will often be inadequate (Olivier et al., 2022c). We hope our review will motivate

research groups worldwide to study the socio-ecology and broad diversity of solitary living mammals.
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Abstract

Home ranges of free-living mammals have typically been studied via radio-tracking to understand how
individuals use their environment. Recently, GPS collars have become popular in large mammals. However,
GPS collars are rarely used in small mammals, as they are too heavy, especially when needing coating to
protect against gnawing. Here we test the efficiency of mini-GPS collars to measure range estimates
compared to the use of radio-collars in a small rodent of 100 g body mass. We equipped 20 bush Karoo rats
with mini-GPS loggers and thereafter with radio-transmitters to determine ranges. We validated the
accuracy of the mini-GPS loggers by comparing them with the fixes from a handheld GPS and found both
to be similar. We estimated range sizes using both traditional methods of Kernel and minimum convex
polygon estimates as well as modern methods from movement ecology taking the location error of the mini-
GPS into account. Using modern methods led to smaller range estimates, but results were in so far consistent
that daily ranges for bush Karoo rats determined using mini-GPS were much larger than home range
estimates from radio tracking. Using radio-tracking enabled us to establish the central shelter, while the
mini-GPS revealed areas where rats had been observed foraging. We found a distinct location error and
therefore suggest using modern approaches from movement ecology which can take this error into account.
In sum, mini-GPS revealed more accurate estimates of the ranges than radio-tracking in a small rodent of

100 g body mass.
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Introduction

Studying the home range sizes and daily ranges of animals is important to understand how they use their
environment and the constituent resources (Borger et al., 2008; Burt, 1943; Potts & Lewis, 2014). Animals
occupy areas that allow them to acquire sufficient resources for reproduction and survival, minimizing time
and energy for territory defence (Maynard Smith, 1974; Powell, 2000). While the home range has been
defined as “the area traversed by an animal during its normal activities such as food gathering, mating, and
caring for young” (Burt, 1943), the home range sizes in turn vary by resource availability and distribution
(Schoepf et al., 2015; Schradin et al., 2010b). For example, the female striped mice (Rhabdomys pumilio)
displayed seasonal variation in home range size, with the home range size being larger in the wet season
than in the dry season (Edelman & Koprowski, 2006; Schradin & Pillay, 2006). Lastly, significant sex
differences exist during the breeding season, with males having larger home ranges than females (Eccard
et al., 2004; Inoue, 1991). While ascertaining range size is important, this requires high investment.

Some techniques of assessing animal ranges date back to tracking spoors, direct observations, spooling
animals, capture mark-recapture, and radio-tracking. For example, the home ranges of Kalahari lions
(Panthera leo) and leopards (Panthera pardus) were studied via spoor tracking over several months (du P
Bothma & Le Riche, 1984). These studies also involved direct focal animal observation. Spooling, where
athread is attached to the animal to detect its movement, has been used in studies of cryptic small mammals
(Hawkins & Macdonald, 1992). Earlier studies of animal ranges also included capture mark-recapture
trapping, whereby an animal was trapped, marked, released and trapped again (reviewed by Mohr (1947)).
Improved technology has allowed animals to be equipped with radio-collars and then to be found using
radio-tracking (Gardner & Serena, 1995; Loy et al., 1994; Ophir et al., 2008; Schneider & Kappeler, 2016)
or even via automated radio-tracking (DeGregorio et al., 2018; Ward et al., 2013). Techniques to assess
animal ranges differ in accuracy, with radio-tracking being more accurate than spoor tracking, spooling,
and capture mark-recapture, yet all these methods require high-time investment (Kays et al., 2015).

The more recently developed GPS collars offer an accurate low-time investment technology and have been
used to collect data for the range use of large mammals such as African ungulates (Owen-Smith & Goodall,
2014) and European brown bears (Ursus arctos) (De Angelis et al., 2021). Examples of medium sized
mammals that have been equipped with GPS collars include the ~5 kg red fox (Vulpes vulpes, Walton &
Mattisson (2021)), different mongoose species of ~4 kg (Herpestidae, Streicher et al. (2020)), the ~1 kg
West European hedgehog (Erinaceus europaeus, Gazzard et al. (2022)), the 1.3 kg marsupial woylie

(Bettongia penicillate; Bateman et al. (2017)), the 400 g pygmy rabbit (Brachylagus idahoensis, McMahon
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etal. (2017)) and the 165 g golden-mantled ground squirrels (Callospermophilus laterali; Hefty & Stewart
(2019)). However, the majority of mammal species are even smaller than that: more than 4000 out of all
6399 extant mammal species are small with a body mass below 100g, including members of orders
Rodentia, Chiroptera, and Eulipotyphla (Burgin et al., 2018). Until now, GPS collars were typically too
heavy to attach on small mammals. This is because most small mammals are rodents (2552 species; (Burgin
et al., 2018)) that are known to gnaw at any devices. Thus, any collar (radio- or GPS) needs extensive
protective coating that typically weighs more than the device itself. GPS collars have been used on bats that
are less than 100 g, but these collars do not need heavy coating compared to when they would be used on
rodents of a similar weight (Hefty & Stewart, 2019; Vleut et al., 2019). For example, the sizes of the coated
collars used on the mongoose species and the red fox were 52 g and 210 g respectively (Streicher et al.,

2020; Walton & Mattisson, 2021), both being too large to be used on smaller mammals.

So far, it is not well known whether the accuracy of GPS collar data is comparable, better or worse than
that of radio-collars. This might depend on many factors, including range size and life history. GPS collars
might generate more accurate data than radio-tracking in small mammals that are central place foragers as
they interfere less with an animals’ behaviour. Central place foragers have a defined shelter, from which
they forage within close proximity and easily return to the shelter in case of any disturbance by a predator
(Orians & Pearson, 1979). Examples include the colonial Brants” whistling rat (Parotomys brantsii, Jackson
(2001)), Columbian ground squirrels (Urocitellus columbianus, Andrusiak & Harestad (1989)), golden-
mantled ground squirrels (Callospermophilus laterali; Hefty & Stewart (2019)) and many species of
marmots (Marmota spp., Lehrer et al. (2012)). Radio-tracking such small mammals often involves the
‘homing in’ technique to obtain an accurate measure of the home range, i.e. the researcher approaches the
animal from different directions until its exact position is located (Kenward, 1987). However, this technique
may disturb the natural ranging behaviour of the studied animals. In central place foragers this might lead
to most fixes indicating the nest location and not the animal’s entire home range. In contrast, GPS collars
do not disturb the animal and collect data while the animal is moving in its environment. Another method
that offers disturbance free tracking would be automated tracking of animals carrying radio-collars
(automated very high frequency VHF tracking) that has been used on small mammal and also has similar
inter-fix intervals as GPS (Eccard et al., 2022; Hoffmann et al., 2019; Kowalski et al., 2019; Schirmer et
al., 2020; Schlégel et al., 2019). However, automated tracking is expensive in time and money. It needs
base stations that are to be maintained which is why it is best done at permanent research sites that have a
technician. As it requires more than one person to be in the field it is not suitable for a single PhD student

or researcher collecting data at a remote field site.
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GPS collars have the problem of the location error, which means the tendency for positions to drift when
the unit is stationary, e.g., due to the Kalman filter (Frair et al., 2010; Gunner et al., 2022). The location
error is the distance between the GPS-generated location and the true location. It occurs as every GPS has
some inaccuracy associated with it. The location error is further affected by environmental characteristics
(e.g., terrain, vegetation) satellite acquisition (e.g., number of satellites detected, satellite geometry) and
animal behaviour (including the position of the GPS on the animal). The location error becomes more
important when the measured range size becomes smaller. Thus, when using GPS collars on small
mammals, it is important to determine the location error to validate the method and if possible, to correct
for it. No study has compared the range sizes obtained via mini-GPS loggers with those obtained from

radio-tracking in small mammals, especially not while taking the location error into account.

Here, we present data on one small central place forager, the bush Karoo rat (Otomys unisulcatus), and
compare the calculated range sizes obtained from mini-GPS loggers with those obtained from radio-
tracking. We also compared between traditional methods of range estimation (Kernel contours and
minimum convex polygons) and modern approaches from movement ecology (namely the autocorrelated
kernel density estimation (AKDE), Fleming et al. (2015)) which can take the location error into account.
Bush Karoo rats live in the Succulent Karoo biodiversity hotspot in South Africa, characterized by very dry
and hot summers. The bush Karoo rat was selected as the study animal as it is diurnal and occupies an open
habitat and can be directly observed in the field (Schradin, 2005). It builds stick lodges within large shrubs,
and these lodges create a favourable micro-climate to buffer against temperature extremes (Brown &
Willan, 1991b; du Plessis & Kerley, 1991; du Plessis et al., 1992). It forages in proximity of its lodge(s),
into which it withdraws if disturbed. Their territories can contain up to four lodges connected by runways
and additional smaller shrubs providing cover. We expected bush Karoo rats to withdraw into their lodge
when homing in during radio-tracking. Thus, we predicted mini-GPS data to reveal larger ranges than radio-

tracking, which would represent a more accurate estimation of their range use.

Methods
Study area and period

The study was conducted at a 4-hectare field site adjacent to the Succulent Karoo Research Station located
in the Goegap Nature Reserve, approximately 15 km from Springbok in the Northern Cape, South Africa.
Data collection took place during the dry, non-breeding summer season from February until April 2022.

The field site is in an open and flat environment, reducing risks of GPS inaccuracy.
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Trapping, marking and observation of rats

Animal ethics clearance was provided by the University of the Witwatersrand (AESC 2018/03/15B). We
placed a combination of foldable Sherman traps and locally produced metal traps of the Sherman style
arranged around the entrances of occupied lodges (as indicated by the presence of faeces and plant material)
and along active runways. Four traps were added per lodge and each lodge was trapped twice a month, each
time for 3 consecutive days. Trapped rats were weighed, sexed and permanently marked with metal ear tags
applied on both ears (National Band and Tag Co., Newport, KY, U.S.A.). We conducted focal animal
observations before, during and after the attachment of collars to see if there was any indication that the

collars influenced the behaviour of the rats.

Mini-GPS dataloggers

Altogether, 20 bush Karoo rats (14 females and 6 males) were fitted with Gipsy mini-GPS datalogger collars
(Technosmart, Rome, Italy), which weighed 4.5 g, representing less than 5 % of body weight (Fig. 1)
(Murray & Fuller, 2000). Rats weighed 96.6 + 19.3 g (range: 67.5-131.2 g). Data collection started with a
delay of 2 days after collar attachment to allow the bush Karoo rats to get accustomed to them (verified by
focal animal observations at the lodge the day before the mini-GPS collected data). The Gipsys were
programmed to collect GPS fixes (longitude, latitude, altitude, date, and time) on day 3 starting at 6 AM
every 5 minutes, battery life did not allow us to collect data for more than one day. We chose this frequency
as in our main running study (to be finished in 2023) we want to compare in how far neighbouring rats
share their daily ranges (being in the same area at the same time), necessitating a higher frequency than for
example one fix every 2 hours. One fix every Sminutes was the frequency allowing us to obtain the highest
number of fixes possible within 24 hours given the battery size. On day 4, we started to re-trap animals to
remove the Gipsys. Data were collected from 8 rats using the model Gipsy5 and for 12 rats using the model

Gipsy6; the two logger models differed slightly in their assessment of fix accuracy (see below).
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Flgure 1. A Bush Karoo raf éarrylng a m|n| -GPS datalogger This female |s marked W|th bIond halr dye on the head
and back, for individual recognition during behavioural observations

Radio collars (radio transmitters)

Following removal of the mini-GPS dataloggers, the rats were fitted with PD-2C radio transmitters
(Holohil, Carp, Ontario, Canada), which weighed 3.3 g including the collar and were less than 5 % of their
body weight. GPS collars are less reliable than radio-collars, which is why we always first checked whether
the Gipsys had successfully collected data (which was the case in 20 of 24 rats), before attaching radio-
collars. This allowed us to reduce the number of individuals used in the study. Individuals were equipped
with radio transmitters for a mean duration of 16.6 days (range 8-27 days). Radio-tracking was performed
by using an AOR 8000 wide-range receiver (Tokyo, Japan) and a Telonics RA-14K antenna (Mesa,
Arizona) and we followed the same procedure as in multiple studies for striped mice on the same field site
(Schradin & Pillay, 2006; Schradin et al., 2010b). Both species are diurnal but with an activity peak during
mornings and afternoons (Schradin, 2006). Striped mice seek shelter in different shrubs during the hot
periods of the day and rarely in their main nesting site (Schradin, 2006). The same might be true for bush
Karoo rats, which often have several lodges and shade providing shrubs in their territory, as indicated by
our observations and trapping data (Schradin, 2006).
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Individuals were radio-tracked for 7 days. Fixes were taken 6 times a day between 9 AM to 6 PM. To ensure
independence of data points (Kenward, 1987), intervals between fixes were approximately 1h30 mins apart,
giving rats enough time to traverse through their entire home range, except during the hottest part of the
day (from 12 PM to 2 PM), when rats are inactive. Fixes were obtained by using the ‘homing in” method:
an individual was approached until we either saw it or identified the bush in which it was located. The
location of the bush Karoo rat was then recorded with a handheld GPS (eTrex Venture, GARMIN
International, Olathe, Kansas). In 4.2% of cases, the position of individuals was confirmed by visual
sightings.

The coldest mean temperatures (recorded directly at the research station) during days we radio-tracked bush
Karoo rats differed significantly from the temperatures on which they carried mini-GPS (14.8 + 1.8 °C vs
17.3 £ 2.6°C, paired tig= 4.6, p = 0.0002), but the hottest mean temperatures during days we radio-tracked
did not differ significantly from the temperatures on which they carried mini-GPS (31.2 +2.3°Cvs 32.4 =
1.4°C, paired t19=1.67, p = 0.113). However, the rats are not active during the coldest times of the day and

we would therefore not have obtained fixes from them with the mini-GPSs.

Validating mini-GPS accuracy

The accuracy of fixes with the handheld eTrex Venture GPS is specified to be + 5 m by the manufacturer
(GARMIN International). Accuracy of Gipsy5 dataloggers has been reported to be approximately 5 m
(information provided by Technosmart) to 10 m (Fleming et al., 2021). Accuracy of the Gipsy6 mini-GPS
logger was said to be approximately + 5 m (information provided by Technosmart). As the accuracy of
fixes can influence range estimates, we compared the two GPS instruments. For this, we took an 11 km
hike through the Goegap Nature Reserve, with four mini-GPS loggers mounted onto a hat worn by one of
the hikers while we used a handheld eTrex Venture GPS to collect the track data. We then compared fixes
from the mini-GPS loggers with the track data and determined the distance of the logger fixes from the
track. We did this in QGIS (QGIS, 2009) using the distance to nearest hub (points) toolkit. The source
points were the Gipsy points, and the destination points were the track points from the handheld GPS. We

excluded fixes with an accuracy so low that we would have removed them from data analysis (see below).

For a measure of accuracy, Gipsy5 units record the HDOP (Horizontal Dilution of Precision), a value which
describes the geometric strength of satellite configuration on GPS accuracy; lower values indicate higher
accuracy) (Technosmart, Rome, Italy). Fixes with an HDOP > 5 were excluded.
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Gipsy6 units record horizontal accuracy estimates for fixes, and provide accuracy data in five categories: >
100 m, <100 m, <50 m, <15 m, and < 10 m. It is important to note that these categories are rough estimates
as in contrast to a large handheld GPS, the mini-GPS cannot directly determine their accuracy (information
provided by Technosmart). In other words, a horizontal accuracy estimate of < 50 m means the fix is
probably more accurate than one of the category < 100 m, but it does not mean the fix is 50 m away from
the real position. To be able to rank the horizontal accuracy categories for how useful they are for our study
species, we visualised the fixes of 15 individuals (of which 12 were also radio-tracked, 3 were used for
other studies) in QGIS. We then related the five Gipsy categories to our own three accuracy categories:
accuracy 1 - data are within the expected area, all fixes were at places where the individuals had been
observed by us during field work; accuracy 2 - fixes with this accuracy were mainly in the area where the
individual had been observed, with some being outside and some being more than 15 m away from the
remaining fixes, indicating they could be possible outliers; and accuracy 3 - many fixes were more than 15
m or even more than 50 m away from the area where the individual had been observed, indicating data

inaccuracy.

We determined the location error for the Gipsy6 units by collecting calibration data using stationary tests.
Four units were placed near lodges where a bush Karoo rat carried a Gipsy and allowed to collect fixed
location data for 24 hours. The calibration data were then used to estimate the location error through the
ctmm (Calabrese et al., 2016) workflow in R and RStudio (Posit team, 2022; R Core Team, 2022a) and
accounting for it before continuing with calculating the range sizes (Fleming et al., 2021). We also visually
compared the data from the stationary Gipsys with the Gipsys carried by bush Karoo rats inhabiting the
lodges.

Data analysis

For Gipsyb5, fixes with an HDOP > 5 were excluded. The remaining fixes were visualised in QGIS and
isolated outliers far (> 15 m) from the main lodge of the rat and from other fixes were excluded. For Gipsy6,
fixes with a horizontal accuracy better than 50 m (i.e. < 50) were included; see results section for validation

of this procedure.

We used several methods to calculate home range sizes. First, using the package adehabitatHR (Calenge,
2015) in R (R Core Team, 2022a) we calculated the traditional measures used in radio-tracking studies: For
comparison with other species, home range size was estimated as minimum convex polygons (MCP) which
calculate the home range size by drawing a convex polygon around the individuals’ point data (Mohr, 1947;

Powell, 2000). In contrast, Kernel density estimators calculate the probability of finding an individual in a
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particular location by using un-parametric statistics (Worton, 1989). To account for the influence of outliers

that may be missed during the cleaning process, we estimated 95 % MCP and Kernel range sizes.

Second, we used the autocorrelated Kernel density estimation (AKDE) as implemented in the R packages
ctmm (Calabrese et al., 2016) and ctmmweb (Dong et al., 2018) used in movement ecology for both GPS
and radio-tracking data. This approach allowed us to account for location error in the calculations of range
sizes within the ctmm workflow through two stages (Fleming et al., 2021). First, the calculations from the
autocorrelation and bandwidth are error-informed, which mitigates various biases in autocorrelation and
bandwidth estimates that would otherwise occur had location error been ignored. Second, location estimates
are fed through a Kalman smoother before kernel placement, which counteracts overdispersal (Silva et al.,
2022). Range estimates using the ctmm workflow were only possible for the 12 Gipsy6 units and not the 8
Gipsy5 units, as location errors were determined after the main study (due to comments by colleagues),
when no Gipsy5 unit was available anymore. We present data for all approaches to enable the reader to

compare the traditional with the more modern ways of home range analyses.

We ran a linear mixed model using the Ime4 (Bates et al., 2015) package to analyse factors influencing the
range size estimates. As the data were normally distributed, we used the gaussian family with the identity
link function. The estimated range size was the dependent variable and as independent variable we included
the equipment (Gipsy or radio-tracking), the used calculation model (MCP, Kernel, AKDE), and the sex of
the individual. Due to the paired data, we included individual ID as random factor. We assessed model
assumptions by inspecting Q-Q plots and by plotting model residuals against fitted values. We then
performed post hoc analyses using the emmeans function from the emmeans package (Lenth, 2021) to
determine pairwise differences in range size between the tracking method and estimation method. We

adjusted p values using the Tukey method.

