No d'ordre :

Année 2011

THÈSE
Présentée devant l'Université Claude Bernard - Lyon 1

pour l'obtention du

diplôme de Doctorat

(arrêté du 7 août 2006)

Soutenue publiquement le 27 janvier 2012

par

Sophie LARDY
Evolutionary consequences of intra-sexual
competition in social species

The example of the Alpine marmot Marmota
Sous la direction de : Dominique ALLAINÉ

Devant le jury composé de :

ALLAINÉ
Aurélie COHAS
Thierry BOULINIER
Carsten SCHRADIN
Marie CHARPENTIER
Jean-Michel GAILLARD
Dominique

Directeur de thèse
Co-encadrant de thèse
Rapporteur
Rapporteur
Examinateur
Président

marmota

2

Contents

List of gures
List of tables
I

II

v
xii

Introduction

1

0.1

What is a social species? . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

0.2

Evolution of sociality - Between benets and costs

. . . . . . . . . . . . .

5

0.2.1

Benets of sociality . . . . . . . . . . . . . . . . . . . . . . . . . . .

6

0.2.2

Costs of sociality . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8

0.3

The costs/benets balance and the adaptive value of sociality . . . . . . .

8

0.4

Dierence in benets and costs between group members

0.5

Aim of the study

. . . . . . . . . .

10

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

11

Material & Methods

13

1 Biological model

15

1.1

Generalities on Marmots . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15

1.2

The Alpine marmot

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

16

1.2.1

General description . . . . . . . . . . . . . . . . . . . . . . . . . . .

16

1.2.2

Life cycle

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

18

1.2.3

Social organization and mating system . . . . . . . . . . . . . . . .

21

1.2.4

Hibernation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

23

2 Data collection
2.1

27

Study site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
i

27

CONTENTS

ii

2.2

III

2.1.1

La Sassière  nature reserve . . . . . . . . . . . . . . . . . . . . . .

27

2.1.2

Marmots territories . . . . . . . . . . . . . . . . . . . . . . . . . . .

27

Sampling methods

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28

2.2.1

Animal trapping

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

28

2.2.2

Animal handling

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

29

2.2.3

Behavioural observations . . . . . . . . . . . . . . . . . . . . . . . .

29

Results

31

3 Mate change in a monogamous mammal

33

3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

34

3.2

Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

3.2.1

Study species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

3.2.2

Data collection

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

36

3.2.3

Data analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

38

3.3.1

Mate change pattern . . . . . . . . . . . . . . . . . . . . . . . . . .

38

3.3.2

Does previous reproductive success inuence partner change prob-

3.3

ability?

3.4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39

3.3.3

Is the new partner better than the previous one?

. . . . . . . . . .

40

3.3.4

Does reproductive success increase after re-pairing? . . . . . . . . .

41

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41

3.4.1

What hypothesis of mate change holds in the Alpine marmot? . . .

41

3.4.2

Do incomers choose their mate? . . . . . . . . . . . . . . . . . . . .

43

3.4.3

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

43

4 The cost of helpers in cooperative breeders

45

4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

46

4.2

Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

48

4.2.1

Study species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

48

4.2.2

Field methods and data collection

. . . . . . . . . . . . . . . . . .

49

4.2.3

Paternity analyses

. . . . . . . . . . . . . . . . . . . . . . . . . . .

49

CONTENTS
4.2.4
4.3

iii

Data analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

49

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

51

4.3.1

Inuence of the number of sexually mature male subordinates in
the group on dominance tenure and on monopolization of reproduction

4.4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

51

4.3.2

EPP occurrence and dominance tenure . . . . . . . . . . . . . . . .

52

4.3.3

A possible mechanism: male body mass and dominance

. . . . . .

53

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

5 Evolution of mammalian societies

57

5.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

58

5.2

Material and methods

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

61

5.2.1

Studied species . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

61

5.2.2

Study site and data collection . . . . . . . . . . . . . . . . . . . . .

61

5.2.3

Measure of lifetime reproductive success and tness components . .

62

5.2.4

Denition of social factors . . . . . . . . . . . . . . . . . . . . . . .

62

5.2.5

Statistical analyses . . . . . . . . . . . . . . . . . . . . . . . . . . .

63

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

65

5.3.1

Direct eects of social factors on LRS

. . . . . . . . . . . . . . . .

65

5.3.2

Indirect eects of social factors on LRS

. . . . . . . . . . . . . . .

66

5.3.3

Relative contribution of tness components to the variation in LRS

68

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

68

5.3

5.4

6 Consequences of female competition on LRS

75

6.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

76

6.2

Material & Methods

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

78

6.2.1

Study site and data collection . . . . . . . . . . . . . . . . . . . . .

78

6.2.2

Eect of female competition on lifetime reproductive success . . . .

78

6.2.3

Competitive abilities and dominance tenure

. . . . . . . . . . . . .

81

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

82

6.3.1

. . . . . . . .

82

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

84

6.3

6.4

Eect of female competition on reproductive success

CONTENTS

iv

IV

Discussion
6.5

6.6

89

Social factors and the cost/benets balance

. . . . . . . . . . . . . . . . .

91

. . . . . . . . . . . . . . . . . . . . . .

92

. . . . . . . . . . . . . . . . . . . . . . . .

94

6.5.1

The benets of social living

6.5.2

The cost of social living

6.5.3

Optimal group size and composition

6.5.4

Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Sociality and Sexual selection

. . . . . . . . . . . . . . . . .

96

. . . . . . . . . . . . . . . . . . . . . . . . . 105

6.6.1

Sociality and variance in reproductive success . . . . . . . . . . . . 105

6.6.2

Dominance and evolution of competitive abilities

Appendices
A Senescence in a monogamous mammal

. . . . . . . . . . 106

111
111

A.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

A.2

Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

A.3

A.4

A.2.1

Study population and data collection . . . . . . . . . . . . . . . . . 114

A.2.2

Statistical analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
A.3.1

Intra-annual variation in body mass

. . . . . . . . . . . . . . . . . 118

A.3.2

Age-dependent senescence . . . . . . . . . . . . . . . . . . . . . . . 118

A.3.3

Age-independent terminal decline . . . . . . . . . . . . . . . . . . . 119

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

B Evolutionary trade-o in ungulates

125

B.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

B.2

Material & Methods

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

B.2.1

Dataset

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

B.2.2

Comparative method . . . . . . . . . . . . . . . . . . . . . . . . . . 128

B.2.3

Statistical analysis

. . . . . . . . . . . . . . . . . . . . . . . . . . . 129

B.3

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

B.4

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

CONTENTS

v

C Interspecic variation in the rate of EPP

139

C.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

C.2

What do we know from birds? . . . . . . . . . . . . . . . . . . . . . . . . . 141

C.3

What do we learn from mammals?

. . . . . . . . . . . . . . . . . . . . . . 145

C.3.1

Phylogenetic eect . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

C.3.2

Breeding synchrony . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

C.3.3

Social mating system . . . . . . . . . . . . . . . . . . . . . . . . . . 147

C.3.4

Mate guarding

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

C.4

What is the added value of considering mammals?

C.5

Limits and perspectives

. . . . . . . . . . . . . 149

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

vi

CONTENTS

List of Figures

Marmota marmota

1.1

Geographical distribution of the Alpine marmot,

1.2

An adult Alpine marmot,

1.3

Life cycle of the Alpine marmot,

1.4

Residual body mass of females (a) and males (b) acquiring the dominance

Marmota marmota

. . .

17

in La Sassière nature reserve

18

Marmota marmota

. . . . . . . . . . . .

19

or staying subordinates. The circles represent the observed residual body
masses while the dots represent the means of the residual body masses
surrounded by their standard deviation The black representation includes
all individuals sexually mature while the grey representation excludes the
individuals of two years old. . . . . . . . . . . . . . . . . . . . . . . . . . .

1.5

19

Origin of the dominant males (a) and females (b) on the study site. Legend: 1: the new dominant came from an adjacent territory, 2: the new
dominant came from a remote territory, 3: the new dominant came from
outside the study population, 4:

the new dominant inherited from the

natal territory, 5: origin unknown . . . . . . . . . . . . . . . . . . . . . . .

o

20

2.1

360 view of the study site. . . . . . . . . . . . . . . . . . . . . . . . . . . .

28

2.2

Cartography of studied territories . . . . . . . . . . . . . . . . . . . . . . .

28

2.3

Scheme of the traps used for marmot trapping, in open position (a), and
in closed position (b).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
vii

29

LIST OF FIGURES

viii

3.1

Mate change probability as a function of the number of young at emergence
(a) and of the survival of the young from emergence to the end of their
rst hibernation (b). The dots represent the observed data, the size of the
dots being proportional to the sample size. The line represents the tted
model. The gray surface represents the standard error around the tted
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.1

40

Kaplan-Meier plots showing the eect of the number of sexually mature
male subordinates in the social group on (a) the probability that a male
retains dominance, and (b) the probability that a male monopolizes matings.

Three levels of the number of male subordinates are represented:

none (0), medium (2) and high (3+).

4.2

. . . . . . . . . . . . . . . . . . . .

52

Kaplan-Meier plot showing the impact of extra-pair paternity at the last
event of reproduction on the probability that a male retains dominance.
The full line represents the survival curve where no extra-pair paternity at
the last event of reproduction was observed while the dotted line represents
the survival curve where extra-pair paternity occurred at the last event of
reproduction.

4.3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

52

Comparison of the competitive abilities, measured as the residual body
mass, of males retaining dominance and males losing dominance. (a) The
grey circles represent the observed residual body masses. The black dots
represent the means surrounded by their standard deviation.

(b) Com-

parison of competitive abilities of a given male the year it lost dominance
and the years it was dominant. Males having a lower residual body mass
the year of dominance loss are represented in black. Males having a higher
residual body mass the year of dominance loss are represented in grey.

4.4

. .

53

Impact of the number of sexually mature male subordinates present in a
family group on the residual body mass of the dominant male. The dots
represent the observed data, and the grey line represents the tted model.

54

LIST OF FIGURES
5.1

ix

Direct eect of group size (a) and of the number of subordinate males
(helpers) in the family group (b) averaged over a dominant male's tenure
on lifetime reproductive success (LRS). The dots represent the observed
data, their size being proportional to the sample size. The lines represent
the tted model. The grey area represent the error associated to the model. 66

5.2

Direct eects of group size (a) and of social factors (b) on lifetime reproductive success (LRS). Legend: (· · · ): signicant quadratic relationship
between variables; (- - -): no signicant relationship between variables. . .

5.3

67

Indirect eect of group size (a) and of social factors (b), through tness



components, on the lifetime reproductive success (LRS). Legend: (

):

signicant positive relationship between variables, (-·-): signicant negative relationship between variables, (· · · ): signicant quadratic relationship between variables, (- - -): no signicant relationship between variables. 69

5.4

a) Dominance tenure length as a function of the proportion of year spent
with more than one competitor in the group. b) Reproductive rate as a
function of the number of female changes a male faced during its tenure.
c) Number of extra-pair young in litter as a function of the proportion of
year spent with more than one competitor in the group. The black circles
represent the observed data and their size is proportional to sample size,
the lines represent the tted model and the grey surfaces represent the
error associated to the model. d) Ospring survival to one year of age as a
function of the number of subordinate males (helpers) and females in the
family group. The black and white circles represent observed data respectively greater and lower than predicted values, and the surface represents
the tted model.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

70

LIST OF FIGURES

x

6.1

Lifetime reproductive success of dominant females as a function of the
number of adult subordinate females (represented in black) and the number of helpers (represented in white) in the family group averaged over
the tenure . The black dots represent the data of the LRS for the average
number of adult subordinate females, the size of the dots being proportional to sample size. The black, full line represents the tted model. The
black circles represent the data for the average number of helpers, the size
of the dots being proportional to sample size. The dashed line represent
the tted model.

6.2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

82

Probability of emergence of pups as a function of the number of adult
female in the family group. The dots represent the observed data, the size
of the dots being proportional to the sample size. The line represents the
the ted model.
the tted model.

6.3

The gray surface represents the standard error around
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

83

Residual body condition of a given dominant female the year it lost dominance compared to the years it stayed at dominance. Dominant female
who had a lower body condition the year the lose dominance are represented in black.

The females who had a better condition the year they

lose dominance are represented in grey. . . . . . . . . . . . . . . . . . . . .

A.1

85

Sex-specic body mass variation with date (between April 15th & July
15th) in julian days (interval of time in days since January 1st), once accounted for year eects. (a) Male body mass shows a quadratic pattern
with date, (b) Female body mass increases linearly with capture date. For
(a) & (b), each point correspond to the body mass of captured individuals, thick lines are the predictions from the best model, & the condence
interval of the predictions from the best model are in dotted lines.

. . . . 118

LIST OF FIGURES
A.2

xi

Sex-specic body mass variation with age once accounted for capture date
& year (with mean: black dots & SE: error bars). (a) Male body mass.
(Black dots represents mean body mass variation per age & are equivalent
to the model with age as a factor). Thick line: prediction of the threshold
model (

i.e., the best model with age tted as a continuous variable) with

condence interval in dotted lines corresponding to a constant body mass
up to 8 years of age followed by a linear decrease. (b) Female body mass.
The best model corresponds to the absence of inuence of age on body

i.e., constant model).

mass (

A.3

. . . . . . . . . . . . . . . . . . . . . . . . . . 119

Sex-specic body mass variation between marmots still alive next year &
marmots in their last year of life, for each sex, once capture date & year
are accounted for (mean: black dots, & SE: error bars). Females are on
the left (eect of the last year of life only), & males on the right (eect of
the last year of life, once accounted for full age-dependence, see text for
further details). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

LIST OF FIGURES

xii

C.1

Figure 1: Variation in the rate of EPP among bird and mammal species
EPP rates were obtained by searching the ISI Web of Knowledge using the
keywords extra-pair paternityand extra-pair paternitybefore February
2011.

EPP rates have been compiled by species and population.

natural populations were considered.

Only

Wherever individuals in a natural

population were manipulated to alter the rates of EPP only estimates obtained from controlindividuals were selected.

Similarly, if estimates of

EPP rates were obtained from subsamples that were suspected to have

e.g.

higher EPP rates (

monogamous

vs.

rates for the entire population were kept.

polygynous males), only EPP
Only studies using molecular

methods based on DNA (single-locus or multi-loci minisatellites and microsatellites) were selected. All studies using allozymes, plumage polymorphism, or heritability were rejected.

Moreover, only studies where both

the mother and the social father were sampled and where the methodology
used to include or exclude the ocial father were presented in details were
included.

When proper estimates were available for several populations

of the same species, estimates are provided for each of these populations.
When multiple estimates were given for the same population, only estimates obtained for the highest sample size are provided. a) EPP measured
as the percentage of extra-pair young in 281 studies of 213 bird species; b)
EPP measured as the percentage of extra-pair young in 82 studies of 69
mammal species; c) EPP measured as the percentage of clutches containing extra-pair young in 268 studies of 201 bird species; d) EPP measured
as the percentage of litters containing extra-pair young in 58 studies of
44 mammal species. In mammals (b and d), grey bars represent the distribution for monogamous species while black bars are for other mating
systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

List of Tables

1.1

The 14 marmot species . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15

1.2

Social system and mating system of the 14 species of marmots.

17

3.1

Results of conditional logistic regressions showing dierences between previous and new partners of re-paired individuals

5.1

. . . . . .

. . . . . . . . . . . . . . .

40

Explained variance, for each level of the hierarchical analyses, of the indirect eects of socials factors on the male lifetime reproductive success
(n

5.2

= 58

males)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

71

Percentage contribution of the tness components to the variation in male
reproductive success in solitary or group living mammals. (L= Reproductive lifetime or longevity (*Number of mate per male), F= Fecundity, S=
Ospring survival)

6.1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Studies testing for an eect of social factors on breeders' reproductive
success in social mammals . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.2

71

98

Measures of reproductive variability between females and males (RV) in
species showing dierent breeding systems. . . . . . . . . . . . . . . . . . . 106
xiii

LIST OF TABLES

xiv

A.1

Age-specic models of body mass variation in male and female Alpine
marmots. The best sex-specic age-independent model (Base) is used as
the reference (providing a standardized mass). Age corresponds to a linear
relationship between standardized mass and age, Age

2 to a quadratic re-

lationship between standardized mass, F(age) to the full age-dependent
model (including age as a discrete factor), and Threshold to the best
threshold regression model linking age and standardized mass (see text
for further details). The best model occurs in grey cells. Base and F(Age)
are used to calculate ANODEV, they therefore have no value associated.
The number of terms is indicated by K.
A.2

. . . . . . . . . . . . . . . . . . . 120

Modelling age-specic pattern of body mass variation in male and female
Alpine marmots using linear mixed models. The baseline model (Base) accounts for seasonal variation of body mass in both sexes. The best model
is in bold. Model selection has been performed using Akaike Information
Criterion (AIC). Akaike weights (AICw) correspond to the relative likelihood of a model to be the best among the set of models tested.

The

number of terms is indicated by K. . . . . . . . . . . . . . . . . . . . . . . 121

B.1

Phylogenetic generalized least-squares models showing the relationships
between pre- (weapon length) and post-copulatory (testes mass, total
sperm length, sperm head length, sperm midpiece length, sperm tail length
and sperm midpiece volume) traits across ungulates species.

λ

represents

the index of phylogenetic correlation (see Material and Methods section).
All variables were log transformed.

C.1

. . . . . . . . . . . . . . . . . . . . . . 130

Potential explanatory factors of the diversity in the rate of EPP among
bird and mammalian species in comparative analyses

. . . . . . . . . . . 144

Part I

Introduction

1

0.1. WHAT IS A SOCIAL SPECIES?
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From insect societies organized in castes where only the queen is in charge of reproduction, to highly cooperative human societies, the evolution of animal societies have
been a major interest for evolutionary biologists for decades. One reason of this particular interest is that the evolution of social living, a priori, challenges Darwin's theory
of natural selection. Darwin himself admitted that it represents 

which at rst appeared to

[him]

insuperable, and actually fatal to

one special diculty,

[his]

whole theory.

[He]

allude to the neuters or sterile females in insect-communities: for these neuters often
dier widely in instinct and in structure from both the males and fertile females, and yet,
from being sterile, they cannot propagate their kind.

(Darwin, 1859).

Indeed, Darwin dened the natural selection as a selective force based on the differential in individuals' capacity to survive and reproduce.

Natural selection favours

individuals that produce the highest number of mature descendants, relatively to the
other individuals in the same population at the time (Darwin, 1859). Consequently, it
appears dicult to understand how societies, where behaviour such as food sharing and
alarm calling which prot to other individuals than the actor, could have evolved.

0.1 What is a social species?
Despite the fact that evolution of social living is a central question in evolutionary biology,
there is no consensual denition of the term social. To dene what is a social species, it
is required to identify criterion that may be used to qualify a species as social. In the 60's,
a hierarchical classication of the dierent social systems observed in the animal kingdom
have been proposed (see box 1) (Batra, 1966; Michener, 1969; Wilson, 1971), which has
been the basis of many other classications proposed thereafter. However, more recently,
the biological sense of using a hierarchical classication has been questioned leading to
an ongoing debate on the appropriate etymology to use in social evolution (Lacey &
Sherman, 2005; Wcislo, 2005; Crespi & Yanega, 1995; Sherman

et al.,

1995; Costa &

Fitzgerald, 2005, 1996).Some authors thus put forward the need of a unifying concept of
sociality, which may provide a general framework to all evolutionary biologist interested
in social evolution, based on evolutionary meaningful characters and which can include
a wide range of taxa (Costa & Fitzgerald, 1996).
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Box 1: Denitions
Society (=social unit, social system):

a society is a set of conspecic animals

that interact regularly and more so with each other than with members of other such

Social organization:
Social structure:
Sociality:
societies.

the social organization describes the size, sexual composition,

and spatiotemporal cohesion of a society.
the social structure gives the pattern of social interactions and

resulting relationships among members of a society.
Sociality is the tendency to form communities and societies.

Denitions from Kappeler & van Shaick (2002)

In this view, some authors proposed a very simple and large denition of sociality,
that all group living species should be considered as social and that two or more individuals living together form a social unit (Wcislo, 2005). Nevertheless, although group
living is indivisible of social living, can we consider species grouping around food patches
or using the same breeding site, such as gregarious or colonial species, as social (box 2)?
Animal societies are characterized by individuals being grouped in a social unit where
some degree of interaction between members of this group can be dened in their nature and their frequency through time (Lee, 1994; Kappeler & van Schaik, 2002). The
existence of interactions between group members in social species should thus included
in the denition of social species. Interactions between individuals may be of dierent
nature: cooperative (including mutualism and altruism), selsh or spiteful. All of these
behaviours characterized the social behaviours but they are not exclusively present in
social species (Hamilton, 1964a). Indeed, selsh behaviours, which include for example,
aggressive behaviours, are observed in all solitary species when individuals defend their
territory or their resources.
Cooperation is dened as a behaviour that provides a benet to another individual
(the recipient) than the actor and which is selected for because its benecial eect on
the recipient (Hamilton, 1964a). It includes altruistic behaviours and mutually benecial
behaviours. An altruistic behaviour is characterized by a decreased tness of the actor
and an increased tness of the recipient(s). A mutualist behaviour is characterized by
an increased tness of the two protagonists involved.

It thus have been proposed to

consider a broad concept of sociality, and to dene social species as organisms showing
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a reciprocal communication of a cooperative nature (Costa & Fitzgerald, 1996, 2005).

Box 2: Description of the dierent social organizations:
Solitary species:

individuals are alone during their whole life and do not interact

with other individuals of the same species, except during the mating period where
they interact with each other to reproduce. In monogamous solitary species, parents
may strongly interact during mating season and cooperate to provide parental cares

Gregarious species:

and to defend the nesting site.
these species are characterized by the formation of a group of

individuals of the same species. Within the group, individuals do not interact with

Colonial species:

each other, except, in some cases where mothers interact with their ospring.
colonial species are characterized by the formation of a group

of several breeding pairs during the mating season. Although individuals share the

Communal species:
Cooperatively breeding species:

same breeding site, they do not cooperate between pairs.
communal breeding species are characterized by the sharing

of breeding site by several individuals that equally cooperate for parental cares.
cooperatively breeding species are character-

ized by an extended family group with an overlap of generations, a monopolization
of reproduction by one or few individuals of the group and alloparental cares. Individuals providing alloparental cares are generally called helpers and can be either
related or unrelated to the breeders of the group. Two type of cooperatively breeding
species can be distinguished, depending on the reproductive skew in the group: in
plural breeders, several individuals reproduce while in singular breeders, reproduc-

Eusocial species:

tion is monopolized by one dominant individual.
eusocial species are characterized by an overlap between genera-

tion, a division of labour by casts with more than one sterile individual working, and
cooperative behaviour with more than the two genetic parents providing alloparental
cares.

Casts are permanent groups of individuals becoming behaviourally distinct

prior to sexual maturity, specialized in one task such as foraging and alloparental
cares (workers) or defence of the nest (soldiers).
Based on these remarks, we will consider the following denition of social species
in the thesis.

A social species is a species living in group for other activities than re-

production, comprising more than parents and their direct ospring of the year, where
individuals strongly interact with each other by the mean of cooperative behaviours (altruist and/or mutualist). Although sociality is widespread among the animal kingdom
(Trivers, 1985), we will focus on vertebrates social species and a special attention will be
given to social mammals in this thesis.

0.2 Evolution of sociality - Between benets and costs
Natural selection implies that a trait evolves only if it confers some tness advantages
to individuals possessing this trait (Endler, 1986). Therefore, the evolution of sociality
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results from individual strategies maximizing individual tness, and sociality can evolve
only if the tness benets of being social are higher than the costs associated with social
living (Hamilton, 1964a,b).

The tness benets of being social might come from the

advantages, in term of survival and/or reproduction, due to group living and cooperation
between group members. On the opposite, constraints associated with group living as well
as the agonistic behaviours within the social unit should be costly and thus favour solitary
living. Several hypotheses have been proposed to explain the evolution of sociality.

0.2.1

Benets of sociality

Animals gain benets from simply being in group (reviewed in Krause & Ruxton, 2002).
Living in group has been shown to reduce predation risk in many species (see for example
Hill & Dunbar, 1998; Verdolin & Slobodchiko, 2002), which can be explained by mechanisms such as dilution (Pitcher & Parrish, 1993) or confusion eect (Krakauer, 1995;
Schradin, 2000) or by an increased anti-predator vigilance in groups (Van Schaik

et al.,

1983). Group living may also favour individuals foraging eciency, through mechanisms
such as information exchange between group members (Treherne & Foster, 1981). Additionally, advantages can also be provided by group thermoregulation, where individual
huddle together, allowing a lower energetic dispense (Andrews & Belknap, 1986). For

Microcebus murinus ), individuals nesting with two other

example, in the mouse lemur (

individuals can decrease their energy expenditure by 40% (Perret, 1998). Finally, group
living may increase chances of mating as the probability of nding a partner should
increase with the concentration of individuals of the same species at the same place
(Widemo & Owens, 1995).
Individuals may also gain benets from cooperative behaviours occurring between
group members. In the case of mutualist behaviours, all protagonists involved gain benets by sharing their eorts to achieve a mutual task. For instance, in lions

Panthera leo,

females form groups because group hunting increases foraging eciency and communal
defence increases the chances of defending the young and the territory (Packer

et al.,

1990). In case of altruistic behaviours, by denition, recipients gain benets. For actors,
the benets of being altruist can be divided in two categories: the indirect and direct benets. The notion of indirect benets is based on the idea that being cooperative toward
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relatives, in other words, toward individuals having a proportion of genome in common,
should be advantageous. Thus, altruist animals enhance their tness by increasing their
relatives' chances of surviving and/or reproducing (Hamilton, 1964a,b). Cooperative behaviours toward kin have received several empirical supports (for example in birds see
Emlen & Wrege (1988), Covas
see Morin

et al.,

et al. (2006), Russell (2001) and for examples in mammals

1994; Eberle & Kappeler, 2006; Viblanc

et al.,

2010). Direct benets

of altruism are diverse, and have been proposed to explain altruism toward unrelated
individuals. First, altruist individuals can gain benets in the reciprocity of the action
(reciprocal altruism) (Trivers, 1971). A widespread altruistic behaviour in mammals,
for instance, is grooming (described in primates, Dunbar (1991); Newton-Fisher & Lee
(2011), carnivores (Kutsukake2006, Kutsukake2010), rodents (Stopka2001, Stopka1999)
and ungulates Hart & Hart, 1992). Grooming is a behaviour involved in the reduction
of ectoparasitism and stress in the recipient individual, but being costly for the actor as
it decreases the vigilance to predators and increases parasite exposure (Mooring & Hart,
1995; Dunbar & Sharman, 1984). A recent study, conducted in 14 species of primates,
revealed that given grooming was positively correlated to received grooming suggesting
that reciprocity of the behaviour plays an important role in explaining the distribution in
primate grooming (Schino & Aureli, 2010). Second, altruism can increase the probability
of being accepted in the group (pay-to-stay hypothesis, Kokko

et al., 2002).

In case of

very low survival probability outside the group for instance, individuals should cooperate as a condition to stay in the group, and may act under the threat of being evicted
(Johnstone & Cant, 1999). Thirdly, individuals may cooperate to increase group size. If
individual tness is correlated with group size, altruistic individuals gain to perform a
behaviour which increases the size of the group (group augmentation hypothesis Kokko

et al., 2001).

Cooperate can also increase individual social prestige (handicap hypothesis,

Zahavi, 1990) and thus increases the chances of mating. Finally, altruism may provide
long term direct benets. On the one hand, cooperate for tasks such as reproduction may
increase the chance of inheriting of the territory or to develop breeding skills (Komdeur,
1996). On the other hand, these behaviours may enhance the formation of long term social bonds such as the formation of coalition which may promote the chances of successful
dispersal (Silk

et al., 2010).
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0.2.2

Costs of sociality

Individuals may experience multiple costs of being part of group.

For instance, the

probability of detection by a predator may be higher for groups than for lone individuals
or attack rate might may be higher on groups (Szep & Batra, 1992).

Or, living in

close association with conspecic might promote the transmission of pathogens (Cote &
Poulin, 1995) or the risk of brood parasitism (Yom-Tov, 2001).

Finally, probably one

of the most important costs associated with group living, is competition between group
members (Alexander, 1974). When individuals are in close proximity, they are likely to
compete for essential resources (West-Esteberhard, 1979), and hierarchical relationships
of dominance are often established between group members. Dominance results from the
outcome of contest between individuals, involving repeated agonistic interactions, which
may lead to injuries or death. Moreover, dominant status is associated with a priority
access to the resources, including food and sexual partners, implying a limited tness for
low ranking group members (Drews, 1993; Ellis, 1995).
Cooperation, through altruistic behaviours, is associated with costs. Firstly, in the
extreme cases of reproductive altruism, individual forgo their own reproduction, which
represent a major cost. Secondly, the actor have to spend time and energy which will
not be allocated in its own survival or reproduction.

Thus, altruist individuals may

suer physiological costs at both short and long term scale.

For instance, in several

cooperatively breeding birds and mammals, helping behaviour reduces helpers' body mass
and later survival (reviewed in Heinsohn & Legge, 1999). Specically, in the Kalahari
meerkats

Suricata suricatta, a cooperative breeder where subordinates babysit the young,

babysitters lost 1.3% of their daily body mass while non babysitting individuals gain 1.9%
of their body mass on the same period (Clutton-Brock

et al., 1998).

0.3 The costs/benets balance and the adaptive value of
sociality
Although each hypothesis have been empirically supported, they are not mutually exclusives. The evolution of social living results from the interplay of two or more advantages
and constraints imposed to individuals (Crook

et al., 1976).

For example, dierent studies
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conducted in the African stripped mice (

Rhabdomys pumilio )

showed that group living

in this species is favoured by an increased vigilance to predators (Schradin, 2005), a
group defence of limiting resources (Schradin & Pillay, 2004) and a reduction in energetic costs by group huddling (Scantlebury

et al.,

2006). On the opposite, competition

favours solitary living (Schradin & Pillay, 2003; Schradin

et al., 2010).

To understand the evolution of sociality, it is important to identify the evolutionary
pressures by characterizing the dierent costs and benets associated with sociality (Slobodchikov, 1988). However, sociality evolves only if the sum of the benets overweight
the sum of the costs,

i.e

if the net benet of being social is positive. Consequently it is

also primordial to characterize the net benets, by measuring the impact of social living
on individual tness (Silk, 2007).

So far, studies linking sociality and individual tness are scarce, which represents a
major gap in our understanding of the evolution of social living.

Fitness is generally

dened as the genetic contribution to future generations (Fisher, 1930). Although the
best way to empirically measure it is still controversial (Brommer

et al., 2004; Blomquist,

2009; McGraw & Caswell, 1996), the total number of young surviving to sexual maturity
produced throughout an individual's life (lifetime reproductive success, LRS) provides a
good estimator (Brommer

et al.,

2004). Gathering individual-based data for the entire

life of individuals is complex, especially in natural populations, which may explain the
paucity of studies using such a measurement in social species (Clutton-Brock & Sheldon,
2010).

In the few studies which have investigated the impact of social living on LRS

(or other measures of tness throughout lifespan) dierent results were found in each
case. In the prairie vole

Microtus ochrogaster, Somolon and Crist (2008) showed that the

estimated LRS increases with group size suggesting that social living is advantageous for
individuals.
rate

R0

In the yellow-bellied marmots

Marmota aviventris,

the net reproductive

of females, the product of survival and reproduction, increases with the matriline

size and decreases in larger groups (Armitage & Schwartz, 2000), suggesting that benets
of social living decrease after a given optimum number of individuals in groups. And, in
the tuco-tuco

Ctenomys sociabilis,

Lacey (2004) did not nd any tness advantage for

females to breed in group. The question of the inuence of sociality on individual tness
thus remains fully open.
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Much more studies, however, have linked sociality to one of the components of the
tness such as adult or ospring survival, fecundity, or the number of young produced at
one breeding event, and evidenced benets of social living in several cases (reviewed in
Silk, 2007). Despite the amount of work, these studies cannot allow us to draw a general
conclusion on the adaptive value of sociality (Silk, 2007), and this for 2 reasons. Firstly,
an annual measure of the tness was used in many of these studies (Fedigan & Jack,
2011; Woodroe & Macdonald, 2000; Treves, 2001; Wol, 1994; Hirsch & Maldonado,
2011). However, the annual reproductive success in not necessarily representative of the
lifetime reproductive success (Pekkala

et al.,

2011).

For instance, in her study on the

tucu-tuco, Lacey (2004) found dierences between solitary and social living individuals in
annual reproductive success but not in lifetime reproductive success. Secondly, because
there are multiple benets and costs associated with sociality in every species, interacting
and compensate each others, to know half of the elements of the costs/benets balance
do not permit a general conclusion.

Nevertheless, to study the impact of sociality on

tness components oers an opportunity to understand precisely the constraints and the
advantages of sociality. Indeed, to know on which tness component sociality individuals
incur costs, or on the opposite, gain benets, is primordial to identify the evolutionary
forces shaping animal societies. Studies using the two approaches,

i.e.

investigating the

impact of sociality on individual tness as well as its impact of the dierent components
of the tness, are thus needed.

