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An agent-based model of the female rivalry
hypothesis for concealed ovulation in humans
Jaimie Arona Krems 1, Scott Claessens 2,3,4, Melissa R. Fales5,6, Marco Campenni3,4,7,
Martie G. Haselton5,6,8,9 and Athena Aktipis 3,4,10,11,12 ✉
After half a century of debate and few empirical tests, there remains no consensus concerning why ovulation in human females
is considered concealed. The predominant male investment hypothesis states that females were better able to obtain material
investment from male partners across those females’ ovulatory cycles by concealing ovulation. We build on recent work on
female competition to propose and investigate an alternative—the female rivalry hypothesis—that concealed ovulation benefited females by allowing them to avoid aggression from other females. Using an agent-based model of mating behaviour and
paternal investment in a human ancestral environment, we did not find strong support for the male investment hypothesis, but
found support for the female rivalry hypothesis. Our results suggest that concealed ovulation may have benefitted females in
navigating their intrasexual social relationships. More generally, this work implies that explicitly considering female–female
interactions may inspire additional insights into female behaviour and physiology.

I

n some non-human primate species, ovulation is clearly revealed
by overt indications of female ovulation1. For example, female
chacma baboons have red, swollen genitals near peak fertility;
these swellings are dramatic, with maximal swelling increasing a
baboon’s body weight by up to 14%2,3. What adaptive benefits, if any,
might human females have gained from concealing ovulation?
After half a century of debate and few empirical tests, there is still
no consensus about why ovulation in human females is largely concealed4–20, although most existing accounts, proposed in the latter
half of the twentieth century, tend to focus on the benefits females
may have gleaned by concealing ovulation from males. For example,
the predominant account—the male investment hypothesis—holds
that by concealing cues of ovulation, females were better able to
obtain investment from male partners across those females’ ovulatory cycles.
Here, we propose and test an alternative account—the female
rivalry hypothesis—which posits that females may have avoided
costs of being the target of costly aggression from other females by
concealing ovulation cues. We use a spatial agent-based model to
test the hypothesis that females who concealed ovulation from other
females avoided aggression under circumstances when females perpetrated aggression towards attractive and/or ovulating females.
This female rivalry hypothesis is consistent with a growing body
of work suggesting that females are active and purposeful agents
who enact intrasexual aggression in the course of mating competition, and also that females can preferentially and selectively aggress
against ovulating mating rivals21–32.
Many scholars in this area assume that ancestral human females
experienced a loss of overt signals/cues of ovulation during our
evolutionary history, and thus focus on potential adaptive explanations for why this might have occurred (most of the references

