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In many mammals, breeding females are intolerant of each other and seldom associate closely but, in some, they aggregate in groups 
that vary in size, stability, and kinship structure. Aggregation frequently increases competition for food, and interspecific differences in 
female sociality among mammals are commonly attributed to contrasts in ecological parameters, including variation in activity timing, 
the distribution of resources, as well as the risk of predation. However, there is increasing indication that differences in female soci-
ality are also associated with phylogenetic relationships and with contrasts in life-history parameters. We show here that evolutionary 
transitions from systems where breeding females usually occupy separate ranges (“singular breeding”) to systems where breeding 
females usually aggregate (“plural breeding”) have occurred more frequently in monotocous lineages where females produce single 
young than in polytocous ones where they produce litters. A likely explanation of this association is that competition between breeding 
females for resources is reduced where they produce single young and is more intense where they produce litters. Our findings rein-
force evidence that variation in life-history parameters plays an important role in shaping the evolution of social behavior.
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INTRODUCTION
In many mammals, adult females compete for access to resources 
necessary to raise young and occupy separate ranges or territo-
ries during the breeding season—as in many rodents, insectivores, 
and nocturnal carnivores (Eisenberg 1983; Wolff and Sherman 
2007; Clutton-Brock 2016). The ranges of  breeding females in 
these “singular breeders” overlap to varying extents with those of  
neighboring females, as well as with those of  males: in some, fe-
males defend exclusive territories against members of  both sexes, 
whereas, in others, they share their territories with particular males 
but exclude other mature females; in some, there is extensive range 
overlap between neighboring females, whereas, in others, breeding 
females share their ranges with nonbreeding relatives and unrelated 
breeding males but forage separately; finally, in a few, breeding fe-
males associate with nonbreeding relatives of  both  sexes in cohe-
sive groups as in the social mole-rats and some social mongooses 
(Jarvis 1981; Clutton-Brock 2016).

In other species, breeding females are more tolerant of  each 
other and multiple breeding females share a common range and 
form groups that include multiple individuals that breed regularly 
(Lewis and Pusey 1997; Clutton-Brock 2016). Although a rela-
tively small proportion of  all mammals form groups of  this kind, 

these systems predominate within some Orders, including ungu-
lates, cetaceans, and primates (Clutton-Brock 2016; Ward and 
Webster 2016). In most “plural breeders,” groups usually consist 
of  breeding females born in the same group, as well as a number 
of  nonbreeding natal males that will eventually disperse to breed 
elsewhere, together with one or more immigrant males that fa-
ther most of  the young born in the group. In a small number of  
species, groups consist of  immigrant breeding females together 
with one or more natal breeding males (Clutton-Brock 1989; 
Lukas and Clutton-Brock 2011). Intraspecific variation in group 
size is common (Richard 1974; Lott 1991) and, in some cases, 
groups in some populations usually contain multiple breeding fe-
males, whereas, in others, many contain a single breeding female 
(Schradin 2013). In many cases, this variation appears to reflect 
contrasts in population density, with larger numbers of  breeding 
females in groups where population densities are higher.

Many comparative studies have explored the distribution of  
female group size in particular Orders of  mammals and have 
shown that interspecific differences are related to variation in 
habitat use, feeding ecology, activity timing, and population den-
sity (Jarman 1974; Kaufmann 1974; Bradbury and Vehrencamp 
1977; Clutton-Brock and Harvey 1977; Gittleman 1989; Wright 
1999; Fisher and Owens 2000; Ebensperger 2001), as well as to 
contrasts in body size, longevity, litter size, and juvenile develop-
ment (Eisenberg 1983; van Schaik and Kappeler 1993; Rubenstein 
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and Abbot 2017; Smith et al. 2017). However, analyses of  variation 
in female sociality seldom distinguish between groups that incor-
porate several breeding females (plural breeders) and groups that 
include a single breeding female (singular breeders). The distinc-
tion between total group size and the number of  breeding females 
that aggregate is important for it is the extent to which breeding 
females aggregate that affects social and mating competition. When 
breeding females aggregate, the number of  potential breeding part-
ners that individual males can guard effectively is higher (Emlen 
and Oring 1977), potentially increasing the intensity of  sexual se-
lection on males (Kvarnemo and Ahnesjo 1996) and the extent 
to which breeding males aggregate with each other (Andelman 
1986). The number of  breeding females in a group also affects so-
cial interactions by influencing average levels of  kinship between 
group members (Lukas et al. 2005; Lukas and Clutton-Brock 2018). 
Although contrasts in group size often reflect differences in the 
number of  breeding females that associate with each other, the re-
lationship between total group size and the number of  breeding 
females per group is inconsistent (Rubenstein et al. 2016). For ex-
ample, some of  the largest stable social groups found in mammals 
occur in singular breeders, like naked mole-rats (Heterocephalus glaber) 
where colonies can include several hundred individuals but only a 
single female breed in each group (Jarvis 1981; Braude 2000).

