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Background: We still do not understand the key drivers or prevalence of genetic

monogamy in mammals despite the amount of attention that the evolution of mammalian

monogamy has received. There have been numerous reviews of the hypotheses

proposed to explain monogamy, some of which focused on animals in general, while

others focused on particular classes like birds or mammals, or on specific orders

within a class. Because monogamy is rare in mammals overall but relatively common

in some of the orders in which it has been observed (e.g., Primates, Macroscelidea,

and Carnivora), mammals provide a unique taxon in which to study the evolution and

maintenance of monogamy However, the term “monogamy” encompasses related but

separate phenomena; i.e., social monogamy (pair-living by opposite-sex conspecifics)

and genetic monogamy or reproductive monogamy (mating exclusivity). A recent review

of mammalian monogamy reported that 226 species (9%) in 9 orders (35%) were socially

monogamous, although socially monogamous mammals are not necessarily genetically

monogamous.

Methods: Since factors that predispose socially monogamous mammals to be

genetically monogamous are still subject to debate, we conducted meta-analyses using

model selection to determine the relative importance of several life history, demographic,

and environmental factors in predicting genetic monogamy.

Results: We found sufficient data to include 41 species in our analysis, about 2x more

than have been included in previous analyses of mammalian genetic monogamy. We

found that living as part of a socially monogamous pair vs. in a group was the best

predictor of genetic monogamy, either by itself or in combination with high levels of

paternal care. A male-biased sex ratio and low population density were inversely related

to the number of pairs that were genetically monogamous, but not to the production of

intra-pair young or litters.

Conclusion: Our results agree with the results of some previous analyses but suggest

that more than one factor may be important in driving genetic monogamy in mammals.
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INTRODUCTION

The evolution of monogamy has long drawn attention from
many scientists studying animal behavior, partially due to its
rarity in some taxa and especially because monogamous behavior
by males is puzzling because their reproductive success is
typically driven by the number of females with which they are
able to reproduce (Trivers, 1972). Although monogamy typically
had been considered to encompass living with an opposite-sex
conspecific, formation, and maintenance of a pair-bond, mating
exclusivity, and biparental care (Kleiman, 1977; Wittenberger
and Tilson, 1980; Mock and Fujioka, 1990), we now understand
that “monogamous” species are quite variable in their social and
reproductive behaviors (Westneat et al., 1990; Gowaty, 1996;
Griffith et al., 2002) and that these social and reproductive
aspects of monogamy may be under selection from different
evolutionary pressures. This has resulted in the use of the terms
social monogamy (who is living with whom) and reproductive
or genetic monogamy (who is mating with whom; Wickler
and Seibt, 1983; Fuentes, 1998, 2002; Reichard, 2003; Tecot
et al., 2016). Although much research has been devoted to the
evolution of social monogamy, genetic monogamy has received
much less attention even though it may be more important
from an evolutionary standpoint because it is linked directly to
reproduction.

Current evidence suggests that female dispersion is the
primary driver of social monogamy in mammals (Dobson
et al., 2010; Lukas and Clutton-Brock, 2013). This conclusion is
supported by phylogenetic analyses that showmany independent
transitions to social monogamy in mammals (Komers and
Brotherton, 1997; Lukas and Clutton-Brock, 2013). In nearly all
of these cases, social monogamy evolved where females lived
solitarily in discrete home ranges and selection favoredmales that
shared a home range with only one female (Brotherton et al.,
1997; Lukas and Clutton-Brock, 2013). Other hypotheses argue
that social monogamy provides protection from conspecific
infanticide (Wolff and MacDonald, 2004; Opie et al., 2013),
although this does not seem to be supported in mammals
other than primates (Lukas and Clutton-Brock, 2013). Other
traits associated with social monogamy such as paternal care,
pair-bonding, group-living and cooperative breeding likely all
evolved after the evolution of social monogamy (Komers and
Brotherton, 1997; Lukas and Clutton-Brock, 2012, 2013; Opie
et al., 2013). It is unclear, however, if genetic monogamy occurs
as a consequence of the life history traits of socially monogamous
species or is mainly driven by demographic or environmental
factors.

