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Small populations are susceptible to high genetic loads and random fluctu-
ations in birth and death rates. While these selective forces can adversely
affect their viability, small populations persist across taxa. Here, we investi-
gate the resilience of small groups to demographic uncertainty, and
specifically to fluctuations in adult sex ratio (ASR), partner availability and
dispersal patterns. Using 25 years of demographic data for two Savannah
Pumé groups of South American hunter—gatherers, we show that in small
human populations: (i) ASRs fluctuate substantially from year to year, but
do not consistently trend in a sex-biased direction; (ii) the primary driver
of local variation in partner availability is stochasticity in the sex ratio at
maturity; and (iii) dispersal outside of the group is an important behavioural
means to mediate locally constrained mating options. To then simulate con-
ditions under which dispersal outside of the local group may have evolved,
we develop two mathematical models. Model results predict that if the ASR
is biased, the globally rarer sex should disperse. The model’s utility is then
evaluated by applying our empirical data to this central prediction. The
results are consistent with the observed hunter—gatherer pattern of variation
in the sex that disperses. Together, these findings offer an alternative expla-
nation to resource provisioning for the evolution of traits central to human
sociality (e.g. flexible dispersal, bilocal post-marital residence and
cooperation across local groups). We argue that in small populations, look-
ing outside of one’s local group is necessary to find a mate and that,
motivated by ASR imbalance, the alliances formed to facilitate the move-
ment of partners are an important foundation for the human-typical
pattern of network formation across local groups.

This article is part of the themed issue “Adult sex ratios and reproductive
decisions: a critical re-examination of sex differences in human and animal
societies’.

1. Introduction

Small populations are prone to stochastic demographic processes, generating
an uncertain selective landscape for individuals living within them. Compa-
red with large groups, small populations are more vulnerable to random
fluctuations in sex-biased births and deaths [1-3], and are more likely to experi-
ence shocks due to famine, disease and other exogenous sources of mortality
(e.g. warfare or predation [2,4-6]). The relationship between population size
and individual fitness, or the Allee effect, underscores the vulnerability of
small populations to mate limitation [7-9]. In addition to these demographic
uncertainties, the genetic load can be high in small populations due to inbreed-
ing depression, recurrent deleterious mutations and the loss of adaptive
variation in response to random drift [10-12]. Taken together, these are poten-
tially strong selective forces that can adversely affect an individual’s
reproductive ability and a small population’s long-term viability. Yet, small
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populations persist across animal taxa, and are prevalent
among the great apes, including traditional and ancestral
humans. While the potential negative genetic consequences
of living in a small population are well established, relatively
less is known about behavioural responses to demographic
uncertainty and how these responses affect the resilience of
small groups.

Across species, the adult sex ratio (ASR, usually expres-
sed as the proportion of males in the adult population) is
increasingly recognized as a key demographic factor driving
behavioural variability within and between the sexes [13-16].
Because partner availability structures an individual’s repro-
ductive options, imbalances in the ratio of reproductively
mature males to females are likely to impact population
viability, particularly in small populations [7,17]. However,
how and why the ASR varies in a population over time is
understudied [15]. While the causes of ASR variation have
been analysed in birds [18], little is known about these pat-
especially
humans. To address this gap, here we examine longitudinal
patterns in ASR variability using data from the Savannah

terns in large-bodied, long-lived animals,

Pumé, hunter—gatherers of Venezuela. Our goals are to
characterize ASR fluctuations in small human groups,
assess the relative role of various demographic factors in
these fluctuations and consider the evolutionary implications
of ASR imbalance for human social organization. In doing
so, our aims are to better understand the nature of demo-
graphic structure inherent to small populations and to more
clearly infer the selective environment experienced by both
contemporary foragers and ancestral humans.

(a) Small populations in the human past
Archaeological and genetic data, as well as behavioural
reconstructions, characterize Pleistocene hunter—gatherers
as living in small, mobile groups [3,19,20]. At a number of
junctures in the human evolutionary past, population num-
bers appear to have fallen precipitously low in response to
several bottleneck events [21-27]. Recent genetic research,
for example, suggests that our ancestors were more endan-
gered than gorillas and chimpanzees are today, and prior
to 1.2 Mya, the global Pleistocene hominin population did
not exceed 26 000 individuals, and may have dropped to as
low as 18 500 [22]. Given that genetic data show a signature
of bottleneck and random drift events in the past, how did
we stave off the adverse consequences of living in small
groups? While many reasons are likely, here we investigate
whether our resilience to life in small groups can be explained
by behavioural responses to uncertainty in population struc-
ture. Specifically, we evaluate the role that dispersal and
partner exchange play in attenuating random fluctuations
in local ASRs.

(b) Hunter—gatherer social organization

Hunter—gatherers can broadly be described as living in
small multi-level societies organized in several nested
levels of interaction [28-31]. These minimally include the
foraging party and residential clusters of interacting families,
here referred to as the band or local group [19,30-32]. Across
hunter—gatherer societies, the size of local groups may range
from 35 to 80 individuals [29,31,33], and vary situationally,
seasonally and annually [28,30]. Composition is often vari-
able, with band members aggregating and disaggregating

in response to resource availability, labour and social
needs. Local groups also interact and form larger ethno-
linguistic groups or tribes. Marriage partners are commonly
drawn from across this larger group. In all hunter—gatherer
societies, long-term pairbonds, whether they are monoga-
mous or polygamous, are socially recognized as marriages.
Serial monogamy is common for both men and women
due to divorce and remarriage, and high rates of adult
mortality [34-36]. Polygamy (most often polygyny) occurs
in most hunter—gatherer societies, but rates are usually
low [35,37-41].