Previous theories about the evolution of  sociality among 
breeding females (plural breeding) have focused on its association 
with diurnal activity patterns and susceptibility to predation, as well 
as with reliance on resources where direct competition between in-
dividuals foraging in close proximity is not intense (Jarman 1974; 
Wrangham 1980). However, there are both theoretical and empir-
ical reasons for expecting life-history parameters to also play an 
important role. Lactating females experience substantial increases 
in energetic requirements in all mammals and the energetic costs 
of  raising young increase with litter size (Speakman 2008; Hamel 
et al. 2010; Hinde and Milligan 2011). As a result, competition be-
tween coresident breeding females for resources necessary to raise 
offspring is likely to be more intense in polytocous species (where 
females produce multiple young at once) than in monotocous ones 
(females produce single young). Comparative studies support this: 
for example, female infanticide appears to be more frequent in 
polytocous than monotocous species (Lukas and Huchard 2019). In 
addition, polytocy is usually associated with the production of  rela-
tively altricial infants that need to be maintained in a nest or burrow 
(Eisenberg 1983; van Schaik and Kappeler 1993). As a result, many 
polytocous mammals are central place foragers (Stephens and 
Krebs 1986), which increases the energetic costs of  aggregation in 
breeding females and so may constrain the evolution of  sociality 
in breeding females (Kappeler 1998). Phylogenetic comparisons 
also suggest that monotocy may facilitate the evolution of  soci-
ality. Although singular breeding and polytocy appear to have been 
the ancestral condition in many phylogenetic groups of  mammals 
(Leutenegger 1979; Lukas and Clutton-Brock 2013; Werneburg 
et al. 2016), many of  the mammalian taxa where plural breeding 
is common are monotocous—including the primates, ungulates, 
and cetaceans (Eisenberg 1983; Clutton-Brock 2016). Transitions to 
monotocy from polytocy appear to be rare and to have occurred at 
a relatively early stage in many mammalian lineages (Leutenegger 
1979; Bordes et  al. 2011; Werneburg et  al. 2016; Battistella et  al. 
2019), whereas transitions in sociality appear to be more recent 
(Blomberg et al. 2003; Kamilar and Cooper 2013), suggesting that 
transitions to monotocy in these mammalian lineages might have 
removed constraints on the evolution of  plural breeding.

Here, we use comparative data for mammals and phylogenetic 
reconstructions to investigate whether there is a consistent rela-
tionship between the evolution of  monotocy and the distribution 
of  plural breeding. Given that plural breeding is rarer and ap-
parently the derived system, we investigated whether contem-
porary mammals in which plural breeding has been observed at 
all are more likely to be monotocous, whereas species in which 
only singular breeding occurs are more likely to be polytocous. 
To test the prediction that transitions to the production of  single 
offspring remove constraints on aggregation in breeding females, 
we subsequently investigated whether any transitions to plural 
breeding have been more common in monotocous lineages than 
in polytocous ones.

MATERIAL AND METHODS
Data and classifications

We based the classification of  the social system of  mammals on our 
previous databases (Lukas and Clutton-Brock 2013, 2017a) and ex-
cluded the few mammalian species in which females produce eggs. 
We identified species as monotocous if  median litter size was less 
than 1.5 and as polytocous if  it was greater than 1.5. Data for litter 
size (number of  young per birth, central tendency across females in 
wild populations), for adult body mass (female mass in grams, cen-
tral tendency across females in both captive and wild populations), 
for diurnality (whether a species is strictly nocturnal or whether 
part of  its activity occurs during the day), and for diet (whether a 
species is a herbivore, carnivore, or omnivore) were obtained from 
a combination of  primary and secondary sources, including pub-
lished databases (Carey and Judge 2002; Ernest 2003; Bielby et al. 
2007; McCarthy et al. 2008; de Magalhaes and Costa 2009; Jones 
et al. 2009; Wilman et al. 2014). If  entries in these databases dif-
fered slightly, we used the median value and, if  entries were sub-
stantially different, we referred to the primary literature to identify 
the most likely value.

We restricted species in our analysis to those for which field-
based reports of  social behavior were available (following Schradin 
2017; Lukas and Clutton-Brock 2017b). We identified species as 
singular breeders if  most females occupy separate home ranges 
or territories during the breeding season (even if  they share these 
with nonbreeding females or with males) and as plural breeders if  
multiple breeding females share a common range and actively as-
sociate with each other (Ward and Webster 2016), forming groups 
that usually include more than one individual that breeds regu-
larly. Our definition of  plural breeding includes fission–fusion spe-
cies, such as chimpanzees where females may spend part of  the 
day foraging independently but live in discrete communities that 
include multiple breeding females that share a common range. We 
classified species that live in mixed sex pairs or in groups where 
only a single female breeds regularly (like the social mole-rats, 
callitrichid primates, and several social mongooses) as singular 
breeders. We focus our classification of  sociality on the behavior 
of  breeding females, those that are in the later stages of  preg-
nancy or have dependent young and do not consider the beha-
vior of  juveniles, males, or adult females who are not breeding. 
In some species where breeding females commonly aggregate, 
some breeding groups include a single breeding female, whereas 
others include several females that breed regularly (Nievergelt 
et al. 2002; Dalerum 2007; Schradin et al. 2012; Weidt et al. 2014; 
Valomy et al. 2015; Agnani et al. 2018; Miles et al. 2019). Where 
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intrapopulation variation of  this kind was reported, we classified 
species as plural breeders if, throughout the breeding season, most 
breeding females are found in groups where several females breed 
regularly and as singular breeders if  the majority of  breeding fe-
males were found in groups that included a single breeding female. 
We used a majority rule to reduce risks of  misclassification of  rare 
observations that are likely to be nonadaptive (following Schradin 
et al. 2018). In the small number of  species where studies of  dif-
ferent populations have shown that plural breeding predominates 
in some populations or at some times, whereas singular breeding 
predominates in others, often in association with relatively low 
population density (e.g., striped mice; Schradin et  al. 2012), we 
classify them as plural breeders if  plural breeding predominates 
in either population as this is the rarer and derived system. It 
has been suggested that, where multiple records of  female group 
size are available, they should be included as separate points (e.g. 
Miles et  al. 2019). However, like most other comparative studies, 
we preferred to include a single value for each species in order 
to avoid particular species weighting our analyses disproportion-
ately. We also generally do not have matching data on litter size 
for each population, so we cannot attempt to explain the full var-
iation in sociality across populations; we do not know the history 
of  the populations within a given species, so we cannot infer if  and 
how often transitions in sociality might have occurred (Stone et al. 
2011). The number of  species for which multiple records showing 
differences in female sociality are available is relatively low and 
whether they are classified as plural or singular breeding does not 
appear to affect the outcome of  our analyses.