0.4 Dierence in benets and costs between group members
Generally, a dominance relationship is established between members of a group, except
in some egalitarian societies (Vehrencamp, 1983). The issue of intra-sexual competition,
consisting of repeated agonistic interactions, determines individual social status. Dominance status confers a preferential access to the limiting resources, such as food or mating
partners, leading to a dierential in tness between dominants and subordinates, dominant individuals having a higher reproductive success than subordinates (Ellis, 1995).
Depending on the social organization, the variation in tness between group members
is more or less important.

One extreme example is the case of cooperative breeders.

The skew in reproduction is particularly exacerbated as reproduction is monopolized by

0.5. AIM OF THE STUDY
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one or few dominant individuals but where other group members (the helpers) help the
breeders to raise the young. Sociality thus imposes dierent constraints on individuals,
depending on their social status and on the intensity of the reproductive skew. Indeed,
the size of reproductive skew may determine the investment in cooperative behaviours
subordinates should provide (Keller & Reeve, 1994; Vehrencamp, 1983) or the intensity
of competition faced by the dominant (Clutton-Brock, 1998; Reeve

et al., 1998).

Many eorts have been done to understand how sociality can be adaptive for non
breeder group members, and several studies focused on the benets and the costs associated with social living for these individuals (Clutton-Brock, 2002). Less attention have
been paid to the breeders. Indeed, advantages of being dominant are,

a priori, obvious

as dominant reproduce and the presence of others members of the group may enhance
their reproductive success (see, for example, Mumme, 1992; Russell

et al., 2002).

Never-

theless, the costs incurred by the dominants are still poorly known despite the fact that
they may have strong consequences on the breeders' tness and thus strong implications
for the evolution of animal societies.

0.5 Aim of the study
The aim of this study is to investigate the costs associated with group living in social
species, and to identify their evolutionary consequences. More particularly, we studied
the link between intra-sexual competition in social group and breeder individuals' reproductive success. The dierential access to resources between subordinates and dominants
lead to a strong skew in reproduction.

Competition is inevitable among social groups

(Alexander, 1974; Emlen, 1982), and the intensity of competition is expected to increase
with the number of subordinates in the group and the degree of reproductive skew (Keller
& Reeve, 1994). Three question were addressed.

•

What are the costs associated with intra-sexual competition for breeding individuals in social groups?

We studied how competition, measured as the number of

subordinates in the group, inuence the dierent components of the dominants'
reproductive success.

•

What are the consequences of intra-sexual competition for the evolution of social-
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ity? We studied the inuence of intra-sexual competition on the lifetime reproductive success of the breeders.

•

Are intra-sexual competition consequences are comparable in males and females?
The analyses of the eect of intra-sexual competition on breeders reproductive
success were conducted in both dominant males and females.

The biological model used is the Alpine marmot

Marmota marmota, a socially monog-

amous mammals, breeding cooperatively. The Alpine marmot is well suited to address
these questions for several reasons. Firstly, Alpine marmots are singular breeders and
thus exhibit a degree of reproductive skew between group members. Competition is thus
expected to be high in this species. Secondly, marmots are highly territorial which facilitates the characterization of group structure. Thirdly, group size is highly variable from
one year to another and may varies between 2 to 16 individuals, which allows the study
of the variation of reproductive success with group size and composition. The biological
model is presented in detail in chapter 1.
A natural population of Alpine marmots were followed for the past twenty two years
in the French Alps. The individual-based long term data set, comprises approximately
2000 individuals, with more than 80 individuals followed during their entire lifespan. For
each individual, we dispose of morphometric measures and genetic data, as well as social
status and reproductive success.

We also know detailed group compositions for more

than 20 territories, including the number of emerging pups, the number, the sex and the
age of all subordinates, and the identity of the dominants. The data collection protocol
is presented in chapter 2.
The thesis is organized around 4 chapters of results, each one being an article either
already published in a peer-reviewed journal, or in preparation for future publication. The
rst chapter emphasizes the constraints, in term of territoriality, imposed to individuals,
and underlines importance of intra-sexual competition in the Alpine marmot.

In the

second chapter, we evidence the cost associated with the presence of other individuals
of the same sex in social groups for the male breeders.

The third and fourth chapter

present integrative studies of the impact of intra-sexual competition on each component
of the reproductive success and on the LRS, in respectively male and female breeders.

Part II

Material & Methods
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Chapter 1

Biological model

1.1 Generalities on Marmots
Marmots are sciurid rodents, belonging to the tribe

mota.

Marmotini,

and to the genus

Mar-

Fourteen species of marmots have been identied: six in North America and eight

in Eurasia (table 1.1).

Table 1.1: The 14 marmot species
American species

Marmota broweri
Marmota caligata
Marmota aviventris
Marmota monax
Marmota olympus
Marmota vancouverensis

Arctic marmot
Hoary marmot
Yellow-bellied marmot
Woodchuck or groundhog
Olympic marmot
Vancouver marmot

Eurasian species
Grey or Altai marmot
Steppe marmot
Black-capped marmot
Long-tailed or red marmot
Himalayan marmot
Alpine marmot
Menzbier's marmot
Tarbagan or Mongolian marmot

Marmota baibacina
Marmota bobak
Marmota camtschatica
Marmota caudata
Marmota hymalayana
Marmota marmota
Marmota menzbieri
Marmota sibirica

Marmots are the largest of the ground squirrels. The basic body shape is characterized
by a heavy-bodied animal with relatively short legs, a long bushy tail, a compact and
sturdy physique and small ears.
Marmots generally live in a range of mountain habitats where alpine or subalpine
15
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meadows, talus slopes and rocky outcrops are common (Allainé

et al., 1994), except for

the steppe marmot that prefers the Eurasian prairies and the woodchuck that lives in
low-elevation woodland/meadow habitats (Barash, 1975).

Marmots are preferentially

herbivorous. They eat a wide range of meadow plants and roots depending on the food
availability and the season.

Few cases of carnivorism have been reported in dierent

species of marmots with foods such as caterpillars, small rodents or eggs of birds nesting
on the ground (Barash, 1975).
Marmots hibernate for varying length of time depending on the climate of the region
they live in. There are considerable interspecic and intraspecic variations in the date
of hibernation and emergence depending on environmental severity. Almost all marmot
species hibernate in group, except the woodchuck

M. monax

which is a solitary species

(table 1.2). Within few days following emergence, marmots excavate existing burrows,
digging down through the snow and exposing the previous year's burrow opening (Barash,
1975).
Social organization of marmots varies from solitary, such as the woodchuck

Marmota

monax, to highly social, organized in family groups such as the Alpine marmot Marmota
marmota

(table 1.2).

1.2 The Alpine marmot
1.2.1

General description

The Alpine marmot,

Marmota marmota, is one of the eight species of marmots present in

Eurasia. Its geographical distribution is concentrated around the Alpine arc (represented
in green in the gure 1.1), essentially in France, Italy, Switzerland, Germany, Austria
and Slovenia (Ramousse

et al., 1999).

Morphology
The Alpine marmot is characterized by a brown fur with yellow ecks on the back and a
beige or orange fur on the belly. The muzzle is brown and white patches appear between
the nose and the eyes. The tail is brown, bushy and black at the end (gure 1.2).
Alpine marmots reach their adult size at three years old.

Adults body length is
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Table 1.2: Social system and mating system of the 14 species of marmots.

M. monax

Mating
Socialitya Social
organization system
1
Solitary
Polygynous

Dispersal
Young
dispersal

Group
d
hibernation Reference
No
1,2,3

M. aviventris

2

Matrilines

Polygynous

Yearling
dispersal

No / Yes

4,5,6

M. caligata
M. olympus
M. vancouverensis

3

Restricted
familiesb

Polygynous

2 years old
dispersal

Yes

14,15,27
13,6
6,16,17

Species

M. baibacina
6,20,24
M. bobac
6,19,20,28
M. browerii
18,6
Adult
M. camtschatica
6, 25,28
Extended
Monogamous
dispersal,
3
Yes
M. caudata
12,6
c
families
or Polygynous delayed
M. hymalayana
20
dispersal
M. marmota
7,8,9,10,11
M. menzbieri
20,21,22
M. siberica
6, 23
Adapted from Allainé (2000b); Armitage (2007)
a Degree of sociality: 1= Asocial; 2= Intermediate; 3= Highly social.
b Restricted families include a dominant male with 1 to 3 females and yearling.
c Extended families include a dominant couple, adult subordinates, and yearling.
d 1: Michener (1983); 2: Meier (1992); 3: Bronson (1964); 4: Armitage (1989); 5: Armitage (1991); 6: Blumstein
& Armitage (1999); 7: Goossens et al. (1998); 8: Arnold (1990a); 9: Arnold (1990b); 10: Perrin et al. (1993); 11:
Arnold (1988); 12: Blumstein & Arnold (1998); 13: Barash (1973); 14: Holmes (1984) ; 15: Barash (1974); 16:
Bryant (1996); 17: Heard (1977); 18: Rausch & Bridgens (1989) ; 19: Leberre et al. (1994); 20: Bibikow (1996);
21: Maschkin (1982); 22: Mashkin & Baturin (1993); 23: Zimina (1978); 24: Mikhailyuta (1991); 25: Mosolov &
Tokarsky (1994); 26: Kapitonov (1978); 27: Wasser & Barash (1983); 28: Rymalov (1994)
.

Figure 1.1: Geographical distribution of the Alpine marmot,

Marmota marmota

.

between 45 and 68 cm, and body weight is between 2.2 and 6.5 kg depending on the
period. Maximum weight is reached in October, just before entering in hibernation while
individuals are at their minimum weight after the termination of hibernation (Kortner
& Heldmaier, 1995).
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Figure 1.2: An adult Alpine marmot,

1.2.2

Marmota marmota

in La Sassière nature reserve

Life cycle

Alpine marmots can live up to 16 years old for females and up to 11 years old for males,
and are sexually mature at 2 years old. Reproduction occurs once a year, early in April,
just after emergence from hibernation. Gestation lasts about thirty-ve days. Then, the
dominant female gives birth to a litter of one to seven pups at the end of May. Neonates
stay in the natal burrow where the female lactates them for forty-ve days (Exner

et al.,

2003). Once weaned, at the end of June, pups emerge from the burrow. They then start
eating plants, discovering the territory and playing with yearling and, sometimes, with
adults of the group.
A biais in sex-ratio at emergence toward males is observed in the population of La
Grande Sassière (Allainé, 2000a).
At sexual maturity, both male and female subordinates can either (gure 1.3):

•

disperse and attempt to establish themselves as dominant in another territory than
their natal group,

•

delay dispersal and stay as subordinate in the natal group for one or several more
years,

•

stay subordinate and inherit of the dominance of their natal group.

Pattern of dominance acquisition in the Alpine marmot in the study population
Between 1990 and 2010, 25.37% (103 over 406) of the males and 24.44% (88 over 360) of
the females born in our population became dominants. The average age at dominance
acquisition was
and

3.23 ± 0.11

3.21 ± 0.11

years old for males (range from 2 to 6 years old, median=3)

years old for females (range from 2 to 7 years old, median=3).

The
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Figure 1.3: Life cycle of the Alpine marmot,

Marmota marmota

probability to reach dominance at 2 years old, at sexual maturity, was very low in both
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sexes and then increased with age (gure 1.4).
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Figure 1.4: Residual body mass of females (a) and males (b) acquiring the dominance
or staying subordinates. The circles represent the observed residual body masses while
the dots represent the means of the residual body masses surrounded by their standard
deviation The black representation includes all individuals sexually mature while the
grey representation excludes the individuals of two years old.

Since 1990, 103 males became dominant from which fty six came from the study
site. Among them, 67.85% (38 over 56) reached dominance in a territory adjacent to their
natal territory, 10.71% (6 over 56) reached dominance in a remote territory, and 21.43%
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(12 over 56) inherited form their natal territory. Twenty six males came from outside
our study site and we did not know the provenance of 21 males being yet dominant when
we started the study (gure 1.5a). It therefore appears that, in approximately 80% of
cases, males have to disperse and take-over a territory to reach dominance. In 82 cases,
we knew how the male acquired dominance. Challenging a dominant established in an
existing territory represents the majority of cases (68 over 82), then 12 males inherited
from their natal territory, and nally, in very rare cases, males can found a new territory
(2 cases out of 82).

We counted 88 females that became dominant. Fifty six came from the study site.
Among them, 55.36% (31 among 56) came from a territory adjacent to their natal territory, 8.93% (5 over 56) came from a remote territory, and 35.71% (20 over 56) stayed on
their natal territory. Twenty females came from outside our study site and we did not
know the provenance of 17 females being already dominant when we started the study
(gure 1.5b). We knew how the female acquired dominance in 71 cases. As for males,
challenging a dominant established in an existing territory represents the majority of
cases (48 over 71), then 20 females inherited from their natal territory, and nally, in
very rare cases, females can found a new territory (3 cases out of 71).

1

1
2

2
3
3

5

5
4

4
(a)

(b)

Figure 1.5: Origin of the dominant males (a) and females (b) on the study site. Legend:
1: the new dominant came from an adjacent territory, 2: the new dominant came from
a remote territory, 3: the new dominant came from outside the study population, 4: the
new dominant inherited from the natal territory, 5: origin unknown
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Social organization and mating system

Life in family and territoriality
The Alpine marmot lives in family groups, including the dominant reproductive couple,
both sexually mature and immature subordinates of both sexes, and the pups of the
year. Family groups are as large as two to 16 individuals plus the pups. A strong social
hierarchy is established in both sexes.

In each family group, a dominant male and a

dominant female is clearly established and exerts a control over subordinates of the same
sex.

There is no evidences of a dominance relationship between the dominant couple,

neither among subordinates.
All members of a family group share a common territory, the borders being generally
similar from one year to another. Territory size varies between 0.9ha and 2.8ha (Perrin

et al., 1993).

The territory includes a main burrow system, secondary burrows located in

peripheral areas and used in cases of emergency, and latrines (Perrin

et al., 1993).

The

main burrow is used by group members both to hibernate and to sleep during the night,
and by the dominant female to give birth (Perrin

et al., 1993).

Both subordinates and dominants participate in the surveillance of the territory,
but dominants are mostly involved in territory defense in case of intrusion by a transient
individual or by a neighboring individual from an adjacent family. Similarly, all members
of a group depose odorant secretions on the main burrow, but only dominants proceed
to a meticulous scent marking at the edge of the territory (Bel

et al.,

1995). Agonistic

interactions between dominants and potential intruders mainly occur between same sex
individuals.

Mating system
The Alpine marmot socially is monogamous.

The dominant couple mates for one to

several consecutive reproductive years (up to eight years in the studied population), and
stays paired throughout the year.

Females sometimes engage in extra-pair copulation

with males being optimally genetically dissimilar to them (Cohas

et al.,

2006, 2008).

Such a behaviour is likely to be a strategy to enhance their reproductive success as the
extra-pair young are more likely to survive over their rst hibernation and have a higher
probability to reach dominance once adult (Cohas

et al., 2007b).
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Relatedness between group members
Relatedness between individuals among family groups is extremely high given that in the
great majority of cases, subordinates are sired by the dominant pair. Subordinates may
not be related to one of the dominants, or to both, in the following cases:

•

If the dominant male or female has changed, individuals remaining in the group are
thus unrelated to the new dominant. In most cases, however, the new individual
kills the pups and evicts all the same sex subordinates.

In the few cases where

some subordinates remained in the group, the young sired by the new dominant
are thus half-sibling of the other subordinates.

•

When a coalition of males (generally 2 or 3 brothers) take over a territory, the following reproduction is generally characterized by a litter with multiple paternities,
with the brothers being fathers. The dominant male is the uncle of some pups he
did not fathered.

•

In case of extra-pair paternity, extra-pair young are unrelated to the dominant male
and half-sibling of the other pups. However, if the dominant is cuckolded by one
of its sons being subordinate after a change in female dominance, the dominant is
the grand-father of the pups.

Cooperative breeding
The Alpine marmot is a cooperative breeder. Cooperatively breeding species are characterized by an overlap of generation in groups, a delayed dispersal, and the occurrence of
alloparental behaviours (Sherman

et al., 1995).

In this species, alloparental cares mostly

occur indirectly during hibernation. The presence of helpers (the subordinate males)
increase ospring survival to their rst hibernation.
Both male and female subordinates are involved in anti-predator alarm calls, in playghts with young, and in maintenance of burrows, but no privileged interactions between
helpers and young outside the burrow during activity periods have been evidenced. The
denition of the Alpine marmot as cooperative breeders may thus be questioned (CluttonBrock, pers.com.). However, some results suggest that subordinates' investment diers
according to their relatedness to the pups present during hibernation. Subordinates lose
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body mass during hibernation if infant are in the burrow. Nonetheless, the body mass
loss is higher when subordinates hibernate with full sibling infants than with unrelated
young. These results enlightened a potential indirect benets of helping in the Alpine
marmot (Arnold, 1990a), suggesting that kin selection may have played a role in the
evolution of cooperative behaviour during hibernation in this species.

Reproductive suppression
Dominant individuals monopolize reproduction by inhibiting the reproduction of the
same sex subordinates. In both males and females, reproductive suppression is mediated
by aggressive behaviour. In males, aggressive interactions toward subordinates decrease
spermatogenetic activity through androgens levels during mating season, and testicular
development via impaired fattening later in the year (Arnold & Dittami, 1997). In females, reproductive abilities of subordinates are not suppressed as evidence of gestation
was described (Hacklander, 2003). However, suppression occurs through intense aggressive behaviours from the dominant female during the period of embryo implantation
which lead to abortion (Hacklander, 2003).
Females almost always successfully monopolize the reproduction in the group.

In

twenty years, in the population of La Grande Sassière, only 3 cases of subordinate reproduction have been witnessed out of 408 events of reproduction. On the opposite, males
are less successful in monopolizing reproduction.

Indeed, in almost 16% of cases, the

dominant males is not the father of the young. Extra-pair males are principally transient
males, probably young dispersers in search of a new territory. Less often, in 28% of cases,
extra-pair males are subordinates of the group unrelated to the dominant female (Cohas

et al., 2006).
1.2.4

Hibernation

Biological rhythm of hibernation
Alpine marmots are active during the spring, the summer and early autumn and hibernate
during the winter. Hibernation lasts for approximately 200 days, starting early in October
and ending early in April. However, the length of hibernation may vary from a population
to another depending on the altitude of local populations.
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Hibernation is a strategy to conserve energy during the period of food unavailability
(Rasmussen, 1916), and is characterized by a substantial reduction of metabolism and
vital functions of the organism and the alternation of periods of torpor and euthermia.
Marmots lose about 34% of their autumn weight during hibernation mainly because of
periodic arousal periods that are energy consuming (Kortner & Heldmaier, 1995; Arnold,
1990a).

o

During torpor, body temperature decreases until a minimum of 5 C (while

o

the body temperature during active period is around 38 C), the cardiac rhythm slows
at about 28-38 beats per minute (which is at 180-200 beats per minute during active
periods), and the breathing frequency decreases until 1 or 2 breaths per minute (being
as high as 60 per minute during active periods). During euthermia periods, individuals
arose for 24 to 50 hours, and their biological rhythm becomes almost as high as during
active periods. Although euthermia periods represent less than 10% of the hibernation,
they correspond to 85% of the energy expenditure (Arnold, 1988).

Social hibernation
Alpine marmots hibernate in group in a chamber, named

hibernaculum,

they have pre-

viously cover with hay and blocked with soil, gravels and faeces (Kortner & Heldmaier,
1995). All individuals from a social group hibernate together, the size of the group varying from 2 to 20 individuals in our population. Transient individuals hibernate alone.
It has been shown that, when the number of individuals hibernating together increases, the ambient temperature in the hibernaculum increases, body temperature of
the individuals as well as the frequency of euthermia phases decreases, and the ospring
survival increases (Arnold, 1990a). Thus, social conditions during hibernation appear to
play a crucial role in limiting the cost linked to hibernation. Social thermoregulation is
dened as the active contribution to heat production used by other individuals during
hibernation at a cost to the contributor, in term of body mass loss. Within family, all
individuals do not have the same hibernation length or rhythm. Adult males, for example, always arose before females, and juveniles and pups have shorter euthermic period
than adults. Ospring, having the lowest fat reserve and the smallest body size, face a
great heat loss. The heat produced by thermoregulation is thus crucial for their survival
to hibernation. However, the presence of ospring during hibernation is costly for the
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Chapter 2

Data collection

2.1 Study site
2.1.1

La Sassière  nature reserve

The study site is located in La Sassière nature reserve in the Vanoise National Park,
in the French Alps. More precisely, the reserve is in the Haute tarantaise valley, and
depends of the city of Tignes (73320). The altitude ranges from 1850 m to 3757 m asl.
The climate corresponds to typical Alpine climate, with low average temperature, strong
daily and annual variation in temperature, and marked precipitations.
The ora is characteristic of alpine, subalpine and nival areas and the fauna includes
many emblematic species of the Alps such as the chamois (

Rupicapra rupicapra ),

the

Ibex ibex ), the Bearded Vulture (Gypaetus barbatus ), and also the red fox (Vulpes

ibex (

vulpes ) and the golden eagle (Aquila chrysaetos ) which are marmot predators.
2.1.2

Marmots territories

Studied marmot territories are in the low part of the reserve, at 2350 m asl. Territories
are all at the same altitude on the plateau of La Sassière, in an area of approximately 1.5
km long and 500m wide. Vegetation is characteristic of sub-alpine meadows except for
one humid area in one family group. Family groups are distributed of each side of a road
crossing the site from East to West, and are exposed to South or to North (gure 2.1).
In North facing slopes, snow melts later in spring and plants growth is delayed, thus
aecting marmots' biological cycle (Vanvuren & Armitage, 1991).
27
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o

Figure 2.1: 360 view of the study site.

Photography: Arpat Ozgul

Since 1990, 35 families of marmots have been followed for more than one year, but 24
of them are followed intensively. Cartography of territories is well know, and actualized
every year (gure 2.2).

The population seems to be at saturation as, since 1990, we

witnessed only 4 successful creation of new territory.

Figure 2.2: Cartography of studied territories

2.2 Sampling methods
2.2.1

Animal trapping

Adult and yearling individuals
Marmot trapping takes place between mid-April and mid-July, for a minimum of 45

Taraxacum

days. Marmots are caught using two-doors live traps baited with dandelion (

densleonis ) (gure

2.3). Traps are placed in front of the entrance of the main burrow of

each territory in order to assign with certainty each trapped individual to its territory.
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(a)

(b)
Figure 2.3: Scheme of the traps used for marmot trapping, in open position (a), and in
closed position (b).

Emerging pups
During the emergence period (from the 15th pof June to the 15th of July), each territory
is carefully observed to identify the day and the burrow of emergence of the pups. As
soon as the young rst came out, we come in ambush behind the emergence burrow and
wait for the entire litter to come out. On their rst outing, pups are naives and do not
fear our presence when we are immobile. Pups are thus caught by hand. Almost all of
the pups are captured within 3 days after emergence.

2.2.2

Animal handling

Once captured, animal are tranquilized with Zoletil

c

(0.1

ml.kg −1 )

by intramuscular

injection.
Once anaesthetized, all individuals are sexed and weighted to the nearest 100g. Social
status of adults is assessed considering scrotum development for males and teat development for females. Then, dierent morphological measurements are done: total body
length, tibia length, ulna length, head width, pelvis width thanks to a calliper.
Diverse biological samples are taken, such as blood, feces, hair, odorant secretion,
and epidermal biopsy.

2.2.3

Behavioural observations

Each family group was observed for a minimum of one hour per day in order to determine
group composition.

For each group, the number of adults, two years olds, yearling

and pups of each sex was counted. Scent marking and aggressive behaviours were also
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used to conrm dominance status (Bel

10 × 50

binoculars and

20 × 60

et al.,

1995).

Observations were made using

telescopes from a distance of 80-200 m, depending on

the topography. Observation sessions were randomly distributed during daily periods of
marmot activity: from 8:00 am to 12:00 am and from 2:00 pm to 8:00 pm.

Part III

Results
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Chapter 3

Mate change in a socially
monogamous mammal: evidences
support the forced
divorce hypothesis

Abstract

Three main hypotheses have been proposed to explain mate switching in monogamous
species: the better option hypothesis, the incompatibility hypothesis, and the forced
divorce hypothesis.

We tested the predictions of these hypotheses for the rst time

in a monogamous mammal using long-term data from a natural population of Alpine
marmots (

Marmota marmota ).

Generally, pair disruption resulted in one of the pair

members staying on the territory and re-pairing with a younger incomer, whereas the
other disappeared from the territory. Replaced individuals were rarely found as dominant in a territory but were often injured or found dead. Individuals gained no benet
from mate switching: new mates were neither heavier, larger, or more heterozygote nor
more genetically compatible than previous mates. Moreover, no increase in reproductive
success was observed after re-pairing. The relationship between reproductive failure and
occurrence of mate change was mainly due to infanticide by the incomer. Our results
support the forced divorce hypothesis in the Alpine marmot and suggest that mate
switching has strong consequences on breeding success.

We discuss the importance of

taking into account the cases of forced divorce while studying mate switching process
and its evolutionary consequences in monogamous species.

Keywords :

mammals, mate choice, monogamy, reproductive strategies, sexual selection.

Lardy S, Cohas A, Figueroa I and Allainé D. Mate change in a socially monogamous mammal: evidences
support the forced divorce hypothesis.

Behavioral Ecology, 22, 120-125.
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3.1 Introduction
The partner an individual mates with is an important determinant of reproductive success. This is particularly true in species mating monogamously where individuals of each
sex form exclusive pair bonds with a single partner for at least one reproductive event
(Kleiman, 1977). However, mate choice is a competitive process that takes place over a
limited time (Luttbeg, 2002), and individuals may often be paired to a suboptimal partner. Therefore, tactics may have evolved to modify initial mate choice and adjust mate
acquisition in such systems. Two such tactics have been suggested: extra-pair copulation
and mate switching.
The evolutionary causes of mate switching (also called divorce, Rowley, 1983) are
still debated, and several hypotheses have been proposed to explain this phenomenon
(reviewed in Choudhury, 1995). On the one hand, mate switching has been proposed to
be an adaptive tactic allowing an individual to adjust a non optimal mating (Coulson,
1966). Mate switching can then be a way to modify initial mate choice and to re-pair
with a more optimal partner. Therefore, mate switching should occur after reproductive
failure and reproductive success is expected to increase after re-pairing. Two main adaptive hypotheses have been proposed. First, under the better option hypothesis, mate
switching is benecial only to the pair member initiating divorce and re-pairing with a
higher quality mate (Ens

et al.,

1993).

Second, under the incompatibility hypothesis,

both members of a pair should disrupt the pair bond in order to re-pair with a more
compatible partner (Coulson, 1966). In this case, both members should increase their
reproductive success by re-pairing with a partner of higher compatibility. Incompatibility
may refer either to genetic incompatibility or to behavioral incompatibility. Whatever
the hypothesis, one (or both) pair member deserts or chases away its partner (Ens

et al.,

1993).
On the other hand, the forced divorce hypothesis proposes mate switching as a
nonadaptive process resulting from the intrusion of a third individual who outcompetes
one member of the couple (Taborsky & Taborsky, 1999). In this case, mate change is
determined by the outcome of intra-sexual competition. Mate switching should therefore
be independent of the previous reproductive success, and the reproductive success is not
expected to increase after re-pairing. In this case, none of the members of a separated
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pair should benet from partner change, and the new mate is not expected to be of better
quality or better compatibility than the previous one.
Mate switching has been reported in dierent taxa, such as birds (Black, 1996),
reptiles (Bull, 2000), primates (Palombit, 1994), rodents (Svendsen, 1989), shes (van
Breukelen & Draud, 2005), and invertebrates (Beltran & Boissier, 2008). However, empirical tests of mate switching hypotheses have been conducted mainly in birds (Choudhury,
1995; Black, 1996; Dubois & Cézilly, 2002) but never in monogamous mammals. In this

Marmota mar-

paper, we examined the pattern of mate switching in the Alpine marmot (

mota ).

The Alpine marmot is one of the rare socially monogamous mammals where pair

members stay together (up to 8 consecutive years on our study site) or change from one
reproductive season to the other and is then well suited to test for the hypotheses of
mate switching. We tested predictions associated with both adaptive and nonadaptive
hypotheses of mate change. For this purpose, we addressed the following questions: 1)
What is the fate of pair members after mate switching? 2) Does reproductive success inuence the occurrence of mate change? 3) Is the new partner dierent than the previous
one? and 4) Does reproductive success increase after re-pairing?

3.2 Materials and Methods
3.2.1

Study species

The Alpine marmot is a highly social hibernating rodent living in family groups composed
of a dominant breeding pair, subordinate adults of the 2 sexes, yearling, and ospring
of the year (Allainé, 2000b). Alpine marmots are territorial, and territories shared by
all members of a family are defended essentially by the dominant breeding pair. Mating
occurs immediately after the end of hibernation. Although dominant Alpine marmots
monopolize reproduction (Arnold and Dittami 1997; Hacklander et al. 2003), subordinate males sometimes sire extra-pair young (Goossens

et al.,

1998; Cohas

et al.,

2006).

Dominant females give birth to 1 litter per year. After 40 days of lactation in the burrow, weaned pups emerge above ground from mid-June to mid-July and stay at least 2
years in their natal family group. Then, when sexually mature (at 2 years old), individuals can either disperse or delay dispersal and stay as subordinate in their family group.
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Most individuals have to disperse to reach dominance (Magnolon, 1999). Dispersers can
reach dominance in another group than their natal family group by nding a breeding
vacancy, by taking over a territory, or in rare cases by funding a new territory (3 successful creations of new territories between 1990 and 2007 on the study site). Takeovers
by unrelated males or females are followed either by infanticide (Coulon

et al., 1995) or

by abortion or absorption of embryos sired by the previous mate before birth (Bruce
eect, Hacklander, 1999). If they do not manage to reach dominance before hibernation,
dispersing marmots are at high risk of death (Stephens

3.2.2

et al., 2002).

Data collection

Study site and sampling methods
Study site and trapping methods are described in details in Cohas et al. (2008). Briey,
the study was conducted in a wild population of Alpine marmots located in La Grande

o

0

o

0

Sassière Natural Reserve (at 2350 m asl in the French Alps, lat 45 29 N, long 6 59 E) from
1990 to 2007. Marmots were caught on 21 dierent territories. Once captured, animals
were sexed, weighed, and measured; dominance status was assessed considering scrotum
development for males and teat development for females; and hair samples were collected
for genetic analysis. In addition, animals were individually marked with a transponder
(model ID100; Trovan, Germany) and a numbered ear tag placed on the left or the right
ear depending on the sex. A colored plastic piece was added to the ear tag of dominant
individuals for distant recognition.
Family group compositions were assessed from capture-recapture data and from daily
observations. For each family group, the number of adults, 2 years old, yearlings, and
pups of each sex was assessed according to individual size and ear tag position and color.
During observations, scent marking and aggressive behavior were also used to conrm
dominance status (Bel

et al., 1995).

Genetic analyses
Individuals were typed at 16 microsatellite loci, and neither departure from HardyWeinberg equilibrium for any of the loci (all
among any of the loci (all

P > 0.05)

P > 0.05) nor gametic linkage disequilibrium

was evidenced. Details of the genotyping method
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are given in Cohas et al. (2008).

3.2.3

Data analyses

Does reproductive success inuence the occurrence of mate change?
We modeled for each sex the occurrence of mate change as a function of 2 components
of reproductive success: the number of ospring at emergence and the survival of the
litter. Survival of the litter was calculated as the proportion of juveniles that survived
from emergence to the end of their rst hibernation. We used generalized mixed models
(GLMM) with a logit link, a binomial variance, and with the pair as the random factor
to account for repeated measures.

Is the new partner better than the previous one?
The new and the previous partners were compared according to body mass, body size,
individual heterozygosity, and genetic similarity using conditional logistic regressions for
matched case-control study (Hosmer & Lemeshow, 2000), with previous partner encoded
as control and the new partner encoded as case. Body mass was corrected for the date
of capture using general additive models (Hastie & Tibshirani, 1990).

Body size was

estimated by the rst axis of principal component analyses performed on 6 morphometric
variables (ulna length, tibia length, body length, mandible length, pelvis width, and
head width).
(Coltman

Individual heterozygosity was measured as standardized heterozygosity

et al., 1999), and genetic similarity between members of a pair was measured as

estimator of Queller and Goodnight (Queller & Goodnight, 1989). We compared whether
the new partner presented a higher dissimilarity to its mate than the corresponding
previous partner and whether the new partner presented a similarity to its mate closer
to 0.16 (the optimal similarity for this population of Alpine marmots, Cohas

et al.,

2008) than the corresponding previous partner. The new and the previous partners were
also compared according to age (known for more than 91% of individuals).