Results

Validating mini-GPS accuracy

Most of the fixes of the mini-GPS logger were on the track of the eTrex Venture handheld GPS (Fig. 2).
Only at the start, when the Gipsy were switched on, and in a narrow valley, did some noticeable
discrepancies occur (arrows in Fig. 2). For Gipsy5 units, fixes were on average 9 = 12.3 m (excluding about
5 outliers) away from the track, and for Gipsy6 4.4 = 3.7 m (excluding 3 outliers). As fixes of the handheld

GPS and the Gipsys were not taken at the same time, the real accuracy was higher.
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Figure 2. Track of a handheld extrex Venture GPS used during radio-tracking along a 11km hike. In addition, fixes
taken every 5 minutes of 3 Gipsy 5 units (Gipsy units 24, 25 and 27) and one Gipsy 6 unit (Gipsy 35) are shown. At
the start of the hike (left, blue arrow), fixes from Gipsy 25 were off the track, and during the middle of the hike (right,
green arrow) in a narrow valley, fixes of Gipsy 24 were off the track. Otherwise, most Gipsy fixes were on the handheld
GPS track

Gipsy6: Location error and accuracy depending on horizontal accuracy

The calculated location error for the four Gipsy6 units was 1.98 + 0.16 m. Fixes with a horizontal accuracy
of > 50 m were often unreliable outliers far away from areas where the animal had been observed during
focal animal observations (Table 1). Therefore, we only included fixes with an accuracy better than 50 m
for all further analysis.

Table 1 Categorising fixes of 12 bush Karoo rats (F: females, M: males) carrying Gipsy 6 units. Fixes were
visualised depending on their horizontal accuracy category from > 100 m to < 10 m. When all fixes were close to
each other and in the expected area where the individual had been observed, the accuracy was categorised as

“Good”. An accuracy where fixes with some potential outliers (fixes more than 15 m away from expected range)
occurred that could be removed by using 95% contours was categorised as “Few outliers”. Accuracy where many
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fixes were far away from the expected area (more than 50 m) was categorised as “Many outliers”. “NA”: no fixes

were recorded in this accuracy category. The Gipsy unit of M111 had a broken antenna and was not used anymore.

Individual <100 m <50m <15m <10m
Few outliers Good Good NA
Few outliers Good Good NA
Few outliers Few outliers | Good Good
Few outliers Good Good NA
Few outliers Good Good NA
F270 Few outliers | Good Good
Few outliers | Good Good
Good Few outliers | Good
NA NA NA
Few outliers Good NA NA
Few outliers Good Good NA
Good Few outliers | Good Good

Comparison of home ranges

The range estimates were significantly influenced by the tracking technique (p < 0.001), the calculation

method used (p = 0.04), but not by sex (p = 0.09; Table 2). Home range estimates using radio-tracking were

significantly smaller than those from mini-GPS units for all 3 measures (Fig. 3). During radio-tracking,

bush Karoo rats were generally found in their main lodge (Fig. 4). Pairwise comparisons of range size

between tracking method and estimation method showed no significant differences between the estimation

methods (AKDE vs Kernel vs MCP; all p > 0.09; Fig. 3) but significant differences between the tracking

methods (radio tracking vs gipsy, all p < 0.001).

Table 2. Results of the linear mixed models to test how range estimates were influenced by whether estimates were
done using 3 different methods: minimum convex polygons (MCP), Kernel density (Kernel), or autocorrelated
Kernel density estimation; and whether data were from radio-tracking or mini-GPS. Factors in bold type indicate

significant predictors.

Predictors Estimates 95% CI p
(Intercept) 438.74 439.77 - 76.22 <0.001
Method (Kernel) -150.54 149.93 - 73.93 0.04
Method (MCP) -14.31 -14.92 - 73.93 0.84
Tracking (Radio-tracking) | -468.56 -468.97 — 58.23 <0.001
Sex (Male) 159.36 159.02 - 93.9 0.09
Random effects 14727/0.153

a2/ICC

Marginal 0.407/0.498

R?/conditional R?

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.
The marginal R? considers only the variance of the fixed effects, while the conditional R? takes both the fixed and

random effects into account.
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Figure 3 Estimated range sizes generated from mini-GPS (red bars) or radio-tracking (blue bars), calculated via
different methods: autocorrelated kernel density estimation (AKDE); minimum convex polygons (MCP) 95%; Kernel
density estimates (Kernel) 95%.
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Figure 4. Daily ranges of four individuals (two males and two females) calculated using the MCP method for data
obtained from mini-GPS (the large polygons) vs home range estimates from radio-tracking (the small polygons
within). The coloured dots represent the different collection methods for the individuals and those outside the polygons

represent the outliers excluded by the 95% method.
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Discussion

Here we showed that mini-GPS dataloggers can provide reliable data on the range use of small rodents with
a body mass of 100 g, even though the location error puts some limitations on the method. It is necessary
to have reliable data of animal’s ranges if we want to understand their spatial structure (Powell, 2000). For
decades, radio-tracking has been the most common technique to obtain such data, but this method is time
consuming (Harris et al., 1990). Recently, in large mammals, radio-collars have been replaced by GPS
dataloggers, but not in small mammals (Fujioka et al., 2020; Kays et al., 2015). We validated the use of
min-GPS dataloggers in a small mammal and found range estimates to be larger and more realistic than

those obtained from radio-tracking.

The main aim of our ongoing studies is to determine daily ranges using mini-GPS with a high frequency of
fixes, and to do this simultaneously in neighbouring bush Karoo rats to determine whether they co-occur in
space and time (studies to be completed in 2023/2024). Here we wanted to validate whether the ranges we
obtain with mini-GPS are reliable or too small. For this we chose radio-tracking for comparison because it
was used previously successfully on the same field site for another small rodent with the same activity
rhythm (Schradin & Pillay, 2005). However, radio-tracking by homing in cannot be done every 5 minutes
without permanent disturbance of the studied animals, we chose to determine home ranges instead. One
shortcoming of our comparison is that the intervals at which fixes were taken differed between both
methods. However, for both techniques we used the interval of fixes most appropriate for it, comparing two
methods as actually used by field researchers. In a study focusing on home ranges (instead of daily ranges),
it might be better to program the mini-GPS to collect fixes every 2 hours over several days (depending on
battery size). If this method would yield smaller ranges than the daily ranges we obtained, this would
indicate that our method is more valid. If it would yield larger ranges — which is to be expected — then this
would strengthen our argument that mini-GPS provide larger and accurate estimates of (home) range sizes
than does radio-tracking.

As predicted, the home range estimates obtained from radio-tracking were small. This was a result of the
fixes obtained being concentrated at the individual’s lodges, into which the rats withdrew when approached
by the person radio-tracking. We rarely saw the rats during radio tracking (4 % of fixes), when they had
withdrawn into their lodge, and which was in contrast to 40 % of sightings of striped mice on the same field
site in a previous study (Schradin & Pillay, 2005). Rats had several lodges available in their home range
but typically were always radio-tracked in the same lodge, which contrasts with the sympatric diurnal

striped mouse, that during the day often rests away from its nesting site. In contrast to radio-tracking data,
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the daily range estimates from the GPS dataloggers included the foraging grounds of rats which we knew

from observations during our field work.

The range estimates using mini-GPS dataloggers were 5 to 10 times larger than those estimated from radio-
tracking data. The range data obtained from bush Karoo rats via radio-tracking using the homing-in
technique mainly provided us with the information where they are nesting, but not where they are foraging.
Theoretically, it is possible to get more accurate radio-tracking data by not approaching the rats, but by
using trigonometry from a larger distance of 30 - 50 m (the range of radio-transmitter signals), but this
method has a larger error and with our rats having smaller ranges, this would lead to high inaccuracies.
Automated radio-tracking with base stations (Eccard et al., 2022; Hoffmann et al., 2019; Kowalski et al.,
2019; Schirmer et al., 2020; Schldgel et al., 2019) could be a good alternative, but it is work-intensive to
establish such a system and to maintain it technically. For projects that need permanent data on range use
and that have a larger research team working on it simultaneously, such automated radio-tracking might be

the best solution.

Differences in range size estimates between radio-tracking and mini-GPS loggers were not due to
differences in size of the devices nor the duration of data collection. Radio-transmitters were much smaller
than mini-GPS loggers, and data were collected over seven days, and not only for one day as with the mini-
GPS loggers. If rats would be more active carrying smaller devices and observed in more areas when
monitored for a longer period, then this would suggest finding larger range sizes with radio-transmitters

than with mini-GPS, but we found the opposite.

Every new method employed should be validated for accuracy. We found that the fixes obtained from the
mini-GPS dataloggers matched those from the handheld GPS used for radio-tracking during a hike. Thus,
we concluded that the larger ranges obtained from the mini-GPS dataloggers were not due to a lower
accuracy of its fixes, as they were as accurate as the fixes from radio-tracking. We cleaned the mini-GPS
data by excluding points with high inaccuracy. We excluded fixes with low estimated horizontal accuracy.
While we included fixes which had a reported horizontal accuracy of < 50 m, our visualisation indicated
that fixes where within a diameter of 10 - 20 m from each other (Fig. 4). By using the 95 % MCP, we were
able to exclude obvious outliers and computed range estimates that included the areas in which we had
observed the rats foraging. In sum, mini-GPS data had to be cleaned and by using 95 % MCP excluding

obvious outliers, we obtained useable range data.

Another aspect that must be accounted for in studies using GPS dataloggers is the location error (Fleming
etal., 2021; Thomson et al., 2017). Every GPS has some inaccuracy associated with it and the location error

is the distance between the GPS-generated location and the true location (Frair et al., 2010; McMahon et
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al., 2017 and references within). For animals with small ranges, the location error could be larger than the
daily range, making it impossible to estimate it correctly. We accounted for the location error by calculating
our range estimates using the ctmm package that not only takes calibrated data into account but also
accounts for possible autocorrelation that may be associated with GPS data collection (Calabrese et al.,
2016; Fleming et al., 2021; Fleming et al., 2015). When the location error is not accounted for, this may
lead to improper conclusions on the range estimates of the animal under study (Fleming et al., 2021;
McMahon et al., 2017). Traditional methods such as MCP and Kernel density do not account for biases in
their calculations that have become inherent with the advances in technology, such as small sample sizes
and autocorrelation. Furthermore, there has been no formal way to account for location error with these
estimates before the introduction of certain mathematical models (such as ctmm). In sum, it was important
to account for location error before estimating ranges using mini-GPS data (Fig. 5) to obtain reliable range

data and doing so lead to more accurate estimates than radio-tracking (Fig. 3).
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Figure 5. Daily ranges of four females calculated using the ctmm package method as autocorrelated Kernel density
estimates correcting for the location error vs the stationary test units placed at the nests (the small lines within). This
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diagram shows that while location errors are relatively large for these small daily ranges, our method allowed to
calculate daily ranges that are clearly larger than the location error

Using radio-tracking to obtain range estimates needs a high time investment in collecting data over multiple
days. Estimating ranges from mini-GPS datalogger data requires time for logger programming, value
transformation, and data cleaning (about one hour per unit). For radio-tracking, we spent approximately 42
hours in the field to obtain data for three individuals (6x 1 hour every day, for 7 days) or 7 hours per
individual, and one hour to download and organise the data. Mini-GPS are approximately twice the price
of radio-collars (approx. 400 vs. 200 Euros per unit), but while radio-collars have to be sent in to replace
batteries, the batteries of mini-GPS can be charged on location. Using mini-GPS dataloggers is a much

lower time investment than radio-tracking but needs significant investment for validation.

Conclusions

Mini-GPS dataloggers have been successfully used in large mammals and in bats (Conenna et al., 2019;
Corlatti et al., 2012; Vleut et al., 2019), but not in other small mammals below 100 g body mass. In contrast
to bats, dataloggers used on rodents and Eulipotyphla need strong coating to protect them from gnawing.
When using GPS dataloggers it is important to account for location error to obtain reliable range estimates,
especially for small mammals with small ranges (McMahon et al., 2017). Here we showed that for a central
place foraging rodent of less than 100 g, using mini-GPS dataloggers produce better range use data than
radio-collars. Mini-GPS have been used previously in another central place forager, the golden-mantled
ground squirrels (Callospermophilus lateralis) (Hefty & Stewart, 2019), but this species is nearly double
as heavy as bush Karoo rats, and the data were not compared to radio-tracking. Future studies should test
whether mini-GPS or radio-tracking would lead to more accurate range estimates in small mammals having
foraging strategies different from central place foraging. Considering the progress in producing ever smaller
GPS and the lower workload of using mini-GPS than radio-tracking, we encourage other researchers to test
and validate whether this technology is also useful for small mammals with large home ranges and different

foraging strategies.
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Abstract

Kin selection is important for understanding the evolution of social behaviour in group-living species. Yet,
the role of kinship in solitary species has received little attention. We studied how kinship influences intra-
specific variation in social organisation and spatial structure in a predominantly solitary species, the bush
Karoo rat (Otomys unisulcatus) from the Succulent Karoo semi-desert of South Africa. We predicted that
if social groups occur, they would consist of close kin. We further predicted that the spatial structure is not
random, but that close kin live closer to each other. Over five years we performed trapping and focal animal
observations and fitted mini-GPS dataloggers simultaneously on neighbouring female bush Karoo rats (N
= 125) to investigate how their spatial structure was influenced by kinship. Female bush Karoo rats were
mainly solitary living, although small social groups also occurred, all consisting of close kin, typically
females, such as a mother and her adult daughter or sisters. Although females did have more non-kin than
kin neighbours, kin lived closer to each other than non-kin. Daily ranges were larger in the breeding than
in the non-breeding season and overlapped more between kin than non-kin females. We conclude that
kinship should be considered when studying solitary living species as it might influence variation in social
organisation and spatial structure.

Keywords: intra-specific variation in social organisation; kinship; kin selection; social organisation; social

structure; social system; solitary; spatial structure
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Introduction

Kin selection (Hamilton, 1964a) has been used to explain why species live in groups (Lacey & Wieczorek,
2004) but has rarely been considered of importance for solitary species. Kin groups often form when
individuals delay dispersal and remain philopatric (Williams & Rabenold, 2005). But dispersal can also

influence spatial kin structure in solitary species (Cutrera et al., 2005).

A species' spatial structure forms the basis on which their social system (i.e., social organization, social
structure, care and mating systems) develops and evolves (He et al., 2019; Kappeler, 2019; Webber et al.,
2023; Webber & Vander Wal, 2018). The spatial structure of a species is influenced by different factors
such as food availability, the presence of conspecifics, geographic barriers and dispersal (Schlichting et al.,
2022). Of these factors, dispersal is one of the most important ones (Cooper & Randall, 2007; Cutrera et
al., 2005; He et al., 2019; Webber et al., 2023). In mammals, females are often philopatric while males
disperse (Li & Kokko, 2019; Williams & Rabenold, 2005). If females disperse, then it is often for shorter
distances from their natal territory, whereas males disperse over larger distances (Lawson Handley &
Perrin, 2007a). In the solitary giant kangaroo rat (Dipodomys ingens), the spatial structure is characterized
by female kin living closely together, especially at high population densities (Meshriy et al., 2011). While
philopatry is considered a promotor of group living, dispersal in its broad sense (i.e. remaining in the natal

area) can also be important to understand the social systems of solitary species (Cooper & Randall, 2007).

In mammals, solitary species are characterised by males and females only meeting for courtship and mating,
and offspring leaving their mother in the period between weaning and the end of puberty (Makuya &
Schradin, 2024a). Examples of solitary species are some shrews (Valomy et al., 2015a), and large predators,
such as black bears (Ursus americanus) (Kovach & Powell, 2003) and leopards (Panthera pardus) (Rafiq
et al., 2020). Solitary living is often assumed to be an adaptation to sparsely distributed food that cannot be
shared (Dalerum, 2007; Makuya & Schradin, 2024a; Nowak & Wilson, 1999). While individuals of solitary
species do not share the same home range and sleeping sites, they do interact with conspecifics (Makuya &
Schradin, 2024a). For example, the solitary puma (Puma concolor) has complex social networks with
individualized relationships (Elbroch & Wittmer, 2012). In the solitary giant kangaroo rat (Dipodomys
ingens), the spatial structure is characterized by female kin living closely together, especially at high
population densities (Meshriy et al., 2011). Many solitary species do not have a random distribution but

display a kin-based spatial structure, though this has been rarely studied.

The spatial structure of solitary living species can change by season (Johansson et al., 2018). In particular,

males of solitary species increase their home ranges more than females during the breeding season to
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overlap with many females to increase their reproductive success (Dillon & Kelly, 2008). Females might
change their home ranges seasonally as a response to changes in resource availability (Potts & Lewis, 2014).
For example, female striped mice show variation in their home range sizes depending on the seasonal
availability of food (Schradin et al., 2010b). The impact of season and sex on home range size is well
understood in group-living species (Schradin et al., 2010b; Stamps, 1994) but not much is known about
solitary species. Studying variation in home range size of solitary species will provide an indication of

intraspecific variation in social organization (IVSO) in solitary species, particularly among the females.

Some species do not have a fixed but varying social organization (Schradin, 2013). Factors that influence
such intraspecific variation in social organization (IVSO) include population density and reproductive
competition (Schradin et al., 2018a). The African striped mouse (Rhabdomys pumilio) shows VSO, being
able to switch from solitary living at low population density to group living when both population density
increases and reproductive competition decreases (Schoepf & Schradin, 2012a; Schradin et al., 2010a).
Generally, population density and competition are the main drivers of VSO at the species level (Schradin,
2013). IVSO may be adaptive in harsh environments (Makuya et al., 2023) and also occurs in species that
are typically regarded as solitary living (Valomy et al., 2015a). To date we don’t know whether population
density and reproductive competition might lead to 1'VSO in predominantly solitary species, leading to some
of them forming groups when population density is very high.

Solitary living mammals are often either small, nocturnal and live in dense habitats (shrews, rodents), or
large and nocturnal, occupying large areas (large predators), making them challenging to study (Kovach &
Powell, 2003; Waser & Jones, 1983). The solitary bush Karoo rat (Otomys unisulcatus) from the Succulent
Karoo semi-desert is a good model to study solitary living since it is a diurnal small mammal that occupies
an open habitat characterized by low growing annuals and dispersed shrubs, has small home ranges and is
easily habituated to the presence of observers (Schradin, 2005; Vermeulen & Nel, 1988; Wolhuter et al.,
2022).

We studied how kinship influences the social organization, especially deviation from its primarily solitary
living, and spatial distribution of the bush Karoo rat. We focussed on females, which is the more philopatric
sex. We ascertained the social organization of the bush Karoo rat from trapping data and behavioural
observations and made five predictions. 1) Bush Karoo rats are mainly solitary living, but when groups
occur, these will be mainly female kin groups, occurring after the breeding season and when population
density is high. 2) Females have more female kin than non-kin neighbours. 3) The geographic distance
between female kin neighbours is shorter than between non-kin neighbours. We then used mini-GPS data-
loggers to provide a better assessment of the spatial structure and ascertain the daily range sizes and overlap

of daily ranges, and how these are influenced by kinship and season. We predicted 4) that the daily ranges

55



of females vary seasonally, being larger in the food restricted dry season, and 5) the daily ranges of kin

neighbours overlap more than that of non-kin.

Methods
Study species

The 100 g bush Karoo rat (Otomys unisulcatus) is endemic to semi-arid and arid regions of South Africa,
particularly the Karoo and the Succulent Karoo, one of the world’s most important biodiversity hotpots
(Cowling et al., 1999; Myers et al., 2000). The bush Karoo rat builds stick-lodges inside shrubs, which
provide a favourable micro-climate with high humidity and mild temperatures for protection against the
external environment (Brown & Willan, 1991b; du Plessis & Kerley, 1991; du Plessis et al., 1992). It is a
central-place forager, foraging within a short distance (less than 25m) from its lodge and then returning to
the lodge (Schradin, 2005).

