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The evolution of distinctively human life history and social orga-
nization is generally attributed to paternal provisioning based
on pair bonds. Here we develop an alternative argument that
connects the evolution of human pair bonds to the male-biased
mating sex ratios that accompanied the evolution of human life
history. We simulate an agent-based model of the grandmother
hypothesis, compare simulated sex ratios to data on great apes
and human hunter-gatherers, and note associations between a
preponderance of males and mate guarding across taxa. Then
we explore a recent model that highlights the importance of mat-
ing sex ratios for differences between birds and mammals and
conclude that lessons for human evolution cannot ignore mamma-
lian reproductive constraints. In contradiction to our claim that
male-biased sex ratios are characteristically human, female-biased
ratios are reported in some populations. We consider the likeli-
hood that fertile men are undercounted and conclude that the
mate-guarding hypothesis for human pair bonds gains strength
from explicit links with our grandmothering life history.

grandmother hypothesis | human life history | human evolution |
mate guarding | mating sex ratios

e call attention to evidence that connects the evolution of

human pair bonds to the male-biased sex ratios in fertile
ages that characterize human populations. As in mammals gen-
erally, age-specific mortality is higher in males than in females
(e.g., refs. 1-3). However, this difference is overshadowed by a
distinctive feature of human life history: Oldest ages at parturition
are about the same in humans as in other living hominids, the
great apes (4, 5), whereas longevity is substantially greater and
male fertility continues to older ages (6). Exceptional longevity
with a distinctive postmenopausal life stage (7-9) may have
evolved in our lineage when grandmothers’ subsidies for weaned
dependents allowed mothers to have next babies sooner. Ac-
cording to this grandmother hypothesis (10-16), longevity in-
creased as longer-lived grandmothers could help more and so left
more longer-lived descendants of both sexes. Women’s postfertile
life stage (7) produces a bias in the sex ratio of fertile adults with
repercussions for male strategies. As longevity increased, older-
aged males expanded the pool of competitors for the still-fertile
females. With more competitors for each paternity, males’ average
success in finding new mates inevitably declined until defending a
current mate became the better option. Our distinctive life history
thus supplies previously unrecognized support for a mate-guarding
hypothesis for the evolution of human pair bonds.

Here we simulate hominid mating sex ratios with an agent-based
model of the evolution of human longevity via grandmothering
(13, 15). We then compare simulated sex ratios to demographic
data from both great apes and human hunter—gatherers. Having
identified the human bias, we connect it to increased male payoffs
for mate guarding, noting some broad patterns in humans, the
tradeoffs observed in other taxa, and a history of modeling in which
increased guarding is the likely outcome of more competing males.

We then consider a recent model (17) of the evolution of sex
roles built to show that anisogamy, the primary sex difference of
large (female) and small (male) gametes (18), is insufficient by
itself to explain why females care for offspring more often
whereas males more often compete for mates. Mating sex ratios
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are decisive for mating strategies in this model. Although it does
not include guarding as an option, it does highlight a connection
between mating sex ratios and broad differences between mam-
mals and birds. We elaborate key phylogenetic constraints, con-
sider recent work on birds, and underline features of mammalian
offspring production that temper direct application of the model
to mammals, including hominids.

An important challenge to our claim that human life history
entails male-biased mating sex ratios comes from reports of fe-
male bias in some human populations. We identify common
measurement problems and link men’s age-specific fertilities to
status hierarchies, concluding that the mate-guarding hypothesis
remains both promising and directly relevant to explaining the
long-recognized importance of male alliances in human societies.

Grandmothering Simulations

We track mating sex ratios through simulations of an agent-
based model first built to investigate the evolution of human
longevity via grandmothering (13, 15). For reasons elaborated
below, we follow both the adult sex ratio (ASR), defined as the
ratio of males to females in the fertile ages, and the operational
sex ratio (OSR), which counts only the subset of adults currently
capable of a conception (19) (see Supporting Information for
model parameters and definitions).