Both males and females face trade-offs between seeking extra-
pair mates or remaining genetically monogamous. Males face
a trade-off between seeking extra-pair copulations (EPCs) and
investing in their direct reproductive success by preventing
cuckoldry of their mate, protecting their mate/offspring from
predation/infanticide, or providing paternal care (Magrath and
Komdeur, 2003; Shuster and Wade, 2003; Westneat and Stewart,
2003). Females might seek EPCs for benefits such as genetic
variability in their offspring (Petrie and Kempenaers, 1998), mate
confusion to prevent infanticide (Harcourt and Greenberg, 2001;

Wolff and MacDonald, 2004) or seeking a higher quality mate
(Kempenaers et al., 1992; Spencer et al., 1998; Griffith et al., 2002),
but this may come at the loss of direct parental care or indirect
parental care e.g., territory defense from their male social partner
(Ihara, 2002; Westneat and Stewart, 2003).

Rationale
These trade-offs may be influenced by life history traits,
demographic or environmental factors. Much of the previous
research on genetic monogamy has focused on life history
hypotheses, i.e., hypotheses that suggest that genetic monogamy
is driven by traits such as group living or coloniality (Møller and
Birkhead, 1993; Cohas and Allaine, 2009), breeding seasonality
and synchrony (Stutchbury and Morton, 1995), or paternal
care (Wade and Shuster, 2002; Magrath and Komdeur, 2003;
Westneat and Stewart, 2003; Huck et al., 2014). Such evolved
characteristics may determine the availability of EPCs and
how likely an individual is to seek extra-pair mates. However,
genetic monogamy may be driven more by demographic or
environmental factors such as population density (Westneat
and Sherman, 1997), a strongly male biased adult sex ratio
(Fromhage et al., 2005), or environmental variability (Botero and
Rubenstein, 2012). Despite previous attention from investigators,
we still do not understand the most important drivers of
mammalian genetic monogamy.

Objectives
Prior analyses investigating the relative importance of different
drivers of genetic monogamy have not reached consistent
conclusions for several reasons. One reason is the difference in
species included in the analyses. The first comparative studies
examined mammals from various mating systems (Clutton-
Brock and Isvaran, 2006; Isvaran and Clutton-Brock, 2007), while
the more recent studies included only socially monogamous
mammals (Cohas and Allaine, 2009; Huck et al., 2014). Even
these latter studies defined social monogamy differently. In
addition to including species from multiple mating systems vs.
only socially monogamous mammals, each of these analyses
assessed only a small subset of hypotheses proposed to explain
genetic monogamy. In these various studies one or two of
the following were found to be good predictors of genetic
monogamy: the pattern of association between males and
females (intermittent vs. continuous), the number of breeding
females per social unit or group, the length of the mating
season, social structure (single female, male-female pair, or
group), and occurrence of paternal care. Although these studies
found different explanations for genetic monogamy, the relative
importance of these various hypotheses has not been directly
compared. Therefore, our objective was to determine the
relative importance of hypotheses proposed to explain genetic
monogamy in socially monogamous mammals. We examined
all hypotheses for which we could find sufficient data: four life-
history, two demographic, and one environmental hypothesis
(Table 1).

The life history traits that we examined were paternal care,
pair association, social structure, and breeding seasonality. The
paternal care hypothesis predicts that care by the male parent,
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TABLE 1 | Hypotheses* proposed to explain genetic monogamy in mammals.

Hypothesis Trait Categories or metric used

(A) LIFE HISTORY HYPOTHESES

Higher male investment Paternal care 4 levels from no care to intense

care

Close male-female

association

Level of association

between male and

female

Intermittent or more frequently

associated

Pair-living Social structure Male-female pair, group, or

intrapopulation flexibility between

pair and group

Breeding seasonality Reproductive

seasonality

Aseasonal (no), seasonal (breed

during 2–6 months/year) or

highly seasonal (breed <1

month/year i.e., high synchrony)

(B) DEMOGRAPHIC HYPOTHESES

Low population density Population density # adults or individuals per square

km * mean adult mass

Male-biased sex ratio Sex ratio # males/# females

(C) ENVIRONMENTAL HYPOTHESIS

Environmental variability Climatic variability Koppen-Geiger’s climate

classification of study area,

ranked from least (tropical) to

most variable (polar)

*We were able to find sufficient data in the literature to test these hypotheses using model

selection procedures.