For our phylogenetic reconstructions, we relied on a mamma-
lian supertree (Rolland et al. 2014) and did not resolve polytomies 
or modify the branch lengths in any analyses. All data and sources 
are deposited at the Knowledge Network for Biocomplexity (doi: 
10.5063/F1P8497S).

Statistical approaches

To test whether singular and plural breeders differ in their life-
history parameters, we ran binomial regression models using 
MCMCglmm (Hadfield and Nakagawa 2010) in the statistical soft-
ware R (R Core Team 2019). We first investigated whether differ-
ences in monotocy/polytocy are associated with the distribution of  
plural breeding. We included the phylogenetic relationship between 
species as covariance matrix, set a flat prior (Hadfield 2010) and 
used 1 500 000 iterations, a burn-in of  500 000 and a thinning in-
terval of  10. Each analysis was repeated three times and visually 
inspected for convergence. We report the 95% confidence intervals 
(CIs) based on the Bayesian sample for all relationships to deter-
mine whether an estimated effect is systematically different from 
0. The proportion of  the Bayesian sample that crosses 0 is similar 
to a P-value estimate; in all our cases, the CI did not contain 0 sug-
gesting that the results are robust.

For the phylogenetic reconstruction, we first estimated the 
strength of  the phylogenetic signal for polytocy/monotocy and 
singular/plural breeding using the function phylosig in PhyTools 
(Revell 2012) in R to calculate the K-statistic and lambda, as-
sessing their significance by comparison to 10  000 simulations. 
To assess whether monotocy and plural breeding coevolved, 
we performed reconstructions using the function Discrete in 
BayesTraits V3 (Pagel et al. 2004). We ran models assuming either 
an independent or a dependent evolution, estimating the param-
eters using maximum likelihoods based on 100 tries per model 
specification.

RESULTS
In the 1267 species in our sample, 44% were classified as 
monotocous and 56% as polytocous. In 54% of  the mamma-
lian Orders represented in our sample, all species were either 
monotocous or polytocous, whereas 46% of  Orders included 
both monotocous and polytocous species. Polytocy is predominant 
(more than 75%) in 10 of  the 24 mammalian Orders represented 
in our sample, whereas monotocy predominates in another 10 (see 
Figure 1).

Although 56% of  contemporary mammals in our sample 
are polytocous, more than 85% of  all species classified as plural 
breeders in our sample are monotocous and, in all seven Orders of  
mammals where plural breeding is common (artiodactyls, cetaceans, 
bats, diprotodons, perissodactyls, proboscidea, and primates), most 
or all species are monotocous (see Figure 1). Compared with spe-
cies that we classified as singular breeders (and controlling for 
phylogenetic effects), plural breeding mammals have significantly 
smaller litter sizes (mean effect of  larger litter size: −118.0, 95% 
CI: −168.7 to −76.5; 810 singular vs. 457 plural breeders): among 
singular breeders, median litter size is 3 and more than 80% of  spe-
cies produce two or more offspring per breeding attempt. In con-
trast, among species classified as plural breeders, median litter size 
is one and only 14% of  species produce two or more offspring per 
breeding attempt.

The influence of  litter size on the distribution of  plural breeding 
is independent of  whether a species is nocturnal or diurnal (effect 
of  larger litter size on occurrence of  plural breeding: −25.4, 95% 
CI: −33.1 to −16.5; effect of  being nocturnal rather than diurnal: 
−8.9, 95% CI: −13.2 to −4.7; 374 singular vs. 115 plural breeders) 
and whether it is omnivorous, herbivorous, or carnivorous (effect 
of  larger litter size on occurrence of  plural breeding: −19.7, 95% 
CI: −27.8 to −11.4; effect of  being herbivore rather than carnivore 
or omnivore: 7.7, 95% CI: 0.5 to 15.7; 409 singular vs. 333 plural 
breeders). In a combined model, litter size also has a stronger esti-
mated effect on the distribution of  plural breeding than body mass 
when both factors were standardized by subtracting each species’ 
value from the mean across species divided by the standard devi-
ation (effect of  larger litter size on occurrence of  plural breeding: 
−11.4, 95% CI: −16.0 to −7.6, effect of  larger body size: 3.3, 95% 
CI: 1.4 to 5.4; 793 singular vs. 457 plural breeders).