Study site and study period

We conducted our study on a 3.5-hectare site next to the Succulent Karoo Research Station in the Goegap
Nature Reserve, Northern Cape, South Africa. The Succulent Karoo is characterized by cold winters (mean
temperatures of 16.8°C in June 2019 at our field site with a minimum of -2,6°C on one night) and hot
summers (mean temperature in January 2019 was 27.3°C, maximum was 46.7°C). The study site occurs in
a winter rainfall area with average rainfall of 160 mm per year at our field site (Schradin, 2005). In our
study area, the breeding season of bush Karoo rats is from June until November (austral winter and spring),
and the non-breeding season is from December to May (austral summer and autumn). We used trapping
and observation data collected from bush Karoo rats from September 2017 to March 2020 (closure of field
site due to the COVID-19 pandemic) and January 2021 to July 2023.

Sampling regime
Trapping and marking of bush Karoo rats

Trapping was conducted at lodges that showed signs of being occupied (fresh faeces, active runways, rats
observed). The field site was divided into four to six areas, with one to two areas trapped at the same time

by two teams (Figure 1). All lodges within one area were trapped for three consecutive days before moving

56



on to the next area. Traps were set in the morning before sunrise and checked after 45 and 90 minutes and
then un-set during the hottest times of the day. In the afternoon, traps were set 45 minutes before sundown,
checked after sundown, and then un-set during the night. We used a combination of foldable Sherman traps

(https://shermantraps.com/) and locally produced heavy metal traps of the Sherman style. Traps were baited

with a combination of bran flakes, salt and sunflower oil and rebaited each morning and afternoon. Traps
were arranged around the entrances of the lodges and along runways. No injuries due to trapping were
recorded. The details of trapped rats were recorded, including their weight to the nearest 0.1-gram,
reproductive status and lodge number. Bush Karoo rats were removed from the traps in a plastic bag and
weighed with the bag, before being taken out for inspection and then released at their lodge. Then the weight
of the plastic bag was subtracted from the total weight. We marked individuals with metal band ear tags
with a unique reference number for later identification (National Band and Tag Co., Newport, KY, U.S.A.)
(Schoepf & Schradin, 2012a). To aid in visual identification during observations, individuals were marked
with non-toxic hair dye (Inecto Rapido, Pinetown, South Africa), in combinations (females: head and
chest/sides/back; males: hindquarters and chest/sides/back). Age was estimated from body mass at first
capture, using a species-specific growth curve validated by our field data (Pillay, 2001). The bush Karoo
rats were classified according to their age, with pups being up to two weeks old and weighing less than 30
g (weaning is at 14 days; (Pillay, 2001)), juveniles being 2-6 weeks old and weighing between 30 and 70
g, and adults being older than six weeks and weighing more than 70 g, when both sexes can start

reproduction (Pillay, 2001).

57


https://shermantraps.com/

Area boundry —
Shortest distance —

Other occupied lodges <&

| Matrilines

N M1 |
o M2 A
M3 &

Figure 1. Satellite image of the field site (star in insert map). The black polygons are the boundaries of the six
trapping areas within the field-site that we demarcated for trapping purposes. In one trapping area we show an
example of matrilines in part of the study site for August 2022. Symbols and colours represent lodges that were
occupied by bush Karoo rats of three different matrilines (white: rats from other matrilines). In another trapping area
the grey lines represent an example of the shortest distance between the occupied lodges calculated in qGIS.

Determination of kinship

Relatedness between individuals was assessed from trapping records and observations. Pups and juveniles
that were trapped at a lodge with an adult female were considered as the offspring of that female. Pups and
juveniles were always trapped at only one lodge, such that our combination of trapping and observations
allowed us to reliably estimate female kinship for them, although we have no information on paternal
kinship. Following dispersal, juveniles either lived alone or with a sibling. This was confirmed through
focal animal observations which we conducted at the lodges where pups and juveniles were located.
Females from one matriline were regarded to be closely related kin: mother and her offspring, maternal
siblings, females which had the same grandmother as well as maternal cousins, i.e., females whose mothers

were sisters. All other individuals were considered non-kin.
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Determination of reproduction

The reproductive condition of the females was determined from trapping data when pups / juveniles were
trapped at the adult female’s lodge. The month of birth of the pups / juveniles (estimated from their body
mass at first trapping) was used as the reproductive month for the adult female. The gestation period of the
bush Karoo rat is 39 days (Pillay, 2001). It was possible to tell when females were pregnant from their
weight and when they gave birth due to a sudden drop in weight. We used this information to confirm the

calculated pup/juvenile date of birth and therefore the breeding period of the females.

Behavioural observations in the field

Focal observations were conducted five times a week at lodges with evidence of being occupied by bush
Karoo rats to determine occupancy of lodges (which individuals were present) and to identify when pups
emerged, and juveniles / young adults dispersed. The morning observations started five minutes before the
sun started shining on the lodges and lasted for 30 minutes; afternoon observations started 25 minutes before
the sun stopped shining on the lodges. Lodges were usually observed on two days a month. The lodges that
contained juveniles or a pregnant female were monitored more than twice in a month. The behaviours
recorded during the observations included activities (e.g., foraging and feeding), lodge building and social
behaviours including the following groups of behaviour: (i) amicable behaviours (i.e., grooming, body
contact); (ii) social investigation (i.e., sniffing); and (iii) aggression (i.e., chasing, fighting). Behavioural

data will be presented in another publication.

Determination of social organization

We used a combination of trapping and behavioural observations to assess the social organization (i.e.,
group size and composition) of each adult bush Karoo rat for every month they were observed in the study
site. We identified four forms of social organizations (Table 1). Because lodges occupied by bush Karoo
rats showed clear signs of use such as collected plant material, active runways and fresh faeces, we were
certain that we had trapped at all occupied lodges on the field site (bush Karo rats on our field site always
live in a lodge). The open habitat (no trees, low growing shrubs) ensured we did not miss a lodge and we
continuously surveyed the field site for occupied lodges. If we did not trap bush Karoo rat at a lodge with
an indication of occupancy within the normal trapping regime of three days, we continued trapping and also

observed the lodge, to ensure that trap shy individuals were trapped and marked. Our behavioural
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observations confirmed that bush Karoo rats trapped at a lodge also inhabited that lodge, although some
bush Karoo rats inhabited several neighbouring lodges. Apart from roaming males, we very rarely observed
any bush Karoo rats at a lodge that it did not inhabit.

Table 1. Observed forms of social organization in bush Karoo rats.
Social organization Definition

Solitary living Only one adult bush Karoo rat was trapped and observed at a lodge.
We differentiated between solitary males and solitary females.
Mother families, i.e., one mother with one or more offspring that were not adult were
also considered to be solitary living.

Sibling pairs Adult sister and adult brother.
Female groups Two or more adult females were trapped and observed at one lodge together.
Mother and adult son Adult female with her adult son

Pups: less than 2 weeks old; juveniles: 2-6 weeks; adults: > 6 weeks old.

We used a linear mixed effects model (LME) run in the Ime4 R package using the Imer function (Bates et
al., 2015) to analyse factors that influence the percentage of solitary living adult females. We used data
collected from September 2017 to July 2023 (54 months), with season and population density as fixed
effects and the year as a random variable. The population density was calculated every month (N = 54) from

the total number of adult rats divided by the study site size. The model used was as follows:
percentage of solitary individuals = season + population density + (1|year).
Monthly determination of neighbours and distance between neighbours

We ascertained the number of adult kin and adult non-kin neighbours for each adult female every month.
A neighbour was defined as any adult individual that occupied a lodge not more than 25 metres away from
the focal individual with no other individual occupying a lodge in between. This distance was selected since
we never observed a rat foraging more than 25 metres away from its focal lodge, which is confirmed by
data from GPS dataloggers (Makuya & Schradin, 2023). For each female, we recorded the distance from
its lodge to the lodges of its nearest kin and its closest non-kin neighbour in QGIS using the “shortest
distance feature” tool (QGIS, 2009) (Figure 1). We ran a generalized linear mixed effects model (GLMM)
with a Poisson distribution to analyse factors influencing the number of neighbours, with the focal rat’s ID
number as a random effect and the relationship between neighbours (kin VS non-kin) and season as fixed
effects. We had a sample size of 172 focal rats over 21 months (from January 2021 to July 2023) in the
following model:
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Number of neighbours = relationship (kin VS non-kin) + season (breeding VS non-breeding) + (1|Focal
ID) + (1]year).

We ran a linear mixed effects model to test for a difference in the distance between the closest kin versus
non-kin neighbour. For every female, we took the mean distance to the kin neighbours and the mean
distance to the non-kin neighbours such that each focal rat had a maximum of two neighbour values per
month for the analyses. This was done to control for pseudo-replication. We included relationship (kin VS

non-kin) and season as fixed effects and the ID of the focal rat and the year as random effects:

Distance = relationship (kin VS non-kin) + season (breeding VS non-breeding) + (1|Focal ID) + (1|Month)

Mini GPS dataloggers

Three to five neighbouring adult females were fitted with mini-GPS dataloggers (Gipsy 6 model from

Technosmart, Italy https://www.technosmart.eu/gipsy-remote-copy/) on the same day, from August 2021

to April 2023. The mini-GPS weighed 4.5 g including the protective coating, and the rats weighed 96.6 +
19.3 g (range: 67.5-131.2 g) Therefore, the mini-GPS represented less than 7 % and in most cases less than
5 % of their body weight (Murray & Fuller, 2000). GPS dataloggers were fitted like a rucksack with a neck
and a belly belt consisting of a wire running through a small rubber tube to avoid any skin irritation, fastened
with a fishing crimp. The procedure lasted 1-3 minutes and involved holding the rat in one hand and fitting
the unit. We fitted 227 Gipsys on a total of 125 females. Of these, useful data were obtained from 156
Gipsys; the remaining units (N = 73) either failed (did not switch on), were lost or switched off too early.
Gipsy collars collected the location (longitude, latitude and altitude) of an individual and the date, time, and
daily ranges used, including the occupied lodges and foraging grounds (Makuya & Schradin, 2023). The
Gipsys were programmed following a successfully validated protocol (Makuya & Schradin, 2023). Data
collection was delayed by 2 days after fitting the collar to allow the rats to become accustomed to the
Gipsys. On the third day, the Gipsys collected GPS fixes every 5 minutes; the battery life did not allow us
to collect data for more than one day. On day 4, we started to re-trap rats to remove the Gipsys. Because
range estimates can be skewed due to outliers and locations with low accuracy, we cleaned the data from
the mini-GPS loggers by first removing fixes with a horizontal accuracy of > 50 metres and then visualising
fixes obtained from the Gipsys in QGIS to exclude obvious outliers, as validated in Makuya & Schradin
(2023). To analyse the daily range sizes and overlap, we used the autocorrelated Kernel density estimation
(AKDE) implemented in the R packages ctmm (Calabrese et al., 2016) and ctmmweb (Dong et al., 2018).
The overlap was calculated for every pair on the daily range data from the same month. The AKDE

approach allowed us to account for location error in the calculations of range sizes within the ctmm
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workflow through two stages (Fleming et al., 2021). The calculations from the autocorrelation and
bandwidth were error-informed, which mitigates various biases in autocorrelation and bandwidth estimates
that would otherwise occur had location error been ignored. Then, location estimates were fed through a
Kalman smoother before kernel placement, which counteracts overdispersal (Silva et al., 2022). To
determine the overlap between a pair of home range estimates, we used the Bhatttacharyya coefficient
within the ctmmweb R package, following Winner et al. (2018). We used a linear mixed effects model to
determine what factors influenced the daily range sizes (DRS), in which season and relationship (kin versus
non-kin) were used as fixed predictors and the ID of the rat was a random effect. This was followed by a
linear mixed effects model to assess the influence of the season and relationship on the overall overlap

between ranges. The models we used were:
DRS = season + (1]ID)

Overlap = season + relationship+ (1]|ID)

Statistical analysis

All statistical analyses were done in R (version 4.3.1; R Core Team, 2022b). Model assumptions were
assessed by inspecting Q-Q plots and by plotting model residuals against fitted values for every model
used. Before running each model, we checked for multi-collinearity in models that contained more than one
fixed factor by calculating variance inflation factors (vifs) (Zuur et al., 2010) for the predictor variables
using the vif function in the car package (Fox & Weisberg, 2011). Models that contained vifs above two
were removed to prevent multi-collinearity. The study focussed on social organization, which by definition
is the adult composition of social units, with pups and juveniles not considered (Kappeler, 2019). First, we
describe social organization considering both sexes. Since males disperse early and then float (have no
permanent lodge) and are only present for a few days at the field site before disappearing for weeks, the
social units on the field site were characterised by females and all further statistical tests therefore involved

females only.

Ethical note

We adhered to the ASAB/ABS Guidelines for the Use of Animals in Research (Buchanan et al., 2012).
Bush Karoo rats (N = 507 rats trapped 10711 times over the study period) were captured and handled using
protocols approved by the Animal Ethics Screening Committee of the University of the Witwatersrand
(AESC clearance numbers 2003/34/3 and 2018-03-15B). The field site was selected such that even under

62



low population density conditions, at least 8 solitary females were present, and regular trapping was
necessary to ensure we kept track of all individuals on the field site. To reduce the stress caused to the
animals after fitting them with mini-GPS dataloggers, we placed the rats in cages with food in a field
laboratory and monitored them for one hour before releasing them into the field. Following their release,
we also conducted focal animal observations on the rats that carried loggers and found that they foraged
like normal, and the loggers did not seem to negatively affect them. We adhered to the relevant South
African laws concerning the use of animals for experimental purposes, including obtaining Section 20

permit.

Results

Social organization

Most adult female and adult male bush Karoo rats were solitary living (mean £ SD % solitary living:
females: 96.6 + 10.26 %, males: 98.9 £ 2.97 %; Fig. 2). Adult groups made up a small percentage of the
population and consisted of adult female kin (mother and adult daughter or sisters, 6.6 + 9.5 % of all social
units), mother and adult son (0.32 + 0.93 %) and sibling pairs (brother and sister; 0.13 + 0.66 %; Fig. 2). In
total, we observed 97 groups in 23 of the 51 months of study, with a group size of two or three individuals
(2.2 £ 0.397). Of these, 50 groups consisted of a mother and one (N =31 groups) or two daughters (N = 19
groups) and 31 of two (N = 28 groups) or three sisters (N = 3 groups). We observed 12 groups consisting
of a mother and her adult son and four groups of a sister and brother. For the groups consisting of two or
three females, none of the females bred in 65 groups (end of the breeding season), one bred in seven groups
and both females bred in five groups. There were no significant effects of season (LME; tss = 0.4, P = 0.69;
Table A1) or population density on the percentage of solitary living females (LME; t4s = -1.6, P = 0.116;
Table Al).
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Figure 2. Distribution of social units in bush Karoo rats in seven years. The top panel is from September 2017 —
December 2020, and the bottom panel is from January 2021 — July 2023. The breaks in the lines are from periods
when no data was collected, for example due to the Corona lockdown (March to December 2020). The definitions
for the different social units are given in Table 1. The grey boxes indicate the wet, breeding season in winter /
spring. The number next to the respective month refers to the year (i.e. Sept-17 = September 2017).

Spatial structure

The mean values of kin and non-kin neighbours were very similar (Fig. 3(a), but female bush Karoo rats
had more non-kin than kin neighbours (GLMM; t = 2,53, P = 0.01); Table A2). However, kin neighbours
lived closer to each other than non-kin neighbours (LME; tess = 21.36, P < 0.001) (Fig. 2 and 3(b); Table
A3). Season did not influence the number of neighbours (GLMM; t = 1.01, P = 0.29), or the distance to the
nearest neighbour (LME; t1; =-0.882, P = 0.40) (Table A2 and A3).
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Figure 3. The number of female neighbours by kinship (a left; P < 0.01) and the mean distance to the nearest
neighbour depending on kinship (b right; P < 0.001) in bush Karoo rats, for both seasons. points represent individual
values (kin: N = 556, non-kin: N = 444). The black point is the model estimate and the error bars are the confidence
intervals of the model. The half-violin plot shows the raw data distribution.

Daily range size and overlap

The daily range sizes were influenced by season (LME; te; = 3.04, P < 0.001; Fig. 4(a)), with range sizes
being significantly larger in the breeding season. Overlap of ranges was not influenced by season (LME;
t10a =-0.99, P =0.32; Fig. 4(b)). However, it was influenced by kinship (LME; tg7 = -4.57, P < 0.001; Table
Ab), with females overlapping significantly more with kin than with non-kin (Fig. 4(b); Table A5).
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Figure 4. Seasonal comparison of daily range size (a left; non-breeding: N = 59, breeding: N = 81) and overlap
(right; non-kin: N = 54, kin: N = 72) in bush Karoo rats. The black point is the model estimate and the error bars are
the confidence intervals of the model. The half-violin plot shows the raw data distribution.

Discussion

We showed that Kinship is important in the social system of a solitary species, suggesting the potential for
kin selection. Specifically, we found that the spatial distribution of the solitary bush Karoo rat is not random
but follows kin-based matrilines. Females live closer with and overlap more with female kin than with non-
kin. We also found variation in social organization, with few small groups, which always consisted of close
kin and most often closely related females. Our study adds to more recent studies indicating that solitary
living is not primitive and simple and that solitary species might have more complex social structures than
recognised (Baker et al., 2021; Elbroch et al., 2017a; Makuya & Schradin, 2024a, 2024b; Meshriy et al.,
2011; Roex et al., 2022).

Bush Karoo rats are mainly solitary living but do show some deviation, leading to intraspecific variation in
social organization. Ours is the first peer-reviewed study describing the social organization of bush Karoo
rats. Unpublished data indicate that in other populations, group-living in the bush Karoo rat might be more
common than in our study population (Do Linh San et al., 2016), indicating the possibility for variation in

social organization within and between populations.

At our field site, groups rarely formed. These were always kin groups, as predicted, most often consisting

of a mother and her adult daughter(s), and sometimes sisters. Males were more often solitary than females,
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and few of them lived together with their mother or sister. In contrast to our prediction, groups were not
more often found during the non-breeding season than the breeding season, even though the data indicate
that they might be more common at the end of the breeding season (Fig. 2), which warrants future studies.
In striped mice studied on the same field site, one main factor leading to solitary living is reproductive
competition, through female infanticide of another female’s pups (Schradin et al., 2010a). In the few bush
Karoo rat groups, we observed either no reproduction taking place or only one female reproduced, such that
reproduction competition played no role. Group formation in bush Karoo rats could best be explained by
the delayed dispersal of females reaching adulthood during the end of the breeding season, which should

be studied in more detail in the future.

Population density was not significantly related to solitary living as we had predicted. In our current study,
sufficient free territories were available for most female bush Karoo rats to disperse and start solitary living.
The small territories of these central place foragers, as seen from the daily range data, might be one
explanation for the lack of association between population density and solitary living. In contrast, the
sympatric striped mice have larger home ranges and are more likely to form groups when population density
is high (Schoepf & Schradin, 2012a; Schradin et al., 2010a; Schradin et al., 2019). The striped mice study
generated more data collected over several more years than we collected in our current study (8 years vs 5
years). Future analyses on a larger data set for bush Karoo rats over more years considering population
density and additional co-factors such as predation pressure, food availability, and availability of lodges
might help us to understand when groups form. It is possible that during years with very high population

density, we might find more and even larger groups.

