ZENTRUM
FUR BIODIVERSITAT UND NACHHALTIGE LANDNUTZUNG
SEKTION
BIODIVERSITAT, OKOLOGIE UND NATURSCHUTZ

- CENTRE OF BIODIVERSITY AND SUSTAINABLE LAND USE -

SECTION: BiobpIvERSITY, ECcoLoGY AND NATURE CONSERVATION

Gene Flow Dynamics in Baboons

- The Influence of Social Systems -

Dissertation
zur Erlangung des Doktorgrades der
Mathematisch-Naturwissenschaftlichen Fakultaten der
Georg-August-Universitat Gottingen

vorgelegt von

Diplom-Biologin
Gisela H. Kopp
aus

Worcester

Gottingen, April 2015






Referentin: Prof. Dr. Julia Fischer
Korreferent: Prof. Dr. Eckhard Heymann

Betreuer: Dr. Dietmar Zinner

Tag der mundlichen Prifung:







Fur Tobi und Lina







TABLE OF CONTENTS

TABLE OF CONTENTS

SUMMARY 5
ZUSAMMENFASSUNG 7
CHAPTER 1: INTRODUCTION 9
1.1. GENE flOW. et 10
1.1.1. Dispersal 11
1.1.2. Range Expansion 12
1.1.3. Interspecific gene flow and introgression 13
1.1.4. Approaches to study gene flow in natural populations 14
1.2. Baboons as a study SYstemM ....ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiee e eeaaaas 15
1.2.1. Baboon phylogeography 16
1.2.2. Baboon social systems and gene flow 18
1.2.3. Guinea baboons 19
1.2.4. Jolly’s Frontier Hypothesis 20
1.2.5. Baboons as a model for human evolution 21
1.3. Aims and approaches .....ccceviieiiiiiiiiiiiiiiiiiiieaiiaeiieeeeanas 22

CHAPTER 2: POPULATION GENETIC INSIGHTS INTO THE SOCIAL ORGANIZATION OF
GUINEA BABOONS (PAPIO PAPIO): EVIDENCE FOR FEMALE-BIASED

DISPERSAL 23
Y 01 o Tt N 24
(Ao« L PP 24
1Y o [8 ot o] o I N 25
113 1 T o PN 27
Field Work 27
Genetic analysis 28
Statistical Analyses 29
RESULES  etei i e e et e e 31
Sex-biased dispersal 33




TABLE OF CONTENTS

MtDNA diversity 36

Stability of gangs 37
Do 813 o] 38
L0003 Vol [F1) o] o T 41
ACKNOWLEAgEMENTS ... ueeiiiie it e e e ee et eeereeeeaennaaaans 42

CHAPTER 3: THE INFLUENCE OF SOCIAL SYSTEMS ON PATTERNS OF MITOCHONDRIAL

DNA VARIATION IN BABOONS
1Y 013 o Tt N 44
K YW OIS . . ettt tee e ettt eeeeeeeiiaeeeeeeeeesesnnasesseeeesesssnnnnnnnseess 44
1 e e 0Tt o] o I 45
1T 3 T T N 47
Sample collection 47
Laboratory analyses 49
Statistical analyses 50
RESULES ettt ettt ettt ettt e ettt e eea e e e e e e eaanaans 50
Do 813 o] 57
ACKNOWLEAGEMENES .. ettt iiiiiiiiiiii i eeeeeiiieeeeeeeeasesinnaeeseseeseanns 60
CHAPTER 4: GENETIC CLINES IN A SMALL WORLD - GENE FLOW DYNAMICS IN WEST
AFRICAN BABOONS
1Y 01 o - Tt A 64
AT o] e 3 PP 64
1 e e 0Tt o] o I N 65
AT o T 68
Sample collection 68
Genetic analyses 71
Statistical analyses 72
RESULES ettt ettt ettt et et e eeeaeeeeeaaeeeaennaeeaennnaans 76
Descriptive summary statistics 76




TABLE OF CONTENTS

Spatial structure 76
) [N e(8 1] (o] s I PP 90
ACKNOWLEAGEMENES ..\ttt ettt eeeeiiiaeeeeeeeeaannns 94

CHAPTER 5: OUT OF AFRICA BUT HOW AND WHEN? THE CASE OF HAMADRYAS

BABOONS (PAPIO HAMADRYAS) 97
1Y 0] ] = Vot 98
KBYWOIAS ettt ettt ittt ittt eeeaeeeaeneeeeaenneeeeesnneeeesnneesennnnenn 98
Ta] W goTe [UTet 4 o] o I PP 99
1T o o e N 104
Sample collection 104
DNA extraction, PCR amplification, and sequencing 106
Analyses 106
RESULES ettt e et eeaaas 108
Phylogenetic tree and divergence time estimates 110
DR o U1 (o] o I 113
ACKNOWLEAGEMENES ..uvviiiiiiiiiiiiiiiiieeeeiiiiieeeeeeeeeaeninnnaeeeeeseannns 117
CHAPTER 6: GENERAL DISCUSSION 119

6.1. Female-biased dispersal in Guinea baboons: Implications for the

evolution of baboon social Systems .......ccevviiiiiiiiiiiiiiiiiiiiieinnnennn. 119
6.1.1. Evidence for female-biased dispersal in Guinea baboons 120

6.1.2. Scenarios for the evolution of female-biased dispersal in Guinea

and hamadryas baboons 122

6.1.3. Strengthening baboons as a model for human evolution 125
6.2. The interplay of historic and contemporary gene flow ................... 126
6.3. Conclusions: Future challenges and research avenues.................... 127

REFERENCES 131
APPENDIX 167

Supplementary material, Chapter Il ... iiieeiiiiiieeas 167

Genetic analyses 167

iii



TABLE OF CONTENTS

Genotyping errors 168
Supplementary material, Chapter lll .....ccoviiiiiiiiiiiiiiiiiiiiiiiieeiieeenees 178
Supplementary material, Chapter V...ooooiiiiiiiiiiiiiiiii s 185

ACKNOWLEDGEMENTS 191
CURRICULUM VITAE 193
EIDESSTATTLICHE ERKLARUNG 197




SUMMARY

SUMMARY

The relationship between genes and behaviour has been of longstanding interest
to evolutionary biologists. Certain behaviours can shape the genetic structure of nat-
ural populations, thereby altering their genetic diversity and influencing their evolu-
tionary fate. Dispersal is the behaviour that mediates gene flow, the extent of which
determines population genetic structure. Because both historic and contemporary
gene flow are considered to have greatly impacted their evolutionary history, ba-
boons (genus Papio) are especially intriguing to study the relationship between be-
haviour and population genetic structure. Both species-specific male- and female-
biased dispersal can be observed in this genus, their current distribution was shaped

by range expansion and contraction, and interspecific gene flow is prevalent.