in addition to that provided by the mother, is critical for
optimal offspring growth and survival. Due to this benefit,
males seek paternity assurance to avoid caring for extra-pair
offspring and females limit extra-pair matings to secure paternal
care, both of which promote genetic monogamy (Birkhead and
Møller, 1996; Gowaty, 1996). The pair association hypothesis
predicts that the trade-off between mate guarding and pursuing
EPCs determine levels of genetic monogamy (Clutton-Brock and
Isvaran, 2006). Close association between a male and female
makes it easier to guard ones’ partner but harder for both
individuals to obtain EPCs. The social structure hypothesis
predicts that individuals living in groups would not be expected
to be as genetically monogamous as those that live in male-
female pairs (Møller and Birkhead, 1993) because there are more
opportunities for EPCs in groups with multiple adults of one or
both sexes. Finally, the breeding seasonality hypothesis makes
two contrasting predictions. The first prediction is that when
females are receptive at about the same time, males will benefit
by seeking as many mating opportunities as possible. Thus,
breeding synchrony provides more opportunities for mating and
thus increases the opportunity for EPCs by males (Stutchbury
andMorton, 1995; Stutchbury, 1998a,b). Consequently, there will
also be more males nearby providing opportunities for females
to engage in EPCs similar to what is observed in lek mating
systems (Wagner, 1992). When reproduction occurs within a
limited time, it may be too difficult to guard a mate and attempt
to gain EPCs; therefore, those engaging in genetic monogamy
may be making the best of the bad situation. But, if mate
guarding occurs, then genetic monogamy would be favored; this
is referred to as the “asynchrony hypotheses” by Neodorf (2004).

Alternatively, the breeding seasonality hypothesis predicts that
a long breeding season would constrain individuals to be
genetically monogamous because females would be receptive
asynchronously, thus opportunities for EPCs would be limited
(Stutchbury and Morton, 1995; Westneat and Sherman, 1997)
and competition for these matings would be high.

The demographic and environmental factors that we
examined included population density, adult sex ratio, and
climatic variability. These demographic and environmental
factors could affect the occurrence of genetic monogamy
by influencing the costs and benefits to males of pursuing
EPCs or the potential costs of EPCs to females (Westneat
and Stewart, 2003). For example, population density may be
important because low densities would constrain individuals
to be genetically monogamous because there would be limited
opportunities to mate with other opposite-sex conspecifics,
while genetic monogamy would be much less common at high
population densities due to numerous opportunities to mate
with multiple individuals (Westneat and Sherman, 1997). The
adult sex ratio in the population may also influence genetic
monogamy because male-biased sex ratios may result in a
large number of extra-pair males seeking matings, resulting
in increased opportunities for female extra-pair matings and
increased costs associated with mate guarding (Fromhage et al.,
2005). Alternatively, female-biased sex ratios could provide
opportunities for males to mate with multiple females. Finally,
climatic variability may be important because environments with
low variation might reduce the genetic benefits of EPCs while
highly variable climates favor EPCs that would increase genetic
diversity in offspring (Botero and Rubenstein, 2012).

METHODS

Search Strategy
To test functional hypotheses proposed to explain genetic
monogamy in socially monogamous mammals, we first obtained
a comprehensive list of mammals considered to be socially
monogamous (229 species) from Lukas and Clutton-Brock
(2013). For the purposes of our study, we define socially
monogamous mammals as all pair-living mammals as well as
group-living mammals that have a dominant breeding pair
(sensu Cohas and Allaine, 2009; Lukas and Clutton-Brock, 2013).
During our literature search and review of previous work on
genetic monogamy, we also came across data from nine socially
monogamous species not included in Lukas and Clutton-Brock
(2013). We included them in our data set, bringing the total
number of socially monogamous species to 238.

We then searched the primary literature for genetic parentage
data on all these species using the ISI Web of Science database
with combinations of the species’ common or scientific name,
along with the phrases “paternity” or “parentage analysis,” similar
to Cohas and Allaine (2009). We first searched the species’
common/scientific names and if this resulted in 20 or fewer
results, we examined the titles of all these publications. In
contrast, if there were more than 20 results, we combined
additional search terms with the common/scientific names. So,
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for each species we performed 2 or 4 different database searches.
We only included data from wild populations.