Two derived features of hunter—gatherer social organiz-
ation are notable when compared with other primates.
First, hunter—gatherers do not have a sex-specific dispersal
pattern at sexual maturity [34,42—-44]. While hunter—gath-
erers and early humans were traditionally described as
male philopatric [4546], a characterization that persists in
some fields [47], this claim has long been disputed and is
not supported empirically [48-53]. The sex that disperses
varies considerably across cultures (male, female, both or
neither), with many groups expressing multiple patterns sim-
ultaneously [34,41,42,54-56]. Within a local group, both
males and females may marry and reside natallocally or
move to live with their wife’s or husband’s kin, and spouses
often switch the local group with whom they live several
times across the duration of a marriage union [34,42,44].

This fluidity with which adult males and females move
between local groups differs considerably from non-human
primates, among whom dispersal is typically sex-specific
[19]. While the dispersing sex varies across primate species,
within species patterns are usually characterized as having
little individual variation [57,58]. Sex-specific dispersal may
be more predominant in some animals because selective
pressures for one or the other sex to move between local
groups may be prohibitive [59]. For example, among chim-
panzees, males are the philopatric sex and are highly
aggressive towards, and may even kill, extra-community
males [60-64].

The second unusual feature about hunter—gather social
organization is that individuals who disperse and marry
into another group routinely maintain life-long interactions
with their natal group [65]. Because these affiliations build
social and cooperative ties across geographically dispersed
local groups, marriage is argued to be an important
foundation of human sociality [19,32,56,66]. As it relates
to ASR dynamics in small groups, kin connections
between groups maintain the pool from which marriage
partners can be drawn for future relationships and
generations [28,67,68].

(c) Resources availability versus mate availability
Explanations for why hunter—gatherers are so facultative in
their dispersal patterns and why they maintain social
relationships across local groups have traditionally centred
on sustaining networks for the exchange of essential com-
modities—food, raw materials, labour and information
[29,33,38,43,69-71]. Because these commodities are hetero-
geneously distributed, often over large geographical areas
[71,72] flexibility in post-marital residence norms is
hypothesized to be an effective means to reduce risk and
smooth day-to-day and individual variance in food
supply [34,38,39].
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Table 1. Savannah Pumé group size, mobility and life-history traits compared with other warm-climate hunter—gatherer groups. Missing values indicate that [JEJij
no data are available.

Savannah Pumé warm-climate hunter—gatherers

584+ 16.4 (1 = 18)° 48445 (n=53)°
6+18 8754128 (n=78)°
1294 1.02 (1 = 16)

group size
moves per year
age at menarche®

age at marriage‘Q 151425 (n = 59)
d 18.0 + 43 (n = 51)

age at first birth’Q 160+ 25 (n = 43)° 184+17 (n=6)
d 195+ 3.4 (n = 33)

completed fertility 7.0+ 1.29 (n = 18)° 5144+175 (n= 28)b

infant mor‘calityf 35% B%+102 M= 1)°

life expectance at birth 309 31 (n=75"

polygyny @ 20%' 2%+ 27 (n=131)°
d 1%’ 16% + 16 (n = 113)°

®Average across 18 censuses in two bands from 1983 to 2007.

b(131], tables 1 and 2) Group size and moves per year given for Neotropical hunter—gatherers, otherwise values are for New and Old World hunter—gatherers;
n, number of societies.

‘Age at menarche, marriage and first birth given in years; n, number of individuals.

%This value is from a more expanded sample than the previously reported age at first birth of 15.5 for the Savannah Pumé [80,81].

*Number of children ever born to women aged 40 and older; n, number of individuals.

"Deaths per 1000 live births, or probability that a child will survive their first year.
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9Estimate from life tables given Savannah Pumé age distribution, birth and death rates (model east level 5 life table [82]).

"(183], table 2).
'Per cent of married adults ever polygynously married.

An unexplored explanation for hunter—gatherer inter-
group social relations is related to the demography of small
populations, in which random fluctuations in sex-biased
births and deaths have pronounced effects on population
structure [1,2]. For example, in a small group of 60 hunter—
gatherers, female births may predominate for several years,
no births may occur for the next few years, followed by a
spike in male births. We suspect that these stochastic
swings, not only in births but also mortality, have transient,
yet dramatic impacts on the ASR. If so, ASR imbalances
would create potential patchiness in the fitness landscape
across time and place and we predict motivate facultative
responses to resolve mate availability.

Because ASR dynamics have not been well characterized
for small human populations, several basic questions remain
unanswered. How variable are annual imbalances in ASR?
What are the predominant demographic components that
influence partner availability? And how do small populations
respond to these fluctuations? To address these questions, we
use 25 years of demographic data (1983-2007) across two
bands of Pumé hunter—gatherers to examine longitudinal
patterns in sex ratio imbalance and their implications for
human sociality.