Because

new mates were always younger than old ones (phenomenon, known as separation of
variables, Albert & Anderson, 1984, that forbids the use of a generalized linear model with
standard maximum likelihood estimation), we used a generalized linear model using a
penalized likelihood approach to reduce the bias of maximum likelihood estimates (Firth

CHAPTER 3. MATE CHANGE IN A MONOGAMOUS MAMMAL

38

1993). For that, we used the age dierence between cases (new partners) and controls
(previous partners) for each stratum (re-paired individuals) as described by Hosmer and
Lemeshow (2000).

Does reproductive success increase after re-pairing?
To test whether reproductive success increased after re-pairing, we compared the number
of ospring at emergence and the proportion of juveniles that survived from emergence to
the end of their rst hibernation for a given individual during its last reproductive event
with its previous partner and its rst reproductive event with its new partner. We used
a conditional logistic regression for matched case-control study (Hosmer & Lemeshow,
2000), with previous partner encoded as control and the new partner encoded as case.
The partners' sex was also taken into account.
All statistical analyses were performed using R 2.8.1 software (R Development Core
Team, 2010).

The packages used were R function glmer in package lme4 (Bates &

Maechler, 2010) for the GLMM, R function clogit in package Survival (Therneau, 2011)
for the conditional logistic regressions, and R function brglm in package brglm (Kosmidis, 2010) for the penalized likelihood approach. The signicance of the eect of the
tested variables was assessed using the

z

statistics of coecient estimates. All tests were

2-tailed, the level of signicance was set to 0.05, and parameter estimates are given

±s.e.

3.3 Results
3.3.1

Mate change pattern

Mate switching occurred when 2 pair members in year
in year

t + 1.

t no longer formed a pair together

During the studied period, we counted 123 pairs and 50 pair disruptions

corresponding to an annual mate change rate of 17.21%.

Typically, pair disruption

resulted in one pair member staying on the territory (the stayer) and reproducing with
a new partner (the incomer), whereas the other disappeared from the territory (the
replaced). As a whole, females changed of partner in 30 occasions, whereas males in 20.
Following these 50 pair disruptions, we identied 55 repairing. All the stayers, except one
male (n

= 49,

19 males and 30 females), re-paired on their territory with the incomer.
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The fate of the majority of the replaced was unknown (n

= 38, 21 males and 17 females).

The fate of 12 replaced was known. Two of them (1 male and 1 female) created a new
territory with a new partner, 4 of them (3 males and 1 female) re-paired on an existing
territory, and the 6 others (5 males and 1 female) were found dramatically injured or
dead after a ght. The exact timing of pairbreaking was known in 15 cases, thanks to
direct observation of ghts resulting in eviction (n
and/or of infanticide (n

= 2), of death of the evicted individual

= 13).

Most of incomers (30 of 55) were subordinate from other family groups in our study
site. Six males and 12 females were subordinates in an adjacent territory, and 9 males
and 3 females were subordinates in a more remote territory. Only 3 male and 1 female
incomers were previously dominant in another territory and managed to reestablish dominance. Four males and 2 females inherited dominance in their natal territory. Finally,
16 individuals came from outside our study site and were captured for the rst time as
dominant. Change of partner also leaded to perturbation in the social structure of the
groups. The average number of subordinates in family groups of 5.41 before mate change

t = 3.18, n = 44, P = 0.002).

dropped to 3.91 after the change (paired Student test:

3.3.2

Does previous reproductive success inuence partner change probability?

The eect of the number of young at emergence on mate change probability was not
linear but quadratic (βnumber of young

2
βnumber

of young

= 1.72 ± 0.32, z = 5.36, n = 138, P < 0.001,

= 0.25 ± 0.06, z = 4.32, P < 0.001,

independent of the sex (β

gure 3.1a ), and this eect was

= 0.25 ± 0.46, z = 0.54, n = 138, P = 0.59).

Mate change

probability was high when no young were observed at emergence,then decreased until
3 young emerged, and nally increased with the number of young at emergence.
probability of mate change depended on previous ospring survival (β

z = 3.10, n = 35, P = 0.002;
(β

The

= 3.86 ± 1.25,

gure 3.1b), and the eect was independent of the sex

= 1.06 ± 1.14, z = 0.93, n = 35, P = 0.35).

However, the probability of mate

change no longer depended on previous ospring survival when infanticide events were
removed (β

= 2.17 ± 2.16, z = 1.01, n = 17, P = 0.31),

β = 1.74 ± 2.41, z = 0.72, n = 7, P = 0.47;

males:

and this for both sexes (females:

β = 2.34 ± 2.19, z = 1.07, n = 10,
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Figure 3.1: Mate change probability as a function of the number of young at emergence
(a) and of the survival of the young from emergence to the end of their rst hibernation
(b).

The dots represent the observed data, the size of the dots being proportional to

the sample size. The line represents the tted model. The gray surface represents the
standard error around the tted model.

3.3.3

Is the new partner better than the previous one?

The new partner and corresponding previous partner of stayers did not dier in any of
the variables considered except in age and body mass (details shown in table 3.1). The
incomer was always younger than the replaced and tended to be heavier. This pattern
did not depend on the sex of the stayer (over all variables tested:
degrees of freedom=

1, 0.25 < P < 0.56).

0.26 < χ2 < 1.32,

The new partner and corresponding previous

partner of replaced individuals who managed to re-pair did not dier in any of the
variables considered. The sample size was unfortunately too small to compare new and
old partners according to body weight and body size.
Table 3.1: Results of conditional logistic regressions showing dierences between previous
and new partners of re-paired individuals

Variables tested
Individuals re-paired on the same territory (stayers)
Age
Body mass
Size index
Standardized heterozygosity
Genetic similarity
Higher
Optimal
Individuals re-paired on a dierent territory
Age
Standardized heterozygosity
Genetic similarity
Higher
Optimal

β

Standard error

z

P

N

-1.73
0.0026
0.06
0.37

0.74
0.0016
0.17
1.09

-2.35
1.65
0.36
0.34

0.02
0.09
0.72
0.73

31
42
66
95

0.74
-0.05

0.88
1.42

0.85
-0.03

0.40
0.97

95
95

-0.87
-3.36

0.68
3.81

-1.28
0.82

0.20
0.38

9
12

0.09
-14.8

2.51
11.60

0.03
-1.27

0.96
0.20

12
12
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Does reproductive success increase after re-pairing?

For stayers (n

= 49),

the number of young emerged was higher with the new partner

than with the previous partner (β

= 0.24 ± 0.10, z = 2.40, n = 96, P = 0.002).

However

the dierence in the number of ospring emerged was no longer signicant when cases
where incomers may have arrived before young emergence, and therefore when infanticide
were likely, were discarded (β

= 0.14 ± 0.21, z = 0.66, n = 61, P = 0.51).

The same

patterns were observed whatever the sex of the stayer (Likelihood Ratio Test for model
with sex vs.

model without sex:

χ21 = 1.14, P = 0.29,

may have arrived before young emergence:
tended to be higher after re-pairing (β

without cases where incomers

χ21 = 2.63, P = 0.10).

Ospring survival

= 2.90 ± 1.68, z = 1.72, n = 39, P = 0.08).

However, this tendency was not observed anymore when the cases of infanticide were
removed (β

= 0.84 ± 1.65, z = 0.51, n = 18, P = 0.61).

The dierence in ospring

survival between young produced with the previous and the new partner of replaced
individuals that re-paired could not be tested because no young was observed neither on
their previous territory nor on their new territory in 5 cases of 6.

3.4 Discussion
3.4.1

What hypothesis of mate change holds in the Alpine marmot?

Under adaptive hypotheses of mate switching, one or both pair members are expected to
desert their partner, or chase it away, to re-pair with a better quality or a more compatible
mate. Several lines of evidence do not support such hypotheses in the Alpine marmot.
First, it is unlikely that replaced individuals have deserted their mates. Indeed, dominant
Alpine marmots are territorial and sedentary and if they may have some opportunities
to evaluate partners in the surrounding territories, they have no opportunity to evaluate
potential partners far from it. We would therefore expect to nd them as new dominants
in neighboring territories.

Contrary to this expectation, dominants never change of

territory. Only 6% of them were found thereafter as dominant in a neighboring territory.
Second, it seems also unlikely that stayers chased away their partner. Indeed, aggressive
behaviors toward social partners were scarce and essentially took place at pair formation.
However, more behavioral observations are needed to clarify the role of the stayer in pair
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disruption. Third, our study reveals no benet neither in terms of partner's quality or
compatibility nor in terms of reproductive success from mate switching and this in none
of the re-paired individuals (re-paired on its territory or on a new one).

The only result that seems in favor of adaptive mate switching is that a low reproductive success (no young at emergence and no survival of young) was associated with a high
occurrence of mate change suggesting reproductive failure initiated mate change (Choudhury, 1995). Such a conclusion is often reported in bird studies, and meta-analysis of
Dubois and Cézilly (2002) revealed an overall signicant pattern of higher mate change
rate in unsuccessful breeding pairs. However, Jeschke et al. (2006) recently suggested
that adaptive mate switching could probably be less common than previously thought
due to a misinterpretation of correlation between breeding failure and mate change probability.

Because take-over in the Alpine marmot results in infanticides (Coulon

et al.,

1995) and Bruce eect (Hacklander, 1999), reproductive failure is likely a consequence
of mate change rather than a cause in this species.

Alternatively, our results t the

predictions associated to the forced divorce hypothesis. Besides, these results oer some
direct support for forced mate switching. In all witnessed mate changes, ghts resulting
in takeovers and death of the dominant were observed, suggesting that forced eviction
by an intruder is frequent in Alpine marmots (see also Hacklander, 1999).

Moreover,

incomers were younger than the replaced individuals and previously identied as subordinate elsewhere, suggesting that they are dispersing individuals in search of dominants
to challenge.

An alternative nonadaptive hypothesis would imply an obligate mate switching resulting from the death of the partner. Although death during summer is unlikely in Alpine
marmots (summer survival probability of 0.99; Stephens et al. 2002), case of death during hibernation (or just after emergence) due to bad condition may occur (Farand et al.
2002). However, in more than 60% of mate switching, changes occurred at the end of
spring or summer. This observation also indicates the predominance of takeovers in mate
change process in the Alpine marmot. Although it is usually admitted that mate change
in case of forced divorce has no net benet or cost to the stayer (see Figure 19.1 in Ens
et al. 1996), our results show that it may not be the case in Alpine marmots. Indeed,
mate change always implying the loss of one reproductive attempt is likely costly in this
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species (King & Allainé, 2002).

3.4.2

Do incomers choose their mate?

Because the eviction of a dominant is risky, we may expect that incomers use some
cues to choose the individuals they will challenge. First, they can select dominants in
poor body condition, but incomers were neither heavier (only a trend was observed) nor
larger than replaced individuals. Second, incomers might use information on the social
settings and challenged individuals with several helpers. Indeed, in Alpine marmots, male
dominants' persistence decreases as the number of helpers increases (Allainé & Theuriau,
2004). Finally, incomers may challenge preferentially a dominant on a good territory or
having a high-quality partner using the reproductive success as a cue. This may explain
the unexpected high probability of mate change when the number of emerged young
was important. However, given the large condence interval, more data are needed to
validate this potential mechanism.

3.4.3

Conclusions

Our results do not support adaptive hypotheses of mate switching and are rather in favor
of nonadaptive hypotheses. In particular, forced mate switching may potentially be the
main cause of mate change in the Alpine marmot. Bird studies supporting the forced
divorce hypothesis are rare (Jeschke

et al., 2006).

One reason may be that observations

and data collection often occurred only once either in breeding or in feeding period
(Kokko

et al., 2004; Moody et al., 2004; Valcu & Kempenaers, 2008) and does not allow

a total knowledge of breeding failure and territory takeover. Another reason may be that
the majority of studies in birds have been done on migratory species with a short life
expectancy where opportunities of mate change for adaptive reasons through desertion or
preemption are frequent (Dhondt & Adriaensen, 1994). On the contrary, in year-round
territorial monogamous species, both members of a pair gain from long-term familiarity
with territory (Gill & Stutchbury, 2006). If the benets of possessing a territory exceed
the costs of being paired with a low-quality or an incompatible partner, individuals
are expected to be faithful at least to their territory and consequently to their mate
(Freed 1987; Morton et al. 2000). This should occur particularly when opportunities to
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move among territories are few because of saturated space and/or long-life expectancy of
residents (Heg, 2003; Fedy & Stutchbury, 2004). The Alpine marmot ts this prediction.
Deserting a territory is probably very costly for a dominant, particularly in our saturated
population, and would result in risks to be injured or killed during a ght or to hibernate
alone. Therefore, in Alpine marmots, extrapair paternity, by bringing indirect benets
to females (Cohas

et al.,

2007b), appears as the only tactic to adjust mate choice. We

thus predict that adaptive hypotheses of mate switching should be poorly supported
in year-round territorial and long-lived monogamous species and that, as suggested by
Møller (Møller, 1992), extrapair paternity would be the only opportunity to modify a
suboptimal mate choice.

Chapter 4

Paternity and dominance loss in
male breeders: the cost of helpers in
a cooperatively breeding mammal

Abstract

Paternity insurance and dominance tenure length are two important components of
male reproductive success, particularly in species where reproduction is highly skewed
towards a few individuals.

Identifying the factors aecting these two components is

crucial to better understand the pattern of variation in reproductive success among
males.

i.e.

In social species, the social context (

group size and composition) is likely

to inuence the ability of males to secure dominance and to monopolize reproduction.
Most studies have analyzed the factors aecting paternity insurance and dominance
tenure separately.

We use a long term data set on Alpine marmots to investigate the

eect of the number of subordinate males on both paternity insurance and tenure of
dominant males. We show that individuals which are unable to monopolize reproduction
in their family groups in the presence of many subordinate males are likely to lose
dominance the following year. We also report that dominant males lose body mass in
the year they lose both paternity and dominance. Our results suggest that controlling
many subordinate males is energetically costly for dominant males, and those unable
to support this cost lose the control over both reproduction and dominance.

A large

number of subordinate males in social groups is therefore costly for dominant males in
terms of reproductive success.

Keywords :
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and dominance loss in male breeders: the cost of helpers in a cooperatively breeding mammal.
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4.1 Introduction
The number of ospring sired per year and the length of reproductive life are two major components of lifetime reproductive success (Clutton-Brock, 1988). In species living
in social groups, particularly cooperative breeders, reproduction is often highly skewed
towards a few dominant individuals that monopolize reproduction by suppressing reproductive functions, preventing access to potential mates or killing ospring of their
subordinates (Clutton-Brock

et al., 2010).

In these species, the reproductive success of

dominant males depends largely on paternity insurance at each reproductive event and
on dominance tenure length. Determining the factors aecting these components is thus
fundamental to understanding the variation in reproductive success among males; and
consequently the intensity of natural and sexual selection in social species (Clutton-Brock,
1988).
The social context which dominant males have to cope with may be a key element
of reproductive success. Subordinates within and outside the social unit compete with
dominants both to reproduce and to reach dominance (Emlen, 1982; Clutton-Brock,
2009) and their number may vary considerably (Komdeur, 2001; Cohas

et al.,

2006).

The size and the composition of social groups may determine the intensity of malemale competition. Since the control over their subordinates by dominant males is likely
to decrease as the number of the subordinates increases (limited control hypothesis,
Clutton-Brock, 1998; Reeve

et al., 1998), dominants are expected to lose paternity when

facing a large number of male subordinates. Similarly, dominants could be expected to
lose their social status too in such a social context.
To date, most studies have analyzed factors aecting paternity insurance and dominance tenure separately. As expected, dominants do lose paternity when they are confronted by a large number of subordinate males (see for example in meerkats

suricatta

Spong

et al.

(2008), in Savannah baboons

(2003) and in Alpine marmots

Marmota marmota

Papio cynocephalus

Goossens

et al.,

Suricata

Alberts

1998; Cohas

et al.
et al.,

2006). A few studies have shown that dominants are indeed more likely to lose dominance
under such social conditions, for example in mandrills

Mandrillus sphinx

(Setchell

et al.,

2006). It is likely that dominant males can monopolize reproduction and also maintain
their dominant status over long periods only in social conditions where competition is
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i.e.

few subordinates), while males facing highly competitive situations (

a

large number of subordinates) should be unable to insure paternity and should lose their
dominant status rapidly. In other words, the males which lose control over reproduction,
due to challenging social conditions, will also lose dominance in their social group rather
rapidly.
The mechanisms by which the number of subordinate males reduces the ability of the
dominant male to secure paternity and to maintain dominance are not well understood.
One possible explanation is that it may be energetically costly for dominant males to
control potential competitors present in the social unit (Mitchell

et al.,

2009).

Body

mass (or body condition) has been shown to be a key determinant of the outcome of
intra-sexual competition in several mammals (Clutton-Brock, 1982; Haley

et al.,

1994;

Ellis, 1995) such as the ability of a male to both monopolize reproduction and maintain
dominance over time (Clutton-Brock, 1988).

Dominant males with low body weight

may not be in adequate physical condition to prevent subordinates of the group, or
external individuals, from getting fertilizations and even evicting them. Consequently,
the number of subordinate males may aect body mass, which in turn aects paternity
and dominance.
The Alpine marmot is a mammalian cooperative breeder, socially monogamous, which
lives in family groups of 2 to 14 individuals comprising a dominant reproductive pair,
mature and immature subordinates of both sexes and pups of the year (Allainé, 2000b).
Usually, dominant individuals monopolize reproduction by physiologically suppressing
reproductive functions of subordinates of the same sex (Arnold & Dittami, 1997; Hacklander, 2003). Dominant females monopolize reproduction eectively (only two cases of
reproduction by a subordinate female over 408 events of reproduction in our population).
In contrast, dominant males frequently lose paternity, generally to transient males or in
rare cases to subordinates of the group (unrelated to the dominant female) (Goossens

et al., 1998; Cohas et al., 2006).
Here we use a 18-year data set to (1) examine the eect of the number of potential
competitors on the probability of losing both paternity and dominance in the male Alpine
marmot; (2) test the prediction that males unable to monopolize reproduction are also
unable to maintain their dominant status over time. We examine whether the probability
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of losing dominance is correlated positively with the occurrence of extra pair paternity
(EPP) in the previous reproductive event. Finally, we attempt to identify the underlying
mechanisms by investigating the link between the number of subordinates and the body
mass of the dominant animals.

We thus (3) test the prediction that the number of

potential competitors inuences dominants' body mass; and (4) examine whether the
dominant male body mass inuences its probability of losing dominance.

4.2 Materials and Methods
4.2.1

Study species

Alpine marmots are cooperatively breeding rodents which live in family groups where only
the dominant pair reproduces, as a rule. Both males and females may stay as dominants
on the same territory for several years (up to 11 and 14 years for males and females
respectively on our study population), until they die or get evicted by a competitor.
Eviction is generally followed by death, for dominants of both sexes (Lardy

et al., 2011).

Relatedness among family members is extremely high as virtually all individuals are
ospring of at least one of the dominants. Male subordinates (n

= 120)

are related to

the dominant male in 81% of cases and to the dominant female in 79% of cases. In only
two cases were subordinates not certainly related to one of the dominants: i) when EPP
occurred, extra-pair pups are unrelated to the dominant male, ii) when a new dominant
male or female arrives in the territory.

In general, when a new individual establishes

itself as dominant, the same sex individuals that were subordinates in this group leave
the group and pups are killed, which reduces the number of unrelated individuals of
the same sex in the family groups.

Individuals reach sexual maturity when two years

old. They may delay dispersal and stay in the family group as subordinates, and reach
dominance in their natal territory (20% of the dominant males) or may disperse in search
of a dominant position (80% of the dominant males). Individuals never join groups as
subordinates.

Male subordinates are helpers since their presence during hibernation

increases ospring survival (Arnold, 1988; Allainé & Theuriau, 2004). Subordinate males
of the group are potential competitors of the dominant male as they may attempt to get
fertilization from the dominant female if they are not related, or to evict the dominant
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male and take over the dominant position. When subordinate males reached dominance
in their natal territory, their mother had previously been replaced as the dominant. We
observed only one case of incest among 408 events of reproduction in this population.

4.2.2

Field methods and data collection

Data were collected in a wild population of Alpine marmots located in the nature reserve

o

0

o

0

of La Grande Sassière (at 2340 m a.s.l., French Alps, 45 29 N, 6 59 E) from 1990 to
2007. Over 80% of the marmots belonging to 24 family groups were caught at least once
every year, between mid-April to mid-July, using two-door live traps baited with dande-

Taraxacum densleonis ).

lions (

(0.1ml.kg

Once captured, animals were tranquilized with Zolétil 100

−1 ), sexed, aged from their size up to 3 years of age, weighed and individually

marked with a numbered ear-tag and a transponder. Social status was determined for all
individuals from scrotal development for males and teat development for females. Group
composition was determined from capture data and completed by daily observations of
the families.

We counted for each group, the number of adults, two-year-olds and ju-

veniles of each sex. Every year, scent marking and aggressive behaviours noted during
behavioural observations were also used to conrm dominance status (Bel

4.2.3

et al., 1995).

Paternity analyses

Genetic analyses were performed on 16 microsatellites following Cohas

et al 's.

(2008)

protocol. Genotypes of each young and of the dominant pair were used to check maternity
of the dominant female and paternity of the dominant male, using both exclusion of
paternity and paternity analyses conducted with Cervus 3.0.3 software (Kalinowski
2007) (for details, see Cohas

et al., 2008).

et al.,

A young marmot was considered as a within-

pair ospring if its genotype matched with the dominant male genotype, and as extra-pair
if it did not. We noted an occurrence of extra-pair paternity (EPP) when at least one
young of a litter was identied as extra-pair young.

4.2.4

Data analyses

Inuence of the number of sexually mature male subordinates in the group on
dominance tenure and on monopolization of reproduction.

The inuence of the
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average number of sexually mature male subordinates present between two reproductive
seasons on the probability of retaining dominance and the probability of monopolizing
reproduction, were analyzed using Cox's proportional hazards model (Cox, 1972). A Cox
regression assumes that the probability, per unit of time, of a male losing its dominant
status (or hazard rate

= h[t]),

is the product of a baseline probability and a factor

representing the joint eect of the covariates, with

t

representing the time elapsed since

the dominant male acquired the dominant status. In our population, male subordinates
reached dominance at

3.5 ± 0.11

years old, thus leading to a high correlation between

time and age. The comparison of dominance loss was thus done on individuals of roughly
the same age.

The

β

values express the contribution of each explanatory variable to

the overall tendency to lose dominance. These coecients are interpreted through the
exponential term, the hazard ratio. A hazard ratio higher than unity indicates that the
corresponding covariate has an increasing inuence on the tendency of a male to lose its
dominance,

i.e.

it reduces its dominance tenure. Conversely, a hazard ratio lower than

one corresponds to an increase in its dominance period (Wajnberg, 2006).
reasoning was applied for paternity loss.

The same

The repeated measures on same territories

were taken into account in the model of dominance loss and the model of paternity
loss.

Regression coecients were estimated by maximization of the partial likelihood

(for details, see Kalbeisch & Prentice, 2002).

EPP occurrence and dominance tenure.

The inuence of EPP occurrence on the

probability to lose dominance the following year was also analyzed using Cox's proportional hazards model with occurrence of EPP encoded as a binomial variable and entered
in the model as a time-dependent covariate (Kleinbaum & Klein, 2005).

A possible mechanism: male body mass and dominance.

Body mass in marmots

varies with the seasons. Body mass was thus corrected using linear models including the
date of capture, its quadratic term and year. The residuals (RBM for residual body mass)
were used thereafter. An additional correction for body size (residual body condition) did
not change the results, so we present only the results with RBM. The inuence of RBM
on the probability of losing dominance was investigated rst. Generalized mixed models
(GLMM) with male identity within territory as random factors, a logit link function
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and a binomial error distribution were used to account for repeated measures and for
the binomial distribution of the dependent variable.

To verify that the eect of the

number of subordinates on male RBM was not an eect of resource limitation due to
high densities of individuals in the territories, the eect of the number of subordinate
males on dominant female RBM was also studied with the same procedure as the one
used for males. The RBM of males staying dominant was then compared to the RBM
of males losing dominance using linear mixed models with male identity within territory
as random factors to account for repeated measures. Finally we compared the RBM of a
male (n

= 21)

the year it lost dominance with its RBM in the years it stayed dominant,

using a paired t-test. The inuence of the number of sexually mature male subordinates
on the RBM of dominant males was investigated using linear mixed models with male
identity within territory as random factors to account for repeated measures.
Statistical analyses were performed with R 2.10.1 (R Development Core Team, 2010)
using the function lme in the MASS library for linear mixed models, the function glmer
in the lme4 library (Bates & Maechler, 2010) for the GLMM, the function coxph in the
survival library (Therneau, 2011) for the Cox's proportional hazards model. The level
of signicance is set to 0.05 and parameter estimates are given

±s.e.

4.3 Results
4.3.1

Inuence of the number of sexually mature male subordinates in
the group on dominance tenure and on monopolization of reproduction

Both the probability of maintaining dominance (Figure 4.1a) and the probability of
monopolizing reproduction over time (Figure 4.1b) decrease as the number of sexually
mature male subordinates present in the group increases.

If the number of sexually

mature subordinates in a group increases by one individual, the probability of losing
dominance is multiplied by 1.27 [CI95%: 1.02-1.58] (β
observations including 62 males,

P = 0.029,

Figure 4.2a), and the probability that EPP

occurs is multiplied by 1.36 [CI95%: 1.04-1.77] (β
observations including 61 males,

P = 0.020,

= 0.24 ± 0.12, z = 2.18, N = 190

= 0.31 ± 0.13, z = 2.33, N = 152

Figure 4.1b).
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Figure 4.1: Kaplan-Meier plots showing the eect of the number of sexually mature male
subordinates in the social group on (a) the probability that a male retains dominance,
and (b) the probability that a male monopolizes matings. Three levels of the number of
male subordinates are represented: none (0), medium (2) and high (3+).
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Figure 4.2: Kaplan-Meier plot showing the impact of extra-pair paternity at the last event
of reproduction on the probability that a male retains dominance. The full line represents
the survival curve where no extra-pair paternity at the last event of reproduction was
observed while the dotted line represents the survival curve where extra-pair paternity
occurred at the last event of reproduction.

4.3.2

EPP occurrence and dominance tenure

The likelihood that the dominant male would lose its dominance is multiplied by 2.16
[CI95%:

1.23-3.79] when an EPP occurred at the previous reproductive event (β

0.77 ± 0.29, z = 2.68, N = 183

observations including 67 males,

P = 0.007,

=

Figure 4.2).

This suggests, as expected, that males unable to monopolize reproduction are not able
to maintain their dominant position.
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A possible mechanism: male body mass and dominance

As expected, the probability of losing dominance increases as residual body mass (RBM)
declines (β

= −0.0013 ± 0.0005, t = −2.51, N = 161

P = 0.012).

Dominant males which maintain dominance from one year to the next are

245.01 ± 72.78g
N = 161

observations including 66 males,

heavier, on average, than dominant males that lost dominance (t

observations including 66 males,

P = 0.001,

= 3.37,

Figure 4.3a). Overall, a dominant

male is lighter by 261.39g [CI95%: 62.24-460.54] in the year it lost dominance compared
to the years before (paired t-test:

t = 2.74, N = 21, P = 0.013,

of body reserves represents up to 10% of their mass.

Figure 4.3b). This loss

Finally, the number of sexually

mature male subordinates is related to the RBM of dominants. The RBM of dominant
males is low when no male subordinate is present in the group, it increases when one
subordinate male is present and then decreases when more than one male subordinate
is present (N

= 177

observations including 67 males,

β = 200.11 ± 93.53, t = 2.14,

P = 0.035, β 2 = −67.68 ± 33.09, t = −2.05, P = 0.043,

Figure 4.4).

The residual

body mass of the dominant females does not depend on the number of male subordinates
(N

= 144

P = 0.74,

observations including 45 females, linear eect:
quadratic eect:

β = −6.46 ± 19.44, t = −0.33,

β = 20.65 ± 104.15, t = 0.20, P = 0.84, β 2 = −4.71 ± 17.79,

t = −0.26, P = 0.79).
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Figure 4.3: Comparison of the competitive abilities, measured as the residual body mass,
of males retaining dominance and males losing dominance. (a) The grey circles represent
the observed residual body masses. The black dots represent the means surrounded by
their standard deviation.

(b) Comparison of competitive abilities of a given male the

year it lost dominance and the years it was dominant.

Males having a lower residual

body mass the year of dominance loss are represented in black. Males having a higher
residual body mass the year of dominance loss are represented in grey.
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Figure 4.4: Impact of the number of sexually mature male subordinates present in a
family group on the residual body mass of the dominant male. The dots represent the
observed data, and the grey line represents the tted model.

4.4 Discussion
The presence of several sexually mature males within family groups as well as the high
reproductive skew suggest that, in the Alpine marmot, dominant males compete strongly
with their subordinates for reproduction and dominant status. We show here that the
number of male subordinates has, indeed, a strong eect on the ability of dominant males
to monopolize reproduction. Specically, the risk of paternity loss for dominants increases
with the number of male subordinates, suggesting that dominant males lose the control
over reproduction when facing several competitors. The role of male-male competition
in paternity loss may have been underestimated in favour of female choice (Jennions
& Petrie, 2000; Grith

et al.,

2002; Westneat & Stewart, 2003).

However, recently,

Cohas and Allainé (2009) have pointed out that, among monogamous species, family
living species exhibit higher EPP rates suggesting that living with potential competitors
enhances the likelihood of losing paternities. Our results strongly support this idea.
The observed pattern is consistent with the limited control hypothesis which implies
that dominant males cannot control all the reproduction of the group despite their eorts
to do so (Clutton-Brock, 1998; Reeve

et al., 1998).

other social species (primates: Alberts

et al.

This hypothesis seems to hold also in

et al. (2003); Kutsukake & Nunn (2006); Widdig

(2004); carnivores: Clutton-Brock

et al.

(2001); Cant (2000); birds Haydock &
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Koenig (2003); shes:
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Awata

et al.,

2005; Heg, 2006). We also show that the number

of male subordinates in the social group greatly aects dominance tenure. Specically,
the number of male subordinates in the social unit decreases the ability of dominant
males to maintain dominance and consequently reduces the length of time they remain
in residence.

The results presented here therefore evidence that the strong male-male

competition for reproduction and dominance in family groups with numerous subordinate
males does result in dominant males being less able to insure paternity and to maintain
dominance over time.

A negative eect of the number of subordinate males on the

tenure of dominant males has been reported in some species (Setchell & Wickings, 2006)
but not in all (meerkats
Packer

Suricata suricatta :

Spong

et al.

et al. (1988); Thomas' langur Presbytis thomasi :

(2008); lions

Panthera leo :

Steenbeek, 2000). The limited

control hypothesis can thus be extended to cover dominance tenure.

We also report that those dominant males losing paternity are more prone to lose
dominance

the following year

.

This result suggests that, as male-male competition

increases within the family group, dominant males lose control over reproduction and
also over dominance. Virtually all dominant males which lost paternity had a dominance
tenure

≤5

years, while dominant males able to secure paternity had dominance tenures

as long as 11 years. A possible alternative explanation, proposed for monogamous birds,
is that seeking extra-pair copulations is a strategy used by females to sample available
mates before changing for a better partner (mate sampling hypothesis,

Heg

et al.,

1993). Females are then expected to divorce and to re-pair with one of the extra-pair
mates. The mate sampling hypothesis is unlikely to explain the observed association
between paternity loss and dominance tenure in Alpine marmots for two reasons. First,
in year-round territorial and long-lived monogamous species, mate switching resulting
from female choice is unlikely to occur due to high cost associated to the lost of the
territory (Lardy

et al.,

2011). Secondly, in the population studied here, the extra-pair

mate became the new dominant in only 3 out of the 25 cases where the dominant male had
lost paternity. We conclude that numerous subordinate males may be costly for dominant
males since they limit the dominants' control over both reproduction and dominance.

How do social factors aect the ability of dominant males to monopolize reproduction
and secure dominance?

One explanation is that it is simply impossible for dominant
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males to control each of numerous subordinates with ghting abilities (Cowlishaw &
Dunbar, 1991). Mate guarding may thus be less eective as the number of challengers
in the social group increases. In the presence of many competitors, it will be more and
more dicult to prevent challengers, from within or outside the social group, to access
the female. Another possible explanation is that the control of subordinates is costly for
dominants (Clutton-Brock, 1998) and controlling a large number of potential competitors
can have a high energetic cost (Rubenstein & Shen, 2009). Body mass is an important
determinant of the ability of males to maintain dominance in Alpine marmots: males
losing dominance are lighter than those which retain dominance from one year to the
next, and loss of dominance is associated with mass loss (5-10%). This pattern has been
found in most mammals (Clutton-Brock, 1982; Ellis, 1995). The fact that the number of
subordinate males in the social unit aects dominant male body mass negatively indicates
that it may indeed be energetically costly for dominant males to control a high number
of potential competitor in the social unit (see also Mitchell
example in the cichlid sh

Neolamprologus pulcher ).

et al.,

2009, for a similar

A male with a large number of male

subordinates is in lower body condition and may consequently be more likely to lose
paternity and then dominance.
We suggest that the general process by which the number of subordinates imposes
costs on the dominants is that controlling many subordinate males leads to an energetic cost for these males, and this leads to losing body reserves. This mass loss may
in turn lower their capacity to guard their mate eectively, thus allowing other males
to gain extra-pair paternity and lowering the dominant male's ability to win contests
for dominance. The cost generated by the presence of competitors in social groups may
counterbalance the benets provided by social living (Sparkman

et al., 2011) and domi-

nants are then expected to make a trade-o between the costs and the benets of having
subordinate males in their family groups (Allainé & Theuriau, 2004; Young

et al., 2006).