In this thesis, | investigated how different dispersal patterns influence gene flow
in baboons to contribute to a better understanding of the interrelation between be-
havioural ecology and genetic makeup of natural populations. | specifically addressed
how differences in the social system of baboon species impact their genetic structure
and also used the observed patterns to draw inferences about sex-biased dispersal in
Guinea baboons, one of the least known members of the genus. | examined in detail
how both historic and contemporary gene flow shape the genetic structure of Guinea
baboons and whether we can draw inferences about human evolution from the analy-
sis of range expansions in baboons. To answer these questions, | used a population
genetic approach based on distribution-wide, geo-referenced faecal samples of ba-
boons for which | analysed both autosomal microsatellites and part of the mitochon-

drial hypervariable region I.

| could show that the genetic structure of Guinea baboons is best explained by
female-biased dispersal, both on a local and a distribution-wide scale. Female gene
flow results in high intrapopulation diversity and a lack of genetic-geographic struc-
turing in mitochondrial DNA. In contrast, there is significant structuring of nuclear
markers on a global scale and males exhibit higher population structuring than
females on a local scale, as expected if males are the more philopatric sex. Over the
whole distribution, locally restricted dispersal appears to limit effective gene flow to
a distance of below 200 km, resulting in a strong isolation-by-distance effect and
genetically divergent populations. Signatures of population expansion, the clinal

structure of genetic variation, and potential traces of allele surfing, point to an his-
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toric west-ward expansion of Guinea baboons. Introgressive hybridization with olive
baboons can be invoked to explain genetic patterns in the contact zone, but warrant
further investigation. Additionally | could show the ‘southern route’ from Africa to
Arabia could have been used by hamadryas baboons during the same time period in

the Late Pleistocene as proposed for modern humans.

My study is the first comprehensive analysis of the genetic population structure in
Guinea baboons and provides evidence for female-biased dispersal in this species. It
corroborates the notion that the Guinea baboons’ social system shares some im-
portant features with that of hamadryas baboons, suggesting similar evolutionary
forces have acted to distinguish them from all other baboons. In conjunction with the
importance of range expansions in shaping their distribution and genetic diversity,
this strengthens baboons as an intriguing model to elucidate the processes that also

influenced the evolution of our own species.
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ZUSAMMENFASSUNG

Die Beziehung zwischen Genen und Verhalten ist in der Evolutionsbiologie von be-
sonderem Interesse. Bestimmte Verhaltensweisen konnen die genetische Struktur
naturlicher Populationen gestalten, dadurch deren genetische Diversitat verandern
und so ihr evolutives Schicksal beeinflussen. Abwanderung aus der Geburtsgruppe ist
eine dieser Verhaltensweisen. Sie beeinflusst Genfluss, dessen Ausmal} die genetische
Struktur von Populationen bestimmt. Paviane (Gattung Papio) sind ein besonders in-
teressantes Forschungssystem um die Beziehung zwischen Verhalten und populations-
genetischer Struktur zu untersuchen. Die Evolution der Paviane wurde sowohl von
historischem als auch gegenwartigem Genfluss gepragt. Innerhalb dieser Gattung tre-
ten sowohl die Uberwiegende Abwanderung von Mannchen als auch die liberwiegende
Abwanderung von Weibchen auf. Zudem wurde ihre gegenwartige Verbreitung mal-
geblich von Populationsausbreitung und -rickzug beeinflusst und es tritt haufig Gen-

fluss zwischen verschiedenen Arten auf.

In meiner Doktorarbeit untersuchte ich, wie verschiedene Abwanderungsmuster
den Genfluss bei Pavianen beeinflussen. Damit hoffe ich zu einem besseren Ver-
standnis der Wechselbeziehung zwischen Verhaltensokologie und Genetik in naturli-

chen Populationen beizutragen.

Ich fokussierte mich darauf, wie Unterschiede in den Sozialsystemen unterschied-
licher Pavianarten deren genetische Struktur beeinflussen. Die beobachteten Muster
nutzte ich, um auf das geschlechtsspezifische Abwanderungsmuster bei Guineapavia-
nen zu schlieBen, eine der am wenigsten untersuchten Pavianarten. Zudem unter-
suchte ich, wie sowohl historischer als auch gegenwartiger Genfluss die genetische
Struktur der Guineapaviane formten und ob es moglich ist von der Populationsaus-
breitung der Paviane Rickschliusse auf die menschliche Evolutionsgeschichte zu zie-
hen. Um diese Fragen zu beantworten nutzte ich einen populationsgenetischen An-
satz, basierend auf im gesamten Verbreitungsgebiet gesammelten Kotproben, deren
exakter geographischer Ursprung bekannt war. Ich analysierte sowohl autosomale

Mikrosatelliten als auch Sequenzen der mitochondrialen Hypervariablen Region I.

Meine Ergebnisse zeigen, dass die genetische Struktur der Guineapaviane am bes-
ten durch die iberwiegende Abwanderung von Weibchen erklart werden kann, sowohl
in einem lokalen als auch im globalen Kontext. Weiblicher Genfluss fuhrt zu einer

hohen Diversitat innerhalb von Populationen sowie einem Fehlen von genetisch-
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geographischer Struktur in mitochondrialer DNA. Nukledare DNA hingegen zeigt eine
starke globale geographische Struktur und Mannchen sind im Vergleich zu Weibchen
durch eine starkere lokale Struktur gekennzeichnet. Dies entspricht den Vorhersagen
fur ein System, in welchem hauptsachlich Weibchen abwandern und Mannchen in

ihrer Geburtsgruppe verbleiben.