cited above, as well as refs. 33,34) and why women’s ovulation is relatively concealed. However, this view is not shared by all scholars.
For example, one argument1 holds that ancestral human females
did not evolve concealed ovulation because ovulation was already
concealed in humans’ direct ancestors (that is, they did not possess
sexual swellings; see also refs. 15,35). Another view is that ancestral
females possessed more slight, rather than particularly overt, ovulatory swellings, given the presence of such swellings in the Old
World monkey family14,36. There is currently no complete scientific
consensus about exactly when concealed ovulation arose. In line
with prevailing views, we assume that ancestral females possessed at
least some overt signals/cues of ovulation, which have become relatively concealed over time34. Moreover, relatively concealed does not
imply that cues of women’s ovulation are now completely concealed.
Humans have retained some perceptible cues of ovulation, even if
those cues are not overt or necessarily perceptible within conscious
awareness37–39. Abundant evidence suggests that social perceivers
are able to detect and adaptively respond to ovulation cues, including those from odour40, voice39,41 and physiognomy37,42.
Consistent with much of the existing literature, then, we begin
with the assumption that human females evolved relatively concealed ovulation. However, in contrast with the existing literature, which has focused largely on the benefits that females might
have gained by concealing ovulation from males, we propose that
females might have gained benefits by concealing ovulation from
other females. Our hypothesis is built on a modern, theoretically
informed view of females as active, purposeful agents who both perpetrate and thus must also avoid intrasexual aggression. We hypothesize that concealing ovulation may have provided fitness benefits
by allowing females to avoid aggression from other females. We test
predictions derived from the female rivalry hypothesis using an
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agent-based model of mating behaviour and paternal investment in
the human ancestral environment. We also test predictions derived
from the prevailing account—the male investment hypothesis.
The male investment hypothesis is the most widely cited hypothesis regarding the adaptive benefits of concealed ovulation. For
example, Alexander and Noonan’s4 male investment hypothesis has
been cited nearly twice as often as Hrdy’s infanticide account10, more
than twice as often as either Burley’s6 or Benshoof and Thornhill’s5
hypotheses and roughly 20 times as often as Spuhler’s16 by-product
account, even as all accounts were published in 1979. Hrdy’s10 article
focused on infanticide in animals and is widely cited for content
unrelated to the evolution of concealed ovulation so we included in
this number only citing articles that also included the word ovulation anywhere in the article. The male investment hypothesis posits that females who concealed ovulation were better able to obtain
material investment from male partners, not only at peak fertility
but also across the ovulatory cycle. According to this account, males
who could not tell whether a female was ovulating had no choice
but to invest in the female throughout her cycle to increase paternity
certainty, with investment presumably increasing the fitness of the
female and her offspring. Among the Aché, for example, father presence and investment has indeed been shown to increase offspring
survival by up to 35%43. According to this account, then, consistent
male investment in females who concealed ovulation would bolster
those females’ reproductive success4.
There have been substantial challenges to this male investment
hypothesis10,34,36. For example, contrasting with the paternity certainty functions of males’ investment, Hrdy suggested that concealed
ovulation benefits females by allowing them to confuse paternity; by
mating throughout the cycle, more numerous males might believe
that they could be the potential fathers, which could reduce the
likelihood of infanticide and thus increase female fitness10. Another
potential challenge is that, compared with females revealing ovulation, females concealing ovulation might be less attractive to males
precisely because they are not advertising their current fertility
status, implying that males might have invested less in concealing
females. One potential resolution to this is for females to conceal
ovulation, not through suppressing ovulation cues, but rather by
presenting cues of fertility, and/or perhaps receptivity, throughout
the cycle. Along these lines, the extended sexuality hypothesis proposes that females are receptive throughout the ovulatory cycle in
order to enhance investment from males34,44.
We present an alternative—although not necessarily mutually
exclusive—hypothesis regarding the adaptive benefits of concealing
ovulation for females: the female rivalry hypothesis.
Existing theories were proposed at a time when it was largely
assumed that men (more than women) were competitive and
women (more than men) were choosy. However, recent work has
made it clear that female aggression and competition are important
in mating and other social contexts45–49. Moreover, female intrasexual aggression can be costly, disrupting valuable social ties and
possibly even affecting the ability to conceive, carry and rear offspr
ing1,21,23,28,50–59. This is true even as the types of aggression typically
enacted between women are less overt; compared with males, who
use both physical (for example, punching) and non-physical tactics
(for example, gossip), human females strongly prefer to enact intrasexual aggression via the latter—using reputation denigration, gossip and social exclusion—and some non-human primate females are
also thought to engage in more social exclusion than male conspecifics23,28,30,46,47,60. Such female competition can effectively decrease
the desirability of targets in the eyes of both prospective mates and
cooperative partners in multiple ways23,28,47–49. For example, women’s
derogatory comments about a female target’s appearance can cause
men to view that target as less physically attractive61. Other work
has demonstrated a range of negative consequences associated with
female intrasexual victimization, including increases in negative
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evaluation by prospective cooperative partners and negative effects
on victims’ health and wellbeing47,62.
Moreover, female intrasexual aggression is not indiscriminate.
Females often preferentially and selectively direct their aggression
towards rivals who are competitive for desirable mates23,28,63–65. This
means that higher mate-value females (for example, those deemed
most physically attractive and/or sexually desirable to men) are
more likely to be targets of female intrasexual aggression23,28,66,67. In
one study, for example, women’s physical attractiveness increased
their odds of incurring indirect aggression (whereas men’s physical attractiveness decreased it)66. As another example, wearing red
makes women more attractive to men68, and women may be more
aggressive towards women wearing red69.
Ovulation status may also influence whether a female is a likely
target of intrasexual aggression. A female rival may be seen as a
greater threat when ovulating because: (1) male prospective mates
might be more attracted to her when she is ovulating38,39,41,42,70–78; and
(2) during ovulation, that female might have greater mating desires,
engage in more mate-attracting and mate-pursuing behaviour and
also enact in more intrasexual competition79–104. In line with this,
laboratory studies show that both men and women are able to detect
and respond to subtle and non-conscious cues of women’s ovulatory
status37,42,64,105, with female participants often reporting less favourable feelings towards ovulating versus non-ovulating women24,106.
Furthermore, women engage in more mate-guarding behaviour
and intrasexual aggression when potential rivals are depicted at
high- rather than low-fertility points of their cycles63,64,107. In contrast, men, and especially male romantic partners, may engage in
more mate guarding (but less physical aggression) towards ovulating partners107.
Together, these findings suggest that one adaptive benefit of concealed ovulation may have been the avoidance of costly intrasexual victimization, thereby allowing for higher reproductive fitness
among females concealing ovulation than females revealing ovulation. Here, we create an agent-based model of an ancestral environment in which we test both the male investment hypothesis and this
female rivalry hypothesis. We do this by measuring the success of
female agents who conceal ovulation (concealers) or reveal ovulation (revealers) in different model circumstances.
Behaviour does not fossilize; it is impossible to gather data on the
social interactions and mating patterns of human ancestors, making
agent-based models a useful tool for investigating the evolutionary
viability of various strategies and decision rules. We used a spatial
agent-based model because it serves as a realistic model of many
aspects of the ancestral mating environment. This approach also
allows us to specify the behaviour of both sexes, making it consistent with what we know about human mating behaviour. We developed and parameterized this model based on extensive data from
theoretical and empirical work in small-scale societies dealing with
mate choice, intrasexual competition, female reproduction, parental
investment, human ovulation cycles, interbirth intervals and other
reproductive and social parameters (see Supplementary Table 1).
In the model, male and female agents can move around to form
pairs, mate, conceive and invest in offspring together (Fig. 1). In the
model, both males and females face a fundamental trade-off between
mate search and offspring investment: during each time step (corresponding to one day), we assume that individuals can either search
for mates or invest in offspring. Males approach females with high
attractiveness. Female attractiveness is an aggregate of mate value
and ovulatory status (if revealed), and attractiveness could potentially be reduced as a result of aggression from other females. After
mating, males stay with females based on the male’s promiscuity parameter, which we systematically varied, as described below.
Pregnancy can result from mating if that mating occurred during
the female’s fertile window. Males that stay with their mate provide
resources at each subsequent time step while they stay. Males that
Nature Human Behaviour | www.nature.com/nathumbehav
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Fig. 1 | Flowchart summarizing the schedule for our agent-based model for both female and male agents. a,b, Flowcharts for female (a) and male agents
(b). See Supplementary Materials for detailed ODD protocol. MV, mate value.