Understanding the interplay between group composition and the reproductive success of
individuals in social species thus represents a crucial point to identify the evolutionary
forces shaping animal societies.

Chapter 5

Evolution of mammalian societies:
insights from the impact of social
factors on lifetime reproductive
success

Abstract

Identify the costs and the benets of sociality in term of individual tness represents
a major challenge in our understanding of the evolution of sociality.

However, no

study has yet linked sociality and its consequences on the lifetime reproductive success.
Taking advantage of a long term study on a highly social mammal, the Alpine marmot,
we showed i) that the reproductive lifespan and the ospring survival are the two
most

important

components

regarding

lifetime

reproductive

success

variation

ii) that social factors aect all components of the reproductive success.

and

Our results

suggest that benecial eects of sociality arise thanks to the positive impact of social
thermoregulation on ospring survival but that these benets are counterbalanced
by the costs associated to male-male competition which likely is the negative force
constraining groups size.

Thanks to an integrative framework, we identied the costs

and benets of sociality, allowing a better understanding of the mechanisms underlying
the evolution of sociality.

Keywords :

Evolution of sociality, Lifetime reproductive success, Bayesian modelling,

Path analyses, Cooperative breeders,

Marmota marmota.

Sophie Lardy, Christophe Bonenfant, Dominique Allainé, and Aurélie Cohas. Evolution of mammalian
societies: insights from the impact of social factors on lifetime reproductive success.
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5.1 Introduction
Sociality is widespread among animal kingdom (Trivers, 1985) but understanding how
it evolved is still one major challenge in evolutionary ecology (Clutton-Brock, 2009). A
particular interest is given to mammalian societies because they exhibit a large diversity of group structures and compositions (Clutton-Brock, 2009). Additionally, given the
cognitive capacities of mammals, sociality is likely to be associated to the development of
strong social bonds that may have an impact on individual tness (Silk

et al., 2010).

So-

ciality involves the formation of social groups where individuals cooperate for tasks such
as foraging or ospring rearing (Lee, 1994; Costa & Fitzgerald, 2005). Group living and
cooperation provide multiple advantages to individuals, such as reduced predation risk,
increased foraging eciency or the occurrence of social thermoregulation, but also entail
several costs, such as increased probability of pathogen transmission or increased competition (reviewed in Krause & Ruxton, 2002). Theoretical models proposed that sociality
evolves when the sum of the benets outweigh the sum of the costs (Hamilton, 1964a;
Trivers, 1985), implying that sociality has positive consequences on individual tness.
Nevertheless, the link between sociality and tness remains elusive, which represents a
major gap in our understanding of the evolution of sociality.
In the attempt of identifying the link between sociality and individual tness, empirical studies have investigated the eect of group size and group composition on dierent
indicators of individuals' reproductive performances in social mammals. Diverse results
were reported according to the species.

For example, group size can either increase

ospring survival as a higher number of helpers take care of the pups in large groups

Suricata suricatta,

(

Hodge

et al.,

2007), or, on the opposite, decrease ospring survival

Macaca fascicularis, Noordwijk

because of a reduction of social cohesion in larger groups (

& Schark, 1999). Similarly, the number of breeding females in a group can impact the
number of young produced
goose,

per capita

either positively, as it does in the Banded mon-

Mungos mungo (Cant, 2000), or negatively, as it does in the prairie vole, Microtus

ochrogaster

(Solomon & Crist, 2008). Finally, the number of males in the group can also

aect reproductive performances, such as the number of young produced (see Koenig,
1995, for an example in

Suricata suricatta ).

Callitthrix jacculus

and Spong

et al.

(2008) for an example in

However, Silk (2007) concluded her recent review on adaptive value

5.1. INTRODUCTION

59

of sociality in mammals by writing that there is a lot more work to be done

to un-

derstand the link between tness and group size and composition in social mammals. In
particular, three remarks can be done.
Firstly, to characterize the consequences of sociality on individual tness it is important to have a good proxy of tness. Many studies considerate an annual or a short-time
scaled measure of the individual reproductive success (Fedigan & Jack, 2011; Woodroe
& Macdonald, 2000; Treves, 2001; Wol, 1994; Hirsch & Maldonado, 2011). However,
short-time measurements do not necessarily correlate with tness, and long term measurements should be preferred (Pekkala

et al., 2011).

methodology to estimate individual tness (Brommer

There is no agreement on the best

et al., 2004; Blomquist, 2009; Mc-

Graw & Caswell, 1996), but the total number of young produced that survive to sexual
maturity throughout an individual lifespan (lifetime reproductive success, LRS) is considered as a good proxy of tness in wild populations (Brommer

et al., 2004).

Another

advantage of the LRS, is that it can be decomposed in dierent components, generally
reproductive lifespan, fecundity and ospring survival (Arnold & Wade, 1984a; CluttonBrock, 1988). Very few studies used a lifetime measure of reproductive success (Lacey,
2004; Solomon & Crist, 2008; Armitage & Schwartz, 2000), and when it was the case,
dierent results were obtained in each study, making generalization dicult.
Secondly, the great majority of these works has measured only one or two components
of reproductive success. Knowing how social factors aect one particular component is
primordial to identify the forces involved in the evolutionary process of animal societies
(Slobodchikov, 1988).

However, social structures and organizations are complex and

evolution of societies may result from interactions and trade-o between benets and costs
of many factors on the dierent components of LRS (Crook

et al.,

1976; Ebensperger,

2001; Emlen, 1994). It is thus necessary to measure the impact of sociality both on all
tness components and on a long term measure of tness, and to characterize the causal
links relating sociality, tness components, and individual tness.
Thirdly, group members are not expected to interact similarly with all individuals,
depending on their sex, their age, or their degree of genetic relatedness (Silk, 2007). It is
thus necessary to decompose the group size between dierent individual characteristics
that may aect individual reproductive success dierently. For instance, in the prairie
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vole

Microtus ochrogaster, Solomon and Crist (2008) showed that females' LRS increases

with group size but decreases with the number of adult females in the group, suggesting
that the presence of other females in the group is costly. Additionally, other social factors
might be considered such group stability as it may strongly aect individual reproductive
tness (Allainé & Theuriau, 2004; Fedigan

et al., 2008).

In this study, we took advantage of an especially detailed long-term, individually
based monitoring of a wild population of Alpine marmots

Marmota marmota

tigate the link between sociality and LRS in male marmots.

to inves-

On the rst hand, we

studied the direct link between group size and individual LRS and we modellized the
pathway through which group size aect the LRS, via four tness components (reproductive lifespan, breeding rate, average litter size and ospring survival). On the second
hand, in order to identify the potential dierences in evolutionary pressures and to obtain more details about the processes involved in the evolution of sociality, we followed
the same procedure but we considered several social factors. We decomposed the group
size according to the sex of subordinates in the group and we added a measure of social
stability. We also investigated the relative contribution of the tness components to the
variation in male LRS. Alpine marmots are cooperative, singular breeders, reproduction
is thus highly skewed toward a dominant couple that monopolizes reproduction by inhibiting subordinates' reproduction (Arnold & Dittami, 1997; Hacklander, 2003). It has
been shown that group composition aects survival and/or reproduction in this species.
Particularly, the presence of subordinate males (helpers) during hibernation increases
juvenile survival (Allainé & Theuriau, 2004; Arnold, 1988), but a high number of male
in the group also increases the probability of cuckoldry and decreases the probability
for dominant males of maintaining their dominant position (Allainé & Theuriau, 2004;
Cohas

et al.,

2006; Lardy

et al.,

In Press).

Additionally, the change of a dominant is

often followed by reproductive failure or ospring infanticide (Lardy

et al.,

2011). We

can thus make the prediction that LRS should be aected both by group size and group
composition. More precisely, we expect the LRS to increase with the number of males
in the group, through ospring survival, but LRS should decrease when the number of
males is high, through a decreasing reproductive lifespan and number of young sired.
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5.2 Material and methods
5.2.1

Studied species

The Alpine marmot is a highly social mammal, breeding cooperatively.

Reproduction

is highly skewed toward a dominant couple that monopolizes reproduction by inhibiting
subordinates' reproduction (Arnold & Dittami, 1997; Hacklander, 2003). Family groups,
large from 2 to 16 individuals, are composed of a breeding pair, sexually mature and
immature subordinates of both sexes, and pups of the year (Allainé, 2000b). Dominant
females generally successfully monopolize reproduction while dominant males frequently
lose paternity to subordinate males unrelated to the dominant female or to transient
males (Goossens

et al., 1998; Cohas et al., 2006).

Individuals of both sexes may stay as

dominants for several years (up to 11 and 14 years respectively for males and females on
the study population), until being evicted by another individual and die (Lardy

et al.,

2011).

5.2.2

Study site and data collection

All data were collected from a wild population of Alpine marmots located in the Grande

o

o

0

0

Sassière nature reserve (2340 m a.s.l., French Alps, 45 29 N, 6 59 E). From 1990 to 2010,
every year, marmots from 24 dierent territories were monitored, from mid-April to midJuly, using both capture-mark-recapture and observations.

At each capture, marmots

were aged, sexed and their social status was determined according to scrotal development for males and tits development for females. All individuals were marked using a
transponder and a numbered metal ear-tag placed on the right ear for females and on
the left ear for males. An additional colored plastic ear tag was placed on the opposite
ear for dominant individuals. Thanks to daily observations, the number of subordinates
of each sex and of each age class (pup, yearling, adult) was assessed for each territory
and marking behavior was used to verify the identity of the dominant pair (Bel

et al.,

1995). Intensive observations allowed us knowing the exact number of pups emerging (at
weaning), that were then captured within three days following emergence. Parental relationships were further conrmed with genetic exclusion and parental analyses conducted
with CERVUS v. 2.0 (Marshall

et al.,

1998; Slate

et al.,

2000) from the genotyping of
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all captured individuals at 16 microsatellite loci (for details see Cohas

5.2.3

et al., 2007b).

Measure of lifetime reproductive success and tness components

The LRS of each dominant male that produced at least one ospring (58 males) throughout its lifespan was estimated by the total number of fathered ospring surviving to the
age of one. Survival during the rst hibernation has been shown to be a critical stage
in the marmot life history (Cohas

et al., 2007a).

Moreover, since marmots can disperse

from the age of two, disentangling dispersal from mortality is dicult and the fate of
individuals beyond one year old, consequently, remains uncertain.
The LRS of a given male was further decomposed into four components: the reproductive lifespan (L), the breeding rate (F1), the average litter size (F2), and the ospring
survival (S). The reproductive lifespan (L) corresponds to the time spent at dominance
and was calculated as the number of years a male stayed dominant on its territory. Indeed, a dominant no longer observed in the family group may have died or been evicted,
but eviction is generally rapidly followed by death (Lardy

et al.,

2011). The breeding

rate (F1) was measured as the ratio of the number of years reproduction occurred to
the number of years a male spent at dominance. The average litter size (F2) was the
average number of pups fathered by the male (conrmed by genetic analyses) over the
number of successful breeding occasions during its tenure. Because, neonates stay in the
burrow until weaning, the occurrence of reproduction and the number of pups produced
were respectively assessed by the presence and the number of young at emergence. The
ospring survival (S) was measured as the proportion of emerged ospring in the year
that survived to the year

5.2.4

t+1

t

during the male's tenure.

Denition of social factors

Firstly, the total group size was used to investigate the link between sociality, the LRS
and tness components. Total group size included the number of individuals aged of at
least 1 year old who were present in the social group during the dominance tenure. A
value of the total group size averaged over the dominance tenure length was calculated
for each male. Secondly, we also used a measure of group composition and group stability. The number of subordinate males (both sexually immatures and matures) averaged
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over dominant male's tenure and the number of subordinate females (both sexually immatures and matures) averaged over dominant male's tenure were used as a measure of
group composition. The number of dominant female changes during the male's tenure
was used as a measure of group stability. Depending of their sexual maturity, the subordinate males may act dierently with the dominant male. Both sexually mature and
immature male subordinates are supposed to help during hibernation, while only sexually
mature male subordinates are expected to be involved the intra-sexual competition process (competitors). To test a potential eect of intra-sexual competition between group
members, we included the proportion of time spent with competitors in the variables of
social factors, representing an average value of the amount of competition the dominant
faced during its lifetime.

5.2.5

Statistical analyses

We used hierarchical modelling methods in a Bayesian framework (for a similar approach,
see Mysterud

et al.,

2008). Bayesian methods assume prior distributions for unknown

model parameters and use Bayes' theorem to derive the posterior distributions of parameters, and is well suited for path analyses, especially with relatively small sample sizes
(Gelman & Hill, 2007). A non informative or uniform prior distribution was used on
the unknown parameter. The following prior distributions were dened: normal for regression intercepts and slopes with a mean of 0 and a variance of

106 , and Gamma for the

inverse residual variance with shape and scale parameters 0.001 and 0.001 respectively.
Numerical methods based on Markov Chain Monte Carlo simulations were used to derive
posterior distributions. An initial burn-in of 10000 iterations was used.We built dierent
models based on our a priori expectation regarding direct and indirect eect according
to the previous work on Alpine marmots (Allainé & Theuriau, 2004; Cohas
Lardy

et al., 2006;

et al., 2011, In Press) (see the hierarchical structure of the model on gure 5.3).

The relationship between two variables was considered as statistically signicant if the
95% credibility interval did not include zero.
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Direct eect of social factors on the LRS
We rst tested whether the total group size inuenced the LRS by building a model
with the LRS as the independent variable and the total group size as the explanatory
variable. The LRS was distributed according to a negative binomial distribution which
was accounted for in the models. We tested for both simple and quadratic eect of group
size. We then tested the eect of the detailed social factors, by building a model including the LRS as the dependent variable and the average number of male subordinates,
the average number of female subordinates and the number of female changes as the
explanatory variables. We considered both simple and quadratic eects for the number
of subordinates of each sex. The average number of male subordinates and the average
number of female subordinates were correlated (t

= 3.80, df = 56, r = 0.45, P < 0.001).

We thus verify that their estimated values and their level of signicance did not change
when they were considered in the same model or in dierent models. For each model, we
calculated the explained variance as the correlation between the observed data and the
values predicted by the model (Zheng & Agresti, 2000).

Indirect eect of social factors, through the tness components, on the LRS
We tested for indirect eects of group size and of the detailed social factors on the LRS,
through the tness components. Dierent models with varying levels of complexity were
tted, including either direct eects of social factors on LRS, indirect eects or both.
For total group size, indirect eects, both linear and quadratic, were tested on all tness
components, L, F1, F2, and S. For the more detailed social factors, indirect eects tested
were as follow: (1) the tenure length (L): we tested the eect of the proportion of time
spent with more than one competitor as well as its quadratic term; (2) the reproductive
rate (F1):

we tested the eect of the proportion of time spent with more than one

competitor as well as the number of female changes; (3) the average litter size (F2): we
tested the eect of the proportion of time spent with more than one competitor both as
indirect, through the number of extra-pair young (EPY) produced, and direct eect; (4)
ospring survival (S): we tested the eect of the average number of male subordinates, the
average number of female subordinates, their interaction term, and the number of female
changes. We retained only the variables having a signicant eect of the components of
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the LRS. Only the nal model is presented. For each level of the hierarchical model, we
calculated the explained variance as the correlation between the observed data and the
values predicted by the model (Zheng & Agresti, 2000).

Relative contribution of the components L, F1, F2, and S, to the variation in
LRS
To compare the extent to which the dominance tenure length (L), the breeding rate (F1),
the average litter size (F2) and the ospring survival (S) contribute to the variation in
LRS, we calculated the proportion of variation in LRS explained by each component.
For this purpose, the LRS was included as the dependent variable in a generalized linear
model with a log link function and a negative binomial error distribution, and standardized values of L, F1, F2, and S were included as explanatory terms. All variables were
log-transformed to make the model additive rather than multiplicative (Limpert & Stahel, 2001). The percentage of contribution of each variable was then derived from the
estimate values of the model.
Statistical analyses were performed with R 2.10.1 (R Development Core Team, 2010)
using the library BRugs (Plummer

et al., 2010) and coda (Thomas et al., 2006).

5.3 Results
5.3.1

Direct eects of social factors on LRS

The LRS of dominant males increased with the average group size, and then decreased in
larger groups (β

= 2.03, 95%[1.04;3.00], β 2 = −0.18, 95%[-0.28;-0.09], Figure 5.1a, 5.2a).

The model explained 49% of the variation in LRS. The average number of subordinate
males (helpers) in the family group during a dominant male's tenure was the only social
trait directly aecting LRS (gure 5.1b).

LRS increased with the average number of

subordinate males in the group until a number of three and decreased thereafter (β

2.41,

95% CI [1.33; 3.48],

β 2 = −0.37,

=

95% CI [-0.55; -0.18], Figure 5.2b). The average

number of subordinate females in the group (β
number of female changes during the tenure (β

= 0.002,

95% CI [-0.28; 0.30]) and the

= 0.29,

95% CI [-0.03; 0.62]) had no

direct eect on the LRS. Overall, the model explained 47% of the observed variation in
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Direct eect of group size (a) and of the number of subordinate males

(helpers) in the family group (b) averaged over a dominant male's tenure on lifetime
reproductive success (LRS). The dots represent the observed data, their size being proportional to the sample size. The lines represent the tted model. The grey area represent
the error associated to the model.

5.3.2

Indirect eects of social factors on LRS

The results of the path analyses for the eect of group size on the LRS through the different tness components are summarized in the gure 5.3a. Group size had a quadratic
eect on dominance tenure length (β

= 0.79

[-0.13;-0.02]), and on ospring survival (β

95% CI [0.23;1.32],

= 1.66

β 2 = −0.07

95% CI [1.05;2.28],β

2

95% CI

= −0.15

95%

CI [-0.20;-0.09]) but it had no eect on breeding rate and the number of young produced (breeding rate:

β = 0.12
LRS (L:

β = 0.07

95% CI [-0.07;0.23] , average number of young produced:

95% CI [-0.02;0.26]). All tness components were highly correlated with the

β = 0.23,

95% CI [0.19;0.27], F1:

95% CI [0.80;1.98], S:

β = 2.15,

β = 0.30,

95% CI [0.19;0.42], F2:

β = 1.38,

95% CI [1.78;2.54]).

The results of the path analyses of the eects of the detailed social factors on the LRS,
through the tness components are summarized in the gure 5.3b and the proportion of
variation explained by each model are summarized in the table 5.1. Dominance tenure
(L) decreased as the proportion of year spent with more than one competitor increased
(β

= −0.88,

95% CI [-1.68; -0.04],

r2 = 0.48,

gure 5.4a). The reproductive rate (F1)

decreased with the number of female changes a male faced during its tenure (β
95% CI [-0.90; -0.24],

r2 = 0.50,

gure 5.4b).

= −0.56,

The average litter size (F2), indirectly

depended on the proportion of time spent with more than one competitor. Indeed, the
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LRS

Simple term:
2.03
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Quadratic term:
-0.18
(-0.28, -0.09)
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2.41
(1.33, 3.48)
Quadratic term:
-0.37
(-0.55, -0.18)

0.002
(-0.28, 0.30)

0.29
(-0.03, 0.62)

Average nbr. of
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Average nbr. of
female subordinates

Nbr. of female
changes

(b)
Figure 5.2: Direct eects of group size (a) and of social factors (b) on lifetime reproductive
success (LRS). Legend: (· · · ): signicant quadratic relationship between variables; (- -): no signicant relationship between variables.
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number of extra-pair young increased with the time spent with competitors (β
95% CI [0.87; 3.92],

r2 = 0.50,

= 2.32,

5.4c), which, in turn, decreased the number of young

= −0.40,

produced per breeding occasion (β

95% CI [-0.76; -0.06],

r2 = 0.25).

Finally,

ospring survival (S) was aected by the average number of male and female subordinates
(interaction between the average number of subordinate males and the average number
of subordinate females:
subordinate males:

β = 0.74,

β = −0.35,

95% CI [-0.42; -0.24],

r2 = 0.40,

average number of

β = 1.08, 95% CI [0.85; 1.31], average number of subordinate females:

95% CI [0.45; 1.04], gure 5.4d). Ospring survival increased with the number

of helpers. When the number of helpers was low, ospring survival increased with the
number of the subordinate females.

Ospring survival decreased with the number of

females when the number of helpers was higher than three.

5.3.3

Relative contribution of tness components to the variation in
LRS

LRS in male Alpine marmots varied between 0 and 20 young surviving to the age of
one, with a median of 4 and a mean of

5.1 ± 4.7

young.

Ospring survival (S) and

dominance tenure length (L) were the two most important contributors to LRS variation,
respectively explaining 38.44% (β

= 0.61,

95% CI [0.53; 0.69]) and 33.41% (β

= 0.53,

95% CI [0.45; 0.61]) of the observed variation in LRS. The breeding rate (F1) explained
16.84% (β

= 0.27,

[0.19; 0.35]) of the observed variation in LRS and the average litter

size (F2) explained 11.30% (β

= 0.18,

95% CI [0.10; 0.35]) (see table 5.2).

5.4 Discussion
Identifying the costs and the benets of sociality represents a major challenge in our
understanding of the evolution of sociality (Clutton-Brock, 2009). Despite many studies
conducted in dierent mammalian social species to identify adaptive value of sociality
(reviewed in Silk, 2007), no general conclusion can be drawn and the underlying evolutionary mechanisms of sociality are still poorly understood. This study proposed an
integrative approach to study the link between tness and sociality in a highly social
mammal and shed light on the mechanisms through which social factors aect males'
lifetime reproductive success.
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Figure 5.3: Indirect eect of group size (a) and of social factors (b), through tness components, on the lifetime reproductive success (LRS). Legend: (

): signicant positive

relationship between variables, (-·-): signicant negative relationship between variables,
(· · · ): signicant quadratic relationship between variables, (- - -): no signicant relationship between variables.
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Figure 5.4: a) Dominance tenure length as a function of the proportion of year spent
with more than one competitor in the group. b) Reproductive rate as a function of the
number of female changes a male faced during its tenure. c) Number of extra-pair young
in litter as a function of the proportion of year spent with more than one competitor in
the group. The black circles represent the observed data and their size is proportional
to sample size, the lines represent the tted model and the grey surfaces represent the
error associated to the model. d) Ospring survival to one year of age as a function of
the number of subordinate males (helpers) and females in the family group. The black
and white circles represent observed data respectively greater and lower than predicted
values, and the surface represents the tted model.
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Species
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F
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-
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44%
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38%

S

Le Boeuf & Reiter (1988)

Clutton-Brock

Vanpe

Lawler (2007)

et al. (2007)
et al. (1988)

et al. (2008)
Breuer et al. (2010)
Packer et al. (1988)
Spong

This study

Reference

(L= Reproductive lifetime or longevity (*Number of mate per male), F= Fecundity, S= Ospring survival)

Table 5.2: Percentage contribution of the tness components to the variation in male reproductive success in solitary or group living mammals.

success (n

Table 5.1: Explained variance, for each level of the hierarchical analyses, of the indirect eects of socials factors on the male lifetime reproductive
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Our results showed that group size aects male LRS indicating that sociality has tness consequences on individuals. The quadratic relationship between group size and LRS
indicates that dominant male marmots may gain tness benets of social living until a
group size of, on average, 5 individuals, but suer a costs in larger groups. More generally,
this results is consistent with theoretical models which proposed that an optimal group
size maximizing individual tness should exist in group living species (Giraldeau, 1988).
Similar results have been described in the yellow-bellied marmot

Marmota aviventris, a

social species living in matrilines, where the reproductive rate (R0 ), corresponding to the
product of survival and maternity, showed a quadratic relationship with matrilines size
(Armitage & Schwartz, 2000). The decomposition of group size in several social factors
indicates that male LRS also show a bell-shaped relationship with the average number
of subordinate males in the group during its tenure, which support the conclusion of Allainé and Theurieau (2004) that an optimal number of helper should exist in the Alpine
marmot.

In social species, groups are often composed of individuals of dierent age, or sex.
Group members may interact dierently depending on their characteristics and thus may
have dierent eects on the other group members' reproductive success. A more detailed
analysis of the role played by dierent social factors on the dierent tness components
helped us to characterize the evolutionary forces that might be involved in sociality evolution by identifying the benets and the costs associated to sociality. In male Alpine
marmots, the benet of group living mainly relies on the eect of the number of male
subordinates on ospring survival.

Because ospring survival during hibernation is a

critical stage in life history of Alpine marmots (Cohas

et al., 2007a), social thermoregu-

lation during hibernation might be driving evolution of sociality in species living in cold
habitats (social thermoregulation hypothesis, Allainé

et al., 1998; Armitage, 2007, 1981;

Ebensperger, 2001; Allainé, 2000b). More generally, ecological constraints such as high
population density, variation in territory quality or spatiotemporal environmental variability, might favor group living (Koenig

et al.,

1992; Rubenstein & Shen, 2009). This

is particularly expected in species living under harsh environmental conditions, such as
the African mole-rats (family

Bathyergidae ), for example, where dierent studies pointed

out the relationship between aridity, food availability and sociality (Jarvis

et al.,

1994;
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et al., 1997).

Reproductive competition is inevitable in group living species (Emlen, 1982), and
intra-sexual competition appears to be a major cost of group living in the Alpine marmot.
The time spent with more than one competitor had negative eects on males' lifetime
reproductive success by decreasing dominance tenure length and increasing paternity loss
through extra-pair paternity. Same sex individuals in social groups are competing for reproduction and social status (Emlen, 1982; Clutton-Brock, 2009). Achieving control over
the subordinates as well as over extra-group competitors might be costly (Rubenstein
& Shen, 2009), and males can greatly dier in their ability to maintain control of the
group over time (Lardy

et al., In Press), explaining the large variation in the time spent

at dominance. Several studies showed a negative relationship between intra-sexual competition and reproductive success in social mammals. For instance, in the prairie voles

Microtus ochrogaster )

(

the number of young produced per female was lower in groups

with many lactating females (Solomon & Crist, 2008). Similarly, in meerkats, the proportion of young fathered by the dominant male decreased as the number of competitors
in the group increased (Spong

et al., 2008) and litter survival decreased as the number

of adult females in the group increased (Hodge

et al.,

2007). Finally, Setchell and col-

laborators (2006) showed that male tenure declined with the number of males present
in the group. These evidences suggest that intra-sexual competition is one of the main
force constraining group size and structure in social mammals.

Our results showed that reproductive lifespan and ospring survival are the two components contributing more to the variation in male reproductive success. Reproductive
lifespan is often reported as a main contributor to the variation in reproductive success
in social species (see table 5.2). This is particularly expected in species exhibiting a high
reproductive skew, where reproduction is monopolized by one or few dominants such as
in meerkat (

Suricata suricatta ) where dominant males fathered 86% of ospring (Spong

et al., 2008).

In the Alpine marmot, dominance is by far the primary way to reproduce

(King & Allainé, 2002; Cohas

et al., 2006).

Although few subordinates or oater males

sometimes manage to father young, it is extremely rare that these males reproduce several consecutive breeding seasons or attain the dominant position (unpublished data).
Consequently these males are not expected to contribute signicantly to the variation in
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LRS.
The number of young produced at birth generally contributes more to the variation
in male LRS than the ospring survival does (Clutton-Brock, 1988), but this trend was
not observed in this study.

A possible explanation to this pattern is that variation

in ospring survival might contribute more to the variation in LRS in species where
ospring mortality rate is high, for instance when predation or infanticide is high, or
in species producing few young per year. In agreement with this expectation, ospring
survival contributed respectively for 44% and 56% to the variation in male LRS in the lion

Panthera leo

(Packer

et al., 1988) and the Western gorilla Gorilla gorilla

(Breuer

et al.,

2010) while ospring survival contributes for only 12% to the males LRS in meerkats
where ospring survival is very high (89% of survival, Russell

et al., 2002)(table TabLRS).

The dierence observed between meerkats and marmots is also possibly due to the fact
that females meerkats always have a high number of helpers (15 on average) which reduce
the variance in ospring survival while the number of helpers is highly variable, ranging
from 0 to 11 with an average of 2.2 in Alpine marmots.
Since theoretical models have been proposed to explain the evolution of sociality, no
study identied the chain of evidences linking sociality and tness outcome in natural
population. Here, thanks to an integrative approach, we enlightened the way through
which group size and composition aected lifetime reproductive success, by identifying
the costs and benets of social factors on each tness component, the lifetime reproductive lifespan, the fecundity and the ospring survival. Group size and group composition
are the two more widely used measurement of sociality mostly because these data are
relatively easy to obtain. However, other factors such as social bonds (Silk
Schülke

et al., 2010;

et al., 2010) or genetic relatedness (Grin & West, 2002), should be considered,

in future studies, for a more detailed analysis of mechanisms of evolution of societies.

Chapter 6

Female competition has
consequences on individual lifetime
reproductive success

Abstract

Until recently, males were thought to be the competitive sex while females the choosy
one, leading to a large variance in male reproductive success and thus to a strong
potential of selection in this sex.

However, female competition has been evidenced in

many species and appears to be more widespread than previously thought. These new
considerations have brought many questions, in particular regarding the evolutionary
consequences of female competition.

In cooperatively breeding species, one dominant

female monopolize reproduction which should lead to a strong competition between
females to access to dominance.

These species are thus well suited to investigate the

inuence of female competition on individual tness. Here, using a long-term data set of
a natural population of Alpine marmots,

Marmota marmota,

a cooperatively breeding

species, we studied the impact of female competition on dominant females' lifetime reproductive success (LRS), a proxy of individual tness, and on dierent tness components
(the reproductive lifespan, fecundity and ospring survival).

The number of sexually

mature females in the group was used as a measure of the intensity of competition. Our
results show that female LRS was positively related with the number of adult females
in the group until an optimal number, and decreased below this number. The number
of females also showed a quadratic relationship with females reproductive lifespan,
and negatively aected birth rate.

Our results suggest that female competition inu-

ence individual tness which should have strong impact on the process of sexual selection.

Keywords : Sexual selection,
breedres, Marmota marmota

Intra-sexual competition, Individual tness, Cooperative

Sophie Lardy, Dominique Allainé and Aurélie Cohas. Female competition has consequences on individual
lifetime reproductive success.
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CHAPTER 6. CONSEQUENCES OF FEMALE COMPETITION ON LRS

6.1 Introduction
Sexual selection acts through the dierence in reproductive success of individuals and
favours individuals that have an advantage over the others of the same sex and the
same species in respect to reproduction (Darwin, 1871). Because the two sexes do not
invest similarly in the reproduction, males and females are expected to have dierent
reproductive strategies (Trivers, 1972). It was generally admitted that males, who do not
incur a cost in gamete production and are rarely involved in parental care, would increase
their reproductive success by maximizing the number of females they fertilized. On the
opposite, females, who are limited by the number of ova and are involved in maternal
care, should increase their reproductive success through ospring quality (Trivers, 1972).
Consequently, males are considered as the competitive sex to access to mates while
females as the choosy sex for the best partner available (Anderson, 1994).
However, recent work has challenged this view. Indeed, female competition appears
to be more widespread and more intense than previously thought and has now been evidenced in many species (recently reviewed in Stockley & Bro-Jorgensen, 2011). These
new considerations have generated two main questions. The rst interrogation concerns
the nature of female competition. Female may engage competition to access to mates in
cases where males provides resources or in case of sperm depletion (Wedell

et al., 2002),

but they may also engage strong competition for resources other than mates, as their
reproductive output may strongly be determined by the quantity of resources increasing
their condition or their ospring condition, such as food or breeding site (Emlen & Oring,
1977; Sterck

et al., 1997).

The second question concerns the evolutionary consequences

of female competition. The outcome of competition between females is supposed to have
strong impact on their reproductive success. However, the link between female competition and its long term consequences on female reproductive success remains unclear and
its implication in term of sexual selection in still discussed (Stockley & Bro-Jorgensen,
2011; Clutton-Brock

et al., 2006).

Here, we pay a particular interest to the evolutionary

consequences of female competition.
Social species are well suited to address these questions as they are particularly exposed to intra-sexual competition (Alexander, 1974; West-Esteberhard, 1979).

More

specically, cooperative breeders appear of special interest to investigate the evolution-
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In these systems, a few number of dominant

females monopolizes reproduction, leading to a large reproductive skew between females.
Social context, such as the number of sexually mature females in the group, should
strongly aect the intensity of female competition, and thus female reproductive success. Additionally, strong constraints are imposed on dominant females to retain their
status over time which should lead to the selection of traits maximizing the probability
to maintain dominance, such as competitive abilities (Clutton-Brock, 2002).