Elsewhere we have shown that simulations of this model result
in two life history equilibria: a great ape-like one with no grand-
mothering and a human hunter-gatherer-like one when grand-
mothers’ subsidies allow mothers to have next babies sooner (15).
Not surprisingly, each equilibrium is associated with distinct,
characteristic sex ratios in the fertile ages (Fig. 1). Of 30 simula-
tions without grandmothering run over a million years, the ASR
(Fig. 14) fluctuates around an average of 0.77 males for every
female whereas OSR (Fig. 1C) remains at about 50.

Significance

Pair bonds are universal in human societies and distinguish us
from our closest living relatives. They characteristically involve
men'’s proprietary claims over women—mate guarding—which
in animals generally is both predicted and observed to be more
frequent when sex ratios in the fertile ages are male-biased. A
marked male bias in the fertile ages evolved in our lineage as
longevity increased without an extension of female fertility.
We compare the sex-ratio shift in simulations of the grand-
mother hypothesis to demographic data from chimpanzees
and human hunter-gatherers then connect the expanded pro-
portions of older men to benefits for mate guarding, the evolu-
tion of pair bonds, and the long recognized importance of male
alliances in human social life.
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Time evolutions of ASRs and OSRs with and without grandmothering. (A) ASRs of 30 simulations over 1 million y without grandmothering. Each

simulation is shown in light gray. The average of the 30 simulations is shown in black and ends at an ASR of 0.77. The ending point of the simulation shown in
medium gray serves as the starting point for the 30 new simulations with grandmothering shown in B. (B) ASRs of 30 simulations over 2 million y with
grandmothering. Each simulation is shown in gray. The average of the 30 simulations, in black, ends at an ASR of 1.56. (C) OSRs of 30 simulations over
1 million y without grandmothering. Colors as in A. The average of the 30 simulations ends at an OSR of 50. (D) OSRs of 30 simulations over 2 million y with

grandmothering. Colors as in B. The average ends at an OSR of 111.

To evaluate the effect of grandmothering on the mating sex
ratios, we use the end point of a simulation chosen at random to
start 30 new simulations with grandmothering. All 30 simulations
evolve away from the previously stable ape-like mating sex ratios
toward values roughly two times higher. ASR (Fig. 1B), initially
female-biased, increases with grandmothering to about 1.56 fertile
males for every female in the fertile ages, whereas OSR (Fig. 1D)
rises to ~111 available males for every female ready to conceive.

Life Tables

To see whether the simulated values are empirically plausible we
compare them to the same sex ratios calculated using life tables
for living populations. Our empirical comparison for the simu-
lated ape-like equilibrium is limited to chimpanzees because they
are the only apes for which life tables based on multiple, long-
studied populations have been published. Bonobo population
dynamics are still poorly known. We expect, based on arguments
here, ASRs to be higher in mate-guarding gorillas than in chim-
panzees. Demography of the Virunga population (20) indicates
that, unlike chimpanzees, mortality is not higher in males until
the oldest ages. Sexes are not always distinguished in more recent
gorilla censuses (21, 22), so we await more data. For orangutans
(23), relatively low male mortality is also indicated, but it is dif-
ficult to know which males to include among the competitors
for mates.

We estimate chimpanzee mating sex ratios using demographic
data from the five-study site synthesis of Hill et al. (24) and also
include Muller and Wrangham’s (25) more recent (though very
small) sample for one of those sites where overall mortality
is lowest.

Coxworth et al.

For humans, age structure data come from four well-known
hunter—gatherer groups: Howell’s (26, 27) life tables for Dobe
'Kung, Hill and Hurtado’s (28) for forest Ache, Hill et al.’s (29)
for Hiwi, and Blurton Jones’s (30) for Hadza. We chose these
groups because of their reliance on wild foods and the quality of
demographic data collected among them. Although contempo-
rary foragers are not living fossils, their mortality regimes make
demographic patterns observed among them the best represen-
tation of human demography during our evolutionary past.