do not stay and invest (promiscuous males) continue searching for
attractive partners and leave their current mate if they find a more
attractive female within the search radius.
Males approach females with the highest attractiveness
within their search radius. Females have two potential strategies:
they are either ovulation concealers (not exhibiting any cues of
ovulation and maintaining the same level of physical attractiveness
throughout the cycle) or ovulation revealers (exhibiting ovulation
cues and receiving a 25% increase in their overall attractiveness
when ovulating). There are possible discrepancies between concealer and revealer average attractiveness, as revealers have higher
attractiveness during ovulation; thus, we ran two versions of each of
our three experiments. In one version, revealers’ increase in mate
value during ovulation was offset by lower attractiveness across the
rest of the ovulatory cycle, ensuring equal average attractiveness
across each cycle for both strategies. In the other version, which
provided an even stronger test of our hypothesis, revealers received
an attractiveness increase during ovulation but did not suffer a
concomitant decrement in attractiveness during the rest of the
ovulatory cycle.
Among revealers, being in an ovulatory state increases attractiveness, so for this population of females, attractiveness is associated
with a higher probability of getting pregnant. Among concealers,
attractiveness is not affected by ovulatory status and is therefore
not associated with a higher probability of becoming pregnant.
However, even for concealers, females with higher attractiveness
will be more likely to attract a mate.
As discussed earlier, human females are known to aggress against
ovulating and/or physically attractive rivals, and this aggression
can have negative effects on victims53,108–113. The key question we
explored in this model is whether, when females are able to inflict
costs on rivals (through decreasing the attractiveness of those rivals),
those females who conceal ovulation have a fitness advantage over
those females who do not conceal ovulation. This is not to imply
that perpetrators are consciously and/or intentionally levying costs
on possible victims. In the experiments that included intrasexual
aggression, females directed their aggression either at females with
higher attractiveness in general (experiment 2) or specifically at
females displaying ovulation cues (experiment 3). Because aggression decreases the attractiveness of female rivals, this could lead to
indirect fitness costs for those rivals, as they would be less likely to
Nature Human Behaviour | www.nature.com/nathumbehav