Phylogenetic reconstructions provide further evidence of  an as-
sociation between the evolution of  plural breeding and monotocy. 
Our phylogenetic reconstructions support previous evidence that 
the ancestor of  mammals was polytocous and singular breeding 
(Lukas and Clutton-Brock 2013; Werneburg et  al. 2016). They 
show that the prevalence of  monotocy or polytocy is comparatively 
stable within phylogenetic groups, with few evolutionary transitions 
between monotocy and polytocy necessary to explain the distribu-
tion of  monotocy among the species in our sample (phylogenetic 
signal: K = 0.74; lambda 0.98; both P < 0.001). In contrast, plural 
breeding is more labile and, in several phyla, appears to have ori-
ginated relatively recently (phylogenetic signal: K  =  0.45; lambda 
0.95; both P < 0.001).

The evolution of  plural breeding has occurred between 10 and 
20 times more frequently in monotocous than in polytocous lin-
eages (see Supplementary Material) and models assuming that 
monotocy and plural breeding evolved independently received 
consistently less support than those indicating that the two traits 
are associated (median of  log-likelihoods of  independent models: 
−1105; median of  log-likelihood of  dependent models: −829). All 
models that we explored suggest that evolutionary transitions from 
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polytocy to monotocy occur before transitions from singular to 
plural breeding and that transitions to monotocy increase the prob-
ability of  subsequent transitions from singular to plural breeding. 
The most likely dependent model suggests that monotocy evolved 
in singular breeders and was only lost in relatively few instances 
in plural breeders. Restricting the phylogenetic reconstructions to 
assume that the evolution of  plural breeding was equally likely in 
monotocous and polytocous lineages did not change the inference 
that all monotocous plural breeders originated from monotocous 
singular breeders: the model suggested that there have been no 
transitions to monotocy in plural breeders, with the only change 
in the model inference being a 10-fold increase in the rate at which 
plural breeding would be lost in polytocous species. A model which 
restricts both gains and losses of  plural breeding to occur with 
equal probability in polytocous and monotocus species infers the 

ancestral state to be monotocous and has a much lower likelihood 
than the model assuming that transitions to plural breeding are 
more likely to occur in monotocous species.

DISCUSSION
Our analysis supports the suggestion that interspecific contrasts in 
sociality among breeding females are associated with variation in 
litter size and with the evolution of  monotocy. Although 65% of  
all mammals are polytocous and polytocy is likely to have been the 
original ancestral condition for all live-bearing mammals (Myhrvold 
et  al. 2015; Werneburg et  al. 2016), more than 85% of  species 
where breeding units usually include more than one female that 
breeds regularly are monotocous. Plural breeders produce smaller 
litters than singular breeders and transitions from singular breeding 
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Figure 1
Proportion of  species in mammalian Orders that records show to be either monotocous (in blue) or polytocous (in yellow) and either plural (dark shading) or 
singular breeders (plain colour). In Orders in which the majority of  species are monotocous, such as cetaceans or primates, plural breeding is more likely than 
in Orders in which most species are polytocous, such as carnivores or rodents.
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to plural breeding appear to have been substantially more frequent 
in monotocous lineages than in polytocous ones. Although plural 
breeding and monotocy are both associated with diurnal activity, 
this association does not account for the association between plural 
breeding and monotocy, which persists when the effects of  differ-
ences in activity timing are controlled.

A likely reason for the association between plural breeding and 
monotocy is that energy requirements of  breeding females (espe-
cially during lactation) are substantially higher in polytocous spe-
cies, generating more intense competition between females for the 
resources necessary to provision and raise offspring (Johnson et al. 
2001; Speakman 2008). Although female interference in breeding 
attempts by other females is not confined to polytocous species, it 
appears to be more common in polytocous than monotocous spe-
cies: for example, physiological suppression of  fertility in subor-
dinate and female infanticide have been recorded to occur more 
commonly in polytocous species than in monotocous ones (Clutton-
Brock 2016; Lukas and Huchard 2019).

The association between monotocy and plural breeding may also 
help to explain contrasts in social behavior between major taxa—
and the nature of  social relationships in particular. Comparative 
studies show that rates of  competitive interactions among group 
members tend to be reduced in mammals where average levels 
of  kinship between group members are relatively high and more 
common when average kinship is low. In addition, costly forms of  
asymmetrical or altruistic cooperation, such as provisioning young 
born to others, are largely confined to species with high levels of  
kinship and rare where average kinship between group members is 
low (Lukas and Clutton-Brock 2018).