For each species with genetic parentage data, we calculated up
to three different indices of genetic monogamy because genetic
parentage data is not always presented in the same way in
the literature. These three indices were: the proportion of a
female’s young sired by her social partner (referred to as intra-
pair young, hereafter IPY); the proportion of all litters that were
sired exclusively by a social pair (referred to as intra-pair litters,
hereafter IPL), i.e., all offspring of a particular litter are assigned
to one mother and one father (her social partner); and the
proportion of pairs that had only within-pair offspring or litters
(referred to as genetically monogamous pairs, hereafter GM
pairs). Although we used three different indices, it is important
to note that these are not three different outcomes but rather
different attempts to quantify genetic monogamy. Furthermore,
although many papers also included information which allowed
us to determine which males were paired with which females,
this was not always the case (e.g., Weston Glenn et al., 2009).
For papers without this information, we calculated lower-end and
upper-end estimates of our three indices of genetic monogamy
based on the assumption that at least one of the sires of a litter
was the male social partner whenmultiple-paternity was detected
(although we understand it is possible that none of the sires
were the male social partner). We then calculated one mean for
each species from these lower and upper-end estimates and used
these means in our models. We found two published papers
with parentage data for three species and used the paper with
the largest sample size and/or the paper from which we could
calculate the specific index of geneticmonogamy for our analyses.

For our list of socially monogamous mammalian species with
genetic parentage data, we performed another set of literature
searches to find information on variables that would allow us
to examine functional hypotheses for genetic monogamy. For
each variable of interest, we first searched the paper in which
we had found the genetic parentage data for that species and
the Mammalian Species account for that species when available.
If we could not locate the information in these sources, we
searched the ISI Web of Science database following procedures
similar to those used in our initial literature search. We found
enough data to test 7 hypotheses: 4 life history hypotheses,
2 demographic hypotheses, and 1 environmental hypothesis
(Table 1; Supplementary Data Sheet 1). The variables we
examined based on these hypotheses were: the type/amount of
paternal care provided to young, frequency with which the male
and female were closely associated, the type of social unit most
common in the species, the seasonality of the species’ breeding,
population density (square root of the density multiplied by
average mass of an adult individual), the population sex ratio,
and climatic variability (as assessed by the Koppen-Geiger’s
climate classification, Peel et al., 2007) for the study site.

Data Analysis
In our analyses, we controlled for the phylogenetic relatedness
across all of our species to account for the lack of independence
among closely-related species (Garland et al., 1999; Freckleton
et al., 2002). This type of phylogenetic regression is similar

to analyses in previous comparative studies on genetic
monogamy (Isvaran and Clutton-Brock, 2007; Huck et al.,
2014). To accomplish this, we used a subset of a Mammalian
supertree downloaded from TimeTree (on Dec 14, 2017), a
publicly available phylogenetic tree synthesized from published
phylogenies (Hedges et al., 2006, 2015; Kumar et al., 2017), that
included our species of interest (Supplementary Image 1).

We analyzed our dataset using AICc model selection of
phylogenetic least squares regression models that included
different combinations of our predictor variables (Martins and
Hansen, 1997; Freckleton et al., 2002). We created 12 a priori
models that consisted of different combinations of the life history,
demographic, and environmental hypotheses for which we had
data from a sufficient number of species (Table 1), including
models based on the results of previous comparative studies on
mammalian extra-group paternity (see Supplementary Table 1;
Clutton-Brock and Isvaran, 2006; Isvaran and Clutton-Brock,
2007; Cohas and Allaine, 2009; Lukas and Clutton-Brock,
2013). We ran 3 rounds of AICc model selection, one for
each dependent variable, with the 12 a priori models using
the means of IPY, IPL, and GM pairs. All of these variables
were proportional data, therefore they were arcsine square-root
transformed for the analyses. All presented coefficients are back-
transformed. These models included a phylogenetic correction
following the Brownian model of character evolution (Garland
et al., 1999; Huck et al., 2014) and were weighted using 1 ÷

√
n

to control for the wide range in sample sizes among studies
(Gurevitch and Hedges, 1999; Griffith et al., 2002; Perry et al.,
2002; Zaykin, 2011). For each model selection process, models
were ranked from lowest- to highest-AICc and the 1AICc and
model Akaike weights were calculated. The weights are the
probability that the model is the best model, given the data and
other models in the candidate set (Wagenmakers and Farrell,
2004). All analyses were performed in R (R Core Team, 2018)
using the ape (Paradis et al., 2004) and nlme packages (Pinheiro
et al., 2018). All of our procedures followed the applicable meta-
analysis standards set forward by the PRISMA statement (Moher
et al., 2009).