Insgesamt scheint lokal begrenzte Abwanderung den wirksamen Genfluss auf eine
Distanz unter 200 km zu beschranken, was zu einem starken Isolation-durch-Distanz
Effekt und genetisch differenzierten Populationen fiihrt. Anzeichen fiir Populations-
ausbreitung, die graduelle Struktur genetischer Variation, und mogliche Hinweise auf
das “Allele-surfing” Phanomen, deuten auf eine historische westwarts gerichtete
Ausbreitung von Guineapavianen hin. Introgressive Hybridisierung mit benachbarten
Anubispavianen konnte genetische Muster im Bereich der Kontaktzone erklaren, muss
aber im Detail noch untersucht werden. Zusatzlich konnte ich zeigen, dass Mantelpa-
viane vermutlich im gleichen Zeitraum des Spaten Pleistozans von Afrika nach Arabi-

en wanderten, wie Hypothesen fur den modernen Menschen vorschlagen.

Meine Studie ist die erste umfassende Analyse der genetischen Populationsstruktur
der Guineapaviane und liefert Belege fur die Uberwiegende Abwanderung von Weib-
chen in dieser Art. Dies untersutzt die Ansicht, dass das Sozialsystem der Guineapavi-
ane einige vergleichbare Merkmale zum System der Mantelpaviane aufweist und deu-
tet somit darauf hin, dass wahrend der Evolution dieser beiden Arten besondere evo-

lutionare Driicke gewirkt haben, die sie von allen anderen Pavianarten abgrenzen.

In Kombination mit dem starken Einfluss von Populationsausbreitungen auf ihre
Verbreitung und genetische Diversitat, bekraftigt meine Arbeit Paviane als
interssanten analogen Modellorganismus, der helfen kann, die Prozesse die wahrend

der Evolution des Menschen mafRgeblich waren, aufzuklaren.
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CHAPTER 1: INTRODUCTION

The relationship between genes and behaviour has been of longstanding interest
to evolutionary biologists. Clarifying the genetic basis of animal behaviours is essen-
tial to understand behavioural adaptations and the evolution of individual behaviour-
al patterns (Rittschof & Robinson 2014). Tremendous advances in genomic techniques
in recent years have enable scholars to pinpoint an increasing number of genetic var-
iants underlying specific behavioural traits in animals (Flint 2003; Robinson 2004;
Mackay et al. 2005; Robinson et al. 2008) and this progress will eventually help us to
understand the mechanisms that form the basis of behavioural variation in natural
populations. However, it is important to note that genes and behaviour are mutually
influential. Firstly, sexual selection can drive changes in phenotypically preferred
traits through mate choice, thereby promoting genetic changes underlying these
traits (Kopp et al. 2000, 2003; Chenoweth & McGuigan 2010; Wilkinson et al. 2015).
Secondly, individual behaviours may trigger or prevent gene expression through epi-
genetic modifications (Robinson et al. 2008; Tung et al. 2011). It has been shown, for
instance, that in yellow baboons (Papio cynocephalus) the dominance rank of the
mother impacts gene-expression of her offspring (Tung et al. 2011) and that maternal
investment can alter the epigenomic state of offspring in laboratory rats (Weaver et
al. 2004). Finally, behaviours that influence gene flow shape the genetic structure
and diversity of natural populations, having a strong impact on the evolutionary tra-
jectory of both populations and species. One of the main pathways through which
behaviour directly influences gene flow is the movement of an organism (Slatkin
1985). Populations with high intra-population gene flow represent a panmictic and
both genetically and phenotypically homogenous entity, while restricted intra-
population gene flow may lead to several genetically differentiated populations with
distinct gene pools that potentially react differently to selection pressures or might
eventually diverge into separate species (Hutchison & Templeton 1999; Avise 2009).
Hence, gene flow provides a powerful conceptual link between the behavioural ecol-

ogy and the evolution of a population or species (Bohonak 1999).

In my thesis, | am investigating how different gene flow mechanisms shape the ge-
netic structure of baboons. | especially focus on the influence of sex-biased dispersal
on gene flow in one of the least investigated members of the genus, the Guinea ba-
boon (Papio papio). In this introduction, | will first give an overview about some

pathways of gene flow and molecular approaches to study it. Secondly, | will present
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why baboons represent an intriguing study system to explore the interrelation of

gene flow and behaviour, and finally, | will describe the major aims of this project.

1.1. Gene flow

Quantifying the spatial and temporal dynamics of natural populations’ genetic
structure can help us to elucidate their evolutionary trajectories. In concert with
genetic drift, natural selection, and mutation, one of the main determinants of ge-
netic structure is gene flow, the movement of alleles between and their integration
in populations (Slatkin 1985). While it was previously assumed that gene flow main-
tains a species’ homogeneity (Mayr 1942, 1963), its evolutionary importance was lat-
er questioned as being limited in nature and destructive by preventing local adapta-
tion and speciation (Ehrlich & Raven 1969; Endler 1977). However, it is now widely
acknowledged that gene flow is an essential microevolutionary force (Slatkin 1985;
Bohonak 1999).

There is a suite of processes how gene flow, especially its direction and magni-
tude, affects the integrity of populations and even species, ranging from complete
divergence (no gene flow) or amalgamation (strong gene flow) to introgression (unidi-
rectional gene flow) and formation of new populations (Fig. 1.1) (Jacobsen & Omland
2011). In animals, the primary mechanism underlying gene flow is the movement of
individuals (Slatkin 1985), the extent of which is shaped by individual behavioural
patterns, ecological factors and landscape characteristics, demographic history, and

interspecific relationships.

_/ Divergence \—) Amalgamation

ﬁ L)
pd 1 \
/ Introgression ——p Hybrid speciation

Fig. 1.1.: Evolutionary scenarios of the effects of gene flow (modified from Jacobsen & Om-
land 2011)

10
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1.1.1. Dispersal

Dispersal, an animal’s movement away from its natal area or group to reproduce
(Pusey & Packer 1987; Clobert et al. 2001) is an important life history trait, which
greatly affects the fitness of an individual. Beyond the individual level, dispersal has
major implications for both the dynamics and the genetic makeup of populations
(Bohonak 1999; Prugnolle & de Meeus 2002). Many taxa exhibit sex-biased dispersal,
i.e. one sex shows a greater tendency to leave its natal area or to move further away
than the other (Greenwood 1980; Pusey 1987). Male dispersal and female philopatry
is predominant in mammals (Greenwood 1980), but exceptions can be found, e.g. in
some non-human primates, equids, and some bats (Lukas & Clutton-Brock 2011), and
presumably in the majority of human societies (Seielstad et al. 1998; Wilkins &
Marlowe 2006; Lawson Handley & Perrin 2007; Marks et al. 2012).