be chosen as mates, and therefore less likely to attract an investing
mate and/or become pregnant. In the model, we did not explore
whether engaging in aggression provided a benefit for female perpetrators, as this was not our central question; however, females
who aggressed against others may have experienced indirect benefits from reduced competition from rivals for mating opportunities
and parental investment.
Each time step in the model represents one day, and during each
day, every individual (whether male or female) faces a trade-off
between mate search and offspring investment. If a male does not
have a current mate and/or if they are promiscuous, that male
engages in mate search. If a female is not pregnant, she engages in
mate search. Males and females of both types search for mates by
moving in the simulated spatial world. Males go to the patch within
their search radius with the most attractive female, and females
choose the male mate on their current patch who is highest in
attractiveness. Movement is the mechanism for mate search, and
because mate search trades off with parental investment, males and
females who are investing in offspring stay in one physical location.
This biparental investment can be observed as pairs who are in the
same spatial location for multiple time steps as the model runs.
Occasionally, when the model is running at full speed, a halo will
appear in the model where an attractive female appears encircled
by promiscuous males. This happens because promiscuous males
spend only one time step (day) with the female before searching
again, and they do not stay with a partner even if that partner is
the most attractive female within their search radius. Promiscuous
males who are near attractive females will sometimes move to the
attractive female in one time step, mate with that female if she
chooses them, and then leave her in the next time step to search,
only to return to that same mate in the following time step because
she is still the most attractive female in the search radius. This
halo of promiscuous males can also occur when several attractive
females happen to be in the same spatial location in the model. This
effect appears to occur more often around concealers than revealers.
Another effect that can be seen in the model is that investing males
who have selected a particular female as a mate can sometimes
appear to follow their female mate. This occurs because females
who are not pregnant continue to move, whereas males who are not
promiscuous will update their spatial location to match that of their
female mates.
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Fig. 2 | Lifetime reproductive success of revealers and concealers after 10,000 time steps in the model. Violin plots summarizing the results of 10,000
independent model runs. Central points show mean values and whiskers represent standard errors, but the standard erross are so small that they overlap
and form a single bar. Revealers are shown in blue and concealers are shown in beige. When no aggression is possible (experiment 1), concealers only
outperform revealers with a small effect size if revealers experience an attractiveness decrement during non-fertile days (decrement = true). When
aggression towards attractive rivals is possible (experiment 2), concealers have higher reproductive success than revealers, with small effect sizes. When
aggression towards ovulating females is possible (experiment 3), concealers have higher reproductive success than revealers, with large effect sizes. See
Supplementary Table 4 for inferential statistics.

Offspring are not explicitly created as new individuals in this
model, but rather are represented as state variables in the female
parent (see Supplementary Table 2). This allows us to measure lifetime reproductive success of females over a typical reproductive
window.
In all, we modelled three experiments to examine the lifetime
reproductive success for revealers and concealers. Experiment 1
examined lifetime reproductive success when there was no female
aggression (our control condition, and also a model that allowed us
to test predictions derived from the male investment hypothesis).
Experiment 2 began to test the female rivalry hypothesis, as females
in this model aggressed against the most attractive nearby females
(but not specifically against ovulating females). Experiment 3 further tested the female rivalry hypothesis, as females in this model
aggressed against nearby ovulating females. As noted above, because
of the possible discrepancies between concealer and revealer average attractiveness, we ran two versions (conditions) of each of these
three experiments: one where revealers gained increased attractiveness during ovulation that was then offset by decrements in
attractiveness during the rest of the ovulatory cycle (decrement
condition); and one where revealers simply gained increased attractiveness during ovulation, with no related offset (no decrement
condition). We used established Cohen’s d thresholds114 to compare
effect sizes across experiments and conditions (d < 0.2 = negligible;
0.2 < d < 0.5 = small; 0.5 < d < 0.8 = medium; d > 0.8 = large).
In addition to measuring reproductive success, we also measured paternal investment, but because these results were nearly
identical to those for lifetime reproductive success (Extended
Data Fig. 1), we present the paternal investment results in the
Supplementary Information.
Data, code and pre-registration for this study can be found at
https://osf.io/c5pq7/.