Non-random spatial structures of amicably interacting individuals have been described for crocodiles
(Baker et al., 2021; Baker et al., 2023) and sharks (Anderson et al., 2021; Mourier et al., 2012). In solitary
felids and rodents this is known to depend on kinship (Meshriy et al., 2011; Roex et al., 2022). In our study,
female bush Karoo rats had significantly more non-kin than kin neighbours, though the mean values were
very similar (Fig. 3a). This might simply be due to the fact that overall, a female had many more non-kin
than kin in the population. However, female bush Karoo rats lived closer to kin than to non-kin neighbours.
This spatial kinship structure is similar to that of the giant kangaroo rat (Dipomys ingens) which formed
female kin groups with increasing population density (Meshriy et al., 2011) and woodchucks (Marmota
monax), which lived closer to kin and shared home ranges (Maher, 2009). The spatial kinship pattern in the
bush Karoo rat seems to be related to females dispersing from their natal lodge to unoccupied lodges in
close proximity. There are fitness benefits of living near kin and familiar neighbours (Siracusa et al., 2021).
An individual might be able to increase its inclusive fitness by associating and collaborating with closely

related conspecifics, even in solitary species, such as alerting each other to predators (warning calls) or by
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social tolerance allowing them to share food sources (Dobson et al., 2012; Griffiths & Armstrong, 2001;
Viblanc et al., 2016b; Viblanc et al., 2022; Walmsley et al., 2023). This can have significant fitness benefits
as shown in Columbian ground squirrels (Urocitellus columbianus), which have an overall greater number
of weaned offspring when they have female kin neighbours (Viblanc et al., 2016b). Solitary animals may
lose some of the direct benefits of group living (Makuya & Schradin, 2024a), and forming a kinship spatial
structure could be a strategy to reduce such costs (Makuya & Schradin, 2024b).

When individuals derive benefits from close kin, they increase their inclusive fitness, which often occurs
in pair- and group-living species (Ferriere & Michod, 2011; Gardner & West, 2014; Hamilton, 1964a;
Hamilton, 1964b). That the ranges of close female kin of solitary species overlap more than those of non-
kin might be a result of them living closer to each other, which indicates higher tolerance between close
kin. Such situations might then enable some collaboration, as described for other solitary mammals
(Elbroch & Wittmer, 2012; Lihrs & Kappeler, 2013; Meshriy et al., 2011). Future studies should test
whether closely related bush Karoo rats share important foraging grounds and whether they might
collaborate in territorial defence of areas with resources. While individuals overlap in space, they may not
always overlap in time, which can be confirmed studying the fine scale interactions of individuals (Schlagel
et al., 2019). Kin selection might provide a basis for understanding the social system of solitary species
with a kin-based spatial structure, although this has been largely ignored in the literature.

GPS data-loggers have been used in several large mammal studies to assess their spatial structure, such as
in cougars (Puma concolor) and fossas (Cryptoprocta ferox) where this technique revealed previously
unknown relationships, often influenced by kinship (Elbroch et al., 2017a; Liihrs & Kappeler, 2013). By
using min-GPS for the first time in a small rodent to determine spatial structure, we found that the ranges
of bush Karoo rats overlapped more with their kin than with their non-kin neighbours. Large carnivores
which display territorial defence had greater overlap in spatial ranges when food availability was low (Nams
et al., 2023). In our study, season did not significantly influence range overlap, but we cannot exclude this
possibility (see Fig. 4b). However, we found that bush Karoo rats had larger ranges in the wet, breeding
season than in the dry, non-breeding season. This is surprising, since more food is available in the wet
season, and one might expect bush Karoo rats to instead extend their home ranges in the food-deprived dry
season. In the wet breeding season, females might have to forage over larger areas to obtain both energy
and protein rich food necessary for breeding. The shrubs into which lodges are built offer some food (leaves)
even in the dry season. Smaller ranges in the dry season might help save energy, as occurs in the synoptic
striped mouse which also has smaller home ranges in the dry season (Schradin et al., 2010b). Our GPS data

confirmed that the spatial structure in the solitary bush Karoo rat is not random but influenced by kinship.
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While solitary living has long been regarded as an ancestral and primitive trait, recent comparative studies
indicate that solitary living might be a derived state in mammals, and an adaptation to specific environments
(Makuya & Schradin, 2024a). However, studying solitary living is important to understand mammalian
social evolution (Clutton-Brock, 2021; Makuya & Schradin, 2024a). Multiple studies using modern
network analysis indicate that even solitary living mammals (social organization) might have complex
social interactions with their neighbours (social structure) (Elbroch & Wittmer, 2012; Lihrs & Kappeler,
2013; Meshriy et al., 2011). Our study adds to uncovering the complexity of solitary mammals. It provides
insight into the importance of kinship in a solitary species and that intra-specific variation in social
organization can also occur a primarily solitary species. Our observations of female kin structure and the

rare occurrence of female kin groups indicate the possibility of evolution leading to social groups.

Conclusion

The evolution of sociality can only be explained when also conducting studies on solitary species (Clutton-
Brock, 2021; Makuya & Schradin, 2024b). Understanding solitary species will help us to better conserve
them (Olivier et al., 2022¢). Several years of field data showed that bush Karoo rats are mainly solitary
living, yet their spatial organization is influenced by kinship. Solitary species may miss out on the benefits
gained by group living species (Makuya & Schradin, 2024a), but the costs of solitary living can be reduced
by a kin-based spatial structure. The groups we observed consisted of close kin, and these groups likely
formed as a result of delayed dispersal. This is a potential starting point for the evolution of group-living.
In conclusion, our study supports the notion that kinship and kin selection might be important in solitary

species.
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Appendix

Table A 1 Results of the generalized linear mixed effects models to identify whether population density and the
season have an impact on the percentage of solitary living females in the bush Karoo rat.

Predictors Estimates 95% ClI P
(Intercept) 99.4 90.68 - 108.1 <0.001
Population density -0.43 -0.96 - 0.09 0.116
Season (non-breeding) 0.895 -5.36 - 3.43 0.691
Random effects 37.21/0.386

62/ICC

Marginal 0.41/0.039

R2/conditional R2
62, variance of the random effect “ID”; ICC, intraclass coefficient of variation.
The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and random effects
into account.
Factors in bold type indicate significant predictors.
%solitary living = season + population density + (1|year)

Table A 2 Results of the linear mixed effects models to identify which relationship category predicts the number of
neighbours a rat has.

Predictors Estimates 95% CI P
(Intercept) 0.61 0.45-0.74 <0.001
Relationship (non-kin) 0.11 0.02-0.199 <0.01
Season (non-breeding) 0.1 -0.098 - 0.293 0.35
Random effects 0.40/0.198

c2/ICC

Marginal 0.011/0.207

R2/conditional R2
62, variance of the random effect “ID”; ICC, intraclass coefficient of variation.
The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and random effects
into account.
Factors in bold type indicate significant predictors.
Number of neighbours = relationship (kin VS non-kin) + (1|Focal ID) + (1|Month)

Table A 3 Results of the linear mixed effects models to identify which relationship category predicts the distance to
the nearest neighbour.

Predictors Estimates 95% ClI P
(Intercept) 8.89 7.98-9.79 <0.001
Relationship (non-kin) 10.35 9.68 -11.02 <0.001
Season (non-breeding) -0.44 -1.17-0.28 0.23
Random effects 28.79/0.509

62/ICC

Marginal 0.321/0.667

R2/conditional R2
62, variance of the random effect “ID”; ICC, intraclass coefficient of variation.
The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and random effects
into account.
Factors in bold type indicate significant predictors.
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Distance = relationship (kin VS non-kin) + season + (1|Focal ID: Month) + (1|Neighbour ID: Month)

Table A 4 Results of the linear mixed effects models to identify whether season influences daily range size.

Predictors Estimates 95% CI P
(Intercept) 445,94 365.17 - 526.71 <0.001
Season (Breeding) 163.75 57.01 - 273.09 <0.01
Random effects 18,276/0.213

62/ICC

Marginal 0.073/0.271

R2/conditional R2
62, variance of the random effect “ID”’; ICC, intraclass coefficient of variation.
The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and random effects
into account.
Factors in bold type indicate significant predictors.
HRS = season + relationship + (1|ID)

Table A 5 Results of the linear mixed effects models to identify whether season influences daily range size overlap.

Predictors Estimates 95% CI P
(Intercept) 49.34 40.26 — 58.42 <0.001
Relationship (non-kin) -22.41 -31.98--12.8 <0.001
Season (non-breeding) -4.96 -14.69 - 4.79 0.32
Random effects 195.0/0.223

02/ICC

Marginal 0.132/0.326

R2/conditional R2
62, variance of the random effect “ID”’; ICC, intraclass coefficient of variation.
The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and random effects
into account.
Factors in bold type indicate significant predictors.
Overlap = season + relationship + (1/ID)
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Abstract

Many mammal species are thought to adopt solitary living due to mothers becoming intolerant of adult
offspring and social intolerance between adults. However, field studies on how solitary mammals interact
are rare. Here we show that solitary living can occur without social intolerance. Over three years, we
recorded interactions between free-living bush Karoo rats (Otomys unisulcatus) and conducted dyadic
encounter experiments between kin and non-kin female neighbours, both in a neutral test arena and in field
intruder experiments. Social interactions were rare (230/2062 observations), and aggressive in only 34% of
the cases. In dyadic encounters, mothers interacted amicably with young offspring. Aggression between
mothers and offspring was almost absent. This mother-offspring relationship remained amicable even after
the offspring had dispersed. Aggression between neighbouring adult females was low in neutral arena tests,
independent of kinship and season. However, in the field, females reacted more aggressively towards non-
kin than Kkin intruders, especially during the breeding season. Tolerance between mothers and adult
offspring indicates that aggression is not the mechanism leading to dispersal and solitary living. We found
a solitary social system characterised by social tolerance, suggesting that dispersal and a lack of social
attraction rather than aggression can lead to solitary living.
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Introduction

To understand the diversity of social systems, many studies have focused on pair and group-living species,
assuming solitary living to be the ancestral stage that does not require any explanation for its occurrence
(Lukas & Clutton-Brock, 2013a; Makuya & Schradin, 20244, 2024b). Solitary, pair- and group-living refer
to the social organisation, describing the composition of social units (Kappeler, 2019). Social organisation
is one of four components of the social system which further includes the care system, mating system and
social structure (Kappeler, 2019; Kappeler & Schaik, 2002). Of all the different forms of social

organisation, solitary living is the most understudied (Makuya & Schradin, 2024a).

Previous studies regarded solitary living as the ancestral default form of social organisation in mammals
(Lukas & Clutton-Brock, 2013a). However, recent comparative studies have shown that this is often not
the case (Olivier et al., 2024; Schradin, 2017). These studies showed that pair-living was most likely the
ancestral form of social organisation in artiodactyls (Jaeggi et al., 2020), primates (Olivier et al., 2022b),
and possibly in marsupials (Qiu et al., 2022) and Eulipotyphla (Valomy et al., 2015a), indicating that
solitary living is often a derived state (Makuya & Schradin, 2024a). However, we know little about the
mechanisms leading to solitary living in mammals (Makuya & Schradin, 2024a). To understand the
mechanisms of group-living, we also must understand the alternative, which is solitary living (Makuya &
Schradin, 2024a).

It is generally assumed that solitary living in mammals is due to aggression. This opinion is based on work
done on the European hamster (Cricetus cricetus) in the 1950s (Eibl-Eibesfeldt, 1953). In this species,
mothers become intolerant of their offspring when they reach puberty and adults are highly intolerant of
each other (Eibl-Eibesfeldt, 1953). The assumption that social intolerance is the main reason of solitary
living in mammals was further based on standardized laboratory experiments on solitary rodents to examine
the proximate mechanisms of aggression (Elidio et al., 2021; Fischer et al., 2007; Krause & Schuler, 2010).
However, whether this is always the mechanism leading to solitary living under natural conditions is
unknown. One of the main reasons for solitary living is high reproductive competition between females
which often leads to female infanticide (Clutton-Brock et al., 2006; Hodge et al., 2011; Wolff, 2007). As
an alternative to social intolerance and aggression, a lack of social attraction combined with a motivation
to disperse when reaching sexual maturity could lead to a solitary lifestyle. In solitary mustelids, for

example, individuals commonly meet in a non-aggressive context (Twining & al., 2024). Social interactions
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in nature have been studied for a few solitary living species such as the puma (Puma concolor) (Roex et
al., 2022) and the giant Kangaroo rat (Dipomys ingens) (Meshriy et al., 2011). While social interactions in
these solitary species were rare, these studies highlight the lack of aggressive interactions when individuals

met. More field studies are needed to understand the mechanisms that cause solitary living.

Solitary species can have complex social structures in which individuals interact in a non-random way
(Makuya et al., 2024b). They often display kinship-determined spatial patterns where kin live close to each
other and share part of their range and engage in non-aggressive interactions when they meet (Meshriy et
al., 2011; Roex et al., 2022). The kinship patterns in these solitary species are driven by philopatry, a
behaviour usually displayed by group living species, with individuals dispersing only short distances and
forming kin clusters (Cooper & Randall, 2007). For example, the social structure of the giant kangaroo rat
is formed by female kin neighbours, with shorter distances between neighbours leading to increased social
interactions (Meshriy et al., 2011). The frequency of social interactions was positively related to population
density, indicating an influence of season on the social and spatial structure (Johansson et al., 2018).
Amicable interactions at territory boundaries are not a contradiction to the theoretical assumption that
aggression is a main driver of solitary living, but could simply be due to the dear enemy phenomenon,
where individuals are tolerant of known neighbours as long as they do not cross territory boundaries
(Temeles, 1994). To test whether solitary living can arise without aggression, one would need to measure
aggression also inside territories and at nesting sites. Field experiments are needed to test the level of

aggression in solitary species, and whether close kin are more tolerant towards each other than non-kin.

Our aim was to test the general assumption that aggression and social intolerance are the mechanisms
leading to solitary living in our study species, the bush Karoo rat (Otomys unisulcatus) from South Africa.
In particular, if aggression is the main mechanism leading to natal dispersal and solitary living, we predicted
(1) that the behaviour of mothers changes towards their offspring as the offspring become older, with
mothers showing more aggression towards dispersed adult offspring than juvenile offspring still living with
the mother. Since our study species has a kin based spatial structure with significant overlap of home ranges
between close kin (Makuya et al., 2024b), we further predicted (2) that they would show higher levels of
aggression towards non-kin neighbours than towards kin neighbours. To test these predictions, we
conducted more than 2000 focal animal observations over a period of 3 years, conducting tests in a neutral
presentation arena in a field laboratory, and conducted field experiments where we presented kin and non-

kin neighbours at the nesting sites of resident females.
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Materials and methods
Study site

The study was conducted in the Goegap Nature Reserve, in the Northern Cape, South Africa. The study site
is located in the Succulent Karoo biome (Cowling et al., 1999). The climate is arid with temperatures falling
below 0°C in winter and exceeding 40°C in summer (Schradin, 2005). Mean precipitation at the field site
is 160mm per annum. Seasons are divided into the hot dry non-breeding season (December to May) and

the cold wet breeding season (June to November). The bush Karoo rat reproduces in the wet season.
Study species

The 100g heavy bush Karoo rat offers a model to study solitary living because it is diurnal, occupies an
open habitat, has small home ranges (0.06 £+ 0.04ha in the dry, non-breeding season and 0.04 + 0.03ha in
the wet, breeding season) (Makuya et al., 2024b), and easily habituates to the presence of observers. It
inhabits the semi-arid regions of South Africa including the Succulent Karoo (less than 200mm of rain per
annum), one of the world’s most important biodiversity hotspots (Myers et al., 2000). The bush Karoo rat
builds stick-lodges inside shrubs, which offers a favorable microclimate with high humidity and mild
temperatures as protection against the harsh outside environment that is characterized by unpredictable rain
in cold winters, and long, hot summer dry seasons (Brown & Willan, 1991b; du Plessis & Kerley, 1991; du
Plessis et al., 1992). The bush Karoo rat is a central place forager, foraging around its stick lodge and
bringing food back to the lodge, where it can be easily observed, and where experiments can be conducted.
In the Succulent Karoo, around 95% of the rats are solitary, although a few small groups of 2-3 closely
related females occur (Makuya et al., 2024b). They have a kin based spatial structure, with females having
more kin than non-kin neighbours, and home ranges of close kin overlapping more with each other than of
non-kin (Makuya et al., 2024b). Young male bush Karoo rats behave similarly to females at the beginning
of the dry season and stay in an area close to their natal lodge. However, they disperse in winter when food
availability increases just before the breeding season starts. Adult males roam over very large areas and
there are no resident males on the field site during the breeding season. Thus, there are no male neighbours

in the breeding season.
Sampling regime
Marking and trapping

Trapping was conducted at lodges that showed signs of being occupied (fresh faeces, active runways, rats
observed). The field site was divided into six areas, with 1-2 areas trapped simultaneously by research

teams. All lodges within one area were trapped for three consecutive days before moving on to the next
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area. Traps were set in the morning before sunrise and checked after 45 and 90 minutes and then un-set
during the hottest times of the day. In the afternoon, traps were set 45 minutes before sundown, checked
after sundown, and then un-set during the night. We used a combination of foldable Sherman traps

(https://shermantraps.com/) and locally produced heavy metal traps of the Sherman style. Traps were baited

with a combination of bran flakes, salt and sunflower oil and re-baited each morning and afternoon. Traps
were arranged around the entrances of the lodges and along runways. We recorded the body weight of
individuals to the nearest 0.1-gram, as well as their sex, reproductive status and lodge number. We marked
individuals with single, metal-band ear tags with a unique reference number (National Band and Tag Co.,
Newport, KY, U.S.A.) (Schoepf & Schradin, 2012a). To aid in visual identification during observations,
individuals were marked with non-toxic hair dye (Inecto Rapido, Pinetown, South Africa), in combinations
(females: head and chest/sides/back; males: hindquarters and chest/sides/back). Age was estimated from
body mass at first capture, using a species-specific growth curve (Pillay, 2001) validated for our field data.
The bush Karoo rats were classified according to their age, with pups being up to two weeks old and
weighing less than 30 g (weaning is at 14 days; (Pillay, 2001)), juveniles being 2-6 weeks old and weighing
between 30 and 70 g, and adults being older than 6 weeks and weighing more than 70 g, when both sexes

can start reproduction (Pillay, 2001).
Determining dispersal

The onset of dispersal was determined for the rats used during the dyadic encounter tests (explained below).
We determined these occurrences from the time that the rat was trapped consistently over a period of more
than 4 weeks at a lodge that was not its natal lodge, without the mother being trapped and observed at the

same lodge. Using these data, we calculated the age at dispersal.
Focal animal observations in the field

Focal animal observations were conducted between March 2021 and October 2023 for a total of 2279
observations for 246 rats at lodges with identified bush Karoo rats to establish 1) which individuals occupy
the lodges, and 2) record behaviours, including interactions with conspecifics. The observations were done
for 30 minutes in the morning after sunrise and 30 minutes in the afternoon before sunset. Observations
were done using focal animal sampling and one zero recording for 30min. We recorded all social behaviours
in 1-minute intervals. The social behaviours including the following groups of behaviour: (i) amicable
behaviours (e.g., grooming, body contact); (ii) social investigation (i.e., sniffing); and (iii) aggression (e.g.,

chasing, fighting).

Dyadic encounter tests
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Dyadic encounter experiments were used to assess whether interactions with neighbours were amicable
(predicted for close kin) or aggressive (predicted for non-kin). Bush Karoo rats were trapped and brought
inside their trap to a laboratory at the research station, located 100 m away, and allowed to acclimatize for
10 minutes before the start of the experiment. The experiments were conducted in a neutral test arena that
was constructed of wood chip panels (80 cm x 65 cm x 94 cm) and had a partition in the middle (Figure S
1, supplementary file). The testing arena was cleaned between encounters using diluted Dettol Antiseptic
Liquid and then air dried. All tests were done between 10 am and 12 pm from August 2021 until March

2023, for a total of 143 tests on 52 focal rats. Each rat was tested an average of 2.80 + 2.2 times.