RESULTS

Study Selection and Characteristics
We found genetic data for 41 mammalian species (17% of the
socially monogamous mammals on our list) in 53 different
studies and used 46 of these studies for our analyses (Figure 1;
Supplementary Data Sheet 1). We found the most species for
the order Carnivora (14/41= 34%), Primates (11/41= 27%), and
Rodentia (13/41 = 32%). Four other orders were represented by
1–3 species.

In seven of our 41 species (17%), all pairs were genetically
monogamous i.e., had no extra-pair young detected, although
the sample size for the Bornean gibbon (Hylobates muelleri) was
only 5 offspring. The mean ± SE proportion of IPY was 0.76
± 0.03 (N = 39 species; range 0.17–1.00; median number of
offspring/species = 40). The mean ± SE proportion of IPL was
0.73± 0.04 (N = 28 species; range: 0.34–1.00; median number of
litters/species= 18). The mean± SE proportion of GM pairs was
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FIGURE 1 | Flow chart for the literature search for studies of socially monogamous mammals with genetic parentage data. Sample sizes presented are the numbers

of studies found.

0.70± 0.04 (N = 34 species; range: 0.40–1.00; median number of
pairs/species= 16).

Synthesized Findings
Each model competition procedure resulted in 1 to 3 models
that were within 2 1AICc of the top model; these are shown
in Table 2 (For all models, see Supplementary Table 1). The
variable we refer to as social structure of the species was present in
4 of the 6 (66.7%) top models. Species that are group-living had
lower levels of IPY, IPL, and GM pairs compared to species in
which individuals lived in pairs or displayed intermediate social
structure (Figure 2, Table 3). The level of paternal care appeared
in all 3 of the top models for IPY and IPL, with an increasing
level of paternal care always positively associated with more
IPY/IPL (Figure 3, Table 3). The level of male-female association
appeared in 1 of the top models for GM pairs; species where
pairs were more closely associated had lower proportions of
IPY than species with intermittent levels of association between
the male and female. However, this outcome is likely to have
been caused by multi-collinearity between pair association and
social structure in the model, since this was the only model
where pair association had this effect. Sex ratio appeared in
two of the top models for GM pairs and population density
appeared in one of them. Each of these variables had a negative
effect on the measure of genetic monogamy. None of the
other variables or combinations of variables appeared in a top
model.

TABLE 2 | Top models from AICc model selection of different indices of genetic

monogamy (GM).

Response Model parameters K AICc 1AICc AICc wt

IPY Social structure (–) + Care (+) 5 31.28 0 0.82

IPL Social structure (–) + Care (+) 5 33.20 0 0.48

Care (+) 3 34.54 1.34 0.25

GM Pairs Social structure (–) + M-F

Association (–)

5 38.00 0 0.40

Social structure (–) + Sex ratio (–) 5 39.15 1.15 0.22

Sex ratio (–) + Density (–) 4 39.52 1.52 0.19

Only models with a 1AICc < 2 are shown here. The sign (–/+) indicates the direction of
the relationship (further explained in the footnotes).

IPY = proportion of intra-pair young.

IPL = proportion of litters that were exclusively intra-pair.

GM Pairs = proportion of male-female pairs that produced only intra-pair litters.

Social structure = how living in a group vs. a male-female pair or variable social structure

affected the measure of GM.

M-F association = how more “closely” associated pairs influenced the measure of GM.

Care = how increasing levels of paternal care influenced GM.

Density = how p(individuals/km2 *mass in kg) influenced GM.

Sex ratio = how increasing numbers of males:females influenced GM.