2. Material and methods

(a) Study population: Savannah Pumé hunter—
gatherers of Venezuela

The Savannah Pumé are mobile hunter—gatherers living on the
llanos of west-central Venezuela [73-78]. At the last complete

census, the Savannah Pumé had a population of 670, dispersed
in 24 bands over a 2800 km? area. Because of the region’s political
instability, their geographical isolation and a poor terrestrial
environment, the Savannah Pumé are largely buffered from out-
side encroachment and maintain their hunting and gathering
way of life [79].

The Savannah Pumé live in small local groups and are repre-
sentative of other warm-climate hunter—gatherers in many
aspects of their social, married and reproductive lives (table 1).
They move five to six times a year in response to changes in rain-
fall and the water table [73,74,76]. During the six-month dry
season, food is relatively abundant and subsistence centres on
aquatic resources and wild fruit. When the llanos flood during
the wet season, fish are difficult to locate and the subsistence
base shifts to small-bodied terrestrial game and tubers [84].
Both male- and female-foraged foods are critical to the diet
and are widely shared within and across families.

Within the Savannah Pumé area, three geographical subre-
gions can be identified. Most, but not all, subsistence and
marriage interactions occur between bands that reside within
a subregion. The two groups that are the focus of the ASR
analysis live in the same subregion, which consists of five fre-
quently interacting bands with an estimated population of 200
dispersed over a 900 km? area. The following describes these
two local groups.

Across the 25-year sample, Savannah Pumé females marry on
average atage 15.1 (s.d. + 2.5;n = 59) and males at age 18.0 (s.d. +
4.3; n = 51; table 1). Although first marriages are often arranged by
parents, young women are not obliged to accept these matches,
and have autonomy about when and whom they marry. By
Pumé social norms, a couple is recognized as married if they
engage in conjugal relations, where upon they cohabit. Conse-
quently, births occur within the context of marriage and
coresidence, and extra-pair paternity is likely quite low. Divorce



may be instigated by either spouse, and if an extramarital affair
occurs, the marriage typically dissolves and the individuals
remarry. Marriage to non-Pumé has not been documented.

The extreme seasonal variation in food availability and
pathogen load has pronounced effects on fertility and mortality
(table 1). Savannah Pumé women give birth to their first child
on average at age 16.0 (s.d. +£2.5, n=43), with 90% of first
births occurring between ages 15 and 19. While female age-at-
first birth is early compared with other hunter—gatherers
[31,39], it occurs at a biologically predictable age several years
after menarche. Mothers who give birth in their mid- to late-
teens have significantly lower infant mortality than do younger
mothers, and are more likely to have an additional child over
their reproductive careers [80,85]. Savannah Pumé mothers
who survive their reproductive careers have on average 7.0 +
1.29 live births (table 1) [86]. However, in this high pathogenic
and seasonally food-limited environment, 35% of children born
do not survive infancy, especially their first rainy season, and
45% do not survive to reproductive age (no sex-biased mortality
observed, see below).

(b) Data collection

Detailed census, genealogical and reproductive history data
were collected in two bands of Savannah Pumé over a 25-year
period from 1983 to 2007. Both bands live in the same savannah
ecology, migrated into their current location about 50 years ago,
and, depending on the season and year, have foraging ranges
that are within a day’s walk from one another. The two bands
interact frequently, have close kin ties and exchange marriage
partners. The demographic data used here come from two
sources: censuses that were conducted in 1983, 1986-1990 and
1992 (records obtained from R. Lizarralde and T. Gragson, por-
tions published in [77,78]), and from censuses and reproductive
histories collected by Greaves and Kramer in 1990, 1992, 1993
and 2005-2007. Both data sources are comparable—interviews
were conducted in the Pumé language and recorded individual
demographic information, genealogical relations, natal group
affiliation, past marriages and residential locations during
marriage [34,79,86].

From these data, we constructed an N x T matrix for each of
the two bands, where N is the total number of individuals in
the census across all years, and T the number of years included
in the analysis (see electronic supplementary material, Data
Format section for detail and table S1). All individuals who
were living in 1983, or who were born or migrated in between
1983 and 2007, are included (n = 218; excluding infants who
were born and died between censuses, which is about 30% of
children born). The matrix codes for an individual’s presence
or absence in the population in each year, and whether a
change in status occurred in a particular year (e.g. was an indi-
vidual born, did they die, migrate, marry or divorce). The
change in status also records the reason for a marriage’s dissol-
ution (death, divorce), whether the individual remained in
their natal community or moved in or out to marry. In years
when no census occurred, inferences about an individual’s
status could be either reliably drawn (e.g. if an individual was
alive in 1983 and also in 1986 and was married to the same
spouse in both years, we coded no change in status) or resolved
through interview during subsequent field seasons.

(c) Analytic questions and terminology

This longitudinal matrix was used to (i) construct annual
changes in the ASR, (ii) determine which demographic com-
ponents (the sex composition of who ages into the mating
pool, who dies and who migrates during adulthood) affect
ASR imbalance from year to year, and (iii) inform two theoretic
models—one explores the role that dispersal plays in buffering

local groups from ASR imbalance and the other predicts when
dispersal should be male- or female-biased.