Each bush Karoo rat was introduced into the arena and allowed to settle for 5 minutes with the partition
down. We first tested mothers as the focal individual against their offspring which were between one month
and 20 months old (N = 80 tests, 3 with male offspring and 77 with female offspring, on 31 focal mother
rats). The offspring tested were either still living in their mothers’ lodge i.e., not dispersed (N = 43) or
already dispersed (N = 36). We attempted to test each mother with the same offspring at different ages, but
because some rats were not re-trapped and disappeared, some mothers were tested with different offspring
at different ages. Next, we tested adult female focal rats on two different days with an adult female kin
neighbour and an adult female non-kin neighbour respectively (N = 63 tests on 41 rats). Half of the rats
were first tested with a kin neighbour, the other half with a non-kin neighbour. We defined a neighbour as
a rat that occupied a lodge not more than 25 metres away from the focal rat. A total of 22 of the focal rats
tested with a neighbour were used in the tests with offspring. Because all stimulus animals were direct
neighbours, our experimental design controlled for the dear enemy phenomenon, whereby the owner of a
territory responds less aggressively to a familiar neighbour than towards a stranger (Temeles, 1994).
Presentations lasted for 15 minutes each. The focal adult individual was heavier than the stimulus female
(mean weight difference 25.8g £ 20.3 SD), because we wanted the focal individual, which we assigned as
the owner of the territory, to initiate the encounters and body mass difference was expected to have a
positive influence on the initiation of aggression (Schradin, 2004). At the end of each test, bush Karoo rats
were returned to their lodge. Focal animal sampling was used to record the frequency of social behaviours
as described for focal animal observation above (Martin & Bateson, 1993). The behaviours were recorded
for 15 minutes using a webcam. The observer was present in the same room as the animals being tested but
was separated from the animals by a black curtain and monitored the behaviours live on a computer. Tests
would have been immediately terminated as soon as individuals started damaging fights (biting and/or
standing upright and boxing for more than 2 seconds) to avoid any injury. However, this was never
necessary in our study. Interactions videos were then scored using BORIS (Behavioural Observation
Research Interactive Software, (Friard & Gamba, 2016)).

83



Field intruder presentation tests

Since we observed little aggression during the neutral arena tests, we conducted field intruder tests directly
at the lodge of the rats. A similar experiment had been done on group living African ice rats (Otomys
sloggetti robertsi) from the alpine regions of the southern African Drakensberg and Maluti mountains
(Hinze et al., 2013). We expected higher levels of aggression here due to the focal rats defending their
territory, which was not the case in the neutral arena in the laboratory. Again, we tested whether focal
animals are more aggressive towards non-kin than kin neighbours. These tests were done 1-2 years after
the dyadic encounter tests in the neutral test arena, and of the individuals tested in the field, only nine had
participated as the focal (N = 9) / stimulus (N = 6) in the previous experiments. Stimulus individuals were
trapped (as described above) and then transferred into a wire mesh cage (30 x 15 cm, 12 cm height) (Figure
S2). This wire mesh cage allowed other bush Karoo rats to see and smell the stimulus animal in the trap,
but not to reach and touch it. The trapped individual was then presented at a neighbouring rat’s lodge (i.e.
the focal individual). The focal individual was not caged and its response to the trapped stimulus individual
was recorded. The wire cage was positioned within an active runway 30 cm away from the lodge.
Observations started when the focal animal was observed outside its lodge and lasted for 15 minutes
thereafter. The maximum duration of the presentation was 45 min; thus, when the focal animal was not seen
within the first 30 min, the experiment was terminated. During the 15 min of observations, we recorded
aggressive behaviours of the focal animal towards the caged stimulus animal, including charging towards
the cage and emitting chit sounds. We also recorded the latency until the investigation of the stimulus
individual and the first aggression as well as the total time spent at the cage. Thereafter, the stimulus animal
was returned to its lodge from where it was trapped. Each focal was tested, once with a kin neighbour and
once with a non-kin neighbour on separate days. The tests were conducted in the early mornings between
6:00 and 9:00 from January — November 2023. We conducted a total of 54 tests for 26 focal rats with each
rat being tested for an average of 2.03 + 0.87 times. For both the dyadic and field encounter tests. a focal
rat could be used as a stimulus in another experiment, and a stimulus rat could be used multiple times for
different focal rats. In the dyadic tests, 15 rats were used as both focal and stimulus and 12 rats were used

in the intruder tests.
Statistical analysis

All statistical analyses were done in R (version 4.3.1; R Core Team, 2022b). We used linear and generalized
mixed models to analyse factors that influence the frequency of sniffing events, or the time spent in body
contact, fighting, or grooming, and included the age of offspring, and season (breeding vs non-breeding) as

factors for the dyadic encounter tests between mother and offspring (Table 1).
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Table 1: Hypothesis and associated models tested in the dyadic and field intruder tests.
Hypothesis Type experiment Model Model

type
The  behaviour  of Dyadic encounter — Time in body contact = season + age of LME

mothers changes mother : offspring offspring.

towards their offspring

as the offspring become

older.
Time fighting = season + age of offspring. LME
Time grooming = season + age of offspring. LME
Frequency of sniffing = season + age of GLMM
offspring. -

Poisson

Bush Karoo rats show Dyadic encounter - Fight = season + relatedness + body size LME
higher levels of neighbours difference + (1|ID-focal).
aggression towards non-
kin than towards Kkin
neighbours
Body contact = season + relatedness + body size LME
difference + (1|ID-focal).
Groom = season + relatedness + body size LME
difference + (1|/ID-focal).
Sniff = season + relatedness + body size GLMM
difference + (1|ID-focal). -
Poisson

Field intruder test Latency to first aggression = season * LME
relatedness + body size difference + (1|ID-
focal).
Latency to approach = season * relatedness + LME
body size difference + (1|ID-focal).
Charging = season * relatedness + body size GLMM
difference + (1|/ID-focal). -

Poisson
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Trills (chit) = season * relatedness + body size LME
difference + (1|ID-focal).
Time at cage = season * relatedness + body size LME
difference + (1|/ID-focal).

We ran linear mixed models (LME) in Ime4 to investigate factors that influenced the behaviour exhibited
by bush Karoo rats during dyadic encounter tests toward neighbours. For affiliative behaviours, we tested
the time spent sitting in body contact, and time spent grooming. For aggressive behaviours we tested the
duration of fights. Finally, for social investigative behaviours, we fit a generalized linear mixed model
(GLMM) with a Poisson distribution, and we tested the number of sniffing events displayed. For all the
model, the duration/frequency of the behaviours were fitted in linear models as predictors, and we included
season, body size difference, and relatedness as fixed effects and the ID of the focal individual as random
effects (Table 1).

We used both generalized linear mixed models (GLMM) and linear mixed models (LME) to analyse factors
that influence the behaviour displayed by the focal rat towards a stimulus for the field intruder presentation
tests. We tested the latency to approach the cage and to first aggression, and the number of charging events
(fitted with a Poisson distribution) and the number of chit sounds, and total time spent at the cage. One
model was fit for each behaviour. The behaviours were again fitted as predictors, and the interaction
between season and relatedness included as fixed effects. To avoid singularity, we only fitted the ID of the

focal rat as a random effect (Table 1).

Results
Mother- offspring interactions

During 87 of the 2062 field observations sessions, pups were present at the mother’s nest. On 11 occasions,
we observed amicable interactions with the mother (grooming, and body contact), and no interactions
occurred on 76 occasions; we never observed aggression towards the offspring by the mother. Juveniles
were present on 240 occasions during the field observations and were observed in amicable interactions

with the mother on 20 occasions, and only once in an aggressive interaction.

The mean age of all offspring (N = 79) used as stimulus animals was 4.13 + 3.72 SD months. The age of
non-dispersed rats in the experiments was 3.81 + 3.25 SD months (range 1 — 14, N = 43) compared to 5.21
+4.01 months (range: 1 — 20, N = 36) of dispersed rats. We calculated AIC values for models including the
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age of offspring vs dispersed or undispersed. We found that the AIC values for models including the age of
offspring as a predictor were higher than for the models that included whether the offspring had dispersed
(Table S2, supplementary file). However, the summary tables for both these models were very similar
(results and conclusions did not change) and we reported the models including the age of offspring in the
electronic supplement. Dyadic encounters between mothers and their female offspring were characterised
by sniffing and body contact with little grooming and nearly no aggression (Table S1, supplementary file).
Social interactions were not influenced by season and did not significantly change after offspring dispersed
(Figure S3; Tables S3-S6: supplementary file). Specifically, mothers were not more aggressive towards
dispersed offspring than non-dispersed (Table S4, Figure S4), nor did they decrease the level of body
contact (Table S6. Figure S3).

Focal animal observation

In 230 of the 2062 observations, conducted between July 2021 and October 2023, two or more adult rats
were present at the focal rats’ lodge. Only 97 chases occurred in 79 of the 230 observations. Chases occurred
more often during the non-breeding season (t-test; ti72s = -2.99, p < 0.01). The chases occurred between a
male and an unrelated female (41%) or an unidentified neighbour (41%), and between related females
(18%).

Dyadic encounter tests (neutral test arena)

We tested whether adult female bush Karoo rats (focal individuals) showed less aggression towards kin
neighbours than towards non-kin neighbours (adult females). The weight difference between the individuals
was not a significant predictor in any of the models. Adult female bush Karoo rats showed very little
aggression towards their neighbours, irrespective of the season (LME; estimate = 0.016, s.e. = 0.013, CI: -
0.0098/0.042, tsz = 1.2, p = 0.22) and relatedness (LME; estimate = 0.009, s.e. = 0.015, CI: -0.02/0.04, ts,
= 0.6, p = 0.55) (Figure S2 and Table S7: supplementary file). However, they spent more time in body
contact with kin than with non-kin (LME; estimate = -2.36, s.e. = 1.316, Cl: -5.04/0.31, te3 = -1.79, p =
0.08; Figure S5 A), but the season was not a significant predictor (LME; estimate: 0.57 + s.e. = 1.094, Cl:
-1.63/2.8,ts1 = 0.52, p = 0.60) (Table S8: supplementary file). The time spent grooming neighbours was
significantly affected by season (LME; estimate = 0.008, s.e. = 0.019, CI: -0.0295/0.045, te3 = 0.42, p =
0.673) or relatedness (LME; estimate =-0.02, s.e. = 0.022, Cl: -0.0645/0.025, tss =-0.93, p = 0.356) (Figure
S5 B and Table S9: supplementary file). Bush Karoo rats spent a significant amount of time investigating
neighbours through sniffing in the breeding season (GLMM; estimate = 0.73, s.e. = 0.27, Cl: 0.22/1.29, t =
2.697, p < 0.01) but this was not affected by relatedness (estimate = 0.54, s.e. = 0.36, Cl: -0.17/1.27, p =
0.14) (Figure S6 and Table S10: supplementary file).
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Intruder field presentation tests

In both seasons, female bush Karoo rats were mildly aggressive towards non-kin neighbours but tolerated
kin neighbours when presented at their lodge. There was no difference in the latency to approach the cage
with a kin or non-kin focal neighbour (estimate = -0.98, s.e. = 1.61, Cl: -4.27/2.29, p = 0.6; Figure S8 and
Table S12), indicating resident bush Karoo rat females investigated the stimulus animal regardless of
kinship. However, non-kin females were attacked much faster (LME; tzs = 2.54, p <0.05, Figure 2 and
Table S11), their cages were charged more often (GLMM; estimate = 0.75, s.e. =0.22, Cl: 0.32/1.2,t = 3.4,
p < 0.001; Figure 2 and Table S13), and they produced more trill sounds (Figure S8; although this was not
significant because a large outlier: LME; estimate = 9.53, s.e. = 18.2, Cl: -25.45/44.77,t = 1.56, df = 37.59,
p =0.61; Table S14). Also, focal individuals spent significantly more time at the cage with the non-kin than
kin neighbours (LME; estimate = 4.63, s.e = 1.37, Cl: 1.76/7.39, tss = 4.06, p < 0.01, Figure. 4 and Table
S15). These differences occurred in both the breeding and the non-breeding seasons. However, in the
breeding season, female bush Karoo rats showed more aggression towards intruders, regardless of kinship
(LME; t =-4.32, p < 0.001) by quickly attacking (LME; estimate = 4.287, s.e. = 1.82, Cl: 0.61/7.95, ts3 =
2.349, p = 0.02), and charging at cages (LME; estimate = -1.92, s.e. = 0.44, Cl: -2.899/-1.10) (Figures. 2-
3).
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Figure 1. The latency to first aggression by focal females to neighbouring cage-housed female bush Karoo rats during
intruder tests. Boxplots show median and 1st and 3rd quartiles, the whiskers represent the minimum and maximum of
the outlier data, and points represent individual values.
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Figure 2. The number of charging events by focal females to neighbouring cage-housed bush Karoo rats during
intruder tests. Boxplots show median and 1st and 3rd quartiles, the whiskers represent the minimum and maximum of
the outlier data, and points represent individual values.
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Figure 3. The time spent at the cage by focal females to neighbouring cage-housed bush Karoo rats during intruder
tests. Boxplots show median and 1st and 3rd quartiles, the whiskers represent the minimum and maximum of the
outlier data, and points represent individual values.

Discussion

Itis typically assumed that individuals of solitary species are intolerant of each other (Clutton-Brock, 2021).
Here we tested whether female bush Karoo rats live solitarily because of high intra-specific aggression.
However, we observed no aggression between mothers and their juvenile or even adult offspring. The
mother-offspring relationship did not change when the offspring became older and had dispersed from their
mother. In dyadic encounter tests, mother and offspring were regularly in body contact which did not
decline as offspring became older. During field observations, mothers interacted rarely with pups and
juveniles, but when they did so, it was mainly amicable. Thus, both experimental and field observation data
indicate that aggression rarely occurs between mothers and offspring, aggression does not increase as
offspring age and have become solitary and is thus unlikely to be the mechanism leading to solitary living.
This makes the alternative a likely explanation, i.e. motivation to disperse when reaching sexual maturity
together with an absence of social attraction, such that dispersing individuals settle alone inside an

unoccupied lodge.

It is typically assumed that aggression is the main mechanism leading to offspring dispersal and solitary
living (Bekoff, 1977). The association between aggression and dispersal in which subordinate individuals

(juveniles) are driven out by dominant individuals (adults) is well known (Bekoff, 1977; Christian, 1970).
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However, there are equally many studies showing that aggression and dispersal are not always associated
with one another (Bekoff, 1977). In our study, mothers did not react more aggressively towards their
dispersed offspring than towards their offspring still living with them. Female bush Karoo rats reach sexual
maturity at six weeks (Pillay, 2001) and are thus expected to leave their mother’s lodge (i.e. disperse)
earliest at this age. Accordingly, females dispersed at 2 months of age but with a large variation that needs
investigation in the future. For example, food availability, population density, and start vs end of breeding
season are factors expected to influence dispersal. Our study showed the importance of dispersal in

becoming solitary while there was no indication that aggression by the mother drives natal dispersal.

Aggressive interactions are often considered as the main underlying reason for solitary living and the
reduction of aggression as a first step towards the evolution of sociality (Kleiman & Eisenberg, 1973).
Dyadic encounters between adult neighbouring bush Karoo rats in a neutral arena were characterised by
few interactions, independent of kinship, with sniffing as the predominant form of social investigation.
Nearly no aggression occurred, not even between unrelated females. However, close kin were more likely
to spend time in body contact with each other than non-kin. Thus, while female bush Karoo rats
differentiated between kin and non-kin neighbours, neither relationship was driven by aggression. But there
was also no social attraction between adults. We did however observe a high number of chases of striped
mice by the bush Karoo rats, mostly in the breeding season (figure in supplementary file), demonstrating
that bush Karoo rats can be aggressive. Within the same field site, and in similar experiments to ours, group-
living striped mice were highly aggressive towards non-kin and interacted amicably with kin (Schoepf &
Schradin, 2012b). We had expected much more aggression in the solitary bush Karoo rat than in the sociable
striped mice, and our ethical clearance protocol included that as soon as damaging fighting started,
experiments would be terminated. We expected this to be the case regularly when non-kin met, but we
never had to stop the encounter experiments. Therefore, absence of social attraction seems to be sufficient

to lead to solitary living in bush Karoo rats, without the need for social intolerance and aggression.

Interactions between individuals are not random and instead reflect relatedness or familiarity (Siracusa et
al., 2021). In field intruder tests, where we expected to find more aggression towards conspecifics, due to
the defence of resources (Wolff & Peterson, 1998), aggression was much more common during the breeding
than the non-breeding season, and females were much more aggressive towards non-kin than kin. This
indicates that female bush Karoo rats can differentiate between kin and non-kin, even when their kin had
been living away from them (solitarily) for several months. Kin recognition thus occurs post-dispersal and
indicates that mothers remember adult, dispersed offspring. This tells us that remembering kin (the

mechanism for kin recognition) is persistent.
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Female territoriality functions to defend resources and offspring (Sinn et al., 2008; Wolff, 2007). This
theoretical consideration can explain why we observed nearly no aggression during dyadic encounter tests
in a neutral test arena because no resources could be defended but did observe some during intruder tests
when individuals defended their lodge. Does this indicate defence of resources such as food and shelter, or
defence of offspring? More aggression was observed during the breeding season, which is also when more
lodges are available due to low population density at the start of the season, and when food is highly
abundant. Thus, our data support the female hypothesis of Wolff & Peterson (1998) that territorial
aggression is linked more to the defence of offspring (maternal aggression) than the defence of food
resources. Reproductive competition can be high between female mammals (Clutton-Brock et al., 2006),
often leading to female infanticide (Hodge et al., 2011), and is considered as one of the main reasons for
solitary living (Schradin et al., 2010a). Several other mammal species show maternal aggression, with
females being aggressive at their nests in the breeding season while showing amicable behaviour at
communal foraging grounds (reviewed by Wolff & Peterson, 1998). For example, female Arctic squirrels
(Uroacitellus parryii) and grey squirrels (Sciurus carolinensis) defend their territories near their nests but
show considerable overlap in foraging areas. This behaviour is not limited to mammals but has been shown
also in female social lizards (e.g., White’s skinks, Egernia whitii) where female aggression increased during
pregnancy and after birth (Sinn et al., 2008). Aggression in female bush Karoo rats thus rather functions to

protect their offspring than to establish a solitary social organisation.

Conclusion

While solitary species have been considered to be generally asocial and aggressive, we have evidence that
the solitary bush Karoo rat shows low levels of aggression. Instead, its social system is characterised by
social tolerance, which suggests that lack of social attraction after dispersal and not aggression leads to
solitary living. Female bush Karoo rats were not aggressive to their offspring even after they had dispersed
from the maternal lodge and lived solitarily for months. In the solitary bush Karoo rat maternal aggression
is not the mechanism driving solitary living. Tolerance of conspecifics is a condition for sociality.
Therefore, solitary species that can tolerate their conspecifics may provide a model to understand the

evolution of sociality in mammals.
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Ethical note

We adhered to the ASAB/ABS Guidelines for the Use of Animals in Research (Buchanan et al., 2012).
Bush Karoo rats were captured and handled using protocols approved by the Animal Ethics Screening
Committee of the University of the Witwatersrand (AESC clearance number: 2018-03-15B). We further
received additional ethical clearance for both the dyadic encounter tests and the field intruder presentation
tests (AESC clearance numbers 2021/05/02/B and 22-12-024B respectively).
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Supplementary tables

Table S1: Sample sizes for the number of sniffing events and the time spent in fights, grooming and body contact

between mothers and offspring during dyadic encounter tests grouped by season and the age of the offspring.