Table 1 shows that the empirical values computed from
chimpanzee sources (ASRs of 0.47 and 0.70; OSRs of 41 and 61)
are in general accord with the simulated values without grand-
mothering. Among the hunter—gatherers (Table 2) ASRs aver-
age 1.64, whereas OSRs average 83 (range 69-92), mirroring
the equilibrium ASR and OSR values reached in our simulations
with grandmothering. Two attributes of these results are espe-
cially important. First, every empirical human ASR and OSR is
encompassed, or nearly so, in every simulation. Second, in both
the real world and simulations with grandmothering the human
ratios are distinctly higher than those of the great apes.

Mating Sex Ratios and Mating Strategies

Marlowe and Berbesque (37) pointed to the effects of a strongly
male-biased OSR on male competition and marriage resulting
from women’s long postfertile life stage. In general, male re-
sponses to such a situation should depend on the costs and
benefits of available alternatives. Parker (38) was the first to
suggest a positive relationship between the relative number of
males in a population and the fitness benefits of defending
females, or mate guarding. Predictions about the evolution of
mate guarding have been elaborated by a number of subsequent
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Table 1. Demographic parameters for chimpanzees

Males age Females age Birth interval, Male paternity, Females fecundable Cycles to
Population 15+ years  10-45 years year days/year days per cycle conception  ASR M/F OSR M/F
Synthesis of five (24) 0.321 0.679 5.72 365 6 4 0.47 40.13
Kanyawara (25) 0.411 0.589 5.72 365 6 4 0.70 60.70

Assuming stationary populations, the mortality curve mirrors the age structure. To model age structures we used probability of survival to each age in the
published life tables, summing the calculated number of survivors for males and females to each of the fertile ages, then dividing the sum for each sex by their
combined total to get the fraction fertile adults by sex (columns 2 and 3). We included males older than 15 years and females between ages 10 and 45 years

(31). Data on chimpanzee birth intervals come from averaging reports in Knott (32).
For OSR we used the formula for nonseasonal breeders derived by Mitani et al. (33), where

m-B-365

OSR =

f30hs

In this equation, m and f are the fraction of fertile adults that are male and female, respectively; B is the average birth interval; and 365 is the days per year
that males can compete for a paternity. The summation in the denominator is the fecundable days per birth interval for fertile females. It depends on the
number of conception risk days per estrous cycle (s) and the number of cycles per conception (n). As in the simulations we use observations from humans (34,

35) and fixs=6 and n = 4.

treatments (e.g., refs. 39-44). The hypothesized relationship be-
tween biased sex ratios and mate guarding has also been sup-
ported by observational and experimental studies conducted
across a range of species (45-50).

Although mate guarding is not synonymous with pair bonding,
similar tradeoffs are involved. Guarding a mate (or potential
mate) is beneficial for members of the more numerous sex when
it leads to greater reproductive success (RS) than continually
seeking out new mates (38). The logic underlying pair bonding is
the same: individuals of the more prevalent sex should guard
continuously (i.e., form pairs) when doing so leads to greater RS
than the alternatives (44).

Parker and Stuart’s (39) model assumed that males acquire
females through either guarding a current mate (G) or searching
for another one (S). Clutton-Brock and Parker (51) retained this S
vs. G notation, but they posed the alternatives differently (ref. 51,
p. 447), defining “time in” the mating pool (S) to include both
searching and guarding, with guarding also part of “time out” (G).

Of special relevance here, Kokko and Jennions (17) used
Clutton-Brock and Parker’s time in vs. time out framework to
build new models for the evolution of mating behavior. Revis-
iting critiques of Trivers’ (1) influential arguments about the role
of parental investment (52-54), they constructed a model to
show “from first principles” why anisogamy alone cannot explain
sex-role divergence. Then they faced the “more fundamental
question: what factors create the asymmetry that biases females
towards caring for offspring and males towards competing for
mates?” (ref. 17, p. 920). Their answer followed Queller’s (53)
earlier analysis that identified multiple mating by females, which

Table 2. Demographic parameters for human hunter-gatherers

lowers average male parentage and so favors less parental care
from males, and sexual selection, which makes expected mating
success higher than average for some males.