The association between plural breeding and monotocy raises 
questions about the evolution of  monotocy itself. Within mammals, 
the evolution of  monotocy often appears to be associated with the 
need for precociality in infants—either because they need to cling 
to their mothers or to the substrate (as in primates and bats) be-
cause they need to be able to locomote independently within a few 
hours of  birth (as in many ungulates and cetaceans) or because 
young are exposed to potentially high levels of  predation and there 
is a need to minimize the duration of  the period of  early develop-
ment (as in the pinnipeds) (Martin and MacLarnon 1985; Kappeler 
1998; Hamilton et  al. 2011). However, it is likely that the ecolog-
ical circumstances favoring monotocy differ between major animal 
groups (Promislow and Harvey 1990; Charnov 1991; Tökölyi et al. 
2014) and this is too large a topic to consider in detail here.

Our analysis illustrates the way in which contrasts in life-history 
parameters can influence the evolution of  sociality and the form 
of  social behavior. Monotocy and the production of  precocial 
young may allow members of  some species to occupy niches or 
habitats where altricial young could not be reared but may, at the 
same time, preclude the evolution of  some breeding systems. For 
example, among mammals, cooperative breeding systems, where 
group members other than their parents are principally respon-
sible for guarding and feeding infants, are restricted to polytocous 
species, where average kinship between group members is rela-
tively high (Lukas and Clutton-Brock 2012). This may be because, 
in monotocous species, helpers cannot generate large effects on 
the reproductive output of  breeders or because monotocy reduces 
average kinship between group members to low levels, in partic-
ular in large groups, precluding the evolution of  breeding systems 
involving costly forms of  cooperation. The role of  litter size in the 
evolution of  breeding systems may also help to explain differences 
in the distribution of  breeding systems outside of  mammals. In 

birds and insects, where females usually produce multiple eggs (de 
Maghalaes and Costa 2009), cooperative and eusocial breeding ap-
pears more common than plural breeding (Riehl 2013; Koenig and 
Dickinson 2016; Rubenstein and Abbot 2017).

The effects of  phylogenetic contrasts in life-history patterns 
emphasize the need for comparative studies to focus at the most 
appropriate taxonomic level. Where related species differ in their 
life-history parameters, analyses of  the distributions of  traits 
within Orders can offer important insights into relationships be-
tween contrasts in social behavior and variation in ecology and 
life-history parameters (Rubenstein 1989; Kappeler and Pereira 
2003). However, where all members of  the same Order share sim-
ilar life-history characteristics, comparisons may need to span dif-
ferent radiations in order to identify the extent to which life-history 
parameters facilitate or constrain the evolution of  social behavior 
(Harvey and Pagel 1991; Rubenstein and Abbott 2017). For ex-
ample, although there have been multiple analyses of  the distri-
bution of  sociality in higher primates (Clutton-Brock and Harvey 
1980; Wrangham 1980; Sterck et al. 1997; Shultz et al. 2011), the 
importance of  monotocy on the evolution of  sociality has (appar-
ently) not been previously recognized because a high proportion of  
species are both monotocous and plural breeding.

Finally, our analysis shows how differences in ecology, life 
history, and phylogeny are likely to interact in their effects on 
breeding systems and social organization. Although it is some-
times suggested that phylogenetic relationships, rather than con-
trasts in ecology, control contrasts in social behavior between 
higher level taxa (Gittleman 1986; Shultz and Dunbar 2007), 
contrasts in life-history parameters between major taxonomic 
groups are likely to represent ecological adaptations and to be 
maintained by selection (Williams 1966; Lack 1968; Stearns 
2000). Relationships between ecological variation and contrasts 
in social organization and reproductive strategies may conse-
quently be less direct and may vary more widely between taxa 
than was recognized in early comparative studies. However, this 
variation does not contradict the view that contrasts in ecology 
play a central role in guiding the evolution of  interspecific differ-
ences in social behavior and breeding systems.
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Supplementary data are available at Behavioral Ecology online.

FUNDING
This work was supported by the European Research Council (grant 
294494THCB2011).

Conflict of  interest: The authors have no financial or other conflicts of  in-
terest to declare.

Data accessibility: Analyses reported in this article can be reproduced using 
the data provided by Lukas (2020).

Handling editor: Michael Taborsky

REFERENCES
Agnani  P, Kauffmann  C, Hayes  LD, Schradin  C. 2018. Intra-specific 

variation in social organization of  Strepsirrhines. Am J Primatol. 
80:e22758.

Andelman  SJ. 1986. Ecological and social determinants of  cercopithecine 
mating patterns. In: Rubenstein DI, Wrangham RW, editors. Ecological 

947



Behavioral Ecology

aspects of  social evolution: birds and mammals. Princeton (NJ): Princeton 
University Press. p. 201–216.

Battistella T, Cerezer F, Bubadué J, Melo G, Graipel M, Cáceres N. 2019. 
Litter size variation in didelphid marsupials: evidence of  phylogenetic 
constraints and adaptation. Biol J Linn Soc. 126:40–54.

Bielby  J, Mace  GM, Bininda-Emonds  OR, Cardillo  M, Gittleman  JL, 
Jones  KE, Orme  CD, Purvis  A. 2007. The fast-slow continuum 
in mammalian life history: an empirical reevaluation. Am Nat. 
169:748–757.