Results

In experiment 1, we assessed the lifetime reproductive success of
concealers and revealers in the absence of female aggression (our
control condition, and also a model that allows tests of predictions
derived from the male investment hypothesis). This condition
reflected traditional thinking at the time that the male investment
hypothesis was proposed (that is, it did not explicitly acknowledge female intrasexual mating competition4,48,49). When revealers

received an attractiveness decrement during non-ovulatory periods, concealers had significantly higher lifetime reproductive
success (M = 6.80 children) than revealers (M = 6.58 children)
with a small effect size (paired t-test, t(9,999) = −37.29; P < 0.001;
Cohen’s d = 0.46; 95% confidence interval (CI) = −0.23 to −0.21),
providing some support for the male investment account (Fig. 2).
However, when revealers received no attractiveness decrement during non-ovulatory periods, they had significantly higher lifetime
reproductive success (M = 6.71 children) than concealers (M = 6.62
children) with a negligible effect size (t(9,999) = 14.58; P < 0.001;
Cohen’s d = 0.19; 95% CI = 0.08 to 0.10). This result is inconsistent
with the male investment hypothesis. We found these same patterns
for paternal investment (see Supplementary Information).
In the next experiments, females were able to aggress against
other females, imposing costs on victims. If a female was the target of aggression, her attractiveness was temporarily reduced. (As
noted above, reduction in attractiveness is one outcome of reputation denigration, a common form of intrasexual aggression among
human females61.) In experiment 2, we allowed female agents to
aggress towards the most attractive nearby females. In experiment
3, we allowed female agents to aggress towards nearby females displaying ovulation cues. This allowed us to distinguish between two
scenarios in which concealed ovulation might provide a benefit: one
in which females aggress towards generally attractive females (and
so concealers benefit by not appearing as attractive); and another in
which females aggress towards ovulating females specifically (and
so concealers get the benefit of avoiding aggression by not showing
cues of ovulation).
When females aggressed towards the most attractive females
(experiment 2), concealers had significantly higher lifetime
reproductive success than revealers (Fig. 2). This held both when
revealing females experienced a decrement in attractiveness (concealers: mean (M) = 7.43 children; revealers: M = 7.34 children;
t(9,999) = −27.89; P < 0.001; Cohen’s d = 0.41; 95% CI = −0.09
to −0.08) and when they did not (concealers: M = 7.41 children;
revealers: M = 7.35 children; t(9,999) = −19.52; P < 0.001; Cohen’s
d = 0.29; 95% CI = −0.07 to −0.06). These effect sizes were small.
Findings for paternal investment replicated those for lifetime reproductive success.
In experiment 3, which was our primary test of the female rivalry
hypothesis, females aggressed towards other females who exhibited
Nature Human Behaviour | www.nature.com/nathumbehav
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cues of ovulation. Supporting predictions, concealers achieved
significantly higher lifetime reproductive success than revealers
(Fig. 2). This held both when revealers received an attractiveness
decrement (concealers: M = 7.21 children; revealers: M = 6.21
children; t(9,999) = −329.99; P < 0.001; Cohen’s d = 2.19; 95%
CI = −1.00 to −0.99) and also when they did not (concealers:
M = 7.28 children; revealers: M = 6.37 children; t(9,999) = −289.64;
P < 0.001; Cohen’s d = 1.97; 95% CI = −0.92 to −0.91). In contrast
with experiments 1 and 2, these effect sizes were large. Findings
for paternal investment again replicated those for lifetime reproductive success.
To further investigate the conditions under which this possible
fitness advantage for concealers would hold, we varied several model
parameters in new simulations while keeping constant all other
experiment 3 parameters. First, we found that this pattern of results
was robust to changes in the attractiveness multiplier for revealers
during fertile periods (that is, how much more attractive revealers
became during ovulation), as well as the radius of competition for
females, the radius of mate search for males, the required offspring
investment units, population size, the proportion of females in the
population, the proportion of concealers to revealers and the size of
the lattice (Extended Data Figs. 2–4).
More notably, we also found that concealers achieved higher
reproductive success (and accumulated more paternal investment) than revealers when the following conditions were met: (1)
some males in the population were not promiscuous; (2) intrasexual aggression was damaging to female victims and these victims
healed from this aggression slowly; and (3) perpetrating aggression
was relatively low cost. These sensitivity analyses indicate boundary
conditions for our results.
When 100% of males in the population were promiscuous (that
is, all males engaged in mate search exclusively and did not invest
in offspring), neither concealers nor revealers received any paternal
investment (Fig. 3b) and so there was no difference between concealers and revealers in our primary outcome measure of reproductive success (Fig. 3a).
The benefit for concealers over revealers also disappeared when
females healed very quickly from aggression (Extended Data Fig. 5),
presumably because the costs of receiving aggression are low and so
Nature Human Behaviour | www.nature.com/nathumbehav