Females Legend:
Dispersal & ©  biparental markers
gene flow Low ngh 9 mtDNA / female
‘ Y-haplotypes / male
3
- H D Group
‘1‘:90 _."" o- - m wm = |ntergroup relatedness
7S 9 ‘ ‘ 9 ? = === u Intragroup relatedness
()
3
Differences in colour intensity
. _‘ F‘:_\_ _? - \ indicate intergroup variation &
- ‘ [ . o_ v population structuring
Ly - - L] [ ]
- ? o. ¥ I ?--_ - 9
2 “hd )

Fig. 1.2.: Impact of different patterns of dispersal and gene flow on genetic population struc-
ture and relatedness. Depending on the amount of gene flow among groups or populations and
the genetic marker system under investigation, different patterns of population structure can
be expected (modified from Avise 2004).

A sex-bias in dispersal translates into a specific genetic population structure.
When dispersal is biased towards one sex, uniparentally inherited genetic markers
show incongruent patterns in population structure (Avise 2004) (Fig. 1.2). In mam-
mals, therefore, a stronger geographic structuring of the maternally inherited mito-
chondrial DNA (mtDNA), but not the paternally inherited Y-chromosomal haplotypes,

is often observed (Avise 2004). Consequently, dispersal is a behaviour that connects

11
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the social system of a species with its genetic diversity and represents a central fac-
tor in population genetics and population dynamics (Broquet & Petit 2009). In addi-
tion to its evolutionary force within species, it has been recently shown theoretically
that differences in sex-biased dispersal have the power to significantly alter the

spread rate of population expansions (Miller et al. 2011; Shaw & Kokko 2015).

1.1.2. Range Expansion

Dispersal strategies can strongly influence how populations shift their ranges
(Ibrahim et al. 1996) and how they are capable of colonizing new regions. Range ex-
pansions may occur in response to geological events or climate fluctuations that pro-
duce environmental shifts thus creating new suitable habitats or dispersal corridors
(Hewitt 2000; Parmesan & Yohe 2003). Moreover, populations may evolve novel adap-
tations that allow them to colonize previously inaccessible regions (Lee 2002; Gray et
al. 2009; van Bocxlaer et al. 2010). The current distribution of populations is often a
function of how they reacted to changing ecosystems. In particular, the isolation and
reconnection of suitable areas have major impacts on dispersal and hence gene flow
among populations. Accordingly, Plio-Pleistocene glacial climate oscillations and re-
lated range contractions and extensions account for a considerable amount of the
present-day geographical distribution of populations and their genetic diversity in
numerous climate zones and biomes (e.g. African savannah: deMenocal 1995, 2004;
Arctander et al. 1999; Vrba 1999; Cerling et al. 2011; Lorenzen et al. 2012; Haus
2013). However, there is notable variation among taxa in how they respond to these
extrinsic processes (Hewitt 1996, 2011; Bisconti et al. 2011; Haus 2013), and this is
probably mainly attributable to differences in fundamental biological properties,

such as dispersal capability and general adaptability.

Interestingly, range expansions also generate distinctive evolutionary forces at the
expanding range margins, which influence and are also influenced by the dynamics of
the expansion and resulting genetic patterns (Austerlitz et al. 1997; Klopfstein et al.
2006; Excoffier et al. 2009; Travis et al. 2010; White et al. 2013). These forces can
be either of stochastic nature (Austerlitz et al. 1997; Hallatschek et al. 2007;
Excoffier & Ray 2008; Slatkin & Excoffier 2012) or driven by altered selective pres-
sures (Travis & Dytham 2002; Burton et al. 2010; Phillips et al. 2010; Datta et al.
2013). Especially increased dispersal and reproduction in expanding edge populations
has been shown both theoretically (Travis & Dytham 2002; Burton et al. 2010; Shine

et al. 2011) and empirically in several taxa throughout the animal kingdom (Simmons

12
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& Thomas 2004; Phillips et al. 2006; Hughes et al. 2007; Moreau et al. 2011). Howev-
er, to my knowledge, theoretical work is largely based on models of asexual organ-
isms (but see Miller et al. 2011; Shaw & Kokko, 2015) and there is a lack of studies
explicitly analysing the role of sex-bias in dispersal in the framework of range expan-

sions.

1.1.3. Interspecific gene flow and introgression

By expanding their ranges, populations often come into contact with or invade the
range of neighbouring populations. Both intra- and interspecific factors, such as mate
recognition and reproductive isolation, determine the extent and magnitude of gene
flow in this context. Natural hybridization may occur if individuals of distinct popula-
tions reproduce successfully (Arnold 1997). This phenomenon is now recognized to be
widespread and considered a major evolutionary process (Barton & Hewitt 1985;
Hewitt 1988; Arnold 1992, 1997, 2006; Mallet 2005; Schwenk et al. 2008; Abbott et
al. 2013). The investigation of interspecific gene flow sheds light on the selective
forces that separate species (Barton & Hewitt 1985), the mechanisms of reproductive
isolation (Arnold 1992), the adaptive value of certain traits (McDonald et al. 2001),
hybrid speciation (Mallet 2007; Nolte & Tautz 2010; Abbott et al. 2013) and the in-

fluence of introgression on species integrity (Payseur 2010).

Especially the role that interspecific gene flow has played throughout the evolu-
tion of our own lineage has attracted much attention (Jolly 2001; Holliday 2003;
Stefansson et al. 2005; Trinkaus 2005; Arnold & Meyer 2006; Gibbons 2011); the most
intensively investigated probably being the relationship between Neanderthals and
modern humans (Duarte et al. 1999; Tattersall & Schwartz 1999; Plagnol & Wall
2006; Garrigan & Kingan 2007; Wolpoff 2009; Green et al. 2010; Sankararaman et al.
2012, 2014; Callaway 2014; Prifer et al. 2014; Kelso & Priifer 2014; Frantz et al.
2014) and lately Denisovans (Abi-Rached et al. 2011; Reich et al. 2011; Disotell 2012;
Huerta-Sanchez et al. 2014).