DISCUSSION

Summary of Main Findings
Our results show that no one model was consistently the best
for all our indices of genetic monogamy. Life history variables,
specifically social structure and paternal care, were the only type
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FIGURE 2 | The proportion of intra-pair young (IPY) produced by species of

socially monogamous mammals that live primarily in pairs, groups, or that are

intermediate between these two types of social structure. The proportions

presented are based on the coefficients from the top model for IPY (Tables 2,

3) and control for phylogenetic relatedness, differences in the level of paternal

care, and are weighted by sample size.

of predictor variables for IPY and IPL and the life history variable
referred to as social structure was in two of the top models
for GM pairs. Demographic variables, specifically sex ratio and
population density, only appeared in two of the top models for
GM pairs.

The only predictive variable found for all three indices of
genetic monogamy was social structure (Table 2), specifically
living in a socially monogamous pair or intermediately (i.e.,
sometimes as a monogamous pair and sometimes in a group) as
opposed to living primarily in a group. Individuals that lived as
a member of a socially monogamous pair showed higher levels
of genetic monogamy compared to individuals found primarily
in a group with other sexually mature conspecifics. Living as
a member of a pair was an important predictor of genetic
monogamy either by itself or in combination with other life
history variables such as paternal care, the amount ofmale-female
association or sex ratio. Paternal care was important in explaining
IPY and IPL, especially in combination with pair living (Table 2).
Sex ratio and population density were the only demographic
variables in any top model. They were found in the top models
for GM pairs but not in models for any other index of genetic
monogamy. No other demographic or environmental variables
were in any of our topmodels. These results suggest that the levels
of genetic monogamy across socially monogamous mammals are
likely not driven by merely one variable but a combination of
variables, and different variables may be more important for
different species (see also Klug, 2018).

Our study, including twice as many species as prior studies,
is consistent with results from the largest previous comparative
study of socially monogamous mammals (Cohas and Allaine,
2009) that showed that group-living species had higher levels
of EPY than pair-living species. Although there are numerous
possible benefits to group-living, including increased group
vigilance resulting in increased protection from predation,
foraging benefits, increased production, or survival of offspring
due to helping by other group members (Krause and Ruxton,

TABLE 3 | Model coefficients and standard errors from the top phylogenetic

regression models explaining three indices of genetic monogamy (GM).

Model Variable Estimate SE

IPY- 1st model Intercept 0.746 0.038

Paternal care 0.022 0.003

Intermediate −0.006 0.010

Group −0.131 0.008

IPL- 1st model Intercept 0.706 0.033

Paternal care 0.034 0.006

Intermediate −0.003 0.017

Group −0.095 0.015

IPL- 2nd model Intercept 0.584 0.022

Paternal care 0.051 0.006

GM pairs- 1st model Intercept 0.975 0.071

Intermediate −0.033 0.015

Group −0.367 0.023

Close association −0.217 0.041

GM pairs- 2nd model Intercept 1.000 0.051

Intermediate −0.021 0.014

Group −0.097 0.017

Sex ratio −0.090 0.020

GM pairs- 3rd model Intercept 0.996 0.023

Sex ratio −0.206 0.017

Density −0.0003 0.0001

The estimated coefficients presented here have been back-transformed from the arcsine

square-root transformation performed for each model. See Table 2 for the list of these

models.

IPY= proportion of intra-pair young.

IPL = proportion of litters that were exclusively intra-pair.

GM Pairs = proportion of male-female pairs that produced only intra-pair litters.

Group/intermediate = how living in a group or a variable social structure affected the

measure of GM.

Close association = how more “closely” associated pairs influenced the measure of GM.

Paternal care = how increasing levels of paternal care influenced GM.

Density = how
√
(individuals/km2 *mass in kg) influenced GM.

Sex ratio = how increasing numbers of males:females influenced GM.

2002; Ward and Webster, 2016), it appears that a major cost to
group living is being unable to prevent one’s mate from engaging
in EPCs (Suter et al., 2009; Nichols et al., 2015).

A high level of paternal care was also associated with increased
levels of genetic monogamy for all models in which it was
present (Table 3). The positive relationship between levels of
paternal care and IPY is consistent with the results of Huck
et al. (2014), even when we include group-living species in the
data set (see also Kvarnemo, 2006). Previous studies show that
paternal care likely evolved after transitions to social monogamy
(Komers and Brotherton, 1997; Lukas and Clutton-Brock, 2013).
For this reason, we suggest that genetic monogamy may have co-
evolved with paternal behavior when selection initially favored
males that were more affiliative toward females and offspring
and, subsequently these affiliative behaviors became modified
into paternal care (Komers and Brotherton, 1997; Dillard and
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FIGURE 3 | The proportion of intra-pair young (IPY) produced by species of

socially monogamous mammals with differing levels of paternal care, ranked

from species that provide no paternal care to those that provide intensive

paternal care. The regression is based on the coefficients from the top model

for IPY (Tables 2, 3) and controls for phylogenetic relatedness, differences in

social structure, and is weighted by sample size.