Because a group’s composition is affected not only by adults
moving out (dispersal or emigration), but also by individuals
moving in (immigration), we refer to these movements collec-
tively as migration (i.e. migration here does not refer to mass
seasonal movement of an entire group). Hereafter, we also
refer to the hunter—gatherer-typical pattern of non-sex-specific
post-marital residence as dual-sex dispersal, equivalent to bisexual
dispersal used by biologists.

(d) Methods to calculate the adult sex ratio
The ASR is a demographic measure used across species to
describe the pool of reproductive-aged individuals, and can be
used to assess the relative scarcity of partners. For most animals,
ASR calculations include all adults from sexual maturity to
death. However, for humans, due to menopause and the age
asymmetries in male and female fecundity, the age bracket to
include in the ASR, while proscribed by fecundity for females,
is much less straightforward for males. The appropriate male
age bracket is also influenced by mating system. For instance,
in monogamous societies, males and females often have iso-
metric reproductive tenures [87,88]. However, in polygynous or
serially monogamous societies, females potentially have a more
limited age range of fecundity than do males, who might
remain in the mating pool for longer into their adult lives.
Even so, male fertility varies with age. In both developed and
traditional populations, male fertility peaks during their 30s,
with lower paternity probabilities at both younger and older
ages [89-91]. Age variation may be due to a variety of factors:
female choice, male competition, declining sexual function or
the deleterious genetic effects of advanced paternal age
[89,90,92,93]. The point we make here is that the ASR is sensitive
to the age intervals included, particularly of males. Being
broadly inclusive of the male age range has a dramatic, male-
biasing influence on estimates of partner availability; however,
restricting the male age range to be isometric with female fecund-
ity likely does not capture the wider age range of males actively
involved in the mating pool in polygynous mating systems.
With this in mind, we approach the question of what age
interval to include in the ASR by first using data-driven criteria
for fecundity indexed by when reproduction empirically begins
and ends and then introducing uncertainty around this estimate.
To be broadly inclusive of when most men and women begin
reproducing, to age into the mating pool, we use the mean age
at first birth minus one standard deviation (ages 14 and 16 for
females and males, respectively). Individuals are aged out of
the ASR at the average age of last birth plus one standard devi-
ation (ages 36 and 45 for females and males, respectively). To
generate confidence bands around this empirical interval, we
incorporate uncertainty around the age estimates. We do so by
assuming that ageing into and ageing out of the mating pool
are normally distributed random variables, and include an
additional year at the beginning of the interval and 3 years at
the end. This is asymmetrical because, while sexual maturity
has a biologically constrained lower bound (e.g. girls under the
age of 13 are not considered), age at last birth is more variable
for both females and males. Thus, the ASR is defined by females
of ages 14 + 1 to 36 + 3 years, and males of ages 16 + 1to 45 + 3
years (see electronic supplementary material, table S1 for ASR
annual frequency distribution). With the age interval specified
in this way, the ASR is estimated at time t by sampling the age
distribution around ageing into and out of the mating pool
using Monte Carlo integration. After drawing 1000 samples for
each year, 95% confidence bands are computed (figure 1). (The
sex ratio of the cohort ageing into the mating pool is similar to
the sex ratio at maturity used by biologists in that both are based
on age at first birth, and we use the terms interchangeably.)
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Figure 1. Annual ASRs in two groups of Savannah Pumé hunter — gatherers.
Lines show year-to-year change in the ASR (proportion of males in the adult
population defined as men of ages 16—45 and women of ages 14—36).
Shaded area shows Monte Carlo-generated confidence bands for uncertainty
around the ASR age interval. (a) ASR for Yaguri, which includes an average of
11.7 (43.0) adult males and 10.2 (4 3.1) females in any one year, and an
average ASR of 0.54 (4 0.05) across the 25-year sample. (b) ASR for Doro
And, which includes an average of 12.5 (+2.9) adult males and 12.4
(2.5) females in any one year, and an average ASR of 0.50 (4 0.04)
across the 25-year sample. (c) Annual ASR for two combined groups of
Savannah Pumé hunter—gatherers (a) and (b). The combined population
includes an average of 24.2 (4.8) adult males and 22.5 (4.9) adult females
in any one year, and an average ASR of 0.52 (+0.03) across the 25-year
sample. (See electronic supplementary material, table S1 for annual counts
of males and females in each band.)

Although the ASR is often stated as a ratio (males/females) in
social science research, we express the ASR as the proportion of
males in a population (males/(males + females)). Ratios are dis-
proportionate in constraining the female range, while allowing
the male range to be limitless, thereby artificially inflating male-
biased values. (They also are not interpretable if there are no
females in the population.) Consequently, we use the proportional
measure, which ranges from 0 to 1.0, with 0.5 denoting a balanced
distribution (50% males and 50% females) [94].

3. Results

(a) The Savannah Pumé marriage market
The 25-year census matrixes for two Savannah Pumé groups
of hunter—gatherers together record 2875 person years, 91

births, 39 deaths and include 114 individuals (60 females “

and 54 males) who were alive and married in 1983 or since
1983 and their 160 marriages. Across these marriages, 61
changes in status were recorded; of these, 18% (1 = 29) of
marriages ended because of death (spouse or ego) and 20%
(n = 32) terminated due to divorce. Of individuals whose
first marriages dissolved because of divorce or death, most
remarried (88%). Of married individuals, 62% (n=71)
were married once, and 38% (n=43) more than once.
While polygyny occurs (20% of women and 11% of men,
n=12 women and 6 men were polygynously married at
some point during their lives), most marriages are monog-
amous, which is consistent with many hunter—gatherers
[37,95]. In first marriages, 15% (n=17) of individuals
moved out of their natal band (or band in which they
had lived since childhood) to marry, whereas 37% (n = 16)
relocated for a subsequent marriage.