Interspecific gene flow is most likely to occur between closely related species that
diverged recently (Mallet 2005). It might either persist despite divergence or recur
after isolation in cases of secondary contact. Depending on the strengths of selection
and drift, certain genomic regions of one population can invade the genome of the
other population, resulting in a mosaic genome (Arnold & Meyer 2006), a process
called introgression (Mallet 2005). Depending on the sex-bias and symmetry in disper-

sal different introgression patterns will manifest. In mammals with male-biased dis-

13
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persal, for instance, unidirectional gene flow can lead to nuclear swamping (Zinner
et al. 2011a).

1.1.4. Approaches to study gene flow in natural populations

Molecular techniques are used to elucidate the amount of gene flow by investigat-
ing genetic patterns within and among natural populations. Hence, they constitute an
indirect method to infer dispersal patterns and examine range expansions and inter-

specific relationships.

A first crucial factor in studies of gene flow is the choice of appropriate genetic
markers. They need to be highly polymorphic and exhibit large variation over a ra-
ther small geographic scale to have enough resolution for intraspecific analyses and
be informative on an appropriate time scale (Sunnucks 2000; Balkenhol et al. 2009;
Garrick et al. 2010). In addition, their mode of inheritance is important. Due to their
uniparental inheritance, in mammals, Y-chromosomal markers and mitochondrial DNA
can provide insights into patrilines and matrilines of populations, respectively (Avise
2004; Eriksson et al. 2006; Hammond et al. 2006). Biparentally inherited, co-
dominant markers (e.g. restriction fragment length polymorphism (RFLP), single nu-
cleotide polymorphism (SNP), microsatellites) can be used to examine more general
population genetic patterns. The recent revolution in DNA sequencing techniques has
promised to enable the use of genomic scale data in population genetics and phylo-
genetics even for non-model organisms (Ekblom & Galindo 2011; McCormack et al.
2013; Perry 2014). However, newly developed techniques for genome-wide genotyp-
ing typically rely on high-quality samples (e.g. blood, tissue) (Bergey et al. 2013),
which are often not available for natural populations of elusive or protected species,
or request closely related model organisms for which genotyping arrays have been
developed to allow cost-efficiency (VonHoldt et al. 2011). Methods for genome-wide
sequencing of non-invasive samples are currently under development but still in the
optimization phase (Tung et al. pers. comm). Consequently, studies based on non-
invasive samples often rely on traditional markers, such as microsatellites (or short
tandem repeats, STRs; simple sequence repeats, SSRs), which are highly polymor-
phic, relatively simple to amplify and type, and have been commonly applied in pop-
ulation-genetic studies of various species (Queller et al. 1993; Coote & Bruford 1996;
Luikart & England 1999; Sunnucks 2000; Prugnolle & de Meeus 2002; Goudet et al.
2002; Lawson Handley & Perrin 2007; Mondol et al. 2009; Dickerson et al. 2010;
Kanno et al. 2011; Gottelli et al. 2012; Roffler et al. 2014; Stadele et al. 2015).

14
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Their shortness (100 - 300 base pairs (bp)) makes them useful markers for degraded

DNA samples extracted from faecal material (Bayes et al. 2000).

Several different statistical approaches have been developed to examine gene
flow. Genetic distance between populations (e.g. Nei 1987) can be used to recon-
struct dendrograms to reveal the relationship among populations. Genetic differenti-
ation estimates, which measure the diversity among populations compared to the
whole population (Wright 1949; Weir & Cockerham 1984; Excoffier et al. 1992), can
be linked to migration rates (Slatkin & Voelm 1991; Cox & Durrett 2002). By correlat-
ing genetic and geographic distance inferences about dispersal distances can be
drawn (Banks & Peakall 2012). Model-based Bayesian clustering algorithms assign
individuals to differentiated groups (Pritchard et al. 2000; Corander & Marttinen
2006) and can incorporate spatial information (Guillot et al. 2005; Chen et al. 2007;
Francois & Durand 2010). Ordination techniques, such as Principal Components Analy-
sis (PCA) or multidimensional scaling, condense data to reveal the overall similarity
of populations (Jombart et al. 2009). To specifically estimate migration rates, likeli-
hood methods (Beerli & Palczewski 2010; Hey 2010) can be used. A new approach,
Approximate Bayesian Computation (ABC) (Beaumont et al. 2002) allows to compare
different hypothetical scenarios by model-based inferences in a Bayesian setting
(Bertorelle et al. 2010; Csilléry et al. 2010). The strength of this last approach is that
it accounts for the stochasticity of the involved demographic and genetic processes
(Estoup & Guillemaud 2010) and can disentangle complex histories by accommodating
several processes (e.g. divergence, migration, and population size change) in a sta-
tistically more solid framework (Knowles 2009). Sex differences in these processes
can then be deduced from incongruence between results from differently inherited
marker systems. For instance, a higher differentiation among populations in mito-
chondrial markers in comparison with nuclear and Y-chromosomal markers suggests

stronger dispersal of males than of females.

1.2. Baboons as a study system

Like humans, non-human primates live in complex social systems and can there-
fore help to elucidate how behaviour and species-specific life-history attributes in-
fluences gene flow among highly social species. Baboons of the genus Papio (Erxleben

1777) belong to the family of Old World Monkeys (Cercopithecidae) and are among

15
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the best studied primate taxa (Jolly 1993; Swedell & Leigh 2006; Swedell 2011). They
have widely been used as a model to study the evolution of social systems using a
comparative socio-ecological approach (Barton et al. 1996; Barrett 2009). This genus
is especially intriguing to study the relationship between behaviour and gene flow as
its evolutionary history was shaped by range expansion and contraction, both ancient
and on-going hybridization have been described, and both species specific male- and
female-biased dispersal can be observed (Swedell 2011; Anandam et al. 2013; Zinner,
et al. 2013a).