Westneat, 2016). Selection might then have favored males that
provided parental care only when paternity was certain to allow
males to limit investing in offspring sired by other males. If
females engaged in EPCs and males were able to detect this, then
these females could face high costs from losing male investment
and may then have decreased or refrained from engaging in
extra-pair mating to ensure male care. Over evolutionary time,
females might have produced offspring that were increasingly
reliant on male care or male care might have resulted in greater
fitness benefits through the quality or number of offspring.
Either of these scenarios could result in stabilizing selection
for male care and genetic monogamy (Smith, 1977; Dunbar,
1995; Wade and Shuster, 2002; Stockley and Hobson, 2016).
This may be the explanation for the high level of genetic
monogamy in the California mouse (Peromyscus californicus),
for example, where providing paternal care and remaining
genetically monogamous results in greater reproductive success
for a male than the alternative (Gubernick and Teferi, 2000;
Ribble, 2003).

Demographic variables were not good predictors of IPY
or IPL but the combination of sex ratio and either social
structure or population density were two of the top models
for GM pairs, with increases in population density or the
proportion of adult males in the population having a negative
effect on GM pairs. This was consistent with our predictions
and also has been found in previous avian studies (Westneat
and Sherman, 1997). Higher population densities may provide
greater opportunities for EPCs since there would be a greater
likelihood of encountering opposite-sex conspecifics, thus lower
costs of pursuing EPCs while resulting in increased difficulty
in guarding ones’ own mate to prevent EPCs. A male-
biased sex ratio likely has similar effects because unpaired
or subdominant males may pursue matings with paired
females.

There are a number of possible reasons that we found different
top models depending on the index of genetic monogamy that

we examined. Variation in the number of offspring produced
per reproductive bout could influence the outcome of model
selection. Approximately 24% of species in our data set give
birth to singletons, e.g., many primates, while others such
as canids have larger litters. The difference in the number
of offspring per reproductive bout could result in different
associations between IPY, IPL, and GM pairs. For example,
EPCs may result in a small proportion of EPY for species
with litter sizes much greater than one. If 5 pairs each have
5 offspring with 1 EPY each, 100% of the pairs would be
considered non-GM but only 20% of the total number of
offspring would by IPY. Additionally, the length of the studies
and of the pair-bonds differ greatly among species in the data
set. Although some studies provided data frommultiple breeding
seasons or years (e.g., Alpine marmots, Ferrandiz-Rovira et al.,
2016), others either did not follow pairs across multiple seasons
or only sampled within one breeding season (e.g., Bornean
gibbon, Oka and Takenaka, 2001). Finally, although our three
indices of genetic monogamy are each different ways to quantify
genetic monogamy, they are not necessarily of equal biological
importance. Previous studies have focused on EPY (or IPY for
our study), and this may be the best index from an evolutionary
perspective because it is the closest to reproductive success,
which is often used to index fitness (Gimenez and Gaillard,
2018).