(b) Effects of birth, death and migration on adult sex
ratio

Interannual fluctuations in ASR are substantial across the two
groups (figure 1). The ASR varies from twice as many men as
women (figure 14, in 1985 ASR = 0.67) to a preponderance of
women (figure 1b, in 1994 ASR = 0.43). These values indicate
that partner availability for men and women is variable in
their local group, with severe shortages in some years,
not only for the incoming cohort but also for the nearly
40% of adults who reenter the marriage market due to div-
orce and spousal death. When uncertainty is included
around the ASR age estimate (see description above), ASR
fluctuations are even more dramatic in some years, from as
much as four times the number of men to women
(figure 1a in 1985), to nearly twice as many women as men
(figure 1a in 1991).

To determine which variables drive fluctuations in ASR
imbalance, we disaggregate the demographic components
that directly influence it over time. These variables include
the sex composition of who ages into the mating pool (i.e.
the sex ratio at maturation [94]), who dies and who emigrates
or immigrates during adulthood. A sex-bias in any one of
these variables can affect the ASR and each is an important
indicator of the selective arena that individuals face.
Figure 2 shows that the relative contribution of each com-
ponent varies from year to year. For example, in 1984
(figure 1a), the cohort of juveniles ageing into the ASR was
male-biased and produced an 8% increase in the ASR.
Three years later in 1987, the cohort ageing in was female-
biased, which decreased the ASR by 4%. Thus, the annual
effect of a particular demographic component varies from
year to year and importantly does not consistently move
the ASR towards a male or female bias over time, as it does
for many other animal species [17,96].

To then evaluate which demographic components have
the greatest influence on the ASR, we calculate the relative
effects that ageing into the mating pool and adult death,
and net migration (immigration—emigration) have on the
ASR fluctuations over time. Across both populations, mor-
tality has the weakest effect on interannual ASR variation
and net migration plays an intermediate role. The primary
source of ASR imbalance is the sex-bias of the cohort
ageing into the mating pool. Over the 25-year period in one
hunter—gatherer band, for example, the sex ratio at maturity
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Figure 2. Annual effect that ageing into the mating pool, net migration (immigration—emigration) and adult death have on the ASR (proportion of males in the
adult population defined as men ages 16—45 and women ages 14—36) in two groups of Savannah Pumé hunter—gatherers. Shown for (a) Yaguri and

(b) Doro Ana.

has 13 times the effect of mortality and three times the effect
of migration on generating change in the ASR (electronic
supplementary material, figure S1, left panel).

It is important to note that in the Savannah Pumé case,
the sex ratio of the cohort ageing into the mating pool closely
reflects the at-birth (secondary) sex ratio. Over the 25-year
period, no sex differences are evident in infant or child
deaths (65 males and 64 females; y* = 0.0078; p = 0.9298).
This is consistent with ethnographic interviews, which indi-
cate no cultural preference for boys or girls. Accordingly,
because mortality from birth to maturity is not sex-biased,
we infer that the sex composition at maturity is largely deter-
mined by the sex ratio at birth (children occasionally migrate
in), and has the most pronounced effect on ASR imbalance.

(c) Adaptive responses to adult sex ratio imbalance

Thus far, we have shown that ASRs vary substantially across
time and the stochastic yet powerful role that ageing into the
mating pool has in partner availability. The noteable variabil-
ity in ASRs over time raises questions about how an
individual adaptively responds to sex ratio imbalance, and
how this might relate to dispersal and post-marital residence
patterns. A key point to highlight is that in small groups, phi-
lopatric mating options have potential costs [59]. For
example, if a young Pumé woman were to reach sexual
maturity during a time when available marriage partners in
her group are in short supply, she could delay marriage
and first reproduction. However, in the high subadult and
adult mortality environments in which hunter—gatherers
typically live [83], and in which the Pumé in particular live
([86], table 1), delaying marriage and reproduction even for
a few years would likely have a fitness handicap [97-99].
Alternatively, she could marry polygynously. However,
polygyny also has the potential cost of depressing female fit-
ness [100—103]. Of central concern is that if she were to marry

within her local group, she may have little choice but to mate
with a close relative, as would be the case for males as well.

Another option for an individual facing mate scarcity is
to look outside of the local group for partners. To observe
the effect that this has on partner availability, we merge
the two Savannah Pumé populations to create an exten-
ded pool of potential partners (figure 1c). When partner
availability is pooled across groups, fluctuations in the
ASR markedly decrease in amplitude. This suggests that
movement between groups is an important behavioural
means to mediate locally constrained mating options and
smooth out partner scarcity. To then simulate conditions
under which dispersal outside of the local group may
have evolved, we develop two mathematical models: the
first describes ‘ideal’ migration conditions and the second
explores conditions under which we expect one sex or the
other to disperse.