1.2.1. Baboon phylogeography

Baboons are nearly continuously distributed throughout sub-Saharan Africa, only
excluding the deep rainforests of Central and West Africa, and also occupy parts of
the Arabian Peninsula (Fig. 1.3.). They range in a large variety of habitats, from
semi-desert and savannah to rainforests and high-altitude mountains (Kingdon 1997),
exhibiting high ecological flexibility (Whiten et al. 1987; Barton et al. 1996) with no
apparent consistent ecological niche separation between species (Jolly 1993; Kamilar
2006).
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Fig.1.3.: Distribution of six commonly recognized baboon taxa (Zinner et al. 2011b). Drawings

by Stephen Nash.
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There are several phenotypically distinct, parapatric forms of baboons described
that are either grouped as species or subspecies (Hill 1970; Jolly 1993; Groves 2001).
According to the Biological Species Concept (BSC; Mayr 1942, 1963) they should be
united into one single species P. hamadryas (Thorington & Groves 1970; Szalay &
Delson 1979; Jolly 1993; Kamilar 2006), as both historic and current interbreeding
between parapatric taxa has been observed and neighbouring populations usually
differ in a stepped-cline fashion (Jolly 1993; Frost et al. 2003a; Kamilar 2006). How-
ever, acknowledging that there are six major diagnosable entities (Hill 1967; Hayes
et al. 1990), and by adopting the Phylogenetic Species Concept (PSC; Cracraft 1983,
1989; Nixon & Wheeler 1990), most scholars currently distinguish six different baboon
species: yellow baboon Papio cyncocephalus (including P. c. cynocephalus and P. c.
ibeanus), chacma baboon P. ursinus (including P. u. ursinus, P. u. griseipes, and P. u.
ruacana), Kinda baboon P. kindae, hamadryas baboon P. hamadryas, olive baboon P.
anubis, and Guinea baboons P. papio (Groves 2001, 2005; Grubb et al. 2003; Swedell
2011; Zinner, Buba, et al. 2011; Anandam et al. 2013). | also adopt the six species
concept here, on the one hand for consistency and convenience and on the other
hand to accentuate the respective species-specific differences. However, | am aware
that baboons are located in an ambiguous region of the speciation continuum (Nosil
et al. 2009; Nosil & Feder 2012) and applying this taxonomic scheme is rather a phil-
osophical decision rather than deeply rooted in an understanding of the pheno- and
zygostructure of this genus and its intrarelationships (Jolly 1993), because “[B]aboon

systematics is a tangle” (Groves 2001, p. 237).
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Fig.1.4.: Phylogeny of baboons (and outgroup taxa) based on whole mitochondrial genomes
(modified from Zinner et al. 2013b).
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Both fossil and molecular data point to an origin of the genus in southern Africa
approximately 2.5 million years ago (mya), from where it dispersed to north and west
(Benefit 1999; Newman et al. 2004; Zinner et al. 2009). The main radiation of ba-
boons occurred during the Pleistocene and was probably shaped by climate oscilla-
tions that led to multiple phases of habitat isolation and reconnection. Reconstruc-
tions of the phylogeny and phylogeography of baboons have been mainly based on
mitochondrial DNA (mtDNA) and revealed seven major haplogroups, which correspond
to geographic distribution but show poly- and paraphylies in most species (Fig. 1.4.)
(Zinner et al. 2009; Keller et al. 2010; Zinner et al. 2011b; Zinner et al. 2013b).

Introgressive hybridization has been invoked to explain the observed incongruence
between the distribution of morphological traits compared to mtDNA haplotypes
(Zinner et al. 2009; Keller et al. 2010). These discordances point to ancient hybridi-
zation in at least four different regions representing past taxon borders (Keller et al.
2010). However, our knowledge about active hybrid zones is incomplete (Jolly 1993;
Groves 2001; Grubb et al. 2003; Tung et al. 2008; Burrell et al. 2010; Charpentier et
al. 2012). Hybridization is assumed to occur wherever populations of the different
taxa meet, because most species have been reported to interbreed successfully in
captivity (Hill 1970) and no reproductive barriers have been observed. Although
twelve boundary zones exist (Jolly 1993), only two present-day hybrid zones have
been studied in more detail: the hybrid zone between olive and hamadryas baboons
in the Awash National Park in Ethiopia (Nagel 1973; Shotake 1981; Phillips-Conroy et
al. 1986; Bergman & Beehner 2004) and the hybrid zone between olive and yellow
baboons in the Amboseli National Park in Kenya (Samuels & Altmann 1986; Alberts &
Altmann 2001; Tung et al. 2008; Charpentier et al. 2012).

1.2.2. Baboon social systems and gene flow

The Awash hybrid zone is particularly interesting, since two baboon species with
different social systems come into contact here (Woolley-Barker 1999). Hamadryas
baboons live in a multi-level social organization with one-male-units as the smallest
entities and exhibit a monandric-polygynous mating system (Kummer 1968; Abegglen
1984; Swedell & Plummer 2012). Female-biased dispersal (Sigg et al. 1982; Swedell
2011; Stadele et al. 2015) is reflected in the absence of geographical mtDNA struc-
turing (Hapke et al. 2001; Hammond et al. 2006). In contrast, olive baboons live in
stable multi-male-multi-female groups, show promiscuous mating and male-biased
dispersal (Packer 1975; Smuts 1985; Melnick & Pearl 1987; Swedell 2011). This pat-
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tern usually leads to a strong geographical structuring of mtDNA haplotypes, but of
neither Y-chromosomal nor autosomal markers (Burrell 2008; Burrell et al. 2011).
Investigating hybridization between these taxa has the potential to elucidate the
selective advantages of different mating systems (Bergman et al. 2008). Woolley-
Barker (1999) described the hybrid zone as a “socially-constrained tension zone”
(p-205), since selection was found to be both ecological and behavioural. Male hama-
dryas baboons in the contact zone tend to shift from philopatry to dispersal and it
was suggested that they outplay olive baboon males in reproductive success
(Woolley-Barker 1999; Phillips-Conroy & Jolly 2004).