Limitations
We had to exclude several potentially biologically important
variables from our analyses due to the lack of field data from
a sufficient number of species. These variables include the
role of female spacing, sexually transmitted disease, relatedness
between members of a pair, potential genetic benefits of EPC,
and other environmental variables that may influence the
interactions between unpaired individuals e.g., habitat structure
(Biagolini et al., 2017). Female spacing has been proposed to
be a very important driver of social monogamy (Komers and
Brotherton, 1997; but see Dobson et al., 2010) and may also
influence genetic monogamy due to the inability of males to
control access to more than one female (see also Isvaran and
Clutton-Brock, 2007). Furthermore, under certain circumstances
the presence of sexually transmitted diseases may selectively
favor genetic monogamy because mating with one only one
opposite-sex conspecific allows individuals to decrease the
probability of being infected (Loehle, 1995; Thrall et al., 1997;
Kokko et al., 2002; McLeod and Day, 2014). Additionally,
relatedness between members of a pair and the genetic benefits
of EPY can influence the levels of EPCs in a variety of
socially monogamous species (Blomqvist et al., 2002; Varian-
Ramos and Webster, 2012; Leclaire et al., 2013; Arct et al.,
2015). If we were able to include additional variables in our
analysis, we might have found different variables in our top
models. Future studies focusing on these potentially important
variables may increase our understanding of mammalian genetic
monogamy or increase our confidence that the variables in
our top models are the most important drivers of genetic
monogamy.
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Furthermore, some of these variables might interact, be highly
related to each other, or be bidirectional, making it challenging to
unravel the most important predictors of genetic monogamy. For
example, estrous synchrony and spatial distribution of females
could interact to affect the probability of males obtaining EPCs.
If all females are fertile or in estrus at the same time but are
dispersed as opposed to being clustered, the prospects for a
male seeking EPCs would differ. Additionally, variables such as
population density and seasonality may be highly related, as seen
in vole populations where population density typically is lower in
winter and spring than in the fall (Getz et al., 1993). Finally, some
variables may be bidirectional i.e., they may influence genetic
monogamy as well as being influenced by the level of genetic
monogamy (Andersson, 1994; Alonzo, 2010). For example, if
females engage in EPCs we would predict the level of paternal
care to decrease. Conversely, the level of paternal care could
also influence the likelihood of females seeking EPCs (Westneat
et al., 1990; Birkhead andMøller, 1992; Andersson, 1994; Alonzo,
2010). These examples highlight some of the challenges in trying
to encapsulate relevant factors into a model that predicts genetic
monogamy across numerous species.

Although a comparative approach can allow us to determine
predictors of genetic monogamy across mammals, we realize
that all mammalian species do not fit the patterns found.
For example, some group-living species in our study had
high levels of genetic monogamy despite the overall finding
that group-living species had lower levels (Patzenhauerová
et al., 2013; Ferrandiz-Rovira et al., 2016). Tight synchronous
breeding (Platner, 2005; Hilgartner et al., 2012) and male
territory defense (Sommer and Tichy, 1999; Sommer, 2003)
are hypothesized to drive high levels of genetic monogamy
in two of our species despite low degrees of pair association
and no paternal care in both species. Although comparative
studies may detect overall evolutionary or environmental
trends, the results are not expected to adequately explain the
complex processes that result in genetic monogamy in every
species.

Another important consideration is how genetic monogamy
might differentially benefit conspecifics within or between
populations. Differential benefits among individuals may
complicate the interpretation of data analyzed at the species-
level. Some hypotheses proposed to explain genetic monogamy
(e.g., the paternal care hypothesis) predict that individuals
will display uniform mating behaviors within a population,
other hypotheses predict a lack of uniformity in genetic
monogamy. For example, selection for genetic compatibility
between members of a pair may result in pairs with low genetic
compatibility being less likely to be genetically monogamous than
more genetically compatible pairs within the same population
(Griffith et al., 2002). Furthermore, populations living in highly
variable environments may face different selection pressures
and evolutionary trade-offs resulting in intraspecific differences
in levels of genetic monogamy (Bishop et al., 2004; Streatfeild
et al., 2011). We did not attempt to account for this intraspecific
variation in our models because we only found a few species with
genetic parentage data from more than one population.

CONCLUSIONS

Our study provides the most comprehensive comparative
examination of genetic monogamy in mammals to date. Previous
studies have primarily focused on life history traits that have
been proposed to explain levels of genetic monogamy, and our
integration of demographic and environmental variables with
these life history variables allowed us to better test additional
hypotheses. Although we found no single model that best
explained all our indices of genetic monogamy, our results
strongly demonstrate that social structure and paternal care
are important in explaining variation in genetic monogamy
of mammalian species, with some evidence for a couple
demographic variables. Data from more species would allow us
to determine if any additional variables are important drivers
of genetic monogamy. Furthermore, data on variables not yet
examined in many socially monogamous species e.g., relatedness
between members of the breeding pair, would allow us to test
additional hypotheses proposed to explain genetic monogamy.
Based on the available data, our results suggest that genetic
monogamy is likely to be a consequence of multiple factors in
mammals, but that social structure and paternal care appear to
be especially important.
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