(i) Free distribution model
Because our empirical analyses suggest that group size
(figure 1c compared to figures 1a and 1b) affects the magni-
tude of year-to-year oscillations in the ASR, we build a
simple mathematical model that describes the conditions
under which the ASR stabilizes and group-level mating con-
straints are attenuated. In constructing the model, a recursion
is specified that describes the number of males (1;,,) and
females (f;11) in the next generation of a local population as
a function of the number of reproductive pairs (c;), the net
migration (immigration—migration) rate for men (u,,) and
women (), the adult death rate by sex (dy,, d¢) and the frac-
tion of males (a) versus females (1 — «) born of reproductive
pairs that age into the mating pool:

Ct
—dy 5

M1 = ACt + Um
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and

C
ft+l = (1 —a)Ct—Fuf—det.

Defining the sex ratio as ASR; = m,/(m; + f;), we find that
ASR; ;1 — ASR; = 0 occurs when:

C2(1—a) —dy
Uy  2a—dm

s (3.1)

Result (3.1) indicates that for the ASR to stabilize,
migration (either in or out of the local group) is required to
offset the imbalances generated through demographically
driven fluctuations in the sex composition of mortality and
the cohort ageing into the mating pool. Put simply, the
ASR does not change over time if the ratio of migration
rates for males and females is equal to the ratio of birth to
death rates for males and females. While we do not find
that any specific population size generates perfect unity,
ASR stability is more easily attainable at some population
sizes. In larger populations, the sampling errors for ageing
in (a) and death rates (dy,, d) are relatively small compared
with the large fluctuations that may occur due to sampling
variation in small populations. Thus, in a large population,
fewer individuals need to migrate to compensate for sex-
biased births and deaths because they fluctuate less from
year to year. However, in a small population, migration of
a relatively larger percentage of individuals is necessary to
correct for biologically driven sex ratio imbalances.

Although (3.1) demonstrates the conditions under which
the ASR will stabilize, this model is only partially satisfying
because of the simplifying assumptions of an ideal free distri-
bution [104], which state that the movement of individuals
perfectly matches partner availability and there is no cost to
migrate. However, dispersing out of your local group and
moving into a new group likely does have costs [59]. For
example, among chimpanzees, females, who are the disper-
sing sex, not only lose familiarity with local resources and
group members when they leave their natal group, they
also suffer costs from searching for a new group and aggres-
sion from resident females when they join a new community
[105-107]. Dispersal does, however, allow individuals to
escape the trap of small populations. This raises a provocative
question about why most non-human primates tend to be
sex-specific dispersers (for exception, see [58]), while dual-
sex dispersal is commonplace among hunter—gatherers. In
the next step, we address migration dynamics between
groups in response to partner availability and sex-biased
costs to dispersal.

(ii) Dispersal cost model

Although sex-biased dispersal is a well-documented and per-
vasive mammalian life-history feature, why is it that in some
cases males disperse whereas females do in others [59]. To
addpress this as an evolutionary problem, we develop a theor-
etic approach starting with the assumption that one sex
disperses with the goal to predict which sex it should be.
Our question is not what the optimal ASR is for males and
females. Rather, given a global ASR (across groups), our
aim is to model the efficient movement of individuals
between local groups to equilibrate the sex ratio across local
groups. We define efficiency as the minimum number of indi-
viduals of a particular sex that have to move and be exposed

2.0+
1.8
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1.4+
1.2+
1.0
0.8 1
0.6
0.4
0.2

male dispersal

to male dispersal (k)

female dispersal

relative cost of female dispersal

0 0.1 02 03 04 05 0.6 0.7 0.8 0:9 1.0
global ASR (R)

Figure 3. Predicted sex-biased dispersal using the dispersal-cost model
(result from equation (3.2)) showing regions where male or female dispersal
is favoured, given sex-biased dispersal costs and the global ASR. White
regions show those conditions under which male dispersal is predicted,
and grey areas show those conditions under which female dispersal is
predicted.

to costs of migration. The model assumes that individuals
will actively look for a mate, and are willing to move if
there is a more favourable sex ratio elsewhere.

We propose a two-patch dispersal cost model where, in
patch i, there are m; males and f; females. Dispersal may
occur, such that u,, and u¢ are the net number of males and
females, respectively, that move from patch 1 to patch
2. A cost function is defined such that g = (thmCm)* + (ugcr)?,
where c,,, and c¢ are the costs incurred by males and females
to move, respectively. If it is in an individual’s interest to
minimize the cost of dispersal while also moving to the
patch with the more favourable sex ratio, then g should be
minimized under the constraint that:

mip — Um my + Upy

fi—di  ft+di

This is the condition in which the sex ratios in each of the
two patches equilibrate. We can show that the fraction of
migrants that are males becomes:

R
R S (e (3.2)
where R is the global ASR (the ASR combined across
patch 1 and patch 2) before dispersal, R = (m; + my)/(m; +
fi +my +f,), and k is the cost of dispersal for females relative
to the cost to males for dispersal, or c; = kcy,.