In the second well-investigated hybrid zone in the Amboseli National Park, two
species with similar social systems meet. In Amboseli, an increasing influx of olive
baboon males has been observed over the last few decades (Alberts & Altmann 2001;
Tung et al. 2008), leading to asymmetrical gene flow from olive to yellow baboon
populations (Charpentier et al. 2012). It has been suggested that olive baboon males
currently have fitness advantages over yellow baboon males in these habitats and
therefore reproduce successfully within the yellow baboon population (Charpentier
et al. 2008; Tung et al. 2008).

Apart from these two long-term studies focusing on specific populations in eastern
Africa, data on active hybrid zones are scarce. Recent molecular genetic studies in-
dicate gene transfer between Kinda baboons and their neighbouring taxa in Zambia
(Burrell 2008; Jolly et al. 2011). In addition, hybridization is hypothesized in the
overlapping regions of olive and Guinea baboons in West Africa (Tahiri-Zagret 1976;
Jolly 1993), but has not yet been confirmed (Groves 2001).

1.2.3. Guinea baboons

Guinea baboons have a rather limited distribution on the north-western fringe of
the baboon distribution in West Africa, where they occupy diverse habitats and cli-
mate zones, ranging from humid Guinean high forests in Guinea-Bissau to arid Saheli-
an steppe in Mauretania (Galat-Luong et al. 2006; Oates et al. 2008). They have been
proposed to share both morphological and behavioural features with the hamadryas
baboon on the north-eastern fringe (Dunbar & Nathan 1972; Boese 1973, 1975;
Anderson & McGrew 1984; Jolly 1993, 2009; Jolly & Phillips-Conroy 2006). Like the
hamadryas baboon, the Guinea baboon has been suspected to live in a multi-level
society with male philopatry and female dispersal (Jolly 2009). However, our

knowledge about this species has been very limited until recently (Dunbar & Nathan
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1972; Boese 1973; Fady 1973; Sharman 1981; Anderson & McGrew 1984; Barton 2000;
Henzi & Barrett 2003; Galat-Luong et al. 2006; Maestripieri et al. 2007). Fortunately,
data from a long-term study have been accumulating over the last years helping to
clarify their social system: Guinea baboons form a multi-level society comparable to
that of hamadryas baboons, but with some distinctive features such as high tolerance
among males and greater freedom of females (Goffe & Fischer in prep.; Patzelt et al.
2011, 2014; Maciej et al. 2013a; Maciej et al. 2013b). The high tolerance among
males could be a result of male philopatry and therefore high relatedness among
males in the group, which could favour tolerance and cooperation through kin selec-
tion (Hamilton 1964a; b; Greenwood 1980).

1.2.4. Jolly’s Frontier Hypothesis

The hypothesis that male Guinea baboons are philopatric is strengthened by a
theoretical model established by Clifford Jolly (Jolly 2009), the so-called “Frontier
Hypothesis”. It stems from the failure to explain the differences in social systems
among baboon species with differences in ecology (as would be expected by socio-
ecological models (reviewed in Janson 2000; Ostner & Schiilke 2012) and instead in-
vokes demographic forces during the fast northward expansion of this genus to ex-
plain the increasing disposition for male philopatry and male-male cooperation from
southern to northern populations (Jolly 2009). Jolly (2009) argues that a rapidly mov-
ing frontier of a dispersing population into an “empty” territory should act as a driv-
ing force favouring male philopatry because populations at the frontier of an expand-
ing range have access to uncontested resources that are enhancing population growth
and generating the expansion. Individuals in this population will vary in their propen-
sity to disperse and this variation must have a genetic component to be acted on by
natural selection (Roff & Fairbairn 2004). A male that moves backwards is removed
from the frontier and does not contribute to the gene-pool of the frontier popula-
tion’s following generations. A male moving forward cannot find mates in the still
uninhabited habitat and will not be able to reproduce. A male moving laterally might
end up in a sink population in a less productive habitat, especially if the frontier is
tapered. Males that do not disperse face the risk of inbreeding, but when frontier
groups become large due to the uncontested resources, risk of inbreeding is reduced
and there are enough unrelated females available for reproduction. Jolly (2009) con-
cludes that “if this scenario is close to reality, one would expect genes predisposing

to philopatry, whatever they might be, would accumulate at the frontier”. He em-
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phasizes the fact that this scenario is only possible if the potential for rapid expan-
sion is extreme, i.e. if a founder population passes through a narrow gap in a barrier.

Subsequently, however, the philopatric system would be self-sustainable.

1.2.5. Baboons as a model for human evolution

Baboons have been considered to represent a valuable analogous model for the study
of human evolution (De Vore & Washburn 1963; Jolly 1970, 2001, 2009; Strum &
Mitchell 1987; Barton et al. 1996; Holliday 2003; Elton 2006; Swedell & Plummer
2012; Strum 2012). They are the only extant primate taxon that evolved and radiated
during the same time frame and habitat as hominins, in the Plio-Pleistocene savan-
nahs and woodlands of Africa (Jolly 2001; Henzi & Barrett 2005). It is therefore as-
sumed that baboons and early humans were exposed to similar selective pressures
(Jolly 2001). For instance, climate fluctuations during this time triggered extensions
and retractions of suitable habitat, probably leading to episodes of population isola-
tion and reconnection (deMenocal 1995, 2004, 2011). These processes may have im-
pacted both baboons and hominins in a similar way, leading to bouts of speciation
and hybridization among closely related lineages (Zinner et al. 2009; Zinner et al.
2011b). Moreover, the plasticity in behaviour (Swedell 2011) and the formation of
complex societies has been attributed to be an adaptation to the temporal and spa-
tial variation of food resources, which resulted from these climate fluctuations, both
in baboons and in humans (Whiten et al. 1987; Barton et al. 1996; Henzi & Barrett
2005; Grueter et al. 2012; Schreier & Swedell 2012). Multi-level societies have been
suggested to form the basis of the evolution of the highly cooperative human socie-
ties (Rodseth et al. 1991; Chapais 2010; Silk & Boyd 2010; Grueter et al. 2012) and
the multi-level societies of baboons provide a valuable comparative model to test
this assumption and elucidate the underlying processes (Swedell & Plummer 2012;
Grueter et al. 2012; Patzelt et al. 2014; Grueter 2014). In addition, sex-biased dis-
persal in humans exhibits plasticity and strikingly different patterns among popula-
tions, with the underlying causes of these differences are still being debated (Destro
Bisol et al. 2012; Harcourt 2012). Baboons have the potential to also provide com-
parative data on this topic thus contributing to a better understanding of the evolu-

tion of human societies.
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1.3. Aims and approaches