Blomberg  SP, Garland  T Jr, Ives  AR. 2003. Testing for phylogenetic 
signal in comparative data: behavioral traits are more labile. Evolution. 
57:717–745.

Bordes F, Guégan JF, Morand S. 2011. Microparasite species richness in ro-
dents is higher at lower latitudes and is associated with reduced litter size. 
Oikos. 120:1889–1896.

Bradbury  JW, Vehrencamp  SL. 1977. Social organization and foraging in 
emballonurid bats. Behav Ecol Sociobiol. 2:1–17.

Braude S. 2000. Dispersal and new colony formation in wild naked mole-
rats: evidence against inbreeding as the system of  mating. Behav Ecol. 
11:7–12.

Carey  JR, Judge  DS. 2002. Longevity records: life spans of  mammals, 
birds, amphibians, reptiles, and fish monographs on population aging. 
Monographs on population aging, 8. Odense (DK): Odense University 
Press.

Charnov EL. 1991. Evolution of  life history variation among female mam-
mals. Proc Natl Acad Sci USA. 88:1134–1137.

Clutton-Brock TH. 1989. Female transfer and inbreeding avoidance in so-
cial mammals. Nature. 337:70–72.

Clutton-Brock T. 2016. Mammal societies. Chichester (UK): John Wiley & 
Sons.

Clutton‐Brock TH, Harvey PH. 1977. Primate ecology and social organiza-
tion. J Zool. 183:1–39.

Clutton‐Brock TH, Harvey PH. 1980. Primates, brains and ecology. J Zool. 
190:309–323.

Dalerum F. 2007. Phylogenetic reconstruction of  carnivore social organiza-
tions. J Zool. 273:90–97.

Ebensperger  LA. 2001. A review of  the evolutionary causes of  rodent 
group-living. Acta Theriol. 46:115–144.

Eisenberg, JF. 1983. The mammalian radiations: an analysis of  trends in ev-
olution, adaptation, and behaviour. Chicago (IL): University of  Chicago 
Press.

Emlen ST, Oring LW. 1977. Ecology, sexual selection, and the evolution of  
mating systems. Science. 197:215–223.

Ernest SM. 2003. Life history characteristics of  placental nonvolant mam-
mals. Ecological Archives E084‐093. Ecology. 84:3402–3402.

Fisher  DO, Owens  IP. 2000. Female home range size and the evolu-
tion of  social organization in macropod marsupials. J Anim Ecol. 
69:1083–1098.

Gittleman  JL. 1986. Carnivore brain size, behavioral ecology, and phy-
logeny. J Mammal. 67:23–36.

Gittleman  JL. 1989. Carnivore group living: comparative trends. In: 
Gittleman JL, editor. Carnivore behavior, ecology, and evolution. Boston: 
Springer. p. 183–207.

Hadfield JD. 2010. MCMCglmm: Markov chain Monte Carlo methods for 
generalized linear mixed models. Available from: cran.uvigo.es/web/
packages/MCMCglmm/vignettes/Tutorial.pdf  (accessed 26 March 
2015).

Hadfield JD, Nakagawa S. 2010. General quantitative genetic methods for 
comparative biology: phylogenies, taxonomies and multi-trait models for 
continuous and categorical characters. J Evol Biol. 23:494–508.

Hamel S, Gaillard  JM, Yoccoz NG, Loison A, Bonenfant C, Descamps S. 
2010. Fitness costs of  reproduction depend on life speed: empirical evi-
dence from mammalian populations. Ecol Lett. 13:915–935.

Hamilton  MJ, Davidson  AD, Sibly  RM, Brown  JH. 2011. Universal 
scaling of  production rates across mammalian lineages. Proc Biol Sci. 
278:560–566.

Harvey PH, Pagel MD. 1991. The comparative method in evolutionary bi-
ology. Oxford: Oxford University Press.

Hinde K, Milligan LA. 2011. Primate milk: proximate mechanisms and ul-
timate perspectives. Evol Anthropol. 20:9–23.

Jarman  P. 1974. The social organisation of  antelope in relation to their 
ecology. Behaviour. 48:215–267.

Jarvis  JU. 1981. Eusociality in a mammal: cooperative breeding in naked 
mole-rat colonies. Science. 212:571–573.

Johnson MS, Thomson SC, Speakman JR. 2001. Limits to sustained energy 
intake: II. Inter-relationships between resting metabolic rate, life-history 
traits and morphology in Mus musculus. J Exp Biol. 204:1937–1946.

Jones  KE, Bielby  J, Cardillo  M, Fritz  SA, O’Dell  J, Orme  CDL, Safi  K, 
Sechrest  W, Boakes  EH, Carbone  C, et  al. 2009. PanTHERIA: a spe-
cies‐level database of  life history, ecology, and geography of  extant and 
recently extinct mammals. Ecological Archives E090‐184. Ecology. 
90:2648–2648.

Kamilar  JM, Cooper  N. 2013. Phylogenetic signal in primate behav-
iour, ecology and life history. Philos Trans R Soc Lond B Biol Sci. 
368:20120341.

Kappeler PM. 1998. Nests, tree holes, and the evolution of  primate life his-
tories. Am J Primatol. 46:7–33.