The particular importance of ASR (54-57) was further em-
phasized by Kokko and Jennions (17). Their model did not in-
clude a mate-guarding option but it has influenced subsequent
discussion of the effects of human mating sex ratios on male
strategies. In their model individuals can enter the mating pool
or stay out to gain benefits in offspring survival from continued
parental care. Because the sex that is more numerous must have
a lower average mating rate, that sex does better to stay out longer.
As they do, bias in OSR declines toward parity and sex roles di-
verge less. How even the OSR can get depends on the ASR be-
cause of the Fisher condition (55-58); because everyone has one
mother and one father, the number of offspring produced by one
sex must be the same as the number produced by the other. This
model has been read by some (59) as undermining OSR as a
predictor of mating patterns, warranting focus on ASR instead.

If the tradeoffs for hominid males were the ones assumed in
Kokko and Jennions’ (17) basic model, the evolution of increasingly
male-biased OSRs would be unstable. Where OSR is male-biased,
males take longer to find another mate and so do better to choose
an alternative to searching for them. While emphasizing this im-
portant effect, the only alternative considered in their basic model is
to supply parental care, with each additional unit of care (from
either sex) earning equivalent marginal gains in offspring survival.
Given those assumptions, male bias in the mating pool must decline
as males stay out to parent longer.

Males age  Females age  Birth interval, Male paternity, Female fecundable Cycles to
Population 20-65 years  20-40 years year days/year days per cycle conception ASR M/F OSR M/F
Dobe !Kung (26, 27) 0.593 0.407 4.17 365 6 4 1.46 92.40
Ache forest (28) 0.652 0.348 2.44 365 6 4 1.87 69.52
Hiwi (29) 0.618 0.382 3.70 365 6 4 1.62 91.04
Hadza (30) 0.616 0.384 3.23 365 6 4 1.60 78.80

Assuming stationary populations, the mortality curve mirrors the age structure. To model age structures we used probability of survival to each age in the
published life tables, summing the calculated number of survivors for men and women to each of the fertile ages, then dividing the sum for each sex by their
combined total to get the fraction fertile adults by sex (columns 2 and 3). We included men from 20 and 65 years based on reported age ranges of fertilities
from the ethnographers and those reported by Tuljapurkar et al. (36). Women from 20 to 40 years are included based on average ages of first and last birth
(4). Since populations are younger when increasing, and the growth rates for the human populations range from 0.26% to 2.5%, our figures overestimate the
ASRs by 2-12%.

We computed birth intervals by dividing years of female fertility by the total fertility rate reported in the ethnographic sources. OSR was calculated as in
Table 1.
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However, strongly male-biased OSRs persist across the entire
class of mammals where male parental care is rare. In our simu-
lations and reference populations the OSRs are male-biased
throughout, as is typical of mammals. Even though birth intervals
are shorter in humans, the addition of older males makes the bias
twice as strong in humans as in chimpanzees. However, the non-
human ASR is female-biased (the common mammal pattern),
while—again because of so many old men—the human ASR is
male-biased—a pattern not typical of mammals but of birds. Kokko
and Jennions (17) refer to this broad taxonomic difference in
ASRs and relate it to the sex roles generally recognized as typical
of these two classes of vertebrates. Do the “bird-like” human ASRs
indicate useful parallels with class Aves (19, 60-62)?