Imposing a numerical lower and upper bound on con-
dition (3.2) at zero and one, the model predicts that the
globally rarer sex disperses, except when the cost for the dis-
persal is especially high (figure 3). In other words, when sex
ratios are male-biased, females are expected to disperse
because relatively fewer of them are needed to equilibrate
the ASR across populations (and vice-versa for female-
biased ASRs). In sum, the model predicts the importance of
ASR in determining sex-biased dispersal.

To evaluate the model’s utility, its central prediction that
the rarer sex should disperse is applied to the empirical ASR
data as presented for the combined Savannah Pumé popu-
lation data in figure 1c. We use Monte Carlo simulations to
compute the fraction of time that male dispersal is favoured
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Figure 4. Predicted annual male and female dispersal using the dispersal-
cost model and annual ASR data for two groups of Savannah Pumé
hunter—gatherers. The distribution of males and female dispersal was esti-
mated from Monte Carlo simulations using the global Savannah Pumé annual
ASR data inclusive of the uncertainty around the ASR measure for a particular
year (see confidence bands in figure 1c and explanation in main text).

over female dispersal, given the ASR in a particular year
(including the uncertainty around the value). Assuming
male and female dispersal costs are the same (k = 1), male-
biased dispersal is predicted by a larger fraction of the
Monte Carlo samples in some years, while female-biased
dispersal is predicted in others (figure 4). Thus, given
year-to-year fluctuations in ASR and no clear directional
sex-biased trend across these two local groups, a dispersal
pattern that also varies is predicted. In response to fluctuating
ASRs, in some years, males are predicted to disperse and in
others, females are predicted to disperse. From this emerges
the long-term pattern of dual-sex dispersal, which is ethno-
graphically consistent with what both the Savannah Pumé
and hunter—-gatherers generally actually do.

Observed migration patterns among the Savannah Pumé
further corroborate the model’s predictions. The cumulative
effect of net migration (immigration—emigration) on the
ASR over the 25-year period for both groups is near 0
(figure 5). Further, in one group (figure 5a), while cumulat-
ively more males enter the mating pool, this is offset by a
female net migration bias. The inverse is apparent in the
other group (figure 5b). We infer this result to offer support
that migration by both males and females serves to offset
ASR imbalance over time. While preliminary, the novel
insight gleaned from the dispersal cost model and its general
empirical support offer a path forward for a broader examin-
ation of the evolution of sex-biased dispersal across animal
taxa, and specifically to the question of whether males,
females, or both are the dispersing sex.

4. Discussion

Our results are summarized by four main findings. First,
interannual variation in the ASR is considerable in small
populations. For a young person ageing into the mating
pool, this means that reproductive options within the local
group may be seriously constrained. Second, the sex ratio at
maturity has the most pronounced effect on shaping ASR
imbalance. While sex-biased net migration and adult mor-
tality also play a role, fluctuation in who ages into the

mating pool (and by implication the at-birth sex ratio because n

infant and child mortality are not sex-biased) is the primary
driver of local variation in partner availability. We note
that one of the only other empirical studies addressing the
cause of ASR imbalance comes to a different conclusion.
A phylogenetic analysis across 187 avian species found that
sex-biased adult mortality was the best predictor of the
ASR, more important than hatching and fledging sex ratios
[18]. We suggest that the different outcomes may be due in
part to the disproportionately higher mortality among
female birds [108], the sex that commonly disperses. These
differences in the main drivers of sex ratio imbalance
suggest that the ASR is differently sensitive to demographic
dynamics, socioecology and breeding systems.

Our third finding calls attention to the importance of
longitudinal studies to disaggregate the causes and conse-
quences of ASR variation. While the sex ratio at maturity
is the most robust variable shaping the ASR over the
25-year period, in any one year net migration or death may
be as, if not more, important (figure 2). Thus, relying on
cross-sectional or a 1-year view is likely to lead to a mischar-
acterization of the drivers of ASR fluctuation. Only with
longitudinal data did the magnitude of ASR fluctuations in
small populations become apparent, highlighting it as a
potentially important selective force shaping dispersal
patterns. Following on from that, a longitudinal view demon-
strated that what might appear to be a pattern of sex-biased
dispersal in any one year was at the generational (Savannah
Pumé data) or evolutionary scale (dispersal cost model)
much more flexible and non-sex specific.

This leads to our fourth finding that the globally rarer sex
is predicted to disperse in any particular year (or breeding
season), with dual-sex dispersal emerging over the long
run. This was developed theoretically and tested empirically
with the Savannah Pumé data. The free distribution model
illustrated that demographically driven ASR imbalances are
stabilized through dispersal. When we then account for the
cost to migrate, the dispersal cost model shows that the
ASR is an important predictor of sex-biased dispersal, and
specifically that the globally rarer sex is predicted to dis-
perse. This central prediction was supported by observed
migration patterns among the Savannah Pumé. General
taxa-level trends also suggest that the globally rarer sex
disperses. For example, among birds, ASRs are generally
male-biased, and female dispersal prevails [109], while
across mammals, ASRs are generally female-biased, and
male dispersal predominates [110]. While these patterns
are generalized across taxa, some research points to greater
within species variation than perhaps previously expected
[58,111]. This study adds to this by focusing on within popu-
lation-level variation, and finding that in response to highly
variable ASRs, flexible dispersal is an efficient strategy to
mediate partner scarcity.