This paper aims at identifying the consequences of female competition in term of
reproductive success. We used a long term data set of a natural population of Alpine
marmots to test i) whether female competition has consequences on breeding females'
lifetime reproductive success (LRS) and ii) whether female competition have led to the
evolution of competitive abilities in females. The Alpine marmot,

Marmota marmota, is

a socially monogamous cooperative breeder, living in family groups large from 2 to 16
individuals. Groups comprise a dominant breeding pair, sexually mature and immature
subordinates of the two sexes, and the pups of the year. Dominant males and females
monopolize reproduction by inhibiting subordinate reproduction through aggressive behaviour (Arnold & Dittami, 1997; Hacklander, 2003). Although females always successfully monopolize reproduction, males are often cuckolded with subordinates unrelated to
the dominant female or of transient males (Goossens

et al., 1998; Cohas et al., 2006).

Ac-

quiring and maintaining dominance for females is thus the only way to reproduce which
should enhance competition for dominance position and thus lead to the evolution of
strong competitive abilities. The number of sexually mature subordinate females in the
group was used as a proxy of the intensity of female competition for reproduction and
dominance. We predicted that the dominant female's LRS decreases with the number of
adult females in the group and that the females retaining dominant position have better
competitive abilities, measured as body condition, than those failing to do so.
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6.2 Material & Methods
6.2.1

Study site and data collection

The study site is located in La Grande Sassière nature reserve in the Vanoise National

o

0

o

0

Park (French Alps, lat 45 29 N, long 6 59 E). Data were collected from 1990 to 2010
on 24 dierent territories. Marmots were caught from mid-April to mid-July with twodoor live traps baited with dandelions (

Taraxacum densleonis ).

Traps were placed in

front of the main burrow's entrance of each territory in order to assign each captured
individual to its family (then conrmed by visual observation). Once captured, marmots
were anaesthetised with Zolétil 100 (0.1ml.kg

−1 ), sexed, weighed, aged according to their

size up to three year old, and individually marked with a transponder and a metallic ear
tag.

Dominant individuals were also marked with a colored plastic ear tag for rapid

recognition. Social status of each adult was assessed according to scrotal development
for males and tits development for females.
Group composition was determined by combining daily observations during the activity period of marmots, and capture-recapture data. The total number of individuals
in the group was noted as well as the number of individuals of each sex in each age class
(pups, yearling, adults), and both aggressive and scent marking behaviours were used to
conrm the dominance status (Bel

et al., 1995).

For each emerged young, microsatellite markers (protocol described in Cohas

et al.,

2007b) conrmed that the dominant female was always the mother, except in 4 cases out
of 408 where a subordinate female reproduced.

6.2.2

Eect of female competition on lifetime reproductive success

We have examined the eect of female competition on the lifetime reproductive success
(LRS). The number of sexually mature females in a family group was used as a proxy
of the intensity of female competition. To better understand the mechanisms by which
female competition aects LRS we have decomposed the LRS in four components - the
reproductive lifespan, the birth rate, the litter size and the juvenile survival (CluttonBrock, 1988). We then examined the eect of female completion on each of them. The
birth rate, the litter size and the ospring survival was considerate on an annual basis.
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Lifetime reproductive success
The lifetime reproductive success is dened as the number of young produced by a female
during is reproductive life that survive to sexual maturity (Arnold & Wade, 1984b,a).
Because disentangling dispersal from death is dicult due to dispersal from the age of
two, age of sexual maturity, we approximated the LRS by the number of pups produced
that survived to the age of one.

The LRS was calculated for all the breeding females

followed throughout their entire reproductive lifespan that produced at least one young
(n

= 37).

We tested the eect of intra-sexual competition on female LRS using a Gen-

eralized Linear Model (GLM) with a log link function and a negative binomial error
distribution. The LRS was entered as the dependent variable, and the number of sexually mature subordinate females in the group averaged over the dominant female tenure
and its quadratic term were entered as explanatory variables.

We also tested for the

eects of the number of helpers in the group averaged over the tenure length and its
quadratic term.

The interaction between the number of helpers and sexually mature

subordinate female was also tested. Finally, we calculated the relative contribution of
each component to the variation in LRS by performing a linear regression between the
standardized value of the components and female LRS.

Reproductive lifespan
The reproductive lifespan can be approximated by dominance tenure length as only
dominant females have access to reproduction and, once evicted from the dominant
position, individuals are at a very high risk of death and are usually unable to reach
dominance again (Lardy

et al., 2011).

We calculated the total number of years spent at

dominance for the 37 females for which we knew the complete tenure. We considered that
the tenure started when the individual took over the territory or inherited the dominance
status and ended when another dominant was seen on this territory. Dominance tenure
length was entered as the dependent variable in the model while the number of sexually
mature subordinate females averaged over the female's tenure and its quadratic term were
added as explanatory variables.

We also tested the eect of the age at which females

acquired dominance and whether the female inherit of its natal territory or not.

We

performed the analysis using a GLM with a log link function and a negative binomial
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error distribution.

Annual reproductive rate
The occurrence of reproduction was assessed by the presence of pups at emergence because neonates stay in the natal burrow until weaning (40 days). The occurrence of pups
at emergence at each reproductive event, encoded as 0 or 1, was entered as the dependent
variable in a GLMM model with logit function and a binomial error distribution. The
number of sexually mature subordinate females was entered as the explanatory variable in
the model. We also added the age of the female, the number of helpers in the group, and
the occurrence of a change of dominant male to account for the potential eect of these
variables on the reproductive rate. The dominant female identity, territory and year were
included as random factors to account for repeated measures and potential environmental
variations. When the female arrived on the territory too late in the season to reproduce,
the rst year of dominance was removed since in this case, the absence of reproduction
was not due to competition but to the fact that the female was not present during the
mating season. We were not able to include the body mass of the female because the
number of data was not large enough which lead to convergence problems in the model.
However, we have previously conrmed the absence of correlation between the presence
of pups at emergence and the mother's residual body mass (β

= −3.63.10−4 ± 7.29.10−4 ,

z = −0.50, P = 0.62).

Annual litter size
The litter size was estimated by the number of pups at emergence.

The number of

pups at emergence at each event of reproduction, when reproduction occurred, was then
entered as the dependent variable in a Generalized Mixed Linear Model (GLMM) model
with a log link function and a Poisson error distribution.

We included the number of

sexually mature subordinate females in the group as explanatory variable. The model was
corrected for the age of the mother and for the number of helpers in the group. Female
identity, territory and year were added as random variables to account for repeated
measures and potential environmental variations. Again, we were unable to include for
the female's body mass but we previously verify the absence of correlation between the
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= 1.16.10−4 ± 1.61.10−4 , z = 0.72,

P = 0.47).

Annual ospring survival
Every year, we counted the proportion of ospring that survived the year after.
number of young emerged that survived to the next year

versus

The

the number of young

emerged that did not survived was entered as the independent variable in the model
and we tested the eect of the number of sexually mature subordinate females during
hibernation, of the age of the mother and of the number of helpers (and its interaction
with the number of sexually mature females). We used a GLMM with female identity
territory and year as random eect to account for the repeated measured and potential
environmental variations, a logit link and a binomial error distribution.

6.2.3

Competitive abilities and dominance tenure

The body condition of the females was used as a measure of competitive abilities (Rusu
& Krackow, 2004; Rutberg & Greenberg, 1990; Archie

et al., 2006).

The body condition

was obtained by correcting the body mass by the body length, the date of capture, its
quadratic term and year using mixed linear model. We used the residuals of the regression
thereafter. Firstly, the body condition of females staying dominant was compared to the
one of female losing dominance using linear mixed models with female identity as a
random factor to account for repeated measures. Secondly, for a given female (n

= 35),

we compared the residual body condition the year it lost dominance with the residual
body mass the years it stayed at dominance using a paired t-test. Finally, we investigated
the inuence of the residual body condition on the probability to lose dominance using a
generalized mixed models (GLMM) with female identity as a random factor, a logit link
function and a binomial error distribution to account for repeated measures and for the
binomial distribution of the dependent variable.
Statistical analyses were performed with R 2.10.1 (R Development Core Team, 2010)
using the function lme in the MASS library for linear mixed models and the function glmer in the lme4 library (Bates & Maechler, 2010) for the GLMM. The level of
signicance is set to 0.05 and parameter estimates are given

±s.e.
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6.3 Results
6.3.1

Eect of female competition on reproductive success

Lifetime reproductive success
The average LRS in female marmots is of 6.60 (median

= 5,

varying between 0 and

20). The dominant female LRS increased with the average number of adult subordinate
females in the family group until an average of one and decreased thereafter (β

1.17, z = 2.42, P = 0.01, β 2 = −1.67±0.86, z = −1.93, P = 0.05).

= 2.83 ±

The dominant female

LRS tend to increase with the average number of helpers in the family group until an
average of 3 and tend to decrease thereafter (β

β 2 = −0.21 ± 0.12, z = −1.67, P = 0.09,

= 1.12 ± 0.60, z = 1.87, P = 0.06,

gure 6.1).

Reproductive success
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Figure 6.1: Lifetime reproductive success of dominant females as a function of the number
of adult subordinate females (represented in black) and the number of helpers (represented in white) in the family group averaged over the tenure . The black dots represent
the data of the LRS for the average number of adult subordinate females, the size of the
dots being proportional to sample size. The black, full line represents the tted model.
The black circles represent the data for the average number of helpers, the size of the
dots being proportional to sample size. The dashed line represent the tted model.

Reproductive lifespan (i.e. dominance tenure length) was the component accounting
for the largest part of variation in LRS (33.38%), following by ospring survival (30.81%).
The components indicating female fecundity, the reproductive rate and the average number of pups produced, respectively accounted for 23.55% and 12.36% of the variation in
female LRS.
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Reproductive lifespan
On average, females stay 5.57 years at dominance (median = 5, ranging from 2 to 14
years). For females, the tenure length increased with the average number of adult subordinate females in the group (β
and decreased thereafter (β

2

= 1.77 ± 0.68, z = 2.62, P = 0.009) until an average of 1.2

= −1.07 ± 0.53, z = −2.01, P = 0.04).

Tenure length of fe-

males that have inherited the dominant position on their natal territory was shorter than
the tenure of females who took over a territory (β

= −0.60 ± 0.22, z = −2.79, P = 0.005).

The age of the female at dominance acquisition had no eect on the tenure length
(β

= −0.11 ± 0.13, z = −0.81, P = 0.42).

Annual reproductive rate
The number of sexually mature subordinate females was negatively correlated with the
reproductive rate (β

= −0.56 ± 0.25, z = −2.21, P = 0.03,

gure 6.2). The occurrence

of a change of dominant male had a negative eect on birth rate (β

z = −4.62, P < 0.001).

The number of helpers and the age of the dominant female had

β = 0.15 ± 0.15, z = 1.02, P = 0.31,

no eect (number of helpers:

age of the dominant

β = 0.14 ± 0.10, z = 1.31, P = 0.20).
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0.0

0.2
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= −2.38 ± 0.51,
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Number of competitor in the group
Figure 6.2: Probability of emergence of pups as a function of the number of adult female
in the family group.

The dots represent the observed data, the size of the dots being

proportional to the sample size. The line represents the the ted model. The gray surface
represents the standard error around the tted model.
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Annual litter size
The number of adult subordinate females had no impact on the litter size at emergence
(β

= −0.01±0.052, z = −0.19, P = 0.85).

Neither the age of the mother nor the number

of helpers in the family group inuenced litter size at emergence (age:

z = −1.41, P = 0.16,

number of helpers:

β = −0.03 ± 0.02,

β = 0.01 ± 0.03, z = 0.29, P = 0.77).

Annual ospring survival
Ospring survival to their rst hibernation depended on the interaction between the
number of adult subordinate females and the number of helpers present during hibernation (interaction term:
helpers:

β = 0.29 ± 0.13, z = 2.16, P = 0.03,

β = −0.20 ± 0.13, z = −1.52, P = 0.13,

β = −1.03 ± 0.34, z = −3.03, P = 0.002).

simple terms: number of

number of adult female subordinates:

When the number of helpers was low, juve-

nile survival decreased with the number of adult females while the opposite trend was
observed when the number of helpers increased. Juvenile survival decreased as the age
of the mother increased (β

= −0.15 ± 0.07, z = −2.12, P = 0.03).

Competitive abilities and dominance tenure
Dominant females staying at dominance from one year to the other were in better condition than dominant females losing dominance (t

= 2.52, N = 117, P = 0.01)

and a given

dominant female was in worst condition the year it had lost the dominance than the
years before (paired t-test:

t = 2.04, N = 35, P = 0.05,

gure 6.3). However, no rela-

tion between the probability of losing dominance and body condition could be evidences
(β

= −0.0007 ± 0.0005, z = −1.50,P = 0.13).

6.4 Discussion
The aim of this paper was twofold.

The rst aim was to investigate the link between

female competition and long term reproductive success of females using a mammalian
cooperative breeder.

Because reproduction is rarely equally shared in these societies

(Alexander, 1974), female competition for accessing to reproduction is expected to be
particularly high in these systems, and the intensity of competition should increase with
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Figure 6.3: Residual body condition of a given dominant female the year it lost dominance
compared to the years it stayed at dominance. Dominant female who had a lower body
condition the year the lose dominance are represented in black. The females who had a
better condition the year they lose dominance are represented in grey.

the number of same sex individual within social group (West-Esteberhard, 1979).

We

made the prediction that the number of females present in social groups should negatively
impact the dominant females' reproductive success.

The second aim was to study if

female competition has led to the evolution of competitive abilities in females.

We

hypothesized that the strong constraint applied to individual for dominance maintenance
should lead to the evolution of trait maximizing the probability of maintaining dominance
such as competitive abilities.
We found that the LRS of the females is inuenced by the number of adult subordinate females (

i.e.

potential competitors) in the social group. The bell-shaped relationship

indicates that dominant females benet from having, on average, one subordinate female,
but the presence of too many subordinates decreases the dominant's reproductive success.

We found a tendency for the same pattern between dominant females' lifetime

reproductive success and the number of subordinate males (helpers) in the group. These
results may indicates the presence of foraging competition between group members,

i.e.

a limitation in resources available on a territory which would result in a decrease in individual reproductive success. Nevertheless, this explanation seems unlikely in the Alpine
marmot because previous results showed no relation between the body mass of dominant
female and the number of subordinate males in the group (Lardy

et al., In Press).

The
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decrease in female LRS with a high number subordinates males may rather be explained
by male-male competition. Indeed, a high number of subordinate males has been shown
to increase the risk of losing dominance of dominant males (Allainé & Theuriau, 2004;
Lardy

et al., In Press), which is generally associated to the loss of a reproductive event for

both the male and the female (due either to infanticide or embryo abortion, Hacklander,
1999). Thus, it is possible that a strong male competition has also a negative impact on
the females' LRS. Overall, our results enlightened the long term consequences of female
competition on reproductive success, which may have strong impact on sexual selection.

A more careful examination of the impact of the number of females in the group
on breeding female reproductive success reveals that female competition aects several
component of females' LRS. The reproductive lifespan showed a quadratic relationship
with the number of females, indicating that females with a high level of competition during their tenure stay less longer at dominance than the other females. The reproductive
lifespan of dominant females is the component of LRS that contributed the most to its
variation. Several studies in mammals showed that dierence in ospring survival was
generally the component accounting for the most important part of the variation in the
female LRS (Clutton-Brock, 1998). Very few studies focused on the variation in the LRS
in cooperative breeders, and only one study, in the Kalahari meerkat (

Suricata suricatta ),

reported a similar result where the dominance tenure account for more than 55% of the
variation in the breeding females' LRS (Hodge

et al., 2007).

This particularity is likely

to arise from the fact that the variance in ospring survival is lower by the presence of
helpers in these systems (Hodge

et al., 2007).

If more studies are clearly needed to understand the pattern of variation of the LRS
in cooperatively breeding species, these results underline the importance of female dominance tenure in these species and support the idea that strong selection should occur
on traits maximizing the time females spend at dominance.

We found evidences that

females' competitive ability is linked to its ability to maintain the dominance status.
Particularly, dominant females that lose their status are the ones in poor condition,
while females in good condition remain dominant. However, the ability of a female to
remain dominant may depend on several other factors such as age, condition in early
life, aggressive behaviour, or hormonal levels (Clutton-Brock

et al., 2006).

Although we
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regularly observed aggressive interactions and ghts between females (DA, AC, SL,

pers.

obs.), additional behavioural or endocrinal data are needed to investigate the evolution
of competitive abilities in females.

The juvenile survival was the second most important component to contribute to the
variation in LRS among females. When the number of males was low, juvenile survival
decreased with the number of adult subordinate females during hibernation. A decreasing
infant survival with the number of females in the group have also been reported in some
primates such as in the ring-tailed lemur (

Lemur catta )

(Takahata

et al.,

2006). Cases

of infanticides by others females have been often reported in social species (reviewed in
Ebensperger, 1998), and hypothesis such as the limitation of competition for resources
have been proposed to explain this behaviour (Saltzman

et al.,

2009).

In the Alpine

marmot, the impact of female competition on ospring survival seems to be the result of
competition between subordinate females and ospring for resources (in this case heat)
needed during the critical period of the hibernation. During hibernation, the frequent
arousal period of males produce heat which is benecial to all individuals, especially pups
who are particularly vulnerable during their rst hibernation. Females also benets from
this heat production and thus competing with ospring (Allainé & Theuriau, 2004).

Finally, the reproductive rate, which is the third most important component in the
variation in females' LRS, decreases as the number of adult subordinate females increased
in the group. Associations between birth rate and total group size have been often described and is either positive or negative depending on the study species (Van Schaik

et al., 1983; Takahata et al., 1998; Hodge et al., 2007).

Evidence of the eect of the num-

ber of adult female in the group on birth rate, however, are more scarce (see Kumar (1995)
for an example in the lion-tailed Macaque and Takahata

et al., 2006, for an example in

the ring-tailed lemurs). If the mechanisms proposed to explain of the negative impact
of group size and birth rate in often foraging competition (Janson, 1988), how female
competition could aect reproductive rate? One possible explanation is that maintaining a control over the reproduction of the subordinate is costly for the dominant female
which may have strong consequence on its fecundity. In the Alpine marmot, for instance,
dominant female inhibits subordinate reproduction through aggressive behaviour during
embryos implantation period (Hacklander, 2003).

Such a behaviour implies that the
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breeding female is exposed to an important stress during this crucial stage of gestation,
which could lead to abortion.
Despite increasing illustration of female competition its consequences remain poorly
documented (Stockley & Bro-Jorgensen, 2011) and this study provides a rst step in the
identication of tness consequences of female competition. Nonetheless, a lot of work is
still needed, especially to understand how the variation in social conditions, beyond the
number of females, such as the relatedness between the females in social groups, aects
their tness. More generally, the existence of consequences on long term reproductive
success raises the question of the role of female competition in sexual selection, and a
redenition of sexual selection have been proposed in this concern (Clutton-Brock, 2009).
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The aim of this thesis was to investigate the evolutionary consequences of intra-sexual
competition in a social mammal. We used dierent and complementary approaches to
identify how intra-sexual competition aects the breeders' tness.

We measured the

direct impact of social factors, used as indicators of the intensity of competition, on
lifetime reproductive success, as well as their indirect eects, via dierent components of
the reproductive success. Our results show that the number and the sex of individuals
present in the social unit aect dierent components of the dominants' reproductive
success resulting in a bell-shaped relationship between the dominant lifetime reproductive
success and the number of subordinates of the same sex in the social unit. Our results
enlighten the fact that social living is benecial until a given group size, while, thereafter,
the costs associated to sociality outweigh the benets. This work also allows a better
understanding of the selective pressures constraining the evolution of animal societies by
identifying the evolutionary forces that may shape societies.

Intra-sexual competition

is a major cost for individuals in social living species and its consequences has strong
evolutionary implications as it inuences the costs/benets balance as well as selective
pressure in term of sexual selection.

6.5 Social factors and the cost/benets balance
To understand the evolution of animal societies, it is necessary to identify the factors
that may inuence the costs/benets balance (Slobodchikov, 1988), measured in terms of
individual reproductive success. Depending on the direction of their eect, these factors
will either favour group living or, on the opposite, solitary living. In social species individuals strongly interact with their conspecics through cooperative behaviour (Costa &
Fitzgerald, 1996, 2005), but they are also exposed to a strong competition (Alexander,
1974; West-Esteberhard, 1979). Social factors are thus expected to be strong determinants of individual tness.

In this thesis, we paid particular attention to the impact

of intra-sexual competition (measured as the number of subordinates of a given sex) on
dominants' reproductive success.
Our results show that group composition, in term of number and sex of subordinate
individuals in the group, aects both male and female dominants' lifetime reproductive
success. In both sexes, the eect of the number of same sex subordinates in the social
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group on the lifetime reproductive success has a bell shape, showing that dominants gain
benet until a given number of subordinates, and suer a cost beyond this optimum. This
quadratic relationship between social factors and lifetime reproductive success indicates
that the costs/benets balance can shift accordingly to social conditions and that the
advantages of social living may depend on social context.

The eect of social factors

observed on the lifetime reproductive success corresponds to the net benet and thus
results from many dierent eects on the dierent tness components.

More precise

analyses revealed that, group composition, and more specically, the number of same
sex subordinates, aects several reproductive success components of the dominant males
and females either positively (benets) or negatively (costs). These results provide an
opportunity to better understand the evolutionary constraint applied on individuals to
individuals living in social groups and to identify the evolutionary forces shaping animal
societies.

6.5.1

The benets of social living

A common benet for dominant males and females
The main benet of social living in the Alpine marmot relies on the increasing ospring
survival with the number of helpers (male subordinates) during hibernation. Ospring
survival contributes to more than 30% of the variation in LRS for the two sexes indicating
that it is an important component of the reproductive success of the dominants. Hibernation represents a critical period for ospring as they are limited in fat reserves and
their survival strongly depends on the social context during hibernation (Arnold, 1990b;
Allainé & Theuriau, 2004). Hibernation is a strategy to limit energy expenditure during
the harshest months of the year and may have been a strong selective pressure to favour
sociality in marmots (Armitage, 2007). Indeed, all species of marmots, expect the soli-

Marmota monax ), hibernate socially and it has been proposed that the

tary woodchuck (

benets of social hibernation due to individuals huddling together has favoured the evolution of sociality in these species (Blumstein & Armitage, 1999; Armitage, 2007). More
generally, harsh environmental conditions have been proposed to be involved in the evolution of sociality, especially in cooperatively breeding species (Emlen, 1982; Rubenstein,
2007; Hatchwell & Komdeur, 2000).

For example, the Bathyergidae family comprises
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Heterocephalus glaber )

two eusocial species of mole rats, the naked mole rats (
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and the

Cryptomys damarensis ) and several solitary living species.

Damaraland mole rats (

Jarvis

and her colleagues (1994) compared the dierence in environmental conditions in these
dierent species.

Given the fact that solitary and social species did not dier in pre-

dation risk and in the average of energy available, the author argued that eusociality
in these two species of mole rats was favoured by the sparse and erratic rainfall and
frequent droughts. A recent inter-specic analysis of Jetz and Rubenstein (2011) showed
heterogeneity in spatial distribution of cooperatively breeding species and an association
between the prevalence of cooperatively breeding species and the degree of between year
variations in climate. Although a lot of work is still needed to understand how environmental factors constraint the evolution of sociality (Cockburn & Russell, 2011), sociality
may be a strategy to limit the risks due to harsh and/or unpredictable environments.
Social factors may thus play a buer role in the impact of environmental conditions on
individual tness.

Benets for the dominant males
The link between the number of sexually mature males in the group and the dominant
body mass shows that the dominant body mass increases when one adult subordinate
male is present in the group. In the absence of any subordinate males, dominant males
have lower body mass than when at least one subordinate male is present. Because males
are the individuals contributing the most to the production of heat during hibernation
through frequent and long arousal period (Arnold, 1988), it is possible that dominant
male body mass loss is lower during winter when other adult males are present (Arnold,
1990b).

Benets for the dominant females
We evidenced that having a few number of subordinate females is benecial for dominant
females. Particularly, the time spent at dominance is lower when no female subordinate
is in the family group than when, in average, one female subordinate was present. This
suggests that female subordinates may help to defend the territory in case of intrusion of
another female. Such a behaviour might be explained by the fact that females inherit their
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natal territory in 35% of cases in our population. Thus, by defending the dominant female
position, subordinates are likely to secure their future social status. In saturated habitat,
where dispersing is costly and the probability of nding a territory available is low,
individual may cooperate to inherit from the natal territory (Woolfenden & Fitzpatrick,
1978; Koenig & Mumme, 1987). However, more behavioural observation are needed to
conrm this hypothesis in the Alpine marmot.

6.5.2

The cost of social living

The results show a decrease in reproductive success with the number of subordinates
in the group for both dominant males and females, which enlighten the presence of a
cost associated to social living . Such a diminution may be due to competition between
group members for limited food resources on the territory, as it has been documented in
several studies (see for examples in primates: Janson, 1988; Janson & Goldsmith, 1995;
Snaith & Chapman, 2007).

In such case, an elevation in the number of subordinates,

independently of their sex, would aect equally the dominant males and females, which
was not observed in the Alpine marmot (Lardy

et al., In Press).

Rather, the competition

seems to occur between a dominant and its subordinates of the same sex, indicating that
the decrease in reproductive success more likely to result from intra-sexual competition
for reproduction and dominance.
Several studies investigated the eect of total group size on reproductive success in
dierent species (see for examples Gusset & Macdonald, 2010; Creel & Creel, 1991; Baker

et al., 1998; Jolly, 2000; Robinson, 1988).

However, in some cases, considering only group

size might be misleading as it do not permit to disentangle between foraging competition
or intra-sexual competition for reproduction. Twenty nine studies looked at the eect of
group composition, in term of the number of members of the group of a given sex, on
dierent variables, measuring the reproductive success of breeders individuals (cf table
6.1). When an signicant eect was found (in more than half of the cases), the impact of
the number of group members on the same sex breeders' reproductive success was negative
or quadratic with a decline after a given number of group member in more than 60% of
cases. Overall, it appears that intra-sexual competition is an important determinant of
breeders' reproductive success, and it may play a major role in the evolution of societies.
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Particularly, intra-sexual competition may shape the structure of animal societies, by
constraining the number of individual of each sex that can allow the maintenance of
sociality.
The costs associated with intra-sexual competition are multiple, in both males and
females.

In the Alpine marmot, a similar consequence of intra-sexual competition in

dominant males and females is the loss of the dominant status.

Studies linking social

context to the probability of losing dominance are scarce (see Setchell
an example in male Mandrills

Mandrillus sphinx,

and Hodge

et al.

et al., 2007,

(2006) for

in the female

meerkat). However, we can make the prediction that in species living in a highly saturated
habitat, competition between group members should be high.

Costs for the dominant males
In males, the consequence of a high number of males in the group is often the loss of
paternities (cf table 6.1). In the Alpine marmot, the decline in reproductive success in
dominant males' reproductive success is due to an increasing probability of losing paternity in presence of many subordinate males in the group. The association between the
lost of paternities and of dominant position in our study suggests that, in the majority of
cases, dominants lose paternity because they cannot maintain a total control over reproduction. Three phenomenon, not mutually exclusive, may explain the loss of paternities.
First, subordinates of the group may be directly responsible of the loss of paternity by
fathering some ospring through extra-dominance paternities. Indeed, it is possible that
the eciency of the dominant to guard the female and to control its subordinates' reproduction decreases as the number of subordinate males in the group increase. In the
mandrills

Mandrillus sphinx, for example, the dominant males' mate guarding eciency

decreases with the number of adult males in the troop (Setchell

et al., 2005).

Secondly,

the control exerted by the dominant male toward its subordinates might enable him to
successfully compete with intruders seeking for copulations. For instance, in the meerkat
(

Suricata suricatta ),

the proportion of pups fathered by the dominant male decrease

with the number of competitors in the group as well as with the number of prospectors
outside the group during the conception (Spong

et al.,

2008).

Thirdly, the increasing

number of subordinates in groups may also represents an higher opportunity for female
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to seek for extra-pair paternities (Cohas & Allainé, 2009).

Costs for the dominant females
In females, the number of females in the group aects the birth rate or the number
of young produced (cf table 6.1). Intra-sexual competition can aect these two tness
components through dierent mechanisms.

On the one hand, ospring survival can

decrease in the presence of many females because of infanticides by other females (Ryan

et al.,

2008). On the other hand, the high level of stress generates by the presence of

many potential competitor (Pride, 2005) may decrease the fecundity of the breeding
females (Hill

et al.,

2000; Noordwijk & Schark, 1999; Hayes

et al.,

2009). Particularly,

in cooperatively breeding species where reproductive suppression occurs, competition
between female over reproduction is high which should lead to a high stress for breeding
females. The production and the maintenance of stress hormone such as glucocorticoïds
(GC) is physiologically costly and may have strong impact on reproductive functions
(Adkins-Regan, 2005).

Creel, in a review of the hormonal levels in dierent species

according to their social structure, showed that in cooperative breeders, females dominant
have an higher level of GC hormones (Creel, 2001), which may explain a decrease in female
fecundity. Although, in some case, the link between the number of females in groups and
ospring survival can be a by-product of intra-male competition. Indeed, infanticides are
frequent when male intruders arrive in the group, which is more frequent in large female
groups.

6.5.3

Optimal group size and composition

These results are consistent with the idea that a group size maximizing individual tness
should exist (Giraldeau, 1988). The optimal group size should thus correspond to the
size of the social unit where the net individual tness reaches its maximum

i.e.

when

the dierence between the gross benets and costs is maximal, or, in other terms, when
individuals have more interests to be in group than live solitarily (Giraldeau, 1988).
Understanding the variation in group size and the determinant of the optimal group
size is a major issue in evolutionary ecology and many empirical and theoretical studies
have attempted to understand group size determinants (Giraldeau, 1988; Chapman &
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Pavelka, 2005; Gillespie & Chapman, 2001; Cant & English, 2006; Sibly, 1983). However,
in a social group, individuals have dierent constraints depending on their social status,
age, or sex. In the Alpine, we showed that constraints are dierent between males and
females, we thus expect optimal group size for male breeders to be dierent of the optimal
group size for female breeders. It is thus important to clearly identify the cost and the
benets for each individual as optimal group size may be dierent depending on the
individual considerate.

Additionally, the other members of the group will also aect

the benets/costs balance depending on their intrinsic characteristics, such as sexual
maturity, sex, or relatedness to the other individuals. It is thus primordial to account for
the composition of the group rather than only its size to understand the forces shaping
animal societies.

How to keep an optimal number of subordinates?
The balance between the costs and the benets in social species implies that dominant individuals face a trade-o between having enough subordinates for gaining the advantages
of sociality and restraining their number to avoid paying the cost of competition. Thus,
strategies may have evolved to allow the dominant to exert a control over its subordinates and control the number of the subordinates by either keeping them in the group if
needed, or evicting them. To keep subordinates in the social group, dominants may either
concede them some reproduction to prevent their dispersal (optimal skew hypothesis,
Vehrencamp, 1983; Reeve

et al., 1996) or tolerate them.