Key Constraints

In birds either males or females can brood and guard eggs, as
well as guard and feed nestlings. OSR depends on how much
each sex is occupied with care. High frequency of biparental care
(60) implies that sex-role convergence is common. Especially
striking evidence of this near sexual equivalence comes from
penduline tits (Remiz pendulinus), where either the male or the
female always deserts to mate again and nearly a third of nests
fail from desertion by both parents (63). Liker et al. (64) found
that in shore birds (where sex-role reversal is common), the
variation in sex roles correlates with ASRs as predicted (17, 56)
and proposed (ref. 64, p. 3) “that the evolutionary flexibility of
both sexes to provide full care on their own and variation in ASR
among species are among the key factors that facilitate the
evolution of diverse sex roles.” Extending the analysis, they
found ASRs predict how much males care among a wider range
of wild bird populations (65).

Even in birds, however, the sexes cannot make equivalent con-
tributions to offspring production (66). The difference is much
larger in mammals. That difference, as Kokko and Jennions (ref. 17,
p. 940) note, “might be the result of simple constraint (e.g. that the
evolution of lactation is difficult for male mammals).” Once internal
gestation and lactation have evolved, care is much less inter-
changeable between the sexes. Fundamental mammalian constraints
apply to the primate radiation and are directly relevant to expecta-
tions we develop about male-biased OSRs and ASRs in our lineage.

Schacht and colleagues (ref. 59, p. 215) downplay this issue to
argue that emphasis on OSR as a predictor of mating strategies
has been misleading because, “contrary to the intuitions drawn
from Emlen and Oring 1977, a male-biased OSR only accurately
predicts intense sexual selection among males under a limited set
of circumstances....” For this they cite Kokko et al. (67), who
note that although Emlen and Oring’s (19) emphasis on OSR as
an index of mating behavior seems borne out empirically, the ties
between OSR and sexual selection depend on “conditions that
make selection favour traits that reduce the time it takes to acquire
another mating” (ref. 67, p. 1341). When time out is a necessarily
large fraction of a fertile lifespan, higher mating rates make little
difference to lifetime RS (ref. 67, p. 1349). This is precisely the case
for female mammals and especially for female primates, who are
committed by gestation and long lactation to extended times out.

In contrast, mating rates do make a difference to lifetime RS
for mammalian males. When too many males lower the expected
success rate for seeking a new mate, doing something else may be a
better option. Harts and Kokko (44) investigated mate guarding as
the alternative and showed “in line with earlier work more male
competitors select for more guarding” (ref. 44, p. 2842). Among
primates with multilevel social systems (68-70), including humans
(71), a male’s RS usually depends on his success at claiming and
retaining mates, which depends on other males deferring to
his claims.

Coxworth et al.

Measuring Human Sex Ratios: ASRs or Elder Advantage?

In our simulations mating sex ratios become increasingly male-
biased with a growing fraction of elders as a human-like life
history evolves from a great ape-like one. This reflects the ap-
proximate doubling of longevity while female fertility maintains
its ancestral decline to near zero by 45. Although mortality is
generally higher in men than in women (2, 3), the increased
number of older men who are not yet frail makes human ASRs
inevitably male-biased.

How, then, can some explorations of human mating sex ratios
report so many to be female-biased? Using variance in RS
reported by Brown et al. (72), Kokko and Jennions (ref. 73,
pp. 113-114) used the Fisher condition and the RSs reported to
infer ASRs for 18 human populations, estimating them to be
about even for the societies classified as monogamous or serially
monogamous and significantly female-biased for the groups
classified as polygynous. For nine cases Brown et al. (72) clas-
sified as polygynous, the mean RS for males averages 31% higher
than the female mean—possibly due, as Kokko and Jennions (73)
conclude, to female-biased ASRs. But Brown et al. (ref. 72, p. 300)
note another possibility: missing men who were less successful in
the mating competition.

An earlier study by Ember (74) also found an association
between polygyny and female-biased sex ratios using data from
the Human Relations Area Files. While high enough male mor-
tality could make ASRs female-biased, Ember’s sex ratios were
not ASRs but sex ratios of whole populations—immatures and
postfertile women included. Schacht et al. (ref. 59, p. 218) note
this difficulty with “which sex ratio.” They review social science
research into sex-ratio effects listing 20 studies in their first table;
none of them used fertile ages.