In sum, our findings draw attention to the stochastic
nature of demographic structure inherent to small popu-
lations and the importance of ASR imbalance in dispersal
decisions. A key point here is that ASR dynamics operate at
both the local and global levels [112], which has important
implications for human sociality because the movement of
males and females between small local groups is character-
istically fluid in hunter—gatherers. Below we pursue the
role that dual-sex dispersal may have played as a strategic
response to local mate unavailability in hominin evolution.
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Figure 5. Cumulative net effects that ageing into the mating pool, adult death and net migration (immigration— emigration) have on the ASR (proportion of males
in the adult population defined as men aged 16—45 and women aged 14—36) in two groups of Savannah Pumé hunter—gatherers. Shown for (a) Yaguri and (b)

Doro Ana over the 25-year period.

(a) Evolution of sociality in response to partner
availability in small populations

Small populations experience many challenges to their long-
term viability through stochastic demographic effects [2,4—-6].
Beside randomly varying sex-biased births and deaths, the
genetic load can be high due to inbreeding depression, recur-
rent deleterious mutations and the loss of adaptive variation
in response to random drift [11,12]. In response to these
reproductive challenges, one mechanism widely adopted
across taxa is sex-biased dispersal [59,110,113-118]. Among
hunter—gatherers and many other small traditional societies,
however, dispersal at maturity is not sex-biased; both males
and females might disperse, or remain in their natal group,
and/or move several times throughout their adult lives
[30,34,43,44,119-122]. This raises the question why dual-sex
dispersal is the typical human pattern?

Resource temporal and spatial variation likely play a role
[33,38,43,69,70,123-125], but we argue so does local partner
availability. For example, in one Savannah Pumé band,
there are years when men were twice as numerous as
women (figure 1a). If female dispersal was the norm in this
society, a male coming of age or unpartnered because of div-
orce or spousal death would potentially be left unable to find
a mate locally. However, in the other band (figure 1b), in
some years, there were many more reproductive-aged
women than men, and a norm of male-biased dispersal
would challenge females to find mates. Thus, under con-
ditions where the ASR fluctuates from year to year within
local groups, sex-biased dispersal is clearly a constraint in
limiting individual reproductive options. By contrast, flexible
dispersal patterns are more efficient in matching individuals
to partners. We do not argue that humans are exceptional in

this regard; however, dual-sex dispersal has received little
research attention either empirically or theoretically (for
exceptions, see [126,127]). While in other animals both sexes
may be observed to disperse [111,114], the emphasis has
been on the species-typical patterns of sex-biased dispersal.

While the ASR is critical in determining an individual’s
reproductive options and the likelihood of finding a mate,
this topic has largely been overlooked in relationship to
human social evolution. Anatomical, archaeological and mol-
ecular evidence corroborate that humans evolved in small
populations and experienced population bottlenecks and
[21,24,25].
research contends that the decline and eventual extinction

near-extinction on several occasions Recent
of Neanderthals were driven by low population-level viabi-
lity due to the loss of genetic diversity coupled with a high
genetic load, rather than primarily through competition
with modern humans [128]. What allows modern humans
to break out of the low-viability trap of living in small
populations?

One way to attenuate fluctuations in ASR is to live in
larger groups. However, hunter—gatherers are often inhibited
from aggregating in large groups because of resource con-
straints [3]. Exogamy and partner exchange are a means to
expand the breeding pool across multiple independent sub-
sistence groups without having to feed a large group
[19,32,43,129]. Cooperation, alliances and fluid residence
across multiple local groups are unusual aspects of primate
sociality, but common in humans. While some speculate
that this is an ancient root of human sociality, what we do
know is that modern hunter—gatherers draw marriage part-
ners from across a larger group than the local one and are
characteristically flexible in their dispersal patterns at sexual
maturity [34,42,44,122].
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Interannual variation in partner scarcity in small groups,
we argue, favours individuals to look beyond the rim of their
local group and promotes interactions between local groups
and a norm-of-no-norm regarding dispersal, marital and
residence patterns. Our results suggest that the establish-
ment of cultural norms prescribing sex-biased dispersal
and specific marriage rules that limit access to partners
(e.g. matrilocality and patrilocality) would further intensify
ASR imbalances, and thus are not likely to have developed
in small, premodern populations.

5. Conclusion

An individual growing up in a small population can count on
fluctuations in partner availability. When a young person
comes of age or is left unpartnered because of death or div-
orce an appropriate mate may not be available in the local
group. How modern humans stemmed the negative conse-
quences of living in small groups and the general primate
pattern of sex-biased dispersal was the central question that
motivated this study. Contemporary small-scale societies
show us that compared with our closest relatives, dispersal
patterns at sexual maturity are highly flexible and local
groups form long-term relationships that allow the flow of
mating partners of both sexes. Our results offer dual-sex
dispersal as an effective measure to offset the persistent, yet
non-directional imbalances in ASR inherent to small human
populations. These findings suggest an alternative expla-
nation for the evolution of traits central to human sociality

(e.g. flexible dispersal, friendly group relationships and
cooperation across non-kin). In small populations, looking
outside of one’s local group is necessary to find a mate.
Thus, motivated by sex ratio imbalance, alliances formed
to facilitate the movement of partners may play an impor-
tant role in the formation of human-typical geographically
extensive social, economic and kin networks.
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