Alternatively, when the presence

of subordinates is costly, the dominant may let subordinates to disperse, or evict them.
Dominant should thus evict only subordinates that represent a potential threat for its
reproductive success. For instance, during breeding period, in the cooperatively breeding

Suricata suricatta ), the dominant female evicts subordinate females from the

meerkats (

group that may be in conict with her,

i.e.

or females with low relatedness (Young

et al., 2006).

the sexually mature females, older females,

Common name

Carnivora Banded
mongoose
Carnivora Meerkats

Carnivora European
badger

Order

Mungos mungo
Suricata
suricatta

Meles meles

Species

F

M

F

F

Sex

Mean nb of male
competitors
Nb of females adults
Mean nb of adult
females per tenure
Nb of adult females
Mean number of adult
females per tenure

Nb of breeding females
Mean nb of unrelated
females
Mean nb of male
competitors
Mean nb of unrelated
females

Nb of lactating females
Nb of non lactating
females
Non-breeding females
(helpers)
Non-breeding females
(helpers)
Non-breeding females
(helpers)
Non-breeding females
(helpers)
Non-breeding females
(helpers)
Non-breeding females
(helpers)

Nb of adult females

Nb of adult males

Social factors

Tenure length
Proportion of pups
sired by the dominant
male
Proportion of pups
sired by the dominant
male
Tenure length
Birth rate
Birth rate
Litter size

Measure
of
reproductive success
Nb of young per
lactating female
Nb of young per
lactating female
Nb of young per
lactating female
Nb of young per
lactating female
Nb of pups born in a
group
Nb of yearling raised
Mean litter size at
weaning
Cubs'
surviving
probability
Cubs' weight
Females' body condition at the end of
lactation
Nb of emerging pup per
breeding female
Tenure length

Negative
No relation
No relation
No relation

Hodge et
Hodge et
Hodge et
Hodge et

al. (2007)
al. (2007)
al. (2007)
al. (2007)

Spong et al. (2008)

Spong et al. (2008)
No relation
Negative

Spong et al. (2008)

Spong et al. (2008)
No relation

Negative

Positive

Negative

No relation

No relation

Cant (2000)

Da Silva et al. (1994)
Woodroe & Macdonald
(2000)
Woodroe & Macdonald
(2000)
Woodroe & Macdonald
(2000)
Woodroe & Macdonald
(2000)
Woodroe & Macdonald
(2000)
Woodroe & Macdonald
(2000)
No relation
Positive (possible artifact)
No relation
Negative

Da Silva et al. (1994)

Da Silva et al. (1994)

Da Silva et al. (1994)

Reference

No relation

No relation

No relation

Eect
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Nasua nasua

Octodon degus

Carnivora Ring-tailed
coatis

Degu

Prairie vole

Rodent

Rodent

Microtus
ochrogaster

Heogale
parvula

Carnivora Dwarf
mongoose

Species

Panthera leo

Common name

Carnivora African lion

Order

Table 6.1  continued from previous page
Measure
of
Sex Social factors
reproductive success)
Mean nb of adult fe- Litter size
males during gestation
Mean number of adult Litter survival
females per tenure
Mean nb of adult
females per breeding Litter survival
attempt
of cubs surviving to
Nb of adult females in Nb
F
1 year / nb of adult
the pride
females in the pride
of adult feNb of adult females in Rate
male mortality and
the pride
wounding
M
Nb of females in the Nb of yearling raised
&
pack
F
Nb of males in the pack Nb of yearling raised
Proportion of withinM
Nb of adult females
group paternity
Nb of males observed Proportion of withinwith the group
group paternity
Percentage of multiple
Number of females
litters in a group
Per capita direct
F
Nb of core females
tness (nb of young
produced)
Per capita direct
Nb of females
tness(nb of young
produced)
Nb of core females
Ospring survival
Nb of females
Ospring survival
Nb of ospring that
F
Nb of adult males
survived to 12 days per
female
Nb of ospring that
Nb of adult females
survived to 12 days per
female
Nb of ospring that
Nb of adult males
survived to 30 days per
female

Hayes et al. (2009)
Hayes et al. (2009)
No relation
No relation
Optimal size: 2
males

Mcguire et al. (2002)
Mcguire et al. (2002)

Negative
Optimal size: 2
males

Mcguire et al. (2002)

Hayes et al. (2009)

Hirsch & Maldonado (2011)

No relation

No relation

Hirsch & Maldonado (2011)

No relation

Hayes et al. (2009)

Creel & Waser (1994)
Hirsch & Maldonado (2011)

Positive
No relation

Negative

Creel & Waser (1994)

Positive

Mosser & Packer (2009)

Hodge et al. (2007)

Negative

Positive

Hodge et al. (2007)

No relation

Mosser & Packer (2009)

Hodge et al. (2007)

No relation

Quadratic

Reference

Eect
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Nb of adult females

Nb of adult males

F

F

Juvenile survival
Persistence
at
dominance
Persistence
at
dominance
Nb of pups reared to
weaning per capita
Deviation
of
the
number of infants
Deviation
of
the
number of infants
Deviation
of
the
number of infants

Nb of mature females

Net reproductive rate

Matriline size
Juvenile survival

Survivorship

Matriline size

Nb of mature males

Individual tness (λm )
LRS
LRS
LRS
LRS
LRS

Individual tness (λm )

Nb of adult females
Nb of females at
maturity
Nb of adult males
Total nb of males
Nb of young females
Nb of adult females
Total nb of females

M

Tuco-tuco
Black howler
monkey

Rodent

Primate

Marmota
marmota

Alpine marmot

Rodent

Ctenomys
sociabilis
Allouatta pigra

F

Marmota
aviventris

Yellow-bellied
marmot

Rodent

Nb of males
Nb of non-reproductive
females
Nb of females in
burrow system
Nb of adult males

F

Species

Common name

Order

Table 6.1  continued from previous page
Measure
of
Sex Social factors
reproductive success)
Nb of ospring that
survived to 30 days per
Nb of adult females
female
Nb of adult males
Juvenile survival
Nb of adult females
Juvenile survival
Nb of lactating females Per capita LRS

Allainé & Theuriau (2004)

No relation

Negative
Positive
(tendancy)
Negative

Negative

Allainé & Theuriau (2004)

Van Belle & Estrada (2008)

Van Belle & Estrada (2008)

Van Belle & Estrada (2008)

Lacey (2004)

Allainé & Theuriau (2004)

Allainé & Theuriau (2004)

Armitage & Schwartz (2000)

Armitage & Schwartz (2000)

Oli (2003)
Oli (2003)
Oli (2003)
Oli (2003)
Oli (2003)
Oli (2003)

Mcguire et al. (2002)
Mcguire et al. (2002)
Solomon & Crist (2008)
Oli (2003)

Mcguire et al. (2002)

Reference

Positive
No relation
No relation
No relation
No relation
No relation
Quadratic
maximum at
intermediate
value
Quadratic
maximum at
intermediate
value
Positive
Negative
(tendency)
No relation

Negative
(tendency)
No relation
No relation
Negative
Negative

Eect
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F

F

Lemur catta

Callithrix
jacchus

Papio baboons

Formosan
macaques

Lemur

Common marmoset

Primate

Primate

Primate

Primate

Papio
cynocephalus
anubis
Macaca
cyclopis

Cebuella
pygmaea

Pygmy
marmoset

Primate

Primate

F

F

F

F

Gorilla
beringei
beringei
Leontopithecus
rosalia

Mountain
Gorilla
Golden Lion
Tamarin

Primate

Species

Common name

Order

Hsu et
Hsu et
Hsu et
Hsu et

Hsu et al. (2006)

Positive
No relation
No relation
Negative
Negative
Quadratic
(Maximum at
intermediate
nb of females)
Quadratic
(Maximum at
intermediate
nb of females)
Quadratic
(Minimum at
intermediate
nb of females)
Positive

Infant mortality

Nb of adult females

Nb of juveniles

Nb of surviving infants

Nb of adult females

Nb of adult males

Birth rate

Koenig (1995)

Takahata et al. (2006)

Takahata et al. (2006)

Takahata et al. (2006)

al. (2006)
al. (2006)
al. (2006)
al. (2006)

Hsu et al. (2006)

Hill et al. (2000)

Mean infant mortality
Mean infant mortality
Mean infant mortality
Nb of infants weaned
per adult female
Nb of infants weaned
per adult female

Birth rate

Inter-birth interval

Dietz (1993)
Dietz (1993)
Heymann & Soini (1999)
Heymann & Soini (1999)

No relation
No relation
No relation
No relation
Quadratic
(minimum at
intermediate
nb of females)
No relation

Robbins et al. (2007)

Horwich et al. (2001)

Negative
Positive

Reference

Eect

Nb of infant surviving
Nb of infant surviving
Nb of infants
Nb of juveniles

Nb of adult females

Nb of adult females
Percentage of adult
females
Nb of adult females
Nb of adult males
Percentage of adult
females
Percentage of adult
males

Nb of females

Nb of adult females
Nb of adult males
Nb of adult males
Nb of adult males

Table 6.1  continued from previous page
Measure
of
Sex Social factors
reproductive success)
Mean nb of immatures
Female group size
per female
Multi-male groups vs Ospring survival
F
one-male groups
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Howler monkey

Mantled howler

Yellow baboon

Primate

Primate

Lion-tailed
macaque
Japanese
macaques

Common name

Primate

Primate

Primate

Order

Papio
cynocephalus

Alouatta
palliata

Alouatta spp.

Macaca fuscata

Macaca silenus

Species

F

M

F

F

Nb of mature females

Nb of females

Nb of males

Nb of females

Nb of males

Nb of females

Nb of males

Nb of females

Nb of males

Nb of adult females
Nb of adult females
Nb of adult females
Nb of adult females
Nb of adult and subadult females
Nb of adult and subadult males

Age
at
maturation

Charpentier et al. (2008)

Negative
Negative
Positive
Negative
No relation
Earlier maturation with decreasing number of females

the
of
the
of
the
of
the
of
the
of

physical

Ryan et al. (2008)

No relation

the
of

Ryan et al. (2008)

Ryan et al. (2008)

Ryan et al. (2008)

Ryan et al. (2008)

Ryan et al. (2008)

Ryan et al. (2008)

No relation

the
of

Ryan et al. (2008)

Treves (2001)

No relation

Positive

Nb of juveniles
Deviation from
expected number
infants
Deviation from
expected number
infants
Deviation from
expected number
immatures
Deviation from
expected number
immatures
Deviation from
expected number
infants
Deviation from
expected number
infants
Deviation from
expected number
immatures
Deviation from
expected number
immatures

Takahata et al. (1998)
Takahata et al. (1998)
Takahata et al. (1998)
Takahata et al. (1998)
Treves (2001)

Kumar (1995)

Reference

the
of

Positive
No relation
No relation
No relation
Negative

Negative

Eect

Birth rate
Infant mortality
Birth rate
Infant mortality
Nb of juveniles

Table 6.1  continued from previous page
Measure
of
Sex Social factors
reproductive success)
M
Birth rate per female
&
Nb of adult females
per year
F
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Common name

Mandrills

Order

Primate

Mandrillus
sphinx

Species

M

Nb of adult males in
groups

Nb of mature females

rst

Probability of siring
ospring

Age
at
reproduction

Table 6.1  continued from previous page
Measure
of
Sex Social factors
reproductive success)

Earlier
reproduction
with decreasing number of
females
Positive

Eect

Setchell et al. (2005)

Charpentier et al. (2008)

Reference
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An intriguing question is to know whether, in the Alpine marmot, dominants direct
their aggressiveness towards particular subordinates according to their age, their size or
their relatedness. Our result do not allow us to conclude on the existence of behaviour
to maintain an optimal number of subordinates in the dominant Alpine marmot. Nevertheless, the idea of reproductive concession by the dominant for retaining subordinates
in the group does not seem to hold in this species. Indeed, the fact that the occurrence
of an extra-pair paternity is followed by the loss of dominance status suggests that the
loss of reproduction is due to the incapacity of the dominant to control its subordinates
and competitors from outside the social group. Instead, it rather supports the limited
control hypothesis (Clutton-Brock, 1998; Reeve

et al., 1998) which emphasizes the role

of intra-sexual competition in reproduction by subordinates. However, although they are
often presented as opposed, the optimal skew and the  limited control hypotheses are
not necessarily mutually exclusive. Indeed, it is possible that the two mechanisms are
involved in the loss of paternity in social groups.

6.5.4

Perspectives

In this study, we show that group composition strongly inuences the individual reproductive success, through cooperative behaviour or, on the opposite, through intra-sexual
competition.

However, the proximate mechanisms remain unknown and a lot of work

is still needed. On one hand, for a better understanding of the mechanisms, we should
rene the measure of competition.

Indeed, here we used an indicator of intra-sexual

competition, assuming that competition intensity is directly, and linearly correlated with
the number of same sex subordinates in the group.

However, additional behavioural

observations of aggressive interactions within group members and tentative of intrusion
or take-over would be needed to quantify precisely the intensity of competition.
On another hand, the study of the variation of competition intensity with the degree
of relatedness between group members may also give us important information on the
underlying mechanisms.

In group living species the relatedness between individuals is

often high, and was thought to be the driving force of the evolution of sociality and
cooperative behaviour (Hamilton, 1964a,b). Competition between individuals in social
group was thus expected to decrease as the relatedness with group members increases
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(Hamilton, 1964a,b).
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However, more recent works suggest that high relatedness may

rather increase competition between individual (Grin & West, 2002; West

et al., 2007),

consequently lowering or even compensate the benets gain by cooperative behaviour
towards kin. If many studies paid attention to the role of relatedness in mechanisms of
cooperation in dierent taxa (see for exmaple Russell & Hatchwell, 2001; Stiver

et al.,

2005; Emlen & Wrege, 1988), few of them actually looked at the role of relatedness in
intra-sexual competition.

6.6 Sociality and Sexual selection
6.6.1

Sociality and variance in reproductive success

The variance in reproductive success is one measure of the potential of selection to act
(Arnold & Wade, 1984b). When variance is high, the potential for selection is large, and
sexual selection is expected to be strong (Arnold & Wade, 1984b,a). In our historical
view of sexual selection, variance in reproductive success was admitted to be higher
in males, the competitive sex, while the variance in reproductive success in females
were supposed to be low, all females being expected to reproduce and to reach their
maximal reproductive success (Bateman, 1948).
these predictions (Clutton-Brock, 1988).

Several empirical evidences support

However, the reproductive skew existing in

animal societies, and particularly in cooperative breeders, where only one or few females
monopolize reproduction, should increase the variance in female reproductive success.
And, the variance in female reproductive success should increase with the degree of
reproductive skew in social group.
Some author have proposed that, in cooperatively breeding species, singular breeders,
the strength of sexual selection should be inversed. Thus, the variance in reproductive
success should be higher in females than in males (Hauber & Lacey, 2005) (see table
6.2).

Indeed, in these systems, females have to acquire dominance to reproduce while

males who do not attain dominance may develop alternative strategies and reproduce
through extra-dominance paternity for example.

In the Alpine marmot, we did not

nd evidence for such an inversion in the potential of selection (see table 6.2) as the
standardized variance of reproductive success in males and females was found equivalent,
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Table 6.2: Measures of reproductive variability between females and males (RV) in species
showing dierent breeding systems.

English name
Latin name
Naked Mole-rat
Heterocephalus glaber
Damaraland Mole-rat
Cryptomys damarensis
Common Marmoset
Callithrix jacchus
Dwarf Mongoose
Helogale parvula
Meerkat
Suricata suricatta
African Wild Dog
Lycaon pictus
Alpine marmot
Marmota marmota
Lion
Panthera leo
Yellow-pine Chipmunk
Tamias amoenus
Black-tailed Prairie Dog Cynomys ludovicianus
Humans
Homo sapiens
Red Deer
Cervus elaphus
N. Elephant Seals
Mirounga angustirostris
Adapted from Hauber & Lacey (2005)

Breeding system
singular
singular
singular
singular
singular
singular
singular
other
other
other
other
other
other

RV
1.50
1.11
1.28
1.13
1.07
1.02
0.88
0.93
0.57
0.50
0.40
0.28
0.10

Reference
(Reeve et al., 1990)
Burland et al. (2002)
Nievergelt et al. (2000)
Keane et al. (1994)
Grin (2003)
Girman et al. (1997)
This study
Packer et al. (1988)
Schulte-Hostedde (2004)
Hoogland (1995)
Borgerho Mulder (1988)
Clutton-Brock (1988)
Le Boeuf & Reiter (1988)

considering either observed or realized reproductive success. One possible explanations is
that, although extra-paternity occurs in the Alpine marmot (Goossens

et al., 2006),

et al., 1998; Cohas

they are punctual event in male's life and may not be frequent enough to

signicantly decrease the variance in males' reproductive success.
Cooperatively breeding system with singular breeder represents an extreme case in
term of reproductive skew and the inversion in the strength of sexual selection should
not concern the other systems (Hauber & Lacey, 2005). Nonetheless, the establishment
of a social hierarchy between females is extremely frequent in animal societies, and often
lead to a bias in reproductive success (Ellis, 1995). Sociality is thus expected enhance
variance in female reproductive success.

6.6.2

Dominance and evolution of competitive abilities

As a consequence of competition for sexual partner acquisition, several traits maximizing
males' chances to outcompete the other males have evolved (Anderson, 1994). As females
may also compete to access to mate or resources needed to breed, females should also have
developed competitive abilities. Particularly, in cooperatively breeding species, female
strongly compete for dominance acquisition and maintenance. Thus, traits maximizing
the probability of acquiring and maintaining dominance should have evolved in females.
In the meerkat

Suricata suricatta,

it has been shown that traits enhancing competitive

abilities have evolved. Particularly, dominant females show a large body mass dierence
with their subordinates, have a high probability of initiating aggression, and present a
high level of circulating testosterone, which is associated with aggressiveness (Clutton-

6.6. SOCIALITY AND SEXUAL SELECTION
Brock

et al., 2006).
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Appendix A

Sex-specic senescence in body mass
of a monogamous mammal: a
by-product of social
thermoregulation?

Abstract
Studying senescence of life history traits in free-ranging populations is limited by the
lack of exhaustive data in the wild. In this study we used an extensive dataset of 20 years
of measurements on free-ranging male and female Alpine marmots, a medium-sized,
long-lived, social and hibernating mammal, to assess sex-specic patterns of senescence
in body mass. We tested for the occurrence of both a decrease in body mass with age
(called chronological senescence) and a decrease of mass during the ultimate year of
life independent of age (called terminal decline). We found a terminal decline in body
mass in both sexes, but only males showed chronological senescence. Such unexpected
between-sex dierences in senescence in a weakly dimorphic species might be shaped by
direct or indirect costs of both asymmetric intra-sex competition for mates, and social
thermoregulation.

Keywords :

Ageing,

Individual heterogeneity,

Marmota marmota,

Marmots,

Sexual

selection.
Marion Tafani, Aurélie Cohas, Christophe Bonenfant, Jean-Michel Gaillard, Sophie Lardy and Dominique Allainé.

Sex-specic senescence in body mass of a monogamous mammal:

social thermoregulation?

Oikos,Under revision
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A.1 Introduction
Senescence is usually dened as a within individual process caused by deterioration in
molecular and physiological functions (Medawar, 1952; Williams, 1957; Hamilton, 1966),
which increases probabilities of both mortality and unsuccessful reproduction as individuals age (Monaghan

et al., 2008).

However, senescence appears as a highly heterogeneous

process. The magnitude of senescence depends on the focal trait, on the focal species,
on environmental conditions, and even on the focal individual, leading to a mosaic ageing pattern (

sensu

Walker & Herndon, 2010). If we look at one individual, according

to this mosaic ageing, an accumulation of physiological deterioration occurs at dierent
locations, times and rates in the body, generating a complex pattern of ageing that we
can only assess by using long-term monitoring of individuals from birth to death. Some
factors have been identied as structuring this mosaic ageing both among and within
species. For instance, the rate of ageing increases with decreasing generation time among
species (Jones

et al.,

2008; Ricklefs, 2010b), with increasing population density during

early life among cohorts (Nussey

et al.,

2007), and with increasing sexual segregation

among males (Clutton-Brock & Isvaran, 2007).
In most theoretical and empirical studies performed to date senescence has been perceived as a chronological decline in performance with age (called ageing, see Ricklefs,
2010a, for a recent review on actuarial senescence) starting from the age at rst reproduction (Hamilton 1966). Alternatively, McNamara
is not limited by time
among individuals.

per se,

et al.

(2009) proposed that lifespan

but by physical deterioration over time, which can vary

Senescence could then correspond to an individual-specic physi-

ological decline independent of age at the population level that involves a decrease of
performance for a given individual right before its death (Coulson & Fairweather, 2001;
Hayward

et al., 2009).

Such a decrease of performance is assessed using years before death

(YBD: age at death minus age, Reed

et al.,

2008) rather than age. When the decline

occurs within the last year of life, senescence can be viewed as a terminal decline, which
has been found to occur in females of some vertebrate species (Rattiste, 2004; Weladji

et al., 2006; Nussey et al., In press) since the pioneering work by Coulson & Fairweather
(2001). Hence, senescence could involve both age-dependent and age-independent processes (see Martin & Festa-Bianchet, 2011, for a case study on female bighorn sheep).
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However, whether the relative importance of these processes is species-specic or varies
between sexes remains an unanswered question.

Several long-term longitudinal studies have reported evidence of senescence for dif-

e.g.

ferent life history traits in populations of wild vertebrates (
and Lecomte

MacNulty

et al. (2010) for foraging ability, Monaghan et al. (2008) and Hayward et al.

(2009) for immune system and physiology, Owens (2002) and Gaillard
survival in birds and large herbivores, respectively; and Descamps

et al.

et al. (2009)

et al.

(2003) for

et al. (2007); Nussey

(2009) and Sharp & Clutton-Brock, 2010, for reproductive traits of red squirrels,

red deer, and meerkats, respectively).

However, except a recent detailed analysis of

senescence in females of three ungulate species (Nussey

et al.,

In press), only anecdo-

tal reports of senescence in body mass from longitudinal studies exist in mammals (see
Berube

et al.

et al. (1999) in bighorn sheep (Ovis canadensis ), Bowen et al. (2006) and Prott

(2007) in grey (

Halichoerus grypus )

Leptonychotes weddellii ),

and Weddell seals (

Ursus maritimus )

respectively, Derocher & Stirling (1994) in polar bears (

et al., 2009,

Rupicapra rupicapra )).

in Alpine chamois (

and Garel

Males with demanding mating

tactics, allocating a high amount of energy in searching and securing mates, have been
shown to demonstrate body deterioration with age, visible through a higher loss of body
mass either within or among years towards the end of life (Bowen

et al., 2006; Galimberti

et al., 2007; Homan et al., 2010).
Taking advantage of an especially detailed long-term individually based monitoring,
we investigated whether chronological senescence and/or terminal decline shape withinindividual variation in body mass over the lifetime in the Alpine marmot. The Alpine
marmot is a medium-sized and long-lived mammal, as male and female marmots can live
up to 13 and 16 years in the wild, respectively. Alpine marmots are socially monogamous
and live in family groups typically composed of a dominant pair, sexually mature and
immature (yearling) subordinates of both sexes and juveniles of the year (Perrin

et al.,

1993). They are cooperative social breeders hibernating from mid-October until earlyApril.

Body mass has been demonstrated as an inuencial trait on the demography

of several species (Murie & Boag, 1984; Berube
Raveh

et al.,

1999; Galimberti

et al.,

2007;

et al., 2010), and is a reliable indicator of individual performance in marmots, as

both reproductive success and survival are positively inuenced by body mass (Armitage
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et al., 1976; Ozgul et al., 2010).

In north American polygynous marmots, heavier males

have access to a larger number of mates (Raveh
rate (Ozgul

et al.,

2010).

et al., 2010) and have a higher survival

Body mass confers advantages to winter survival.

Indeed,

hibernation is energetically costly and the only source of energy for hibernation is body
fat accumulated during summer because no food is stored (Bibikow, 1996; Armitage,
2003). This is particularly true in Alpine marmots where animals may lose up to 30% of
their fall body mass (Arnold, 1990b).
Long-term monitoring of Alpine marmots permitted at rst, after accounting for the
confounding eects of individual heterogeneity (Vaupel

et al.,

1979; van de Pol & Ver-

hulst, 2006), to assess changes of age-specic body mass of individuals throughout their
lifetime. As senescence is pervasive in vertebrate life history traits (Gaillard & Bonenfant, 2008), we expected body mass of male and female marmots to decrease towards the
end of life. Based on the monogamous mating system of Alpine marmots and on their
weak sexual size dimorphism (males are only around 3% larger than females, this study)
we expected the magnitude of senescence to be similar in males and females (CluttonBrock & Isvaran, 2007).

We then tested more specically the relative suitability of a

chronological ageing and a terminal decline in shaping senescence in body mass.

A.2 Materials and Methods
A.2.1

Study population and data collection

The population of Alpine marmots is monitored since 1990 in La Grande Sassière Nature

o

0

o

0

Reserve at an altitude of 2300m (French Alps, lat 45 29 N, long 6 59 E). From 1990 to
2010, Alpine marmots have been caught each year from early April to mid July. Dominants of a given family emerge from the same burrow after hibernation, mating starts
shortly after and lasts few weeks (Armitage, 2003). Marmots were trapped using two-door
live-capture traps baited with dandelion

Taraxacum densleonis

(see Cohas

et al., 2007a,

for details). Once trapped, individuals were tranquillized with Zolétil 100 (0.1ml.kg

−1 ),

and individually marked with a unique numbered ear tag and a transponder (Trovan,
Germany). Captured marmots were sexed, weighed, and measured for several morphological variables. As only dominant individuals are supposed to reproduce (Hacklander,
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2003), social status of individuals was assigned from scrotal development for males and
from pregnancy or lactation status for females. However, as extra pair copulation have
been observed in our study population (Goossens

et al., 1998; Cohas et al., 2006), scent

marking and aggressive behaviour, based on daily observations, were used to conrm the
dominance status. Alpine marmots being territorial and our population being structured
in stable family groups, individual identity and movements were thus easily recorded.

Only individuals monitored throughout their adult lifespan (

i.e.,

dominants) were

included in the analysis.

The oldest animals were 13 and 16 years of age for males

and females, respectively.

Once sexual maturity is reached, at two years of age, most

individuals disperse to establish dominance and start breeding the following year. The
other ones, either dead or established as dominant outside the study area were thus no
longer monitored (see Cohas

et al., 2007a) and removed from the dataset.

Subordinates

either disperse to become dominant elsewhere, or stay in their family for a longer time,
making them more dicult to monitor.

Immigrant individuals that established their

dominance in our study site were also included in the analysis.

As senescence should

not occur prior to the age at maturity (Hamilton, 1966), we restricted the analysis to
potentially breeding marmots (
when they have reached

i.e.

3 years of age and older, Schwartz & Armitage, 2005)

> 90% of their peak adult body mass.

As most marmots disperse

at 2 years of age, the age of 3 was assigned to immigrants at their arrival on the study
site (Lardy

et al.,

2011).

Dominant marmots stay on the same territory their whole

life and the probability for an individual to become dominant again after having been
evicted is extremely low. The eviction of a dominant marmot by a challenger results in
severe injuries or imply that the evicted dominant hibernate alone the following winter,
leading to its death in most cases (Allainé & Theuriau, 2004; Lardy

et al.,

2011). We

consider here that all individuals evicted from dominance died the following year, since
none re-established in another territory, neither became subordinate.

Hence, the last

year an individual was seen as dominant before eviction, or the year prior its observed
death, was considered as being its last year of life (Lardy

et al., 2011).

We collected 294

age-specic body mass measures on 101 dominant marmots (56 males and 45 females)
aged between 3 and 16 years of age. The average number of measures per individual is
2.8 knowing that around 50% of the individuals where sampled only once after the age
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of 3 (mostly still young individuals) while

50% of the individuals where sampled between

2 and 12 times during the 1990-2010 period (once a year, with a mean of 4 times).

A.2.2

Statistical analyses

Intra-annual variation in body mass
As Alpine marmots hibernate between fall and early spring, they spend the active season
accumulating enough fat for both surviving during hibernation and initiating reproduction the following year (Schwartz & Armitage, 2005). Hibernation thus involves a cyclic
pattern of body mass variation within a year that might confound age-specic variation.
To account for this process we used a baseline model including the eect of body mass
variation within a year. We rst explored the relationship between body mass and capture date with a linear or quadratic eect of date of capture within a year (Ozgul

et al.,

2010). To account for year eects on body mass, the year of capture was also included in
the model. Likewise, as the sun exposure of the marmot territory (either in the valley or
oriented south) is expected to aect body mass through vegetation availability (Allainé

et al., 1998) we included aspect into the model.

We did not test for altitude because the

whole study site is at the same elevation, neither for social factors because we restricted
the analysis to mature adults of the same social status (

i.e.

dominant). We used linear

mixed models (LMMs, Pinheiro, 2000) to assess age-specic pattern of body mass variation. We included marmot identity as a random eect on the intercept to account for

sensu Hurlbert, 1984)

problems of both individual heterogeneity and pseudo-replication (

caused by repeated measures on the same animals. We adjusted one model for each sex,
called baseline model before testing for chronological ageing and terminal decline of
body mass.

Age-dependent senescence and terminal decline
We then tested for the occurrence of chronological senescence by adding age eects to
the sex-specic baseline model. We used Akaike Information Criterion (AIC) for model
selection, considering the random eect as one parameter (Pinheiro, 2000). We retained
the model with the lowest AIC as the best model. When the dierence in AIC between
competing models was less than 2 we retained the simplest model (Burnham, 2002). AIC
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weight (AICw) was calculated for each model, giving its relative likelihood to be the best
among the set of models tested.

Age was included either as a linear, a quadratic, or

as a discrete factor to account for potential non-linear eects of age on body mass. We
also tted threshold models in which body mass was held constant up to an estimated
threshold age, from which body mass started to decrease with age. To x the threshold
value, we used the deviance prole of a continuous age model with a varying threshold
(see Ulm, 1989). We selected the threshold age that led to the lowest deviance. To assess
the proportion of variation accounted for by a given model of age-specic body mass we
performed a deviance analysis (ANODEV, Skalski

et al., 1993).

ANODEV corresponds

to a comparison among three models (the full age-dependent model (including age as
a discrete factor), the focal age-dependent model

e.g.,

linear, quadratic, or threshold

regression of body mass on age, and the age-independent model

i.e.,

baseline model)

and allows quantifying how much of the variation in body mass captured by the focal
age-dependent model compares with the total age-dependent variation included in the
full age-dependent model.

Subsequently, to test our prediction of terminal decline, we tested the changes in
body mass using a two-level factor last year of life, indicating whether or not the body
mass was measured during the individual's last year before death (see Weladji
2006; Reed

et al.,

2008; Nussey

et al.,

In press).

et al.,

This last variable can ultimately be

combined with age to assess whether senescence involved an age-dependent decline of
mass, a terminal decline of mass, or both. We included marmot longevity in the last
year or age-dependent model of body mass following van de Pol & Verhulst's (2006)
recommendations to account for individual heterogeneity.

As heavier individuals are

expected to live longer, not accounting for selective disappearance could indeed mask
senescence (Vaupel

et al., 1979; van de Pol & Verhulst, 2006).

We performed the analyses using R 2.10.1 (R Development Core Team, 2010) using
the function lme in the nlme library for linear mixed models (Pinheiro, 2000). Estimates
are given

± 1 s.e.
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A.3 Results
A.3.1

Intra-annual variation in body mass

Body mass markedly varied in relation to date and year of capture in both sexes, but
the patterns diered between sexes (gure A.1). Year of capture accounted for 13% of
the variation observed in body mass for males (P

0.01).

< 0.01),

and 14% for females (P

<

The eect of date of capture was quadratic for males, showing a slight decrease

of mass just after the end of hibernation followed by a strong increase during May-July
(linear

term = −45.64±14.02; quadratic term = 0.19±0.05, gure A.1a).

mass increased linearly with capture date along the season (slope of

Female body

8.66±0.95g/d, gure

A.1b). No eect of aspect was detected on body mass in both sexes (males:
females:

P = 0.33).

P = 0.73,

Likewise, we did not detect any eect of the two-way interactions of

all factors studied on body mass in any sex.
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Sex-specic body mass variation with date (between April 15th & July

15th) in julian days (interval of time in days since January 1st), once accounted for year
eects. (a) Male body mass shows a quadratic pattern with date, (b) Female body mass
increases linearly with capture date. For (a) & (b), each point correspond to the body
mass of captured individuals, thick lines are the predictions from the best model, & the
condence interval of the predictions from the best model are in dotted lines.

A.3.2

Age-dependent senescence

Male and female marmots had markedly dierent age-specic patterns of variation in
body mass (Table A.1, Figure A.2). The best model for males included age as a factor
(AICw

= 0.60), suggesting that the pattern of body mass variation from 3 to 13 years of

age was too complex to be captured with linear or quadratic eects of age. However, a
model including a threshold after 8 years of age outperformed linear or quadratic eects
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of age and the baseline model (Table B.1). This threshold model accounted for 13% of
observed variation in body mass with age (ANODEV, Table A.1, gure A.2a). Average
adult male body mass was 3798.5 g between 3 and 8 years of age (average between years
at the mean capture date), and decreased by about 75 g per year (slope:

−74.90 ± 49.77,

gure A.2a) from 8 years of age onwards, leading the oldest individuals to lose about
10% of their adult mass at the end of their life. Contrary to males, female body mass did
not change at all with age (gure A.2b). The baseline model outperformed all models
with additional age-dependent eects (Table A.1). The average mass of females across
the entire life span was 3704.6 g. To check the consistence of our results, we removed
the oldest individual(s) of both sexes (13 years old for males, 16 years old for females)
and all patterns remained the same. Including longevity did not improve the model t
for both sexes.
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Figure A.2: Sex-specic body mass variation with age once accounted for capture date
& year (with mean: black dots & SE: error bars).

(a) Male body mass.

(Black dots

represents mean body mass variation per age & are equivalent to the model with age as

i.e.,

a factor). Thick line: prediction of the threshold model (

the best model with age

tted as a continuous variable) with condence interval in dotted lines corresponding to
a constant body mass up to 8 years of age followed by a linear decrease. (b) Female body

i.e.,

mass. The best model corresponds to the absence of inuence of age on body mass (
constant model).

A.3.3

Age-independent terminal decline

In support to the terminal decline hypothesis, both males and females lost body mass
during their last year of life once the eect of longevity was accounted for (Table A.2
and gure A.3). Observed variation in male body mass was satisfactorily explained by
both age and last year of life (AICw

= 0.86).