Kappeler PM, Pereira ME, editors. 2003. Primate life histories and socioe-
cology. Chicago (IL): University of  Chicago Press.

Kaufmann JH. 1974. Habitat use and social organization of  nine sympatric 
species of  macropodid marsupials. J Mammal. 55:66–80.

Koenig WD, Dickinson JL, editors. 2016. Cooperative breeding in verte-
brates: studies of  ecology, evolution, and behavior. Cambridge (UK): 
Cambridge University Press.

Kvarnemo C, Ahnesjo I. 1996. The dynamics of  operational sex ratios and 
competition for mates. Trends Ecol Evol. 11:404–408.

Lack D. 1968. Factors influencing clutch size, egg size and the incubation 
period in waterfowl and other freshwater aquatic birds. In: Lack D, editor. 
Ecological adaptations for breeding in birds. London (UK): Methuen. p. 
222–237.

Leutenegger  W. 1979. Evolution of  litter size in primates. Am Naturalist. 
114:525–531.

Lewis SE, Pusey AE. 1997. Factors influencing the occurrence of  communal 
care in plural breeding mammals. In: Solomon NG, French JA, editors. 
Cooperative breeding in mammals. New York: Cambridge University 
Press. p. 335–363.

Lott  DF. 1991. Intraspecific variation in the social systems of  wild verte-
brates. Cambridge (UK): Cambridge University Press.

Lukas D. 2020. Data from: monotocy and the evolution of  plural breeding 
in mammals. Behav Ecol. doi: 10.5063/F1P8497S.

Lukas  D, Clutton-Brock  TH. 2011. Group structure, kinship, inbreeding 
risk and habitual female dispersal in plural-breeding mammals. J Evol 
Biol. 24:2624–2630.

Lukas D, Clutton-Brock T. 2012. Cooperative breeding and monogamy in 
mammalian societies. Proc Biol Sci. 279:2151–2156.

Lukas D, Clutton-Brock TH. 2013. The evolution of  social monogamy in 
mammals. Science. 341:526–530.

Lukas D, Clutton-Brock T. 2017a. Climate and the distribution of  coopera-
tive breeding in mammals. R Soc Open Sci. 4:160897.

Lukas  D, Clutton-Brock  T. 2017b. Comparative studies need to rely both 
on sound natural history data and on excellent statistical analysis. R Soc 
Open Sci. 4:171211.

Lukas D, Clutton-Brock T. 2018. Social complexity and kinship in animal 
societies. Ecol Lett. 21:1129–1134.

Lukas  D, Huchard  E. 2019. The evolution of  infanticide by females in 
mammals. Philos Trans R Soc Lond B Biol Sci. 374:20180075.

Lukas  D, Reynolds  V, Boesch  C, Vigilant  L. 2005. To what extent does 
living in a group mean living with kin? Mol Ecol. 14:2181–2196.

de Magalhães JP, Costa J. 2009. A database of  vertebrate longevity records 
and their relation to other life-history traits. J Evol Biol. 22:1770–1774.

Martin  RD, MacLarnon  AM. 1985. Gestation period, neonatal size and 
maternal investment in placental mammals. Nature. 313:220–223.

McCarthy  MA, Citroen  R, McCall  SC. 2008. Allometric scaling and 
Bayesian priors for annual survival of  birds and mammals. Am Nat. 
172:216–222.

Miles  MI, Jaeggi  AV, Festa-Bianchet  M, Schradin  C, Hayes  LD. 2019. 
Intraspecific variation in Artiodactyla social organisation: a Bayesian phy-
logenetic multilevel analysis of  detailed population-level data. bioRxiv 
603399. doi: 10.1101/603399.

Myhrvold NP, Baldridge E, Chan B, Sivam D, Freeman DL, Ernest SKM. 
2015. An amniote life-history database to perform comparative analyses 
with birds, mammals, and reptiles. Ecology. 96:3109.

Nievergelt  CM, Mutschler  T, Feistner  AT, Woodruff  DS. 2002. Social 
system of  the Alaotran gentle lemur (Hapalemur griseus alaotrensis): ge-
netic characterization of  group composition and mating system. Am J 
Primatol. 57:157–176.

Pagel M, Meade A, Barker D. 2004. Bayesian estimation of  ancestral char-
acter states on phylogenies. Syst Biol. 53:673–684.

948

http://cran.uvigo.es/web/packages/MCMCglmm/vignettes/Tutorial.pdf
http://cran.uvigo.es/web/packages/MCMCglmm/vignettes/Tutorial.pdf
https://doi.org/10.5063/F1P8497S
https://doi.org/10.1101/603399


Lukas and Clutton-Brock • Monotocy and female sociality in mammals

Promislow  DE, Harvey  PH. 1990. Living fast and dying young: a com-
parative analysis of  life‐history variation among mammals. J Zool. 
220:417–437.

R Core Team. 2019. R: a language and environment for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing. 
Available from: https://www.R-project.org/ (accessed 03 May 2019).

Revell  LJ. 2012. phytools: an R package for phylogenetic comparative bi-
ology (and other things). Methods Ecol Evol. 3:217–223.

Richard  A. 1974. Intra-specific variation in the social organization and 
ecology of  Propithecus verreauxi. Folia Primatol (Basel). 22:178–207.