Breeding season
Age of Number of Mean number of Mean duration of | Mean duration of | Mean duration
offspring (in individuals sniffing events fights (min), (tests | grooming (min), of body
months) (tests with events) | with aggression) contact (min),

96


http://dx.doi.org/10.1098/rsos.170346
https://doi.org/10.1016/j.anbehav.2008.06.009

(tests with (tests with
grooming) body contact)
1 22 5.545 (N=20) 0.003 (N=2) 0.206 (N=5) 6.385 (N=18)
2 7 6.714 (N=3) 0.015 (N=1) 0.071 (N=2) 3.655 (N=6)
3 5 3.6 (N=3) 0 (N=0) 0.018 (N=1) 1.190 (N=4)
6 1 2 (N=1) 0 (N=0) 0 (N=0) 10.279 (N=1)
8 1 1 (N=1) 0 (N=0) 0 (N=0) 0 (N=0)
10 1 1 (N=1) 0 (N=0) 0.079 (N=1) 10.152 (N=1)
12 1 0 (N=0) 0 (N=0) 0 (N=0) 0 (N=0)
14 2 0 (N=0) 0 (N=0) 0 (N=0) 0 (N=0)
Means (Totals) 40 2.482 (N=29) 0.002 (N=3) 0.047 (N=9) 3.958 (N=30)
STDEV 2.549 0.005 0.072 4.456
Non-breeding season
Age of Number of Mean number of Mean duration of | Mean duration of | Mean duration
offspring (in individuals sniffing events fights (min), (tests | grooming (min), of body
months) (tests with events) | with aggression) (tests with contact (min),
grooming) (tests with
body contact)
3 8 5.375 (N=5) 0.019 (N=1) 0.054 (N=2) 3.451 (N=8)
4 8 1.625 (N=2) 0.026 (N=2) 0.014 (N=1) 4.494 (N=5)
5 12 3.167 (N=6) 0.003 (N=1) 0.077 (N=4) 3.943 (N=8)
6 5 3.6 (N=5) 0 (N=0) 0.087 (N=1) 5.771 (N=5)
7 4 8.5 (N=1) 0 (N=0) 0 (N=0) 1.576 (N=3)
18 1 3 (N=1) 0 (N=0) 0.092 (N=1) 5.354 (N=1)
20 1 0 (N=0) 0 (N=0) 0 (N=0) 0.496 (N=1)
Means (Totals) 39 3.61 (N=20) 0.007 (N=4) 0.046 (N=9) 3.584 (N=31)
STDEV 2.725 0.011 0.041 1.935

Model selection

Table S2: AIC-based model selection results examining reparameterization of age of offspring vs whether offspring

had dispersed or not.

body K -2logL  [AIC AAIC [ 0AIC
contact

dispersed 6 -232.99 |47916 |0 1

age 17 -226.42 | 496.88 | 17.73 0
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fight -2logL [ AIC AAIC 0AIC
dispersed 6 167.41 -321.66 |0 1
age 17 169.65 -295.28 | 26.38 0
sniff K -2logL AIC AAIC 0AIC
dispersed 5 -236.93 | 484.68 0 1
age 16 -231.41 | 503.59 18.91 0
groom -2logL AIC AAIC 0AIC
dispersed 6 -25.2 63.57 0 1
age 17 -31.35 106.73 43.15 0

Table S3. Sniffing: Results of the ANOVA models to test whether dispersal and the season have an impact on the

frequency of sniffing events in the bush Karoo rat.

Sniff = season + dispersed

Predictors df Sum sgs F value p

Season 1 18 0.723 0.398
Dispersed 1 49.2 1.978 0.164
Season : Dispersed 1 20.5 0.822 0.368

Table S4. Fighting: Results of the ANOVA model to test whether dispersal and the season have an impact on the

time spent fighting in the bush Karoo rat.

Fighting = season + dispersed

Predictors df Sum sgs F value p

Season 1 0.00061 0.678 0.41
Dispersed 1 0.0015 1.656 0.2
Weight difference 1 0.00014 0.15 0.7

Table S5 Grooming: Results of the ANOVA models to test whether dispersal and the season have an impact on the

time spent grooming in the bush Karoo rat. Factors in bold type indicate significant predictors.

Grooming = season + dispersed

98




Predictors df Sum sgs F value p

Season 1 0.00459 0.054 0.82
Dispersed 1 0.1487 1.754 0.19
Weight difference 1 0.4105 4.841 0.03

Table S6. Body contact: Results of the ANOVA models to test whether dispersal and the season have an impact on

the time spent in body contact in the bush Karoo rat.

Body contact = season + dispersed

Predictors df Sum sgs F value p

Season 1 0.0236 0.0014 0.97
Dispersed 1 7.647 0.4487 0.51
Weight difference 1 24.6384 1.4457 0.23

Table S7. Neighbor encounter tests - Fighting: Results of the linear mixed effects models to identify which

factors influenced time spent in amicable and aggressive behaviours by bush Karoo rats during dyadic encounter

tests with neighbours.

Fight = season + relatedness + body size difference + ID-focal (random).

R2/conditional R2

Predictors Estimates SE 95% ClI p
(Intercept) -0.007 0.018 -0.043 - 0.029 0.692
Season (non-breeding) 0.016 0.013 -0.0098 - 0.042 0.220
Relatedness (non-kin) 0.009 0.015 -0.02--0.04 0.551
Weight difference 0.0003 0.001 -0009 - -0.001 0.641
Random effects 0.000024/0.009

a2/1CC

Marginal 0.03/0.039

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.
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The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and
random effects into account.

Table S8. Neighbor encounter tests — Body contact: Results of the linear mixed effects models to identify which
factors influenced time spent in amicable and aggressive behaviours by bush Karoo rats during dyadic encounter

tests with neighbours. Factors in bold type indicate significant predictors.

Body contact = season + relatedness + body size difference + ID-focal (random).

Predictors Estimates SE 95% ClI p
(Intercept) 4.27 1.496 1.26-7.29 <0.01
Season (non-breeding) 0.57 1.094 -1.63-2.80 0.60
Relatedness (non-kin) -2.36 1.316 -5.04-0.31 0.08
Weight difference -0.02 0.048 -0.12-0.08 0.69
Random effects 5.078/0.26

a2/1CC

Marginal 0.06/0.305

R2/conditional R2

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and
random effects into account.

Table S9. Neighbor encounter tests - Grooming: Results of the linear mixed effects models to identify which
factors influenced time spent in amicable and aggressive behaviours by bush Karoo rats during dyadic encounter
tests with neighbours.

Grooms = season + relatedness + body size difference + ID-focal (random).

Predictors Estimates SE 95% CI p
(Intercept) 0.04 0.026 -0.0097 — 0.095 0.09
Season (non-breeding) 0.008 0.019 -0.0295 - 0.045 0.673
Relatedness (non-kin) -0.02 0.022 -0.0645 - 0.025 0.356
Weight difference -0.0002 0.001 -0.0019 - 0.002 0.793
Random effects 0.000049/0.009

a2/1CC

Marginal 0.02/0.029
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R2/conditional R2

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and

random effects into account.

Table S10. Sniffing events during encounter tests: Results of the generalized linear mixed effects models to
identify which factors influenced the frequency of sniffing events exhibited by bush Karoo rats during dyadic

encounter tests towards neighbours. Factors in bold type indicate significant predictors.

Sniff = season * relatedness + body size difference + ID-focal (random) + ID-stimulus(random).

Predictors Estimates SE 95% ClI p
(Intercept) 0.42 0.35 -0.29-1.08 0.22
Season (non-breeding) 0.73 0.27 0.22-1.29 <0.01
Relatedness (non-kin) 0.54 0.36 -0.17-1.27 0.14
Weight difference -0.02 0.008 -0.04 - -0.004 0.02
Season (non-breeding) -0.63 0.43 -1.49-0.21 0.14

: Relatedness (non-kin)

Random effects 2.10/0.83
o2/ICC
Marginal 0.061/0.839

R2/conditional R2

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and

random effects into account.

Table S11. Latency to first aggression during intruder tests: Results of the linear mixed effects models to
identify which factors influenced the latency to the first aggressive behaviour with a stimulus during intruder tests
towards neighbours.

Latency to first aggression = season * relatedness + body size difference + ID-focal (random).

Predictors Estimates SE 95% CI p
(Intercept) 4.286 1.69 0.08 - 7.67 <0.01
Season (non-breeding) 4.287 1.82 0.61-7.95 0.02
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R2/conditional R2

Relatedness (non-kin) -3.06 1.64 -6.47-0.24 0.07
Weight difference 0.05 0.03 -0.0091 -0.118 0.08
Season (non-breeding) 1.52 -2.59 - 5.65 0.46
: Relatedness (non-kin)

Random effects 11.07 /0.52

a2/ICC

Marginal 0.348/0.688

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and

random effects into account.

Table S12. Latency to approach cage during intruder tests: Results of the linear mixed effects models to identify

which factors influenced the latency to approach a cage with a stimulus during intruder tests towards neighbours.

Latency to approach = season * relatedness + body size difference + ID-focal (random).

R2/conditional R2

Predictors Estimates SE 95% ClI p
(Intercept) 0.89 1.70 -2.68 —4.32 0.60
Season (non-breeding) 2.88 1.82 -0.94 - 6.69 0.12
Relatedness (non-kin) -0.98 161 -4.27-2.29 0.55
Weight difference 0.04 0.03 -0.02-0.01 0.17
Season (non-breeding) 3.02 1.97 -1.01-7.06 0.14
: Relatedness (non-kin)

Random effects 13.22/0.556

a2/ICC

Marginal 0.236/0.661

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and

random effects into account.
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Table S13. Charging events during intruder tests: Results of the generalized linear mixed effects models to

identify which factors influenced the frequency of charging events exhibited by bush Karoo rats during intruder tests

towards neighbours. Factors in bold type indicate significant predictors.

Charging = season * relatedness + body size difference + ID-focal (random).

R2/conditional R2

Predictors Estimates SE 95% ClI p
(Intercept) 1.55 0.28 0.97-2.16 <0.001
Season (non-breeding) -1.92 0.44 -2.899 - -1.10 <0.001
Relatedness (non-kin) 0.75 0.22 0.32-1.20 <0.001
Weight difference -0.0056 0.0049 -0.016 — 0.004 0.26
Season (non-breeding) 0.54 0.39 -0.21-1.37 0.17

: Relatedness (non-kin)

Random effects 0.41/0.604

a2/ICC

Marginal 0.620/0.849

o2, variance of the random effect “ID””; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and

random effects into account.

Table S14. Number of trill sounds during intruder tests: Results of the linear mixed effects models to identify

which factors influenced the number of trill sounds with a stimulus during intruder tests towards neighbours.

Trills = season * relatedness + body size difference + ID-focal (random).

a2/ICC

Predictors Estimates SE 95% ClI p
(Intercept) 21.997 141 -4.73 -48.83 0.13
Season (non-breeding) -9.66 16.94 -41.62 - 22.76 0.57
Relatedness (non-kin) 9.53 18.2 -25.45 - 44.77 0.61
Weight difference -0.38 0.27 -0.90-0.13 0.17
Season (non-breeding) 7.48 23.25 -37.60 — 52.53 0.75
: Relatedness (non-kin)

Random effects 101.6/0.65
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Marginal
R2/conditional R2

0.121/0.178

02, variance of the random effect “ID’*; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and

random effects into account.

Table S15. Time spent at a cage during intruder tests: Results of the linear mixed effects models to identify

which factors influenced the time spent at a cage of the stimulus during intruder tests. Factors in bold type indicate

significant predictors.

Time at cage = season * relatedness + body size difference + ID-focal (random).

Predictors

R2/conditional R2

Estimates SE 95% ClI p
(Intercept) 5.08 1.25 2.54 - 7.59 <0.001
Season (non-breeding) -2.11 1.42 -4.95-0.75 0.14
Relatedness (non-kin) 4.63 1.37 1.76 - 7.39 <0.01
Weight difference -0.03 0.02 -0.07 - 0.024 0.30
Season (non-breeding) -1.93 1.71 -5.43-1.59 0.27
: Relatedness (non-kin)
Random effects 4.38/0.354
a2/1CC
Marginal 0.381/0.600

02, variance of the random effect “ID””; ICC, intraclass coefficient of variation.

The marginal R2 considers only the variance of the fixed effects, while the conditional R2 takes both the fixed and

random effects into account.

Supplementary figures
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Figure S 1: The duration spent in body contact by female bush Karoo rats according to the age of
the offspring, for both seasons. Boxplots show median and 1st and 3rd quartiles, the whiskers

represent the minimum and maximum of the outlier data and points represent individual values
(breeding: n = 40, non-breeding: n = 39).
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Figure S 2: The duration spent in body contact by female bush Karoo rats according to whether
offspring had dispersed or not, for both seasons. Boxplots show median and 1st and 3rd quartiles,
the whiskers represent the minimum and maximum of the outlier data and points represent
individual values (breeding: n = 40, non-breeding: n = 39).
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Figure S 3: The duration spent fighting by female bush Karoo rats for both seasons. Boxplots show

median and 1st and 3rd quartiles, the whiskers represent the minimum and maximum of the

outlier data and points represent individual values (breeding: n = 40, non-breeding: n = 39)
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Figure S 4: The duration of body contact (A) and grooming (B) behaviours between neighbouring
female bush Karoo rats during dyadic encounter tests. Boxplots show median and 1st and 3rd
quartiles, the whiskers represent the minimum and maximum of the outlier data and points
represent individual values.
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Figure S 5: The number of sniffing events between neighbouring female bush Karoo rats during
dyadic encounter tests. Boxplots show median and 1st and 3rd quartiles, the whiskers represent
the minimum and maximum of the outlier data and points represent individual values.
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Figure S 6: A measure of the latency to approach a cage during intruder tests based on the
relationship between individuals. Boxplots show median and 1st and 3rd quartiles, the whiskers
represent the minimum and maximum of the outlier data and points represent individual values.
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Figure S 7: The number of trilling events measured during intruder tests. Boxplots show median
and 1st and 3rd quartiles, the whiskers represent the minimum and maximum of the outlier data
and points represent individual values.
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Figure S 7: The frequency of chasing events against striped mice.
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Additional tables on models run using age of offspring as a variable.
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Table S3.1. Sniffing: Results of the ANOVA models to test whether age of offspring and the season have an impact

on the frequency of sniffing events in the bush Karoo rat.

Sniff = season + age of offspring

(months)

Predictors df F value p

Season 1 0.711 0.402
Age offspring (months) 12 1.044 0.422
Season : Age offspring 1 0.001 0.978

Table S4.1. Fighting: Results of the ANOVA model to test whether age of offspring and the season have an impact

on the time spent fighting in the bush Karoo rat.

Fighting = season + age of offspring

Predictors

df

F value

Season

0.619

0.438
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Age offspring (months) 12 0.418

0.953

Weight difference 1 1.101

0.298

Table S5.1 Grooming: Results of the ANOVA models to test whether age of offspring and the season have an

impact
on the time spent grooming in the bush Karoo rat.

Grooming = season + age of offspring

Predictors df F value p

Season 1 0.029 0.865
Age offspring (months) 12 0.105 0.9999
Weight difference 1 0.732 0.396

Table S6.1. Body contact: Results of the ANOVA models to test whether age of offspring and the season have an

impact on the time spent in body contact in the bush Karoo rat.

Body contact = season + age of offspring

Predictors df F value p

Season 1 0.171 0.68
Age offspring (months) 12 1.244 0.27
Weight difference 1 0.138 0.71
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Abstract

Kinship is important for understanding the evolution of social behaviour in group living species.
However, even solitary living individuals differentiate between kin and non-kin neighbours, which could
lead to some form of cooperation, defined as both partners benefitting from each other. A simple form of
cooperation is mutualism, where both partners benefit simultaneously. Here we tested whether there is
mutual tolerance by sharing foraging grounds between Kin in a solitary species. This would indicate the
possibility of kin selection and mutual cooperation. We used mini-GPS data loggers to investigate range
overlap in the solitary bush Karoo rat (Otomys unisulcatus) between kin- and non-kin neighbours. Next,
we quantified the extent to which individuals shared foraging grounds containing food plants within their
overlapping ranges. Lastly, using step selection functions applied to GPS fixes collected every five
minutes, we analysed how individuals moved relative to each other. Kin-neighbours had larger home
range overlap than non-kin neighbours (70.4% vs 29.6%) and shared more of their foraging grounds (63%
vs 37%). Temporal analysis of spatial data found no indication that neighbours avoided each other,
independent of kinship. Instead, activity was synchronised. In sum, we found mutual tolerance between
neighbours with regards to sharing foraging grounds, and kin shared nearly double as much of their
foraging grounds than non-kin. These data can be interpreted as a simple way of mutual cooperation
between Kin in a solitary species, where both members benefit from sharing a considerable part of their

foraging grounds.
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Introduction

Solitary living species are not asocial, but often have non-random social interactions between neighbours
which might even share resources (Makuya & Schradin, 2024b). Solitary living refers to the social
organisation (Kappeler & Schaik, 2002) of a species where adult individuals live alone (Makuya &
Schradin, 2024a). Historically, it has been assumed that solitary living is caused by intra-specific
aggression, functioning to monopolise resources (e.g. European hamster; Cricetus cricetus) (Eibl-
Eibesfeldt, 1953). However, a growing number of studies show that there are also amicable interactions
between neighbours in solitary species, for example in mustelids (Twining et al., 2024), the African
leopard (Panthera pardus) (Roex et al., 2022) and in estuarine crocodiles (Crocodylus porosus) (Baker et
al., 2021). In the solitary puma (Puma concolor), individuals meeting at carrion respond in a non-random
and consistent way, with some individuals always chasing each other aggressively, while other
individuals commonly feed together (Elbroch et al., 2016; Elbroch & Quigley, 2016). Whether such
amicable sharing of food sources also occurs in solitary herbivores has not been studied in detail, though
studies on kin selection and overlap in the kangaroo rats (Dipodomys ingens) and Columbian ground
squirrels (Urocitellus columbianus) suggest that sharing foraging grounds is possible (Dobson et al.,
2012; Meshriy et al., 2011).

The distribution of resources, such as food, influences the spatial distribution of animals (Johnson et al.,
2002). The resource dispersion hypothesis states that if rare resources rare and evenly distributed, animals
will be less likely to aggregate because there is no benefit for resource defence (Johnson et al., 2002;
Macdonald & Johnson, 2015; Macdonald, 1983). In contrast, rich patchily distributed resources favour
the formation of groups that defend these resources. Food distribution has been used to explain spatial
structure of solitary species. For example, small, patchy food patches resulted in within group scramble
competition and solitary living in the lemur Microcebus berthae (Dammhahn & Kappeler, 2009). In
contrast, the closely related lemur M. murinus relied on large patchily distributed food resources, thereby
allowing females to overlap their home ranges and to form sleeping groups (Dammhahn & Kappeler,
2009). While large patchily distributed resources drive group living in rodents (Ebensperger, 2001), small

patchily distributed food might drive solitary living to monopolize resources.

The distribution of resources influences social interactions between individuals (Halliwell et al., 2016).
To understand the influence of resource distribution on social interactions, one must consider how

individuals overlap spatially and temporally (Rodrigues, 2018; Tania et al., 2012). Using step-selection
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functions on data obtained from GPS tracking, the movement of an individual can be related to the
dynamic occurrence distribution of another individual, proving an estimation of fine-scale interactions
(Schlagel et al., 2019; Ward et al., 2021). With this method one can determine whether individuals are
attracted to conspecifics, avoid them or tolerate them. Fine-scale interactions have been quantified for
bank voles (Myodes glareolus), where the males were always strongly attracted to females, while females
were attracted to the males only when in oestrous but avoided them otherwise, maybe to avoid male
infanticide (Schlagel et al., 2019). Similarly, the movements of male elongated tortoises (Indotestudo
elongata) were driven by the presence of females (Ward et al., 2021). Both studies considered mates as a
driver of the attraction of between individuals (Schlégel et al., 2019; Ward et al., 2021). Such fine-scale
interactions between individuals could also provide insights into behavioural interactions underlying

cooperation.