The best model included both full age-
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Table A.1: Age-specic models of body mass variation in male and female Alpine marmots. The best sex-specic age-independent model (Base) is used as the reference (providing a standardized mass). Age corresponds to a linear relationship between standardized mass and age, Age

2 to a quadratic relationship between standardized mass, F(age)

to the full age-dependent model (including age as a discrete factor), and Threshold to the
best threshold regression model linking age and standardized mass (see text for further
details).

The best model occurs in grey cells.

Base and F(Age) are used to calculate

ANODEV, they therefore have no value associated. The number of terms is indicated
by K.

Base
Age
Age2
F(Age)
Threshold

Males
(84 individuals)
∆ AIC AICw
ANODEV
3.414
0.110
4.089
0.078
0.060
4.755
0.056
0.128
0
0.604
2.749
0.153
0.129

K
23
24
25
33
24

K
21
22
23
32
22

Females
(72 individuals)
∆ AIC
AICw ANODEV
0
0.500
1.825
0.201
0.015
3.158
0.103
0.079
10.494 0.003
1.893
0.194
0.009

dependence and a terminal decline (gure A.3, Table A.2). Males lost

215.62g ± 75.34g

during their last year of life, corresponding to about 6% of their full mass.
longevity (slope:

−16.69 ± 23.14)

Including

did not improve the model t, indicating that males

living longer were not necessarily heavier at a given age.

While females did not show

any chronological senescence, they showed terminal decline by losing

123.71g ± 64.32g

the year before death (gure A.3, Table A.2), corresponding to about 3% of their full
mass. Similarly to males, adding longevity in the model did not improve the model t
(AICw

= 0.09,

slope:

−1.05 ± 18.14).

A.4 Discussion
While between-sex dierences of ageing rates is the rule for dierent life history traits in
a wide diversity of taxa including crickets (Zajitschek

et al., 2009), birds (Lecomte et al.,

2010) and mammals (Clutton-Brock & Isvaran, 2007), the mechanisms involved have not
been yet identied (Bonduriansky

et al.,

2008).

Additionnaly, evidence for senescence

in mass has been previously reported in mammals (see Nussey

et al.,

In press, for a

recent detailed analysis), but previous studies focused on females and did not look for
possible between-sex dierences.

We found here clear evidence of senescence in body

mass for both sexes in marmots, a medium-sized social and hibernating mammal. Both
a decrease of mass with increasing age and a terminal loss of mass occurred in males,

A.4. DISCUSSION

121

Difference between last year
and mean body mass(g)

200
100
0
−100
−200
−300
−400
−500

Males

Females

Figure A.3: Sex-specic body mass variation between marmots still alive next year &
marmots in their last year of life, for each sex, once capture date & year are accounted
for (mean: black dots, & SE: error bars). Females are on the left (eect of the last year
of life only), & males on the right (eect of the last year of life, once accounted for full
age-dependence, see text for further details).

Table A.2: Modelling age-specic pattern of body mass variation in male and female
Alpine marmots using linear mixed models.

The baseline model (Base) accounts for

seasonal variation of body mass in both sexes. The best model is in bold. Model selection
has been performed using Akaike Information Criterion (AIC). Akaike weights (AICw)
correspond to the relative likelihood of a model to be the best among the set of models
tested. The number of terms is indicated by K.

Model
Base
Age
Age2
F(Age)
Threshold (8ans)
Last year
Longevity
Longevity2
Age + longevity
Age2 + longevity
F(Age) + longevity
Last year + longevity
Age + last year
Age2 + last year
F(Age) + Last year
Threshold + last year
Age * last year

Males
N = 141 (56 individuals)
K ∆ AIC
AICw
23 12.358
0.002
24 13.033
0.001
25 13.699
0.001
33
8.944
0.010
24 11.693
0.002
24
6.921
0.027
24 14.339
0.001
25 14.754
0.001
25 14.944
0.000
26 15.619
0.000
34 10.697
0.004
25
8.299
0.014
25
8.806
0.010
26
9.108
0.009
34
0
0.857
25
7.272
0.023
26 10.694
0.004

Females
N = 153 (45 individuals)
K ∆ AIC
AICw
21
2.267
0.080
22
4.092
0.032
23
5.425
0.016
32 12.761
0.000
22
4.16
0.031
22
0
0.247
22
4.034
0.033
23
5.803
0.014
23
5.978
0.012
24
7.261
0.007
33 14.584
0.000
23
1.997
0.091
23
1.397
0.123
24
2.74
0.063
33
8.424
0.004
23
1.797
0.101
24
2.159
0.084

whereas a terminal loss but no age-specic change occurred in female mass. Senescence in
body mass of marmots involved a terminal decline for both sexes, underlying the importance of accounting for such last-year eect before looking at age (gure A.3, Coulson &
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Fairweather, 2001; Catry

et al., 2006).

As body mass markedly inuences reproductive

success and survival of marmots (Armitage

et al.,

1976; Armitage, 2003; Ozgul

et al.,

2010), we thus expect both tness components to show senescence in this species, as
reported in several vertebrate species (survival: Owens (2002) in birds, Gaillard

et al.

(2003) in large herbivores, Ricklefs (2010a) in captive and wild vertebrates; reproductive
performance: Berman

et al. (2009)in seabirds, Nussey et al., 2009, in red deer).

The intensity of sexual selection has been proposed as a driver of the greater actuarial
senescence reported in males of highly polygynous and/or dimorphic species (CluttonBrock & Isvaran, 2007), but this process is unlikely to explain the between-sex dierences
in senescence in body mass we report in the monogamous and monomorphic Alpine
marmot, or the between-sex dierences in foraging ability reported for species such as
the monogamous albatross (Lecomte

et al.,

2010).

The cost of territoriality in Alpine

marmots could explain partially this pattern but it does not seem to dier largely between
sexes, because the annual probability for a dominant Alpine marmot of being replaced is
about 8% for females and 11% for males (Arnold, 1990b). The occurrence of a terminal
decline of body mass of both sexes suggests that some particular event occurs in short
notice before the animal dies.

This decline is sudden rather than progressive, and its

magnitude is not amplied for old individuals, suggesting that an external cause of death
is involved. This nding is consistent with the terminal illness hypothesis proposed by
Coulson & Fairweather (2001), as ectoparasite load increases winter mass loss, and lower
winter survival (Arnold, 1993); however, the latter study did not prove that the parasite
load was greater on older individuals, and the terminal illness hypothesis poorly explain
the dierence between sexes in terminal decline.

Alternatively, an increase in intra-sexual competition might be involved in the terminal loss of body mass that usually preceedes loss of dominance and death in marmots
(Allainé & Theuriau, 2004; Lardy

et al., 2011).

Despite being principally monogamous,

extra-pair paternity occurs in Alpine marmots groups (Goossens

et al., 1998), dominant

males thus suppress reproduction of subordinates males through aggressive behaviour
(Arnold & Dittami, 1997), and the energy invested by dominants in controling subordinates reproduction and monopolizing breeding increases with the number of subordinates
males in the group (Cohas

et al., 2006).

It has been shown that male reproductive senes-
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cence has the potential to foster conicts between ageing males and their competitors,
young subordinate males being able to steal some of the paternity only when the dominant male was old (feral fowl

Gallus gallus, Dean et al., 2010).

Therefore, as old dominant

males emerge in lower body condition than the other males in their last year of life (lower
body mass), the intense intra-sexual competition undergone at the begining of the mating season can accelerate body mass loss and in the case of Alpine marmots lead to death
(Allainé & Theuriau, 2004; Lardy

et al., 2011).

The rate of intra-sexual competition for

territory and reproduction might be less important for females who lose less mass than
males the year prior to death.

We also found that males show clear evidence of chronological senescence while females did not (gure A.2).

This striking nding was unexpected in this monogamous

and monomorphic species (average body mass of 3.8 and 3.7 kg at mean capture date for
adult males and females, respectively, in this study). From 8 years of age onwards, the
body mass of males decreased at a constant rate until the last year of life during which a
marked terminal decline occurs (gure A.2a). On the contrary, the body mass of females
remained quite constant throughout female lifetime (gure A.2b) until one year before
death, when a terminal decline occurred. Likewise, the magnitude of the terminal decline
is about twice greater in males than in females. Overall, our results clearly demonstrate
that the onset of body mass senescence occurs earlier (at least for marmots older than
8 years of age) and with a much higher intensity in males than in females in this social,
monogamous, and monomorphic mammalian species. Winter survival and body condition at emergence may thus be the key demographic parameters for sex-specic energy
allocation taking the form of fat transformation or mass loss.

Hibernation has been reported to lead to longer lifespan (Wilkinson & South, 2002)
and to lower senescence rate because of decreased predation rate (Bieber & Ruf, 2009) or
caloric restriction (Wilkinson & South, 2002). However, hibernation bear costs in social
species in relation to social thermoregulation (Arnold, 1990b; Armitage, 2003; Zervanos
& Salsbury, 2003).

Hibernating species increase their winter survival by alternating

phases of torpor (extreme slow down of physiological functions) and euthermy (arousal)
to save energy accumulated as fat in spring. Alpine marmots use most of their energy
savings during euthermic periods of hibernation (Arnold, 1988), and dominant males
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arouse more frequently than females (see Arnold, 1988, 1993, for
and Zervanos & Salsbury (2003) for

Marmota monax ).

Marmota marmota,

As a consequence, males spend

38% more energy in hibernation than do females (Zervanos & Salsbury, 2003). Similarly
in ground-dwelling squirrels, males of several species end torpor 10 to 30 days before
emergence of hibernation while staying without feeding in their burrow (Young, 1990;
Armitage, 2003). Hence, this is likely more energy-consuming for males than for females.
Males might pay the costs of being more active than females in social thermoregulation,
in terms of somatic maintenance, by suering more pronounced decline in physiological
traits like body mass.
Finally, our ndings of dierent senescence patterns between sexes involving dierent
processes point out the complexity of senescence mechanisms in free-ranging mammals.
Although further work is required, our study of the monogamous social Alpine marmot
suggests, in support to the mosaic ageing view of senescence proposed by Walker &
Herndon (2010), that the mechanisms underlying between-sex dierences in senescence
might strongly dier depending on the species life history.

Appendix B

Evolutionary trade-o between
weapon length and sperm size in
ungulates

Abstract

In most species, males compete to gain both matings (pre-copulatory competition) and
fertilizations (post-copulatory competition) to maximize their reproductive success.
However, the quantity of resources devoted to sexual traits is nite, and so males should
trade-o their investment between pre- and post-copulatory expenditure.

We tested

this assumption in ungulates, where males can invest in weapons such as horns or
antlers to increase their mating gains or in testes mass/sperm dimensions to increase
their fertilization eciency.

Our results show a negative association between weapon

length and sperm length but surprisingly no association between weapon length and
testes mass.

Moreover, the negative association between weapon and sperm length is

principally driven by sperm tail length.

Since sperm tail length is strongly correlated

with sperm velocity, a determinant of male reproductive success in mammals, our results
suggest that male ungulates trade-o their reproductive budget between an investment
in weapon length to gain matings and an investment in sperm velocity to increase
their fertilization success. We suggest that variation in mating systems or tactics could
determine male preferential investment in sexual traits in these species.
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Cohas. Evolutionary trade-o between weapon length and sperm size in ungulates.
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B.1 Introduction
Understanding the diversity and evolution of primary and secondary sexual traits is a major interest in evolutionary ecology (Anderson, 1994; Clutton-Brock, 2007; Cornwallis &
Uller, 2010; Leonard, 2010). There is substantial evidence that intrasexual male competition has shaped male sexual traits (review in Anderson, 1994; Birkhead, 1998; Leonard,

i.e

2010). Firstly, males compete for mating opportunities (

pre-copulatory competition)

and individuals who invest in secondary sexual traits such as ornaments or weapons are
better competitors and gain more mating events (e.g. Preston

et al., 2003; Loyau et al.,

2007). Secondly, in species where females mate with more than one male in the same
reproductive bout, males compete to fertilize a set of ova through sperm competition

i.e

(

post-copulatory competition) (Parker, 1970; Birkhead, 1998). In most cases, sperm

competition can be compared to a rae where the male probability to fertilize eggs
is proportional to the quantity of ejaculated sperm (Parker, 1998; Wedell

et al.,

2002;

Pizzari & Parker, 2009), although other determinants of ejaculate quality such as sperm
velocity or longevity can also play an important role in the outcome of sperm competition
(Snook, 2005; Pizzari & Parker, 2009).

Consequently, sperm competition has selected

for adaptations that increase both sperm quantity and/or quality. For example, in mammalian taxa, testes mass (relative to body mass), a proxy of sperm quantity (Møller,
1989), is strongly associated with dierent proxies of sperm competition such as social
group size in bats (Hosken, 1997) or the percentage of within-litter multiple paternity
in rodents (Ramm

et al., 2005).

Therefore, both pre- and post-copulatory competitions

strongly inuence the evolution of primary and secondary sexual traits (Anderson, 1994;
Birkhead, 1998).
The expression and maintenance of sexual traits involved in both pre- and postcopulatory competition is energy and time consuming (Anderson, 1994; Pitnick, 1996;
Ramm & Stockley, 2010) and are generally associated with various costs. For example,
conspicuous secondary sexual traits often cause high predation risks (Zuk & Kolluru,
1998) and male investment in both pre- and post-copulatory traits decreases immune
eciency (Simmons & Roberts, 2005; Garvin

et al.,

2008). Due to these costs and the

limited amount of resource that they can allocate to sexual competition, males are expected to trade-o their reproductive investment between traits involved in competition
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for mating and in the production of high quality ejaculates (Parker, 1998; Parker &
Pizzari, 2010). To date, such patterns have been found in beetles from the genus Onthophagus, where the allometric slope of horn size on body size is negatively correlated
with the allometric slope of testes size on body size (Simmons & Emlen, 2006). Although
constraints on male development and maintenance of sexual traits can potentially explain
the evolution of male sexual phenotypes, inter-specic relationships between investment
in pre- and post-copulatory traits remain seldom studied.

Moreover, in this context,

investment in sperm quality has never been considered.

Ungulates are particularly suited to investigate covariation between investment in
sexual traits since males from this group face intense competition both to secure matings
and fertilize ova (Bro-Jørgensen, 2011) and have consequently developed traits to increase
their success under both pre- and post-copulatory competition (Bro-Jørgensen, 2007,
2011). Indeed, males bear conspicuous weapon such as horns for Bovidae and antlers for
Cervidae that have been sexually selected because they provide males an advantage in
gaining matings and ultimately an increased tness (Clutton-Brock, 1982; Bro-Jørgensen,
2007).

Cervus elaphus ),

For example, in red deer (

lifetime reproductive success (Kruuk

antler size is correlated with male

et al., 2002) and in Soay sheep (Ovis aries ) larger

horns enhance the probability of being observed in consort, which in turn is related to
mating success (Preston

et al., 2003).

In addition, ungulate species where males face a

high level of sperm competition have developed larger testes (Ginsberg & Rubenstein,
1990; Lemaître

et al., 2009) and sperm velocity is also likely to be under strong selective

pressure since this parameter is directly related to variation in male fertility (
deer, Malo

e.g.

red

et al., 2005).

In this study, we use a comparative analysis on ungulates to test for a trade-o
between male investment in weapon (horns or antlers) length and testes mass and/or
sperm dimensions.

We expect that the relative size of these pre- and post-copulatory

traits should be negatively correlated. However, it is important to note that sperm is a
complex cell divided in three main structures (head, midpiece and tail) closely associated
with specic functions (reviewed in Birkhead, 2009). Therefore, if a negative association
is found between weapon length and sperm length, we predict that this association should
be stronger between weapon length and midpiece length/volume or tail length than
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with head length due to the strong association between sperm velocity and midpiece
length/volume or tail length (review in Birkhead, 2009).

B.2 Material & Methods
B.2.1

Dataset

Data were collected on adult males of Bovidae and Cervidae species, the two main families
of weaponed Artiodactyla. We rst started our literature survey on weapon length (horn
length for Bovidae and antler length for Cervidae) because available data are more limited
for this trait than for other sexual traits (

i.e.

testis size and sperm dimensions). Our

data on weapon length and body mass come principally from two recently published
reviews (Bro-Jørgensen, 2007) for Bovidae and Plard

et al.

(2011) for Cervidae.

For

paired testes mass and sperm dimensions, we also mainly used data from published
comparative studies (Ginsberg & Rubenstein (1990); Anderson
testes mass; Anderson

et al.

(2004) for paired

et al., 2005, for sperm length, sperm head length, sperm midpiece

length and volume, and sperm tail length). The dataset was then supplemented using
information from more specic sources. All these data are provided in the Supporting
Information 1.
The nal dataset contains information on weapon length, body mass, paired testes
mass and sperm dimensions for 58 Artiodactyla species including 40 species of Bovidae
(29% of Bovidae species) and 18 species of Cervidae (35% of Cervidae species) (Wilson
& Reeder, 2005). Since testes mass and all sperm dimensions were not always available
for all species, sample sizes vary from 45 to 54 species in the statistical analysis.

B.2.2

Comparative method

Species may share characteristics as a result of a common ancestry. This could create
dependency among the data, which potentially compromises statistical tests (Harvey,
1991). In order to control for this non-independence between species, a phylogeny of the
studied Artiodactyla species was derived from the phylogenetic supertree of mammals
with topology and branch length of Bininda-Emonds

et al.

(2007). We then used phylo-

genetic generalized least-squares models (PGLM, procedure implemented in R by Gage
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and Freckleton Gage & Freckleton, 2003) using a variance-covariance matrix extracted
with the R-package ape

(Paradis

et al.,

2004), from the constructed phylogenetic

tree. This statistical method estimates an index of phylogenetic correlation called

λ that

varies between 0 (phylogenetic independence) and 1 (species traits covary proportionally
to their shared evolutionary history under the assumption of a Brownian model of evolution Freckleton

et al., 2002).

The estimated

for the phylogenetic eect (Freckleton

B.2.3

λ

is introduced into the analysis to control

et al., 2002).

Statistical analysis

Prior to analysis, data on body mass, weapon length, testes mass and sperm dimensions
were log-transformed.
Due to their role in fertilization eciency, sperm quantity and sperm quality may have
co-evolved leading to dependencies between the associated traits. In order to test for the
independence of these traits, we therefore rst analyzed, using PGLMs, the correlation
between testes mass and sperm dimensions but no correlations were found (Supporting
Information 2).

However, positive correlations between sperm dimensions were found

(Supporting Information 3).

Thus, while testes mass and sperm dimensions evolved

independently, sperm dimensions are likely to have co-evolved.
To test for a negative association between traits involved in pre- and post-copulatory
sexual competition, we constructed a series of PGLMs including weapon length as a dependent variable and either testes mass, total sperm length or any sperm component dimensions as independent variables. Since weapons dier in structure and growth rate between Bovidae and Cervidae, we tested for an eect of the taxonomic family on each trait.
We thus built PGLMs with each male sexual trait (pre- and post-copulatory) considered
as the dependent variable and family as the independent variable. Finally, to control for
an eect of species family on the association between pre- and post-copulatory traits, we
included an additive or an interaction eect of species family with each post-copulatory
traits in the model described above (Supporting Information 4). Log-transformed male
body mass was included as an independent variable to control for allometric relationship
in any of the above models involving weapon length or testes mass.
All statistical analyses were conducted using the packages ape (Paradis

et al., 2004),
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Dependent variable
Weapon length
Weapon length
Weapon length
Weapon length
Weapon length
Weapon length

Independent variables
Body mass
Testes mass
Body mass
Sperm length
Body mass
Head length
Body mass
Midpiece length
Body mass
Midpiece volume
Body mass
Tail length

β ± s.e.
0.41 ± 0.08
0.08 ± 0.08
0.51 ± 0.06
−1.17 ± 0.49
0.52 ± 0.06
0.21 ± 0.35
0.50 ± 0.06
−0.41 ± 0.32
0.46 ± 0.06
0.06 ± 0.08
0.53 ± 0.06
−0.88 ± 0.38

t

4.94
0.93
9.17
2.38
8.18
0.61
8.27
1.31
7.47
0.84
9.56
2.30

P
<0.001
0.36
<0.001
0.02
<0.001
0.54
<0.001
0.20
<0.001
0.40
<0.001
0.03

N
45

0.81

54

0.99

55

0.97

53

0.97

47

0.98

54

0.99

λ

Table B.1: Phylogenetic generalized least-squares models showing the relationships between pre- (weapon length) and post-copulatory (testes mass, total sperm length, sperm
head length, sperm midpiece length, sperm tail length and sperm midpiece volume) traits
across ungulates species.

λ represents the index of phylogenetic correlation (see Material

and Methods section). All variables were log transformed.

mvtnorm (Genz

et al.,

et al., 2011), adephylo (Jombart et al., 2010) and phylobase (Bolker

2010) of R version 2.12.1 (R Development Core Team, 2010). Unless otherwise

stated, all tests were two-tailed, the level of signicance was set to 0.05, and parameter
estimates are given

±s.e.

B.3 Results
No negative relationship between weapon length and testes mass was found (Table B.1).
However, there was evidence for a signicant negative relationship between weapon and
total sperm length (Table B.1). Although length of all sperm components (head, midpiece
and tail) are signicantly longer as total sperm length increases (Supporting Information
3), only tail length was found to be signicantly negatively associated with weapon length
(Table B.1). No signicant associations were found between weapon length and head or
midpiece length, nor between weapon length and midpiece volume (Table B.1). These
results were unchanged when taxonomic family was added as an independent variable in
these models (Supporting Information 4).

B.4 Discussion
Our results show the presence of a negative association between weapon length and sperm
length across ungulates.

However, contrary to our predictions, we found no negative

association between weapon length and testes mass.

One assumption in tests for an
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inter-specic trade-o between pre- and post-copulatory traits is that the quantity of
resources devoted to the production and maintenance of sexual traits should be the same
within investigated species (Parker, 1998; Shutler, 2011).

Since, in ungulate species,

the variance in basal metabolic rate appears to be small compared to other mammalian
taxa, the amount of resources that males can allocate to sexual traits is therefore likely
to be roughly similar between these species (Gomendio

et al.,

2011). Our results thus

suggest an evolutionary trade-o only between investment in pre- and post-copulatory
traits linked to sperm quality but not between pre- and post-copulatory traits linked to
sperm quantity.

When sperm quality was further investigated and sperm components were analyzed
separately, the trade-o between weapon length and sperm traits was found only with
the length of the sperm tail, which might be adaptive.

Indeed, the sperm tail plays

an important role in sperm thrust (Dresdner & Katz, 1981), its length is correlated
with sperm velocity (Gomendio & Roldan, 1991; Anderson & Dixson, 2002; Tourmente

et al.,

2011) and there are compelling evidences that in vertebrates sperm velocity is

a strong determinant of male fertilization success under competitive situation (Denk

et al.,

2005; Snook, 2005; Pizzari & Parker, 2009; Boschetto

et al.,

2011).

However,

although the trend of the association is negative, it was unexpected that we did not
nd any relationship between weapon length and mipiece length / volume since midpiece
contains mitochondria providing energy for sperm to swim (Cardullo & Baltz, 1991).

Although surprising, recent inter-specic evidences suggest that males can invest in

i.e.

one trait only (

increases (Immler

sperm number or sperm size) when the level of sperm competition

et al., 2011).

Indeed, in which cases, males from Drosophila species in-

vest disproportionately in sperm number compared to sperm size whereas in birds, males
invest disproportionately in sperm size rather than in sperm number (Immler

et al.,

2011). When males are strongly constrained in their allocation to sexual traits, they are
indeed expected to invest preferentially in traits according to the balance between costs
and benets acquired in pre- and post-copulatory competition. In ungulates, the relative
testes mass is already smaller compared to other mammals (Gomendio

et al., 2011), we

thus cannot rule out the possibility that, while males may benet marginally from an
increase in testes mass, they can endure high costs from a decrease in testes mass in
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terms of reproductive success (see Preston

et al., 2003).

Under sperm competition, un-

gulate males might preferentially adjust their investment in post-copulatory competition
through an increase in sperm quality, and namely sperm velocity, rather than through
having more sperm, everything else being equal (see also Malo

et al., 2005).

Intra-specic

studies on strategic ejaculate allocation of male ungulates are now required to understand
fully the relative role of sperm number and size in male fertilization in the context of
sperm competition.
The reasons why in ungulates males invest preferentially in weapon or sperm size
could arise from variation in their reproductive strategies. Indeed, among these species,
males use a large variety of mating tactics such as territoriality, tending or harem-holding
(Clutton-Brock, 1989) that can potentially inuence their relative investment in pre-and
post-copulatory traits.

For example, territorial males should invest in weapon length

rather than in sperm length due to the intense pre-copulatory competition to secure
territories (Bro-Jørgensen, 2011).

In contrast, males from species where females mate

with several males in the same reproductive bout (

e.g Odocoileus virginianus, DeYoung

et al., 2002) should invest preferentially in sperm with elongated tails.
In conclusion, our results reveal the presence of an evolutionary trade-o between
pre- and post-copulatory traits in ungulates as assumed by models of sperm competition.
Male investment in weapon size appears to be constrained by investment in sperm length,
probably because an increase in sperm length confers to males an advantage in sperm
competition through a higher sperm velocity.

Overall, these ndings suggest limited

amount of resources devoted to sexual traits and strategic investments in these traits.
Studies on the relative costs and benets associated with investment in dierent sexual
traits and on how dierences in reproductive strategies can inuence this investment are
now needed to better understand evolution of sexual traits.

B.4. DISCUSSION

133

Supporting Information 1: Dataset used in the analyses
Family

Bovidae

Species

Addax nasomaculatus
Aepyceros melampus
Alcelaphus buselaphus
Ammotragus lervia
Antidorcas marsupialis
Antilope cervicapra
Bubalus bubalis
Budorcas taxicolor
Capra falconeri
Capra hircus
Capra ibex
Capra nubiana
Capra sibirica
Cephalophus monticola
Cephalophus silvicultor
Connochaetes gnou
Connochaetes taurinus
Gazella cuvieri
Gazella dorcas
Gazella granti
Gazella leptoceros
Gazella rufifrons
Gazella subgutturosa
Gazella thomsonii
Hemitragus jemlahicus
Kobus ellipsiprymnus
Kobus kob
Kobus leche
Kobus megaceros
Madoqua guentheri
Naemorhedus goral
Neotragus moschatus
Oryx gazella
Ovis canadensis
Pelea capreolus
Sylvicapra grimmia
Tragelaphus angasii
Tragelaphus eurycerus
Tragelaphus spekii
Tragelaphus strepsiceros

Cervidae Alces alces
Axis axis
Axis porcinus
Cervus albirostris
Cervus duvaucelii
Cervus elaphus
Cervus eldii
Cervus nippon
Cervus timorensis
Cervus unicolor
Dama dama
Elaphurus davidianus
Mazama americana
Muntiacus muntjak
Muntiacus reevesi
Odocoileus virginianus
Pudu puda
Rangifer tarandus

Legend

Male weapon Male body
Total
length
mass
sperm
(mm)
(kg)
length (µm)*
84.5 c
68.4 c
57.5k
73.6 c
26.5 c
57.0 c
105.0 c
41.2 c
108.0 c
105.0 c
90.0 c
100.0 c
115.1 c
4.5 c
14.0h
64.0 c
68.0 c
31.0 c
31.5 c
65.0 c
36.0 c
40.4 c
30.0 c
34.0 c
29.5 c
75.0 c
54.5 c
70.0 c
68.7 c
7.5 c
14.5 c
9.0 c
88.3 c
90.0p
22.5 c
9.9 c
65.0 c
80.0o
66.0 c
120.0 c

117.7c
56.9c
152.1 m
111.8c
40.7c
40.2c
1200.0c
282.7c
92.7c
53.0c
80.5c
70.0c
90.0c
4.4c
52.5m
166.7c
235.3c
29.4c
16.3c
72.1c
27.2c
27.0c
27.4c
22.7c
103.3c
236.8c
97.5c
104.3c
105.5c
3.7c
32.0c
4.8c
178.0c
83.4m
24.0c
18.3c
110.2c
300.0o
102.3c
248.0c

144.0n
84.5n
39.9n
115.0n
81.3n
93.6n
97.2n
48.0n
67.5n
104.9n
61.5n
73.7n
11.5n
14.2n
11.4n
65.6n
8.5n
91.0n

482.5n
89.5n
41.0n
204.0n
236.0n
250.0n
105.0n
52.0n
95.5n
192.0n
67.0n
21.4n
24.5n
19.0n
13.5n
154.5n
13.0n
106.5n

Head
length
(µm)

Midpiece
volume
(µm3)

Testes
mass
(g)

Mating
tactic***

5.23b
4.16b
3.09b
4.66b
1.93b
3.69b
3.23b
2.76b
2.31b
3.90b
2.54b
3.34b
1.54b
1.87b
1.76b
0.61b
3.85b
2.93b
4.78b
6.07b
2.95b
3.19b
4.11b
1.81b
2.58b
2.08b
4.03b
1.43b
1.55b
2.49b
2.22b
5.42b
4.60b

43.2a
28.9a
107.0a
18.9a
71.0a
26.0e
652.0q
93.4a
20.9a
120.0e
38.3a
33.3a
137.0g
306.0g
39.4a
31.5a
6.7a
7.9a
8.2a
26.7a
73.7a
41.7a
67.9a
52.0a
3.2a
36.5a
58.9a
37.9a
338.0a
21.3a
38.3a
52.9a
92.0a

Fc
Tc
Tk
Fc
Tc
Tc
Fc
Fc
Fc
Fc
Fc
Fc
Fc
Tc
Th
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Fc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Fc
Ff
Tc
Tc
Fc
Fn
Tc
Fc

62.50q
8.80d
54.70 d
66.30
8.90l
13.80l
43.60l
67.43
8.70b
16.91b
41.82 b
61.06
8.18b
12.93b
39.95 b
9.35b
13.19b
41.37 b
63.91
61.17 8.35b** 13.21b** 39.61b**
8.20b
13.24b
41.20 b
62.64
8.80b
11.20b
39.82 b
59.82
8.48b
11.03b
44.25 b
63.76
61.67
7.78b
12.17b
41.72 b
7.96b
13.64b
42.89 b
64.49
58.84
8.58b
10.71b
39.55 b
7.38b
10.37b
38.34 b
56.09
58.16
6.37b
15.83b
35.96 b
6.79b
12.93b
40.03 b
59.75
52.00
10.00q
7.00q
35.00 q
57.98
8.83b
12.03b
37.12 b
56.50
7.64q
10.38q
38.48 q

2.98b
3.32b
2.39b
3.01b**
1.30b
2.57b
2.05b
1.77b
5.96b
4.87b
1.42b
2.59b
1.20b
3.38b
-

106.0q
29.8e
49.5a
116.4a
97.1a**
27.4a
77.5a
40.0a
57.4a
6.5a
85.5g
47.7a

Fn
Fn
Fn
Fn
Fn
Fn
Fn
Tn
Fn
Tn
Tn
Fn
Fn
Tn
Tn
Fn
Tn
Fn

57.84
62.59
60.98
71.71
62.70
57.17
58.47
64.44
54.78
77.50
60.41
62.28
46.77
70.40
62.01
55.76
65.31
64.72
66.93
68.68
61.61
60.04
57.98
51.66
70.54
60.30
64.68
60.20
66.94
63.13
60.69
58.26
69.46

14.41b
7.63q
10.04b
9.99b
13.14b
11.20b
15.37b
14.19b
13.21b
14.38b
14.68b
13.15b
20.46b
16.33b
11.74j
7.86q
10.97b
11.91b
10.43b
12.61b
12.11b
11.80b
11.42b
14.31b
10.99b
11.52b
12.81b
15.63b
12.98b
17.50b
11.27b
17.08b
13.52b
13.15b
13.52b
13.98b

Tail
length
(µm)
38.09 b
32.00 q
42.34 b
41.38 b
40.44 b
43.07 b
49.11 b
40.56 b
36.42 b
37.01 b
41.92 b
34.09 b
46.61 b
34.36 b
42.50j
33.90 q
50.24 b
44.01 b
36.99 b
43.90 b
43.59 b
45.39 b
47.28 b
40.32 b
40.94 b
38.47 b
31.71 b
45.23 b
41.22 b
39.84 b
43.97 b
40.12 b
41.06 b
39.73 b
37.00 b
47.86 b

59.08
46.15
58.15

6.58b
6.52q
5.77b
6.47b
9.01b
6.71b
7.23b
7.95b
7.54b
7.08b
7.84b
7.54b
10.43b
9.72b
8.04j
5.01q
9.19b
6.09b
8.34b
8.80b
9.02b
9.74b
9.98b
6.30i
6.98b
8.11b
7.99b
7.14b
9.68b
6.10b
7.34b
4.96b
9.74b
8.55b
7.81b
7.74b
7.62b

Midpiece
length
(µm)

* until otherwise stated the total sperm length is the sum of the length of the three sperm com-

ponents, namely : head, midpiece and tail.
** average of the measurements made on the three following Cervus elaphus subspecies: Cervus elaphus bactri-

anus, Cervus elaphus barbarus, Cervus elaphus macneillii.
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Data sources
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vas deferens. J. Zool. 264:97-103.
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c Bro-Jørgensen, J. 2007. The intensity of sexual selection predicts weapon size in male bovids. Evolution 61:13161326.
d Cummins, J. M., and P. F. Woodall. 1985. On mammalian sperm dimensions. J. Repro. Fert. 75:153-175.
e Freeman, S. 1990. The evolution of the scrotum: a new hypothesis. J. Theor. Biol. 145:429-445.
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h Lumpkin, S. and K. R. Kranz. 1984. Cephalophus sylvicultor. Mammal. Species 225:1-7.
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Supporting Information 2: Phylogenetic generalized least-squares models
showing the relations between sperm quantity (measured as testes mass) and
the dimensions of the dierent sperm components (total sperm length, head
length, midpiece length, tail length and midpiece volume) across ungulate
species. All variables were log transformed.
Dependent
variable

Independent
variables

beta ± SE

t

P

N

ML λ

Testes mass

Body mass
Total sperm length

0.63 ± 0.11
-0.22 ± 1.31

5.88
0.17

<0.001
0.87

41

0.00

Testes mass

Body mass
Head length

0.60 ± 0.11
-0.52 ± 0.78

5.56
0.67

<0.001
0.51

42

0.00

Testes mass

Body mass
Midpiece length

0.63 ± 0.11
-0.21 ± 0.63

5.61
0.33

<0.001
0.74

40

0.00

Testes mass

Body mass
Tail length

0.63 ± 0.11
-0.03 ± 1.12

5.79
0.03

<0.001
0.98

41

0.00

Testes mass

Body mass
Midpiece volume

0.60 ± 0.11
0.04 ± 0.38

5.02
0.11

<0.001
0.91

34

0.00
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Supporting Information 3: Phylogenetic correlations between the dimensions
of the dierent sperm components (total sperm length, head length, midpiece
length, tail length and midpiece volume) across ungulate species. All variables
were log transformed. Correlation coecients, their associated sample sizes
and p-values are respectively given in bold, roman and italic script.
Total sperm
length

Head
length

Midpiece
length

Head
length

0.49
54 <0.001

Midpiece
length

0.69
53 <0.001

0.26
53 0.04

Tail length

0.86
54 <0.001

0.20
54 0.08

0.29
53 0.02

0.27
47 0.04

0.23
47 0.06

Midpiece
volume

47

0.28
0.03

Tail length

0.17
47 0.12
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Supporting Information 4: Phylogenetic generalized least-squares models
showing an eect of the taxonomic family (Cervidae or Bovidae) to which
a species belongs to, (a) neither on the pre-(weapon length) and the postcopulatory (testes mass, total sperm length, head length, midpiece length,
tail length and midpiece volume) traits investigated (b) nor on the relations
between pre-copulatory and post-copulatory traits. Only the additive models
were presented since no interactions were found.
(a)

(b)

Dependent
variables

Independent
variables

beta ± SE

t

P

N

ML λ

Weapon length*

Body mass*
Family

0.53 ± 0.06
0.10 ± 0.48

8.38
0.21

<0.001
0.83

58

0.98

Testes mass*

Body mass*
Family

0.61 ± 0.10
-0.07 ± 0.26

5.85
0.27

<0.001
0.79

45

0.00

Total sperm length

Family

-0.98 ± 4.20

0.23

0.82

54

0.67

Head length

Family

-0.52 ± 0.78

0.67

0.51

55

0.55

Midpiece length

Family

-0.59 ± 2.08

0.28

0.78

53

0.91

Tail length

Family

0.56 ± 2.86

0.19

0.84

54

0.50

Midpiece volume

Family

-0.34 ± 0.42

0.81

0.42

47

0.00

beta ± SE

t

P

N

ML λ

Dependent
variable

Independent
variables

Weapon length*

Body mass*
Testes mass*
Family

0.42 ± 0.08
0.08 ± 0.09
0.28 ± 0.35

5.04
0.90
0.79

<0.001
0.37
0.43

45

0.67

Weapon length*

Body mass*
Total sperm length*
Family

0.51 ± 0.06
-1.17 ± 0.49
0.06 ± 0.43

9.07
2.36
0.15

<0.001
0.02
0.88

54

0.99

Weapon length*

Body mass*
Head length*
Family

0.51 ± 0.06
0.21 ± 0.35
0.07 ± 0.48

8.10
0.60
0.14

<0.001
0.55
0.89

55

0.97

Weapon length*

Body mass*
Midpiece length*
Family

0.50 ± 0.06
0.42 ± 0.32
0.02 ± 0.43

8.17
1.29
0.04

<0.001
0.20
0.97

53

0.97

Weapon length*

Body mass*
Tail length*
Family

0.53 ± 0.06
-0.88 ± 0.38
0.10 ± 0.43

9.48
2.29
0.23

<0.001
0.03
0.81

54

0.99

Weapon length*

Body mass*
Midpiece volume*
Family

0.46 ± 0.06
0.06 ± 0.08
-0.17± 0.43

7.30
0.82
0.39

<0.001
0.42
0.70

47

0.98
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Appendix C

Interspecic variation in the rate of
extra-pair paternity: what can be
learn from the comparison between
birds and mammals?