Figure 2 in Schacht et al. (ref. 59, p. 217) is the most serious
challenge to our characterization of human mating sex ratios as
male-biased. It plots results from the authors’ queries to eth-
nographers about 15 traditional populations. Here, they say,
“Sex ratio is determined from the ethnographers’ data on the
number of individuals of mating age in their population, hence it
approximates ASR.” Eight of these societies—more than half—
have female-biased ASRs, a pattern that our model and argu-
ments suggest is “not human.”

At least three factors could lead ethnographers to underesti-
mate sex ratios in the fertile ages. First, physiologically fertile
young men may be excluded because local conventions class them
as not yet of mating age. Székely et al. (ref. 75, p. 1501), reviewing
broader cross-species issues of ASR and OSR associations with
breeding systems, define an adult as “an animal (male or female)
that is physiologically capable of producing offspring.”

Second, counting unmarried men is difficult if they move more
often than others, a common pattern among hunter—gatherers. Such
high mobility gave Hawkes et al. (ref. 76, p. 683) an insufficient
sample of unmarried Hadza men to compare their time allocation
patterns with those of married men. Székely et al. (ref. 75, p. 1501)
note similar ascertainment biases with other animals, because
“nonbreeding adults (e.g. floaters) often. . .remain unnoticed.”

A third, closely related possibility is that ethnographers chose
not to include unmarried men. For example, polygynous Kipsigis
have a notably low ASR. Reporting that Kipsigis men have much
higher average RS compared with women (which, given the
Fisher condition, would require extremely high male mortality),
Borgerhoff Mulder (ref. 77, p. 433) said that her tabulation ex-
cluded “poor men, who leave the community to become plan-
tation laborers and marry late in life, if at all.”

Marlowe and Berbesque (37) showed the advantage that elder
men can have in ethnographically known hunter—gatherers by
plotting the relationship between age of first marriage and the
extent of polygyny across 130 hunter—gatherer societies. Their
figure 1 (ref. 37, p. 836) shows that men’s age at first marriage
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rises from an average near 20 y to more than 30 y as the fraction
of polygynously married men rises from few to more than 50%.

We tentatively conclude that apparent female bias in some
human ASRs may actually index the shape of the male status
hierarchy. Exclusion of some men, young and old, from pater-
nities occurs not because they are infertile but because they are
outcompeted by other men. As Darwin said in developing his
theory of sexual selection, it favors features that “serve only to
give one male an advantage over another male, for the less well
endowed males, if time were allowed them, would succeed in
pairing with the females...” (ref. 78, p. 257).

Unmarried men are not only a part of the ASR, their re-
lationships with married men have long been reported by cul-
tural anthropologists to shape much of community life (71, 79).
Estimates of fertile ages for men confront entirely different mea-
surement challenges than do estimates for women. As Vinicius
and colleagues (ref. 80, pp. 4-5) concluded, noting variation in
paternities attributed to older men across a sample of traditional
societies, “Since there is no evidence of widespread male mid- or
late-life sterility, variation in late-life reproduction in men must
therefore reflect differences in opportunities to reproduce at old
age.” This and the likelihood of undercounting men less suc-
cessful in the competition provide grounds for skepticism about
the reported female biases. Age structures themselves support, if
indirectly, our characterization of human mating sex ratios as
characteristically male-biased.

Conclusion

Our hypothesis is that human pair bonds evolved with increasing
payoffs for mate guarding, which resulted from the evolution of
our grandmothering life history. This mate-guarding hypothesis
is an alternative to long-favored arguments that pairing evolved
in our lineage as a consequence of the benefits of cooperative
parenting (e.g., refs. 81-86). We are far from the first to connect
human pair bonds with mate guarding. Wilson and Daly (87)

-
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