In my thesis, | aim to investigate how different dispersal patterns influence gene
flow in baboons to contribute to a better understanding of the interrelation between
behavioural ecology and genetic makeup of natural primate populations. | specifically
want to address (i) if the genetic structure of Guinea baboons indicates male philo-
patry and female dispersal, both on a local (Chapter 2) and a distribution-wide scale
(Chapter 3 and 4), (ii) how differences in the social system of baboons species impact
their genetic structure (Chapter 3); (iii) how both historic and contemporary gene
flow shape the genetic structure of Guinea baboons (Chapter 4); and (iv) whether we
can draw inferences about human evolution from the analysis of range expansions in
baboons (Chapter 5).

To answer these questions, | used a population genetic approach based on distri-
bution-wide, geo-referenced faecal samples of baboons. These were obtained during
field expeditions in West Africa, provided by several different collaborators or al-
ready available from previous projects directed by Dr. Dietmar Zinner at the German
Primate Center. | analyzed both autosomal microsatellites and part of the mitochon-
drial hypervariable region | for these samples and also incorporated published records

and pre-analyzed data provided by collaborators.
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Abstract

Sex differences in philopatry and dispersal have important consequences on the
genetic structure of populations, social groups, and social relationships within
groups. Among mammals, male dispersal and female philopatry are most common
and closely-related taxa typically exhibit similar dispersal patterns. However, among
four well-studied species of baboons, only hamadryas baboons exhibit female
dispersal, thus differing from their congenerics, which show female philopatry and
close-knit female social relationships. Unitl recently knowledge of the Guinea baboon
social system and dispersal pattern remained sparse. Previous observations suggested
that the high degree of tolerance observed among male Guinea baboons could be due
to kinship. This led us to hypothesize that this species exhibits male philopatry and
female dispersal, conforming to the hamadryas pattern. We genotyped 165
individuals from five localities in the Niokolo-Koba National Park, Senegal, at 14
autosomal microsatellite loci and sequenced a fragment of the mitochondrial
hypervariable region | (HVRI) of 55 individuals. We found evidence for higher
population structuring in males than in females, as expected if males are the more
philopatric sex. A comparison of relatedness between male-male and female-female
dyads within and among communities, did not yield conclusive results. HVRI diversity
within communities was high and did not differ between the sexes, also suggesting
female gene flow. Our study is the first comprehensive analysis of the genetic
population structure in Guinea baboons and provides evidence for female-biased
dispersal in this species. In conjunction with their multilevel social organization, this
finding parallels the observations for human hunter-gatherers and strengthens
baboons as an intriguing model to elucidate the processes that shaped the highly

cooperative societies of Homo.
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Social system, male philopatry, microsatellites, population structure, hypervariable

region |
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Introduction

Dispersal, an organism’s movement away from its original site or group (Pusey &
Packer 1987) has major implications for both the dynamics and the genetic makeup
of populations (Bohonak 1999; Prugnolle & de Meeus 2002) and social groups (Hughes
1998; Hoelzer et al. 2004; Archie et al. 2008; Di Fiore 2012), and hence, on kinship
related social relationships within groups (Lukas & Clutton-Brock 2011). Many taxa
exhibit sex-biased dispersal, i.e. one sex shows a greater tendency to leave its natal
area or to move further away than the other (Greenwood 1980; Pusey 1987). Male
dispersal and female philopatry is predominant in mammals (Greenwood 1980), but
exceptions can be found, e.g. in some non-human primates, equids, and some bats
(Lukas & Clutton-Brock 2011), and presumably in the majority of human societies
(Seielstad et al. 1998; Wilkins & Marlowe 2006; Lawson Handley & Perrin 2007; Marks
et al. 2012).

In many social mammals, the aggregation of individuals and their social
relationships are determined by kinship (Smith 2014) and, as a consequence of sex-
biased dispersal, more social affiliation, tolerance, and cooperation is expected
among the philopatric sex, due to kin selection (Hamilton 1964a; b; Greenwood 1980;
Gouzoules 1984; Moore 1992; Clutton-Brock & Lukas 2012; Di Fiore 2012). Hence, in
many mammalian species, philopatric and therefore related females form matrilines
and gain fitness benefits from close social ties with their kin (Moses & Millar 1994;
Gompper et al. 1997; Lambin & Yoccoz 1998; Chesser 1998; Silk et al. 2006a; Silk et
al. 2006b; Broad et al. 2006; Silk 2007). This paradigm has been most thoroughly
studied in primates (Sterck et al. 1997; Silk 2002, 2007; Langergraber 2012) with
baboons, genus Papio, being one of the prime examples for female kin-based bonding
in matrilocal multimale-multifemale groups (Sterck et al. 1997; Kapsalis 2004; Silk et
al. 2006a; Silk et al. 2006b; Seyfarth et al. 2014) Baboons are distributed over most
of sub-Saharan Africa, and comprise six commonly recognized species: chacma (Papio
ursinus), Kinda (P. kindae), yellow (P. cynocephalus), olive (P. anubis), hamadryas
(P. hamadryas), and Guinea baboons (P. papio) (Anandam et al. 2013). In contrast to
the general female-bonded pattern, hamadryas baboons are prominent for exhibiting
a multi-level society (Kummer 1968, 1995; Abegglen 1984; Zinner et al. 2001;
Schreier & Swedell 2009; Grueter et al. 2012) with male philopatry and female-
biased dispersal (Sigg et al. 1982; Hapke et al. 2001; Hammond et al. 2006; Kopp et
al. 2014a; Stadele et al. 2015). While female dispersal in hamadryas baboons is
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behaviourally not analogous to female dispersal in other taxa (Swedell et al. 2011)
the genetic effects are the same (Hammond et al. 2006; Kopp et al. 2014a; Stadele
et al. 2015). In spite of the fact that baboons are among the most intensively studied
primates (Barrett & Henzi 2008), Guinea baboons are vastly understudied and our
knowledge about their social syste