Abstract

The rate of extra-pair paternity (EPP) shows huge variation among both birds and
mammals. Several interspecic analyses have investigated the factors that can explain
this variation including ecological, demographic and life history traits. These explanatory factors have been extensively reviewed in birds but no review has been attempted
yet in mammals. Here we summarize the current interpretation of patterns shaping the
interspecic variation in the level of EPP in birds.

Then, we review the comparative

analyses done in mammals to identify the factors explaining variation in EPP across
mammalian species.

Unlike to what observed in birds, this variation does not occur

primarily among major lineages and is not explained by costs associated with extra-pair
copulation behaviour. Rather, the variation in the level of EPP across mammal species
is likely explained by the ability of males to defend mates. In both birds and mammals,
ecological factors such as breeding density and synchrony likely explain variation in EPP
within species

i.e.

between populations or between individuals in a same population.

Finally, we discuss the possible causes that can explain the dierences observed between
birds and mammals.

Keywords :

mating system, avian species, mammalian species, comparative analyses,

monogamy, polygamy
Dominique Allainé, Aurélie Cohas, Sophie Lardy. Interspecic variation in the rate of extra-pair paternity: what can be learn from the comparison between birds and mammals?
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C.1 Introduction
Extra-pair copulation (EPC) occurs when an individual, whatever its sex, copulates
with a mate that is not its current social partner. EPC is well documented in socially
monogamous species because the social pair is generally easily dened. For this reason,
EPC is mainly studied in birds (Birkhead & Møller, 1992). It may however occur also
in socially polygynous and polyandrous species (Grith

et al.,

2002; Clutton-Brock &

Isvaran, 2006). EPC then occurs when an individual copulates with a mate that does not
belong to its social unit (

i.e.

extra-group copulations) or when an individual copulates

with a mate that belongs to its social unit but that is not the individual that controls

i.e.

it (

extra-dominant copulations). Many studies have shown that EPC occurs during

the female fertile period and can result in extra-pair paternity (EPP) (Westneat

et al.,

1990).
Since the development of molecular tools during the middle of the eighties (Jereys

et al.,

1992), a growing number of studies reported quantication of EPP (see Grith

et al. (2002) on birds and Clutton-Brock & Isvaran, 2006, on mammals) and it is now clear
that genetic monogamy is the exception rather than the rule even in socially monogamous
birds (Grith

et al.,

2002) and mammals (Cohas & Allainé, 2009). A large variability

in the level of EPP has been observed among both bird (Birkhead & Møller, 1992;
Grith

et al., 2002; Arnold & Owens, 2002; Bennett & Owens, 2002) and mammal species

(Clutton-Brock & Isvaran, 2006). The proportion of extra-pair young falls between 10
and 20% in most bird species, but it can vary from none to more than 80% (gure C.1a
and C.1c). In mammals, the proportion of extra-pair young is above 20% in most species
and is also highly variable (gure C.1b and C.1d). Moreover, such a huge variation in the
level of EPP is also reported between populations of a same species and even between
individuals of a given population (

e.g.

Kempenaers, 1997; Westneat & Sherman, 1997;

Krokene & Lifjeld, 2000; Johnsen & Lifjeld, 2003; Evans

et al., 2009; Hoi et al., 2011).

Explaining such a huge variation in the rate of EPP is challenging and is critical to the
understanding of EPP evolution. Some extensive syntheses about the factors shaping this
diversity in birds have been attempted (Grith

et al., 2002; Westneat & Stewart, 2003;

Bennett & Owens, 2002) but this question is not yet addressed when it comes to mammal
species. In this paper, we focus on interspecic variation in the rate of EPP. We rst recall
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the explanation currently proposed in birds. We then review the interspecic analyses
(and especially those controlling for phylogeny) aiming at explaining the variation in the
level of EPP in mammals. Finally, we discuss the added value of considering mammals
in improving our understanding of this variation.

C.2 What do we know from birds?
Several interspecic analyses have been conducted in birds (see Table C.1) and most of
them are based on comparative analyses taking into account phylogenetic signal. Explanations of the interspecic variation in the rate of EPP in birds have been extensively
reviewed some years ago, in particular by Bennet & Owens (2002), Grith et
and Westneat & Sherman (2003).

al.

(2002)

Since these reviews, the only interspecic analysis

published on birds (Spottiswoode & Moller, 2004) does not change their interpretation.
So, we summarize here their main conclusions.
For an EPC to occur three players are needed.

First, the female (the rst player)

should either actively participate in EPC by seeking for it or by cooperating to extra-pair
solicitations or, if not able to resist extra-pair solicitations, the female should passively
accept EPC. Second, an extra-pair male (the second player) should be available, and
third, the male social partner (the third player) should lose the control over its female
partner, the extra-pair male or both (Lifjeld, 1994). In case males pursue EPC, females
may cooperate or resist to the solicitation depending on the interest females gain in
copulating with the extra-pair mate and on the cost of resistance (Westneat & Stewart,
2003).
The factors considered to explain the interspecic variation in the rate of EPP aect
in fact interspecic variation in extra-pair copulation behaviour. These factors are either
contemporary ecological ones or demographic and life history traits, and aect the cost
of EPC behaviour or the opportunity to indulge in EPC.
A hierarchical explanation for the variation in the rate of EPP is currently admitted
with these dierent factors being involved at dierent levels of organization (Grith

et al., 2002; Arnold & Owens, 2002; Bennett & Owens, 2002).
First, the largest part of variation in EPP (55%, Arnold & Owens, 2002) occurs among
major avian lineages (families and orders) but recent work challenges the importance

142

APPENDIX C. INTERSPECIFIC VARIATION IN THE RATE OF EPP

100

Number of species

Number of species

100

75

50

25

0

75

50

25

0
0

1

20

40

60

80

100

0

EPP rate as % of extra−pair young

1

20

40

60

80

100

EPP rate as % of extra−pair young

(b)
50

50

40

40

Number of species

Number of species

(a)

30

20

10

0

30

20

10

0
0

1

20

40

60

80

100

0

EPP rate as % of clutches with
extra−pair young

(c)

1

20

40

60

80

100

EPP rate as % of litters with
extra−pair young

(c)

Figure C.1: Figure 1: Variation in the rate of EPP among bird and mammal species
EPP rates were obtained by searching the ISI Web of Knowledge using the keywords
extra-pair paternityand extra-pair paternitybefore February 2011.
been compiled by species and population.

EPP rates have

Only natural populations were considered.

Wherever individuals in a natural population were manipulated to alter the rates of EPP
only estimates obtained from controlindividuals were selected. Similarly, if estimates of
EPP rates were obtained from subsamples that were suspected to have higher EPP rates

e.g.

(

monogamous

vs.

polygynous males), only EPP rates for the entire population were

kept. Only studies using molecular methods based on DNA (single-locus or multi-loci
minisatellites and microsatellites) were selected.
polymorphism, or heritability were rejected.

All studies using allozymes, plumage

Moreover, only studies where both the

mother and the social father were sampled and where the methodology used to include or
exclude the ocial father were presented in details were included. When proper estimates
were available for several populations of the same species, estimates are provided for each
of these populations. When multiple estimates were given for the same population, only
estimates obtained for the highest sample size are provided.

a) EPP measured as the

percentage of extra-pair young in 281 studies of 213 bird species; b) EPP measured as the
percentage of extra-pair young in 82 studies of 69 mammal species; c) EPP measured as
the percentage of clutches containing extra-pair young in 268 studies of 201 bird species;
d) EPP measured as the percentage of litters containing extra-pair young in 58 studies
of 44 mammal species. In mammals (b and d), grey bars represent the distribution for
monogamous species while black bars are for other mating systems.
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of evolutionary inertia in constraining interspecic variation in EPP (Kingma
2009).

The cost of EPC behaviour appears to well explain such variation.

et al.,

A cost of

EPC behaviour is associated with male retaliation or desertion (Gowaty, 1996; Arnold
& Owens, 2002; Mauck

et al.,

1999) and at least two life history traits

for paternal care and the adult survival

−

−

the need

may aect the impact of male retaliation

and desertion. Unneeded paternal care may allow females to freely participate in EPC.
Indeed, when the females reproductive success does not depend upon paternal care,
females are at low risk of losing ospring due to male desertion or paternal care reduction
(constrained female hypothesis Gowaty, 1996; Mulder

et al., 1994).

Similarly, when the

annual survival rate is low females suer less from the consequences of retaliation (Mauck

et al., 1999).

These two life history traits were found to be consistently and signicantly

related to interspecic variation in EPP (Table C.1). Another cost of EPC behaviour is
associated with the cost of mating with an inappropriate extra-pair male. Assuming that
females gain additive genetic benets from EPP (the good genes hypothesis), they are
expected to engage in EPC with extra-pair males possessing better genes than their social
partner. More recently, it has been suggested that females may gain non-additive genetic
benets from EPP (the genetic compatibility hypothesis, Zeh & Zeh, 1996). Whatever
the function of EPP considered, females are at the risk of mating with an inappropriate
male if no genetic variation exists among males (Petrie & Lipsitch, 1994) or if females
are unable to adequately evaluate and assess males genetic make-up (the incomplete
knowledge hypothesis, Slagsvold & Lifjeld, 1997). The associated prediction that the
level of EPP across species increases with the amount of genetic variation among males
was supported (TableC.1).

Second, several factors may aect the opportunity for females to indulge in EPC behaviour. Two ecological factors breeding density and breeding synchrony may aect this
opportunity. High breeding density is thought to promote interactions between individuals and close spatial proximity may favour female access to potential extra-pair mates.
As regard to breeding synchrony, opposing hypotheses have been tested. Stutchbury &
Morton (1995) predicted a positive correlation between the level of EPP and breeding
synchrony because breeding synchrony is assumed to facilitate not only mate sampling by
females but also female access to potential extra-pair mates. The logic of this hypothesis
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Table C.1: Potential explanatory factors of the diversity in the rate of EPP among bird
and mammalian species in comparative analyses

Bird species
%
N
21
72
55
95
NS
45-64
NS
140
NS
34
NS
30
21
NS
14
25
34
NS
140
36-41 37
22
32
S
52
NS
72
26
31
25
86-112
2
59
30
31
22
29
47
71
25
35
26-12 40

Factors
Phylogeny
Density

Synchrony

References
Westneat & Sherman (1997)
Arnold & Owens (2002)
Westneat & Sherman (1997)
Bennett & Owens (2002)
Stutchbury (1998)
Wink & Dyrcz (1999)
Stutchbury & Morton (1995)
Westneat & Sherman (1997)
Stutchbury (1998)
Bennett & Owens (2002)
Spottiswoode & Moller (2004)
Petrie et al. (1998)
Møller & Birkhead (1993)
Schwagmeyer et al. (1999)
Møller (2000)
Møller & Cuervo (2000)
Arnold & Owens (2002)
Møller (2000)
Arnold & Owens (2002)
Wink & Dyrcz (1999)
Arnold & Owens (2002)
Hasselquist & Sherman (2001)

Mammalian species
% N References

26
19

Isvaran & Clutton-Brock (2007)
Ostner et al. (2008)

S
20
S
20
21 22
12 19
%: percentage of variance explained by the considered factor. N: number of species.
S = signicant and N S = not signicant

Clutton-Brock & Isvaran (2006)
Clutton-Brock & Isvaran (2006)
Cohas & Allainé (2009)
Ostner et al. (2008)

Genetic quality
Paternal care

Value of paternal care
Adult mortality rate
Mating system
Mate guarding
Social structure

34
34

has been questioned by Weatherhead (1997) and Weatherhead & Yezerinac (1998) who
stressed out that the rate of EPP should instead be negatively correlated with breeding
synchrony since mate guarding restricts the possibilities for males to pursue EPC when
females breed synchronously (Birkhead & Biggins, 1987). These two contemporary ecological factors were found to explain the substantial part of variation in EPP observed at
the intraspecic level
a given population (
Saino

i.e.

between populations of a same species or between individuals of

e.g., Charadrius alexandrinus, Kupper et al. (2004); Hirundo rustica,

et al. (1999); Parus major, Strohbach et al. (1998); Chen caerulescens, Dunn et al.

(1999);

Pachycephala pectoralis, van Dongen & Mulder, 2009, but see Lee et al. (2009)),

but they failed to consistently explain interspecic variation in EPP. Apart from these
two ecological factors, two other factors

mate guarding and the social mating system

may aect the opportunity for females to indulge in EPC behaviour.

Mate guarding

both forbids extra-pair males to approach the female and restrains females from seeking EPP (Lifjeld, 1994). No interspecic analysis has been conducted but experimental
studies that prevent males from guarding their females evidenced a negative correlation
between mate guarding continuity and EPP rate at the intraspecic level (Dickinson,
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1999; Brylawski & Whittingham, 2004; Hill

et al.,

over, mate guarding behaviour may interact with breeding density (Hoi
in turn interact with breeding synchrony (Thusius

2011). More-

et al., 2011) that

et al., 2001; Stewart et al., 2010) thus

obscuring the eect of each factor. Concerning the social mating system, two opposing
hypotheses have been proposed.

The male trade-o hypothesis (Arak, 1984) suggest-

ing that attracting and controlling numerous females is traded against the eciency of
mate guarding, and consequently that EPP is higher in socially polygynous than in socially monogamous species, was not supported (C.1).
hypothesis (Westneat

Alternatively, the female choice

et al., 1990) suggests that EPP is higher in socially monogamous

than in socially polygynous species because a higher proportion of females can establish
bonds with attractive males in socially polygynous species and also because signaling of
male attractiveness by secondary sexual characters in polygynous species facilitates female identication of extremely attractive mates (Gontard-Danek & Moller, 1999). The
female choice hypothesis was supported within passerines (C.1).

C.3 What do we learn from mammals?
It is obviously tempting to investigate the factors explaining the variation in EPP also
observed in mammals (gure C.1b and C.1d) and to compare with the pattern observed
in birds.

Contrary to most birds, mammals rarely form isolated breeding pairs and

instead often form groups containing multiple breeding males and females (Isvaran &
Clutton-Brock, 2007) leading to further diculties in dening the social breeding pair.
Therefore, owing to this complexity, the measure of EPP used in birds is not convenient
in most mammalian species. Two additional measures have thus been used for mammal
species. Extra-dominant paternity (EDP) is the proportion of ospring born to resident
females not fathered by the resident male or by the most dominant resident male in
multi-male groups (Clutton-Brock & Isvaran, 2006). Extra-group paternity (EGP) is the
proportion of ospring born to resident females fathered by males outside the breeding
group (Isvaran & Clutton-Brock, 2007).
As far as we are aware, only four interspecic analyses based on molecular estimates
explored variation in EPP in mammals (C.1).
observation of mating (

Analyses considering only behavioural

e.g. Kutsukake & Nunn, 2006) were discarded.
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C.3.1

Phylogenetic eect

The four studies have tested for a phylogenetic signal in the variation of EPP. CluttonBrock & Isvaran (2006) and Isvaran & Clutton-Brock (2007) compared results obtained
with (Phylogenetic Generalized Learst Square method PGLS, Martins & Hansen, 1997)
and without (Ordinary Least Square method) phylogenetic eect on respectively 24
species (6 orders) and 26 species (16 families within 6 orders), and did not nd any dierence between the two approaches. Moreover, Isvaran & Clutton-Brock (2007) found no
signicant dierences in EGP between orders. Cohas & Allainé (2009) also used PGLS
to test for a phylogenetic signal according to the procedure given by Freckleton

et al.

(2002). They considered EPP variation only in socially monogamous species (27 populations from 22 species within 6 orders) and did not nd any signicant phylogenetic signal.
Finally, Ostner

et al.

(2008) used independent contrast methods (Blomberg

et al., 2003)

to investigate phylogenetic eect among 19 species (11 genera) of primates and concluded
that phylogeny-based comparative methods were needed.
To the opposite of what is observed in birds, this preliminary pattern (few studies
on small datasets) suggests that variation in EPP does not mainly occur between major
lineages but among closely related species.

C.3.2

Breeding synchrony

Isvaran & Clutton-Brock (2007) assumed that oestrus synchrony decreases the ability
of males to prevent females from seeking EPC and tested for a positive correlation between breeding synchrony (length of the mating season used as a proxy) and EGP. They
found no relationship between breeding synchrony and EGP. Using the same assumption, Ostner et al. (2008) investigated the eect of breeding synchrony (measured as the
proportion of days in which 2 or more females were observed to be mating on the same
day relative to observation days during the mating season) on EDP in primates forming
multi-male groups and found support to the breeding synchrony hypothesis. These two
studies did not use the same measure of EPP (respectively EGP and EDP) and it is therefore delicate to compare their results. Nevertheless, the pattern found is close to what
is observed in birds: breeding synchrony poorly explains interspecic variation in EPP
among major lineages (2007) but more likely explains variation at lower taxonomic level
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C.3.3

et al., 2008).
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More studies are however needed to conrm this interpretation.

Social mating system

Another factor previously considered in birds is the social mating system. Clutton-Brock
& Isvaran (2006) tested the male trade-o hypothesis (see above). Using a data set of 24
species, Clutton-Brock & Isvaran (2006) tested and refuted the prediction that EDP is
higher in socially polygynous than in socially monogamous species. Isvaran & CluttonBrock (2007) tested the same prediction on EGP in 26 species (16 families from 6 orders)
and found contrasted results. When using the same categorical measure of social mating
system (monogamous, polygynous and multi-males) as Clutton-Brock & Isvaran (2006)
they failed too to nd a higher level of EPP in polygynous species or in species forming
multi-male breeding groups.

Isvaran & Clutton-Brock (2007) also used a continuous

measure of the mating system: the ratio of the mean number of females to that of males
in breeding groups.

Using this measure, they found a trend for EPP to increase with

increasing value of the ratio. Finally, in line with the male-trade-o hypothesis Isvaran
& Clutton-Brock (2007) found that EPP increased with the number of females in the
breeding group but not with the number of males.
The pattern found in mammals is then controversial.

Similarly to what observed

in birds, the mating system does not explain interspecic variation in EPP. However,
the result that EGP increases with the number of adult females in breeding groups
suggests that the degree of polygyny rather than the mating system

per se

may explain

interspecic variation in EPP. Males may indeed be less able to defend females as female
number in the breeding group increases.

More investigation is needed to conrm the

male trade-o hypothesis.

C.3.4

Mate guarding

The other factors considered to explain variation in EPP deal with the eciency of mate
guarding.

All the four studies considered mate guarding eciency but measured it in

dierent ways. In 2007, Isvaran & Clutton-Brock tested the eect of the number of adult
males in the breeding group on EGP. The prediction was that several adult males in a
breeding group are more ecient in preventing males from outside to gain EGP (van
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Noordwijk, 2004). Although in the expected direction, their results did not signicantly
support the prediction. Clutton-Brock & Isvaran (2006) suggested that mate guarding
should be more ecient if the resident male is continuously rather than intermittently associated to the female. Yet not considering monogamous species, they found higher rates
of EDP in the 11 mammalian species where partners are only intermittently associated
than in the 9 species where the male is continuously associated to his mate (dierence
in the rate of

EDP = 18.3%).

More recently, Cohas & Allainé (2009) hypothesized that

the social structure during the breeding period might aect the ability of the male to
secure fertilisation. They restricted their analysis to socially monogamous mammals and
distinguished three social structures: pair living, family living and solitary living species.
Solitary living species correspond to species, such as the large tree shrew
(Munshi-South, 2007) or the island fox

Urocyon littoralis

pair members forage solitary but share a common nest.

(Roemer

et al.,

Tupaia tana
2001), where

It is intuitively obvious that

socially monogamous males having a solitary life style are less able to secure fertilisation.
Family living corresponds to the case where some ospring of the pair remain in the family group beyond sexual maturity. These subordinate ospring are usually reproductively
suppressed by the resident pair generally through aggressive behaviour. Cohas & Allainé
(2009) hypothesised that resident males confronted to several potential competitors (subordinate males) are less able to eciently secure an exclusive access to their mate. Social
structure does not match exactly with mate guarding tactic. Although in solitarily living species males are obviously intermittently associated to their mate, residents may be
either continuously or intermittently associated both in pair and family living species.
Cohas & Allainé (2009) then also considered mate guarding tactic. Their study, based on
27 populations from 22 socially monogamous mammals, tested the prediction that EPP
is less frequent in pair living than in family or solitary living species. As predicted, the
rate of EPP was the lowest in pair living species (EP P

rate = 4.5%)

while it was higher

and did not dier between family and solitary living species (EP P

rate = 20.2%

vs

19%). This dierence was signicant even when the mate guarding tactic was taken into
account while mate guarding tactic did not signicantly explain the interspecic variation in the rate of EPP when the social structure was accounted for (Cohas & Allainé,
2009). The highest rate of EPP was observed in species living in family groups where
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the two partners are not continuously associated indicating that both social structure
and mate guarding tactic may aect EPP but more data are needed to conrm this.
Similarly, in multimale social groups of primates (19 species), the reproductive skew
among males decreased as the number of males in the breeding group increased (Ostner

et al., 2008).

Ostner et al. (2008) also tested the prediction that the reproductive skew

decreases because dominants concede reproduction to subordinate males when the risk
of EGP increases. Their results did not support this hypothesis.
The four studies addressed mate guarding eciency in explaining the variation in
EPP among mammalian species but they considered both dierent measures of EPP and
dierent mating systems.

Nevertheless, these studies all emphasize the importance of

male limited control over reproduction in social breeding groups where potential breeders
are present. Likely, dominant (or most dominant) males are less able to eciently guard
their mate, and consequently to prevent EPC, when faced to several competitors and
when the number of females to control increases.

C.4 What is the added value of considering mammals?
Our knowledge of the variation in the rate of EPP relies mainly from studies on birds.
The quantication of EPP is still challenging in mammals owing to the diculty to nd
and capture juveniles and to get large sample size.

Despite this diculty, studies on

mammalian species are increasing and comparative studies on mammals emerged during
the last ve years. It pay to consider both mammals and birds because comparing the
factors aecting the interspecic variation in the level of EPP in birds and mammals
undoubtedly helps in understanding evolutionary causes behind such a huge variation.
Variation in EPP in mammals probably does not primarily occur among major lineages and traits explaining the variation in EPP in mammals are not associated to ancient
divergence among lineages. Consequently, variation in EPP in mammals is not explained
by the cost of EPC behaviour.

The dierence in the most widespread mating system

observed in birds and mammals may explain why the cost of EPC behaviour does not
play a role in variation in the level of EPP in mammals.

Social monogamy is indeed

widespread in birds (92% of species) but rare in mammals (5% of species, Kleiman, 1977;
Dunbar, 1984; Mock & Fujioka, 1990). It is now clear that mating systems, and especially
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social monogamy, have evolved separately in dierent phylogenetic lineages and under
dierent selective pressures (Brotherton, 2003). The need for paternal care appears to
have led to the evolution of social monogamy in birds. In mammals, males rarely care
for young, and polygyny and promiscuity are the most frequent mating systems (Emlen
& Oring, 1977; Clutton-Brock, 1989). When social monogamy occurs in mammals, its
evolution has likely been mainly driven by ecological constraints aecting the spatial
distribution of females. Paternal care being rare in mammals, the cost of EPC behaviour
associated with male retaliation or desertion is not relevant to explain variation in the
level of EPP across mammal species. Primates, rodents and carnivores, where paternal
care is present, seem well appropriate to test for the impact of the need for paternal care
on EPP in mammals and more studies are needed on these taxa.

The cost of EPC behaviour being limited in mammals, interspecic variation in EPP
is rather explained by the opportunity to indulge in EPC. This opportunity varies across
mammalian species according to the ability of males to defend its mate that is in turn
inuenced by the social structure (Clutton-Brock & Isvaran, 2006; Cohas & Allainé,
2009). The social structure of a mammal species during the breeding period is mainly
imposed by females dispersion that in turn is primarily driven by resource distribution
and by the ability of a male or a group of males to control access to females. The diversity
of ecological conditions generates a great variety of social structures across mammal
species from solitary living to the formation of multi-male and multi-female groups with
many intermediate situations such as pairs, families, harems

On the contrary, such

diversity of social structures (and of social mating systems as noted above) does not
occur in birds where the need for paternal care constrains most bird species to form pair
bonds and to live in pair.

Overall, comparative analyses suggest that interspecic variation in the level of EPP
is explained by dierent factors in birds and mammals.

The cost of EPC behaviour

shaping interspecic variation in EPP in birds is nearly absent in mammals.

Rather,

the ability to defend mates seems the main factor explaining the variation in mammals.
The ability to defend mates is likely aected by the social structure, the composition of
social group and the mate guarding tactic. These interspecic analyses also indicate that
ecological factors can explain the variation within species both in birds and mammals.

C.5. LIMITS AND PERSPECTIVES
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C.5 Limits and perspectives
Several limits associated to the heterogeneity of data collection protocols, of measures of
EPP rate (molecular

vs non molecular methods), and of statistical approaches (phylogeny-

based vs non phylogenetic methods) have yet been highlighted (Grith

et al.,

2002).

When considering mammals, the use of dierent denitions of EPP (EPP, EDP, EGP)
to test hypotheses having dierent implications for our understanding of the variation in
the level of EPP across species may be confounding. For example, the number of males
in a social breeding group is expected to prevent EGP (Isvaran & Clutton-Brock, 2007)
but also to increase EDP (Ostner

et al., 2008).

Another limitation is that most studies examining the variation in EPP have focused
on factors aecting EPC behaviour. However, when a female has copulated with an extrapair male, for an EPP to occur, the sperm of the extra-pair male has either to win sperm
competition or to be favoured by female cryptic choice (
Helfenstein

e.g.

Pizzari & Birkhead, 2000;

et al., 2003), one consequence being that EPC does not satisfactorily predict

EPP in birds (Dunn & Lifjeld, 1994). The neglected role of postcopulatory selection may
be important in the outcome of fertilization. For example, in accordance with the genetic
compatibility hypothesis (Zeh & Zeh, 1996; Tregenza & Wedell, 2000; Mays & Hill, 2004;
Ne & Pitcher, 2005; Mays

et al.,

2008), Pryke

et al.

(2010) recently showed that

postcopulatory processes combined with EPC behaviour allows Gouldian nch females

Erythrura gouldiae

to target compatible genes for their ospring (the genetic loaded

rae hypothesis, Grith & Immler, 2009). Similarly, Bergeron
eastern chipmunks

Tamias striatus

(2011) found in

that multiple paternity is frequent but males more

closely related to the females sired fewer ospring.

Antechinus agilis

et al.

Also, in females agile antechinus

copulating with two males, the proportion of young sired by a male

depends primarily on mating order (last male sperm precedence) but also, to a lesser
extent, on its genetic relatedness with the female (Kraaijeveld-Smit

et al., 2002).

These

two examples indicate that females in mammals too may use postcopulatory selection to
target compatible genes for their ospring. If ever the use or the ecacy of postcopulatory
selection in aecting the outcome of fertilization varies across species or diers between
birds and mammals, factors linked to these processes also have some potential to explain
the interspecic variation in EPP, opening new avenue of research.
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APPENDIX C. INTERSPECIFIC VARIATION IN THE RATE OF EPP
Finally, most studies searching for a correlation between a trait and the level of EPP

across species assumed a causal link where the variation in that trait causes the variation
in the level of EPP but the reverse should also be considered. For example, Cornwallis

al.

et

(2010) used the monogamy hypothesis (Boomsma, 2009) to predict that low female

promiscuity has inuenced the evolutionary transition to cooperative breeding. In genetically monogamous species relatedness between siblings is equal to 0.5 while it decreases
as the number of males siring females ospring increases (what they called promiscuity). In the latter case, helping to raise a sibling is less ecient to pass its own genes
to the next generation than breeding independently. Consequently, cooperative breeding should have evolved primarily among monogamous species. Cornwallis

et al.(2010)

found indeed a positive correlation between the level of promiscuity and the breeding
system (cooperative

vs

non cooperative species) in 267 bird species. They also showed

that transition to cooperation along the phylogenetic tree was associated with low level
of promiscuity. Cornwallis

et al.

(2010) thus raised the possibility that the level of EPP

causes the evolution of a trait rather than the reverse. The direction of the causal link
between a trait and the rate of EPP should then be ne tuned in the future.
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