Cooperation between conspecifics has mainly been studied in group living species (Clutton-Brock, 2016).
The most basic definition of cooperation is that it consists of an interaction between two individuals that
benefits both (Bergmiiller et al., 2007a). Cooperation can evolve easily when both individuals benefit at
the same time, referred to as by-product mutualism (Bergmiller et al., 2007a). An example can be seen in
group living animals who gain safety from predators by forming large groups (Taborsky et al., 2021).
These animals cooperate by joint predator surveillance, whereby individuals take turns in watching for
predators while the others forage, for example sentinels in meerkats (Clutton-Brock, 2016). In such cases,
where one individual first has costs before it later benefits, cooperation is either based on mutual
reciprocity (Trivers, 1971) or on kin selection leading to indirect fitness benefits (Hamilton, 1971).
Simple forms of cooperation might occur in solitary species that have a kin-based spatial structure with
overlap in home ranges and frequent non-random interactions (Makuya et al., 2024b; Meshriy et al.,
2011). Mutual tolerance is a requirement for cooperation and might even occur in solitary species,

especially between close kin, adding indirect fitness benefits.

Most solitary mammals are either nocturnal, small and live in dense habitats, or very large predators
roaming over large areas. Thus, field-based studies of species on both extremes are challenging. In
contrast, the solitary and folivorous bush Karoo rat (Otomys unisulcatus) can be easily observed in its
natural habitat (Makuya et al., 2024b; Schradin, 2005). Its endemic to semi-arid regions of South Africa
and builds stick-lodges inside shrubs. It is a central-place forager, foraging within a short distance (less
than 25m) from its lodge to patches of leafy succulent plants and ephemeral herbs, called foraging
grounds, and then returning to the lodge (Schradin, 2005). Runways lead from the lodge to the foraging
grounds. Female bush Karoo rats form kin clusters, living closer to kin neighbours than to non-kin

neighbours (Makuya et al., 2024b). This makes it likely that foraging grounds of close kin overlap. Social
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interactions between close kin are characterized by tolerance while interactions between non-kin are more
often aggressive, indicating a kin based amicable social structure (Makuya et al., 2024a). The bush Karoo
rat is therefore a good model to test the extent to which a solitary species shares patches of food and

whether there is indication of kin selection and mutualism.

Here we asked whether the kin based spatial structure (Makuya et al., 2024b) in combination with the
amicable social structure (Makuya et al., 2024a) might enable some simple form of cooperation (by-
product mutualism) in the solitary bush Karoo rat. Specifically, we predicted (i) that foraging grounds
will overlap more between kin- than non-kin neighbours, (ii) that neighbouring bush Karoo rats show
positive interaction at foraging grounds and a (iii) higher temporal overlap of kin- compared to non-kin
neighbours, indicating that kin use the same food resource at the same time while non-kin avoid each

other.

Methods
Study site

Our study was conducted on a 4.5-hecare field site next to the Succulent Karoo Research Station located
in the Goegap Nature Reserve, Northern Cape, South Africa (29°41°41.17” S 17°53°34.91” E). The area
is a biodiversity hotspot, characterized by Succulent Karoo vegetation (Cowling et al., 1999; Myers et al.,
2000). The climate is arid with minimum temperatures of -3°C in winter and maximum temperatures up
to 43°C in summer (Schradin, 2005). Mean annual precipitation at the field site is 160mm per annum.
Seasons are characterised as the hot dry non-breeding season (November to April) and the cool moist

breeding season (May to October).

Trapping

Our field site was divided into six areas. Two areas were trapped simultaneously for three days by two
people, before moving on to the next two areas. We used a combination of foldable Sherman traps and
locally produced heavy traps of the Sherman style. Traps were placed at lodges that showed signs of
being occupied (presence of fresh plant material, fresh faeces and active runways) by bush Karoo rats. All
trapped rats were processed to obtain information on their weight (to the nearest gram) and their
reproductive status (vagina perforated or closed; males scrotal or not). We conducted experiments using
females as male bush Karoo rats disperse in autumn. We determined the kinship of the rats from trapping

data: juveniles and pups were assumed to be the offspring of the adult female occupying the lodge where
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they were trapped; pups / juveniles were always trapped at the same lodge and during the breeding season
only one adult female was ever trapped at a lodge at a time (Makuya et al., 2024b). Upon first capture,
rats were marked with metal band ear tags that had a unique identification number (National Band and
Tag Co., Newport, KY, U.S.A.) (Schoepf & Schradin, 2012a). Rats were additionally marked with non-
toxic hair dye to aid in individual identification during focal animal observations (Inecto Rapido,

Pinetown, South Africa).

Behavioural observations in the field

Focal observations were conducted five times a week at lodges with evidence of being occupied by bush
Karoo rats to determine which individuals occupied the lodge (current study) and collect behavioural data
for other studies (Makuya et al., 2024a). The morning observations started five minutes before the sun
started shining on the lodges and lasted for 30 minutes; afternoon observations of 30 minutes started 25
minutes before the sun stopped shining on the lodges. Three to five lodges were observed on the same day

by different observers. Each lodge was observed for at least two days a month.

Measuring daily ranges

Neighbouring adult female bush Karoo rats were simultaneously fitted with mini-GPS dataloggers (Gipsy
6 model from Technosmart, Italy https://www.technosmart.eu/gipsy-remote-copy/), from August 2021 to
April 2023. We fitted 227 Gipsy collars on 43 days on a total of 125 females (on average, 4.6 = 1.5

females were fitted simultaneously, range 2 to 7 females). The mini-GPS loggers weighed 4.5g including
the protective coating, which is less than 5 % of the rats’ body weight. These loggers were programmed to
collect daily home range data according to methods validated by Makuya & Schradin (2023) and used by
Makuya et al. (2024b). The mini-GPSs were fitted like a rucksack with a chest and a waist belt consisting
of a wire running through a small rubber tube to avoid any skin irritation, fastened with a fishing crimp.
The loggers collected the location (longitude, latitude, and altitude) of an individual and the date and
time. We programmed the mini-GPS loggers to be off for the first two days (habituation) and start data
collection on day 3 every 5 minutes; the battery life did not allow us to collect data for more than one day.
We then re-trapped animals to remove the collars and to extract the data. Our method allowed us to assess
whether movements of neighbouring rats are synchronised and to generate accurate estimate of distance
travelled. A pilot study by Makuya showed that this method leads to similar home range sizes compared

to using traditional method of collecting data every two hours for five days. The data were cleaned by
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first removing waypoints that had low accuracy (> 50m) and outliers that were beyond 50m away from

the centre.

Measuring home range quality

Bush Karoo rats have runways leading from their lodges to foraging areas. We measured food availability
along runways used by all female bush Karoo rats from which we had determined home ranges from the
mini-GPS data. We ran a measuring tape along every runway within the ranges (Figure 1). Every 20cm,
we recorded plants growing at 25cm and 50cm at right angles from the runways, both to the left and to the
right. We recorded whether these plants were dead or alive. We further determined whether the plants
were food plants based on data from nest observations. When there was no plant, a zero was recorded. For
each runway, we counted the total number of food plants and associated the number of food plants to the

runways that were then shared between the rats as determined from the GPS data.

Legend

® Lodges
< Shrubs
—— Runways

Figure 1. Example of lodges with runways. The hollow diamonds are the shrubs without lodges, black circles are
lodges and brown lines are the runways between the lodges and shrubs.
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Statistical analysis

To analyse the daily range sizes and overlap, we used the autocorrelated Kernel density estimation
(AKDE) implemented in the R packages ctmm (Calabrese et al., 2016) and ctmmweb (Dong et al., 2018).
Overlap was calculated for every pair of rats (N = 192) on the daily range data from the same day. For the
pairs of individuals that overlapped (N = 148), we estimated the interactions between individuals based on
step-selection functions (SSF) in a workflow code supplied by Schlégel et al. (2019). This method
allowed us to investigate whether the movement of one rat was correlated with the movement of its
neighbour with which it overlapped. From this, we obtained a coefficient of interaction and p-value
indicating whether there was attraction (positive value and P < 0.05; the rat chose locations where its
neighbour also occurred), avoidance (negative value and P < 0.05: the rat avoided locations where its
neighbour occupies) and neutral (close to zero coefficient: the rats’ choice of locations was independent
of its neighbour’s occurrence). We then ran a general linear model (GLM) to analyse the factors that
influence the coefficient of interaction. For this, we fitted the model (equation 1 below) using the fixed
effects estimated overlap, relationship of the neighbour (kin vs non-kin) and season (breeding vs non-

breeding) to determine whether these also had an impact on the response.
1. Coefficient of interaction = overlap + relationship + season

We determined the amount of food shared for all pairs of bush Karoo rats that overlapped in their ranges.
For each pair, we determined which runways they shared and then added up all food plants counted along
these runways. To analyse the factors that influenced the total shared food, we fitted a generalised linear
mixed model (GLMM) with a Poisson distribution and a square root link function, run in the Ime4 R
package using the glmer function (Bates et al., 2015), with the relationship (kin vs non-kin), season
(breeding vs non-breeding) and the percentage of overlap fit as fixed effects. We also fitted the ID of both
bush Karoo rats as random effects (equation 2 below).

2. Shared food = relationship + season + overlap+ (1|ID focal) + (1|ID neighbour)

Results

The home ranges of bush Karoo rats were larger in the moist breeding season (649.5 + 424.3 m?, N = 82)
than in the dry non-breeding season (447.6 + 254.5 m?, N = 67; estimate= -405.4, SE = 446.5, p = 0.37).
Their home ranges overlapped more with kin neighbours than non-kin neighbours (dry season: 49.8 + 6.2
% vs 26.9 + 4.7 % and wet season: 43.8 £ 5.3 % vs 21.6 £ 4.2 %) (relationship; estimate = -22.5, SE 5.3,
P < 0.001; season; estimate = -5.7, SE = 5.3, P = 0.28).
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Overlap of foraging grounds

As predicted, we found higher overlap of foraging grounds between kin neighbours than non-kin
neighbours (63% vs 37%, P < 0.001), especially during the dry, non-breeding season (dry season 66%,
38.5 + 7.6 food plants for kin vs 33%, 26.04 + 7.5 for non-kin; wet season 61%, 30.6 + 6.9 vs 39%, 22.3
+6.1; P =0.001, Table 1, Figure 2). The amount of shared food increased with increasing range overlap
(P <0.001; Figure 3).
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Figure 2. Seasonal comparison of total food shared between bush Karoo rats at foraging grounds by kinship.
Boxplots show 1st and 3rd quartiles, the whiskers represent the minimum and maximum of the outlier data and
points represent individual values.

Table 1. Summary of Poisson GLMM to model the number of food plants shared by neighbouring bush Karoo rats.

Model parameter Estimate SE P
Intercept -0.29 0.63 0.64
Overlap 0.069 0.004 <0.001
Relationship (non-kin) 1.85 0.33 <0.001
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Figure 3. Mean fitted number of food plants within foraging grounds (solid line) and 95% confidence intervals
(shaded area) against range overlap. Black dots are observed data.

Temporal overlap (estimated step-selection coefficient of interaction behaviour)

The ranges of 148 pairs of bush Karoo rats overlapped between 2022 and 2023. From 90 of these pairs,
we obtained useable temporal overlap estimates; for the remaining 58 pairs, the models either did not
converge, or the model failed to calculate the coefficient of interaction because individuals only
marginally overlapped. A total of 82 pairs were attracted to each other (coefficients greater than one),
with 64 of these pairs being significantly attracted to each other (P < 0.05). Only three pairs avoided each
other (negative coefficients) but not significantly (P > 0.05). Five pairs showed neutrality which was
significant for only one pair (P < 0.05). We removed four outliers that had more than double the mean
value for the coefficient of interaction. We therefore ran the GLM model for 86 pairs.

The coefficient of interaction was significantly and negatively influenced by the degree of range overlap
(GLM; t=-5.60, P <0.001; Table 2 and Figure 4), i.e., rats which had a low overlap were more attracted
to the same foraging grounds (higher coefficient) while rats which overlapped more were less or not

attracted (neutral or negative attraction, coefficient close to zero). Unlike in our prediction, neither season
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nor relationship had a significant effect on the coefficient of interaction (GLM; t =0.17, P=0.869 and t =
-0.33, P = 0.741 respectively).

Table 2. Summary of Gaussian GLM to model factors influencing the estimated step-selection coefficient (relative
selection strength) of interaction behaviour in bush Karoo rats.

Model parameter Estimate SE P
Intercept 8.7442 1.1378 <0.001
Overlap -8.3224 1..4862 <0.001
Relationship (non-kin) -0.2914 0.8779 0.741
Season (breeding) 0.1446 0.8757 0.869
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Figure 4. Mean fitted coefficient of interaction (solid line) and 95% confidence intervals (shaded area) against
estimated range overlap. Black dots are observed data.

Discussion

We tested whether closely related females of the solitary bush Karoo rat shared foraging grounds in a
mutualistic way. Female bush Karoo rat shared more foraging grounds with their kin neighbours than
their non-kin neighbours, and this especially in the food restricted dry season. They were attracted to each
other at the foraging grounds, and we found no indication that they avoided each other. Therefore, they
shared the restricted food resource mutualistically and especially between close kin, which can be

interpreted as a simple form of cooperation.

The home ranges of female bush Karoo rats overlapped and so did their foraging grounds. We showed in

a previous study that the overlap in home ranges was mostly driven by kinship (Makuya et al., 2024b).
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Here we replicated this result: female kin shared nearly 50% of their home ranges, while overlap with
non-kin was only half as much. Overlap in home ranges also lead to a significant overlap in foraging
grounds. Female bush Karoo rat shared 61% of their food with their kin neighbours but only 39% with
their non-kin neighbours in the moist season. In the food restricted dry season, when one might expect
individuals to monopolize food and overlap thus to decrease, this difference was even stronger, and

females shared 66% of their food with close kin but only 33% with non-kin.

Individuals can use the same resources without sharing them, for example by using them at different
times of the day, or by avoiding each other and only visiting a resource when it its free. Therefore, we
calculated interaction scores between dyads to assess whether they avoided each other. Interactions scores
were positive for 90% of dyads independently of kinship, which could mean one of two things: either
they were attracted to each other or they were attracted to the foraging grounds, an essential resource
(Spiegel et al., 2016). Bush Karoo rats are central place foragers, which forage a short distance from their
lodges to the foraging grounds. Previously we reported that they have as many kin as non-kin neighbours
(Makuya et al., 2024b) but behave differently to each of them. Female bush Karoo rats react with
tolerance or are even amicable towards close kin, but are aggressive towards non-kin (Makuya et al.,
20243a). Together these results indicate that the positive interaction scores were rather due to attraction to
the food within the foraging grounds (local enhancement) than due to social attraction. If it would have
been social attraction, we would have expected positive association between kin and avoidance between
non-kin; also, in encounter tests we did not find animals were attracted by each other (Makuya et al.,
2024a). However, they did not avoid each other but visited the foraging grounds during the same time of

the day, leading to positive interaction coefficients.

Bush Karoo rats shared more foraging grounds the more their home ranges overlapped, but at the same
time their interactions scores declined, even though remaining positive in most cases. This indicates that
they increased the distance between individuals when sharing larger areas. Thus, this effect might not
indicate reduced competition but simply a statistical effect: when they share larger areas, by chance they

are more often far away from each other.

Season had no influence on the interaction score, but on the number of shared food in the foraging
grounds. If sharing of food is simply a consequence of overlapping areas with high food availability (food
being an abundant resource that does not need to be defended), one would have expected them to share
more foraging grounds in the food rich moist season and to monopolise food when it becomes rare by
decreasing overlap. Surprisingly, we found the opposite: more overlapping foraging grounds in the food
restricted dry season. This further indicates that tolerance between female bush Karoo rats did not

decrease when food became scarce. Indeed, in another study, we observed that aggression between
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neighbouring females is higher in the food rich breeding season compared to the dry season, probably to
avoid reproductive competition such as female infanticide (Makuya et al., 2024a). This indicates that food
is only a minor driver of competition and explains why foraging grounds can be shared in a mutualistic

way.

By-product mutualism is a form of cooperation where both parties benefit at the same time (Bergmiiller et
al., 2007b). However, it is only regarded as a form of cooperation if it includes an interaction between the
two parties (Bergmauller et al., 2007b), especially if the behaviour involved was under selection for this
purpose (West et al., 2007). Whether mutual sharing of foraging grounds in bush Karoo rats represents a
simple form of cooperation is not completely evident: while both parties potentially benefit from having
access to the foraging grounds, this is not characterised by interactions but rather by social tolerance
allowing both individuals to exploit this resource. Importantly, tolerance is not a random response but
represent an absence of aggressive interactions. This indicates that tolerance is an evolved trait that avoids
aggressive interactions and could thus also be regarded as a kind of neutral interaction. For example, in
solitary carnivores, some individuals do regularly tolerate each other when foraging at carcasses, but
aggressively chase away other individuals from the same food source (Elbroch & Quigley, 2016; Roex et
al., 2022; Twining et al., 2024). Some degree of tolerance is necessary for all group-living species, which
do not automatically classify as cooperative because they share foraging grounds, but typically only when
they directly interact to share food (Clutton-Brock, 2002). Thus, in several solitary mammals, individual-
specific tolerance for mutual sharing of food resources has evolved, often based on kinship, indicating

early forms of by-product mutualism

Conclusion

In conclusion, the spatial structure has an influence on the social interactions between individuals.
Specifically, solitary bush Karoo rats overlapped more with their kin neighbours and therefore shared
more foraging grounds, without avoiding each other. This adds to the growing number of studies that
indicate that solitary species can have non-random social interactions with their neighbours. Attraction to
the same foraging grounds leads to the sharing of food, especially between kin, and the mutual tolerance
of each other together with the synchronised behaviour could be interpreted as an interaction that benefits
both, or at least as the absence of an aggressive interaction to monopolise food, and as such as a simple
form of cooperation. Such forms of cooperation could be the starting point for the evolution of more

complex forms of cooperation including amicable interactions.
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CHAPTER 7. General Discussion

Animal societies are described by considering four components of the social system (Kappeler, 2019;
Kappeler & van Schaik, 2002): (1) their social organisation, which is the composition of social units within
a population or species; (2) the social structure that describes social interactions between individuals; (3)
the mating system (who mates and reproduces with whom); and (4) the care system (who takes care of the
offspring). All four components are inter-related (Figure 1) and each can have multiple categories
(Kappeler, 2019). For example, animals can live in six different forms of social organisation (Figure 1).
This includes solitary (e.g. Cape dune mole-rat, Bathyergus suillus (Bray et al., 2012)), pair (e.g. Etendeka
round-eared elephant shrew, Macroscelides micus (Rathbun & Dumbacher, 2015)), one male and multiple
females (e.g. western lowland gorilla, Gorilla gorilla (Parnell, 2002)), multiple males and one female (e.g.
pheasant-tailed jacana, Hydrophasianus chirurgus (Fresneau et al., 2021)), multiple males and multiple
females (e.g. African wild ass, Equus africanus (Moehlman, 1998)) and sex specific (e.g. impala, Aepyceros
melampus, where females live in herds, males solitarily (Rduch, 2016)). The social structure describing
social interactions is more complex and has itself several components. For example, animals can have pair
bonds or not, be teritorial or not, show dominace hierarchies or not and have cooperation or not (hence the
number of options is multiplied by 2 in Figure 1). Note that Figure 1 does not list all potential aspects of
social structure. The mating system considers who mates with whom (observations) and especially who
reproduces with whom, which and can be investigated through genetic studies (Kappeler & van Schaik,
2002). Four catergories of the mating system are recognised: monogamy, polygyny, polyandry or
polygynandry, and these can be found in all the social organisations; for example, many pair-living species
show extra pair paternity (Dobson et al., 2018). The final component of the social system is the care system
that describes who takes care of the dependent young and the categorises are no care, paternal care, maternal

care, biparental care, communal care and cooperative care (Kappeler, 2019).
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Social Organisation

1. Solitary Social Structure
2. Pairs 1. Pairbonding
3. Onemale and multiple 2. Territoriality

females 3. Dominance hierarchy
4. Multiple males and 4, Cooperation

one female
5. Multiple males and
multiple females
. Sex specific

Care System
MNo care

Maternal care
Paternal care
Biparental care

Communal care
Polygynandrous Cooperative care

Figure 1. Components of social systems. Social systems consist of four components, indicated by the large white
circles. Each component can have mutiple categories, for example there are 6 different categories of social
organisation. Indicated in grey circles is for each component how many different categories are possible. For the social
structure, the components are multiplied by two because they can each either occur or not (e.g., animals can have pair
bonds or not, be territorial or not etc.), which provides the minimum number of possibilities. If the four components
are seen categorically, then at least 1152 different forms of social systems are possible. In reality, most components
are continous, not categorical (for example not dominance hierachy yes or no, but how hierarchical the dominance
hierarchy is), leading to even a higher biodiversity of social systems. Apdapted from Kappeler (2019), published in
Makuya & Schradin (2024b).