Riehl  C. 2013. Evolutionary routes to non-kin cooperative breeding in 
birds. Proc Biol Sci. 280:20132245.

Rolland J, Condamine FL, Jiguet F, Morlon H. 2014. Faster speciation and 
reduced extinction in the tropics contribute to the Mammalian latitudinal 
diversity gradient. PLoS Biol. 12:e1001775.

Rubenstein DI. 1989. Life history and social organization in arid adapted 
ungulates. J Arid Environ. 17:145–156.

Rubenstein DR, Abbot P. 2017. Conclusion: social synthesis: opportunities 
for comparative social evolution. In: Rubenstein  DR, Abbot  P, editors. 
Comparative social evolution. Cambridge (UK): Cambridge University 
Press. p. 284–319.

Rubenstein DR, Botero CA, Lacey EA. 2016. Discrete but variable struc-
ture of  animal societies leads to the false perception of  a social con-
tinuum. R Soc Open Sci. 3:160147.

van Schaik CP, Kappeler PM. 1993. Life history, activity period and lemur 
social systems. In: Ganzhorn J, Kappeler PM, editors. Lemur social sys-
tems and their ecological basis. Boston: Springer. p. 241–260.

Schradin C. 2013. Intraspecific variation in social organization by genetic 
variation, developmental plasticity, social flexibility or entirely extrinsic 
factors. Philos Trans R Soc Lond B Biol Sci. 368:20120346.

Schradin  C. 2017. Comparative studies need to rely both on sound nat-
ural history data and on excellent statistical analysis. R Soc Open Sci. 
4:170346.

Schradin C, Hayes LD, Pillay N, Bertelsmeier C. 2018. The evolution of  in-
traspecific variation in social organization. Ethology. 124:527–536.

Schradin C, Lindholm AK, Johannesen  J, Schoepf  I, Yuen CH, König B, 
Pillay  N. 2012. Social flexibility and social evolution in mammals: a 
case study of  the African striped mouse (Rhabdomys pumilio). Mol Ecol. 
21:541–553.

Shultz S, Dunbar RI. 2007. The evolution of  the social brain: anthropoid 
primates contrast with other vertebrates. Proc Biol Sci. 274:2429–2436.

Shultz S, Opie C, Atkinson QD. 2011. Stepwise evolution of  stable sociality 
in primates. Nature. 479:219–222.

Smith JE, Lacey EA, Hayes LD. 2017. Sociality in non-primate mammals. 
In: Rubenstein  DR, Abbot  P, editors. Comparative social evolution. 
Cambridge (UK): Cambridge University Press. p. 284–319.

Speakman JR. 2008. The physiological costs of  reproduction in small mam-
mals. Philos Trans R Soc Lond B Biol Sci. 363:375–398.

Stearns  SC. 2000. Life history evolution: successes, limitations, and pro-
spects. Naturwissenschaften. 87:476–486.

Stephens DW, Krebs  JR. 1986. Foraging theory. Princeton (NJ): Princeton 
University Press.

Sterck  EH, Watts  DP, van  Schaik  CP. 1997. The evolution of  female 
social relationships in nonhuman primates. Behav Ecol Sociobiol. 
41:291–309.

Stone GN, Nee S, Felsenstein J. 2011. Controlling for non-independence in 
comparative analysis of  patterns across populations within species. Philos 
Trans R Soc Lond B Biol Sci. 366:1410–1424.

Tökölyi J, Schmidt J, Barta Z. 2014. Climate and mammalian life histories. 
Biol J Linn Soc. 111:719–736.

Valomy  M, Hayes  LD, Schradin  C. 2015. Social organization in 
Eulipotyphla: evidence for a social shrew. Biol Lett. 11:20150825.

Ward A, Webster M. 2016. Sociality: the behaviour of  group-living animals. 
Berlin (Germany): Springer.

Weidt  A, Lindholm  AK, König  B. 2014. Communal nursing in wild 
house mice is not a by-product of  group living: females choose. 
Naturwissenschaften. 101:73–76.

Werneburg I, Laurin M, Koyabu D, Sánchez-Villagra MR. 2016. Evolution 
of  organogenesis and the origin of  altriciality in mammals. Evol Dev. 
18:229–244.

Williams GC. 1966. Natural selection, the costs of  reproduction, and a re-
finement of  Lack’s principle. Am Naturalist. 100:687–690.

Wilman  H, Belmaker  J, Simpson  J, de  la  Rosa  C, Rivadeneira  MM, 
Jetz  W. 2014. EltonTraits 1.0: species‐level foraging attributes of  the 
world’s birds and mammals. Ecological Archives E095‐178. Ecology. 
95:2027–2027.

Wolff  JO, Sherman  PW. 2007. Rodent societies: an ecological and evolu-
tionary perspective. Chicago (IL): University of  Chicago Press.

Wrangham  RW. 1980. An ecological model of  female-bonded primate 
groups. Behaviour. 75(3–4):262–300.

Wright  PC. 1999. Lemur traits and Madagascar ecology: coping with an 
island environment. Am J Phys Anthropol. (Suppl 29):31–72.

949

https://www.R-project.org/