Mating System
Monogamous
Polygynous
Polyandrous

AW =
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Regarding the four components of the social system as categories leads to multiple possible combinations.
Using such a categorical classification of components of social systems indicates that more than 1000
(6*8*4*6) different forms of social systems are possible (Figure 1). Moreover, the components can vary
continuously but not categorically (for example the degree of territoriality; the frequncy of extra-pair
young) and are variable (a species can show intra-specific variation in social organisation). This creates the
potential for more combinations to be possible (Makuya & Schradin, 2024b). For example, a more realistic
measure of mammalian mating systems is using the degree of multiple paternity in litters (Dobson et al.,
2018) than placing it into categories (monogamy, polygyny, polyandry or polygynandry). Furthermore,
most species are not restricted to one form of social organization but show intra-specific variation in social

organization (Schradin et al., 2018b).

In solitary mammals, the social organisation comprises of social units of a single adult individual. Solitary
living is determined by the social organisation, where adult males and females live alone, although there
may or may not be kinship spatial structure. Solitary species also have social interactions, where neighbours

mainly interact amicably or aggressively, and the mating system can involve one male mating with multiple
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females with which he overlaps (polygyny) or that both males and females have several partners, with
which they either mate randomly (promiscuity) or non-randomly based on mate choice (polygynandry). In
mammals, the care system of solitary species is always maternal care only. When the different components
of social systems in solitary species are scored categorically, at least 12 different social systems of solitary
mammals are possible (Figure 2). However, most components are continuous, for example the degree of

aggression between neighbours.

To date, mainly group living species have been studied (Krause & Ruxton, 2002; Rubenstein & Abbot,
2017) with solitary living species receiving less attention. However, solitary mammals are expected to
benefit from their form of social organisation while missing out on the benefits of group living. With
approximately 22% of studied mammals being solitary living, research needs to be better focussed on

understanding the evolution of social behaviour in these species.

Solitary Social

Organisation
Group composition =1
male or 1 female
Group size = 1 adult
Spatial kinship
structure yes or no
(continous)

. Solitary

species

Social Structure
Social interactions

between neighbours
amicable or aggressive

Mating System

Polygyny
Promiscuity

Care System
Maternal care only
Polygynandry

Figure 2. Components of social systems in solitary mammals. The social organisation is made up of three aspects
which include the group composition (1 male or 1 female), the group size (1 adult), and the spatial structure (kinship
structure or not) which can be continuos. The social structure is only made up of one asepect, the social interactions
between neighbours which can be amicable or aggressive. The mating system is made up of three aspects, polygyny,
promiscuity or polygynandry. And finally, the care sytem is such that only maternal care is possible (adapted from
Kappeler, 2019).
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In this thesis, | studied the social and spatial organisation of a solitary rodent, the bush Karoo rat (Otomys
unisulcatus). The bush Karoo rat was a good model to use because it occupies an open habitat which
allowed for easy focal animal observations to be conducted. Previous studies on the bush Karoo rat have
provided conflicting conclusions regarding its social organisation, stating that it was group living and in
particular that large groups formed (Babu et al., 2011; Do Linh San et al., 2016; Hoepfl, 2013; Xalu et al.,
2009) and this required clarification. My thesis generated empirical data to better understand aspects of the
social system for this species in the Succulent Karoo. | will first summarise my own results before adding
them to the broader concept of solitary living. | will discuss all four components of social systems and how

they are related to solitary living species with particular emphasis on the bush Karoo rat results.

Summary of main results

The main aim of my study was to improve our understanding of the costs and benefits of solitary living.
My approach was to study the social organisation, spatial structure and social structure of the bush Karoo
rat, and further to investigated how these depend on kinship, and whether this could be indicative of some

cooperation.
Objective 1. Review costs and benefits of solitary living

In Chapter 2, | reviewed the literature on studies about how common is the occurrence of solitary living in
mammals and when it evolved. | then focussed on the theoretical costs and benefits and the empirical
evidence exists for these costs and benefits. Solitary living occurs in 22% of all studied mammals. Although
solitary living has not been studied as an evolved trait, the fossil record and results from comparative studies
show that solitary living is not ancestral in mammals, and indicating that it is probably an adaptation to
prevailing environments (Makuya & Schradin, 2024a). However, there was a paucity of data on the costs
and benefits of solitary living. The socio-ecological model for group living shows that the key factor that
are important to understand the distribution of females in a population is resource distribution as well as
the risk of predation and infanticide, which together determine the net benefits of group versus solitary
living. In turn, the males distribute themselves according to the distribution of the females (Clutton-Brock,
1989). Solitary living can be an adaptive consequence of the same factors used to explain group living.
Therefore, | modified the socio-ecological model developed for group living to that of solitary living
(Figure 1 in Chapter 2). My model shows how the costs of group living are the benefits of solitary living,
and the benefits of group living are the costs of solitary living (Table 3 in Chapter 2). Chapter 2 provides

the theoretical foundation for empirical studies on the costs and benefits of solitary living.
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Objective 2. Social organization

Validating the mini-GPS method. To understand solitary living — or any other form of social organisation-
one must understand how socio-ecological factors influence the distribution of individuals. I used mini-
GPS dataloggers to study the distribution and range size of individuals. This is the first study of its kind on
a small rodent. In Chapter 3, | validated the use of mini-GPS dataloggers to measure range sizes compared
to the method of using radio tracking in bush Karoo rats. Specifically, | tested whether there was a difference
in the range size obtained using the two different methods. Radio tracking resulted in smaller range size
estimates that were only representative of the location of the lodges of the rats and not their foraging grounds
compared with the larger range size estimates from using mini-GPS dataloggers. Radio tracking has been
extensively used to measure range sizes in mammals. However, it has the risk of the radio-collared animal
being disturbed by the person tracking it. This is especially problematical for central place foragers. Bush
Karoo rats forage away from their main lodges to nearby foraging grounds via runways that interconnect
multiple shrubs. When disturbed, they withdraw into their lodges. This was particularly a problem when
using the homing in technigque during radio tracking, resulting in smaller ranges estimated. Mini-GPS on
the other hand provided a more accurate estimation of the range use by not only revealing the lodges the

rats occupied, but also their foraging grounds.

Social and spatial organisation. | investigated the social and spatial organization of the bush Karoo rat in
Chapter 4. | analysed long-term trapping and observation data of individually marked bush Karoo rats from
2018-2023. | found that bush Karoo rats were mainly solitary living. However, small social groups also
occurred which all consisted of close kin, indicating intraspecific variation in social organization. Further,
female bush Karoo rats lived closer to kin neighbours and therefore had a spatial structure characterised by
kinship. Females also overlapped more with their kin neighbours than with non-kin neighbours. Although
this overlap could be interpreted because of living closer to kin, females bush Karoo rats had a similar
number of kin and non-kin neighbours. Kinship influences patterns of individual movement (Lacey et al.,
2000) and the spatial structures of some solitary felids and rodents has been described as dependent on
kinship (Elbroch & Quigley, 2016; Meshriy et al., 2011). In the bush Karoo rat, the spatial kin structure
seems to be due to females dispersing for short distances to nearby lodges that sometimes belong to their
mother. This is similar to red squirrels (Tamiascuirus hudsonicus) which also form kin based spatial
structures when offspring disperse only within 100m and inheriting part or all of their mother’s territory
(Berteaux & Boutin, 2000). In my study, bush Karoo rats were predominantly solitary with very few kin

groups and their spatial structure was kin based.
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Objective 3. Social structure

Solitary mammals are characterised by males and females mainly meeting for mating and therefore having
a few social interactions (Dammhahn & Kappeler, 2009; Schléagel et al., 2019). However, a growing number
of studies show that solitary mammals are not asocial but can have non-random and complex social
interactions that are sometimes characterised by amicability between interacting individuals (Elbroch &
Quigley, 2016; Twining et al., 2024). Although living and interacting with kin has benefits in group living
species (Brent et al., 2017), little is known about interactions among Kin in solitary species. Therefore, in
Chapter 5, | investigated social interactions between neighbouring bush Karoo rats depending on their
kinship. | did this through experimental tests both in the laboratory and in the field. | measured aggression
and amicability in dyadic encounter tests and field intruder tests between kin and non-kin neighbours.
Maternal aggression towards offspring reaching adulthood has been argued as a mechanism driving
dispersal in solitary species and in turn leading to solitary living (Eibl-Eibesfeldt, 1953). In contrast, | found
that mothers were not aggressive towards their offspring in the dual encounter tests, even after the adult
offspring had dispersed. In tests conducted in a neutral arena, aggression was low between adult neighbours,
independent of the season and the kinship. However, bush Karoo rats build extensive stick lodges that are
a valuable resource because they offer refuge against the harsh environment and protection from predators.
| therefore expected the bush Karoo rats to defend their lodges against intruders because it is believed that
female territoriality occurs to defend valuable resources (Sinn et al., 2008; Wolff, 2007). | found that bush
Karoo rats were more aggressive during the field intruder tests directly in front of the lodges, especially
towards non-kin neighbours. These results suggest that the absence of social attraction and the internal
motivation of individuals reaching sexual maturity to disperse are the mechanisms driving solitary living

in the bush Karoo rats.
Objective 4. Cooperation in a solitary mammal?

In Chapter 6, following up from the result of the range overlap from Chapter 5, I quantified the extent of
shared foraging grounds in overlapping ranges. To achieve this, | used the daily ranges estimated from
mini-GPS dataloggers to calculate the spatial range overlap between neighbouring bush Karoo rats. Next,
I analysed the temporal range overlap using step selection functions to investigate how individual bush
Karoo rats moved relative to each other and whether they were attracted to the same or avoided foraging
grounds used by other bush Karoo rats with which they overlapped. | found that bush Karoo rats ranges
overlapped more with kin than with non-kin neighbours, and they also shared more feeding grounds with
close kin. Furthermore, there was mutual tolerance at shared foraging grounds as indicated by attraction
towards the same feeding grounds. This can be interpreted as the starting point for the evolution of by-

product mutualism, a simple form of cooperation (Bergmiiller et al., 2007b). | broadly define cooperation
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without taking into consideration how it evolved, following n the definition of Bergmudiller et al. (2007b).
In by-product mutualism, both interacting individuals benefit at the same time, such that no cheating can
take place (Bergmidiller et al., 2007b). In some solitary felids, social interactions were classified as social
tolerance and not true cooperation within social groups (Jedrzejewski et al., 2022). This included sharing
of food resources as observed in pumas (Elbroch & Quigley, 2016). This contrasts with group living felids
such as lions (Panthera leo) that hunt cooperatively (Stander, 1992). While solitary species were previously
believed to be uncooperative with conspecifics and avoid overlapping in their ranges (Sandell, 1989), my

study shows that this is not always the case.

What do objectives 1-4 mean when taken together?

The socio-ecological model for solitary living suggested in Figure 1 in Chapter 2 can be applied to the bush
Karoo rats using the evidence gathered in my thesis. First, | showed that more than 96% of female and male
bush Karoo rats are solitary. Second, bush Karoo rats form kin based spatial structure with small home
ranges that they can easily defend from potential intruders. Furthermore, home ranges and associated
feeding grounds are partly shared with kin neighbours. This reduces competition. Their home ranges are
small and likely determined by the distribution of shrubs and lodges. Bush Karoo rats do not invest much
time and energy in aggressively defending the home ranges. The bush Karoo rats showed a simple form of
cooperation through mutual tolerance between kin at shared feeding grounds. In sum, the bush Karoo rats
display a specific form of solitary social system (Figure 2): Solitary living with a kinship based spatial
structure, a non-aggressive social structure with extreme tolerance between solitary females that are close
kin, and maternal care only. The mating system is so far unknown, though the fact that there are very few
breeding males per breeding females (personal observation) predicts low levels of multiple paternities
within litters. This solitary social system contrasts with the old believes that solitary mammals are randomly

distributed and highly aggressive towards conspecifics including their adult offspring.

What we still do not know (future studies)

Social organisation and social structure of solitary living species. My study demonstrated that bush Karoo
rats formed kin based spatial structures along matrilines. Living near their kin offers the benefit of sharing
food resources (Figure 3). However, dispersal strategies in bush Karoo rats still requires additional
investigation as has been studied in detail in group living species such as naked mole-rats (Burland et al.,

2002). Future studies could focus on aspects such as predation pressure in which the bush Karoo rats are
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expected to be solitary living further due to the high predation risk (Figure 3). More future studies could be
on investigating social bonding in choice experiments and how these changes as offspring become older.
In the few groups observed, future studies could further investigate whether there is any dominance

hierarchy and whether bush Karoo rats have any forms of submissive behaviours.

T Thermoregulation Kin selection
Territoriality - Lodee offsets + helping kin neighbours
+ smaller territory needed benefit € ¢ huddli + inheritance of resources
- no joint territory defence Enetits ot huddiing - No apparent benefits of
kin cooperation in groups

Foraging and food
+ monopolised
- no information transfer

Predation
+ less easily detected
- safety in numbers

Resource distribution
+ patchy
- clumped Net benefits of solitary-living
(benefits — costs)

Infection risk

+ decreased
Infant care - no removal of

+ all parental investment ectoparasites .

goes into own offspring >0 > through allogrooming

- no benefit from alloparents SOLITARY Q

Reproduction
+ no reproductive
suppression

- increased investment to
find a suitable mate SOI—ITARY(S\

Figure 3. Socio-ecological model to explain solitary living in the bush Karoo rats. Nine factors that influence the
social organisation of a species are shown. The plus (+) indicates that the described factor favours solitary living
while the minus (-) describes costs of solitary living. When these factors are greater than 0, they influence whether
solitary living leads to a net benefit for females. In mammals, social organisation is mainly determined by how
females distribute themselves, i.e. males follow female social organisation. Factors that have already been studied
are indicated in grey and factors that still need investigation in white.

Mating system of solitary living species. The mating system can be inferred from data of focal animal
observations as well as genetic analyses (Kappeler, 2019). This information can be used for the
classification of animals into different mating system categories, although this has been criticised as being
unrealistic (Dobson et al., 2018). The social organisation correlates with the mating system (Kappeler,
2019), with many solitary species having a mating system characterised by multiple paternity (Eberle &
Kappeler, 2004). Anecdotal results indicate that bush Karoo rat males roam over large areas during the

breeding season, visiting several females. Most males disappear during the breeding season, leading to a

134



strongly female biased sex ratio. Additional analyses are still needed to understand whether multiple
paternity occurs in the bush Karoo rats. Currently, we only understand the female kin structure, but do

females with the same mother also same share the same father?

Care system in solitary living species. Paternal care in solitary mammals is usually absent (Hawkins &
Racey, 2009). Similarly in the bush Karoo rats, the care system consisted of only mothers providing care
for the offspring, similar to the solitary tamarisk gerbil (Meriones tamariscinus) (Gromov, 2024). However,
some female kin groups of bush Karoo rats occur during the breeding season (Chapter 3). This display of
intra-specific variation in social organisation (IVSO) could lead to interesting studies about the evolution

of allo-parental care (Box 1).

Box 1. Anecdotal observation of allo-nursing in the normally solitary bush Karoo rat

Allo-nursing is defined as nursing young that are not one’s own. It is a special form of allo-parenting that
has been observed only in communally breeding animals (Roulin, 2002). It is not expected to occur in
mainly solitary living species, but only in highly sociable ones (Solomon & French, 1997), such as
communal breeders (several females breed at the same time and do not only nurse their own but also other
young; Astla et al., 2015; Ebensperger et al., 2016; Konig, 1994; Tardif et al., 1993) and cooperative
breeders (subordinate females nurse young of the dominant female; MacLeod et al., 2015; MacLeod et
al., 2013). It is assumed to have evolved to increase inclusive fitness and is a “complex”, highly derived
and special behaviour (MacLeod & Lukas, 2014; Roulin, 2002).

I observed an instance of allo-nursing in the predominantly solitary bush Karoo rat at a lodge that was
inhabited by a mother and two adult daughters. The lodge was extremely large (diameter >3m) with many
entrances, inside a euphorbia shrub, and it was not clear whether the mother and daughters in fact used the
same parts of the lodge or lived in separate areas of the lodge. The mother and one daughter had pups
simultaneously, but the mother’s pups were several days older and thus much heavier than her daughter’s
pups. Birth date had been determined by two females losing considerable body mass, 9 days apart from
each other. On one occasion, | trapped the mother who was suckling one of her daughter’s pups, which at
that stage was about 17 days old, while the mother’s pups were 26 days old.

Why I think studying allo-nursing in BKRS can be exciting opportunity for further study. Observing allo-
nursing in bush Karoo rats, indicates that allo-nursing could evolve when 1. the species is solitary with
little aggression (as in the bush Karoo rats) and not solitary and aggressive (such as in the European

hamster), and 2. the environment changes such that kin groups form and 3. allo-nursing could increase
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inclusive fitness. Being less aggressive might allow for more tolerance between individuals and therefore

enable indirect fitness benefits via kin selection.

Solitary living in mammals

Many mammals have intraspecific variation in social organisation (IVSO) which is influenced by
population density (Schradin, 2013; Schradin et al., 2018b). Solitary species also display 1VSO as seen in
the bush Karoo rats in this study. Studying 1VSO in solitary species is important to understand the
evolutionary reasons for the switch between solitary living to group-living (Schradin et al., 2018b).

My study demonstrated that bush Karoo rats formed kin based spatial structures along matrilines.
Associating with kin can in turn help to offset the cost of solitary living through inclusive fitness benefits.
Thus, dispersal strategies in solitary species need attention in future studies. The bush Karoo rats have small
home ranges which they can easily defend from intruders, with little investment into aggression. This
indicates that solitary species in general could benefit from reducing the costs of foraging by having small

home ranges.

In many solitary species, the males roam over large areas to gain access to mating opportunities with
multiple females and thereby increasing their reproductive success (Eberle & Kappeler, 2004; Randall et
al., 2002; Stockley et al., 1994). Thus, solitary mammals often have a mating system characterised by
multiple paternity (Eberle & Kappeler, 2004), but more studies are needed, especially to understand

variation in multiple paternity between solitary species (Dobson et al., 2018).

In solitary mammals, it seems obvious that the care system consists always of maternal care only. However,
as for social organisation, there might be intra-specific variation with some deviation from maternal care
only (Box 1). This potential variation needs more exploration as it could offer an avenue of research to
understand evolutionary transitions from maternal care only to biparental care systems and care systems

with helpers.

Conclusions

The social systems of solitary species are poorly studied, and my study provides foundational information
on the occurrence, characteristics and benefits of one solitary species living in a harsh environment. To be
solitary living does not mean to be aggressive and asocial. Bush Karoo rats, although being solitary
living, showed very low levels of aggression. It had a spatial organisation comprising of close female kin

living in close proximity to each other, indicating the important role kin selection could play in solitary
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species. My study adds to the growing number of studies that indicate that solitary species have non-
random social interactions with their neighbours and that kinship influences social interactions. A simple
form of cooperation based on kin selection in combination with by-product mutualism making cheating
impossible could be the beginning of more complex forms of cooperation where tolerance is replaced by
amicable interactions. My thesis demonstrates that studying solitary species can help us to reach a better
understanding of social evolution. It furthers shows how important it is to realise that there are different
forms of solitary living (Figure 2).
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