there is not much benefit from concealing ovulation to avoid mild
aggression. Additionally, compared with revealers, concealers had
higher reproductive success (and paternal investment) only when
there was some cost of being aggressed against and the cost of perpetrating aggression was low (Extended Data Fig. 6). If the cost of
being victimized is zero, there is no advantage to concealing ovulation and avoiding that aggression, so there is no difference between
concealers and revealers. If the cost of perpetrating aggression is
too high (greater than one unit of investment, the daily budget of an
agent), these high costs appear to drown out the differences between
concealers and revealers.
These social conditions favouring concealers (that is, lower
promiscuity, high cost of being aggressed against and low cost
of perpetrating aggression) are perhaps likely to have been met
in ancestral environments. First, not all males are promiscuous,
and some are very low in promiscuity115–119. Second, female intrasexual aggression can impose high and long-lasting costs on targets108–110,120, and by adopting typically covert and non-physical
tactics, female aggressors are thought to be able to avoid the
costs associated with perpetrating more overt and physical acts of
aggression21,23,26,30,47,51,121,122.

Discussion

We tested two hypotheses—the male investment hypothesis and the
female rivalry hypothesis—regarding the proposed adaptive benefits that females might have gained by concealing versus revealing ovulation. In our test of the male investment hypothesis, which
was also the control condition, featuring no female–female aggression, we found mixed support. When female aggression was not
possible, ovulation-concealing females received a benefit (in terms
of increased reproductive success and paternal investment) only
when ovulation-revealing females had an additional decrement in
their mate value during non-ovulatory times; otherwise, revealers had higher reproductive success than concealers. In contrast,
when female–female aggression was possible, concealers received
less aggression than revealers (Extended Data Figs. 7 and 8) and
concealers also consistently outperformed revealers, supporting
the female rivalry hypothesis and its suggestion that the adaptive
benefits females might have gained by concealing versus revealing
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ovulation could be linked to the avoidance of victimization from
female intrasexual aggression.
Although we did not find clear support for the male investment
hypothesis, our results suggest that the male investment hypothesis
is more viable if ovulation-revealing females experience a decrement in attractiveness from their baseline mate value during infertile times. Our results also suggest that male investment may have
played an important role in the evolution of concealed ovulation
in relation to the female rivalry hypothesis. When male investment
was zero (Fig. 3b), there was no difference between concealers and
revealers in terms of reproductive success (Fig. 3a). This shows that
male investment may indeed be important for the advantage that
concealers have, but through a different mechanism than was previously proposed in the male investment hypothesis4. That is, male
investment may be important not necessarily because males selectively invest in concealers, but because revealers may be more likely
targets of female aggression (for example, reputation denigration),
which might subsequently reduce male investment.
One of the limitations of the present model is that male strategies
were programmed to be relatively simple. For example, we assumed
for modelling purposes that males were either promiscuous (investing only in mate search) or not promiscuous (switching to investing in offspring after mating)115–119. However, in the real world, male
mating and parental investment strategies are more nuanced and
complex123–125. Similarly, the existing work on the male investment
hypothesis4 does not specify the exact algorithms of male investment decision-making. Thus, a promising area for future work may
be to use both models and experiments with human subjects to better understand the decision rules underlying male investment decisions; these decision rules can then be used to create models testing
their viability.
Another limitation of this model is that we relied on existing
empirical work to parameterize it, but not all parameters are equally
well supported. In particular, there is little empirical work that
directly measures male promiscuity in the way it was operationalized here. In the range we explored, we found relative advantages for
concealers over revealers at low male promiscuity. As promiscuity
increased, there remained consistent yet diminishing advantages for
concealers over revealers. We used a combination of data on infidelity115,126,127, nonpaternity128,129 and polygyny130–132 (additional data
from D.P. Schmitt, personal communication, December 29, 2019)
to establish a range of male promiscuity rates (1–35%); admittedly,
none of these constructs was exactly the same as the way promiscuity was operationalized in the model (that is, in the model, males
were either non-promiscuous (meaning they invested in offspring
after finding a mate) or promiscuous (continuing to engage in mate
search indefinitely and never engaging in paternal investment)). As
additional empirical work is published on male promiscuity, this
model can be re-parameterized to explore other ranges of male
promiscuity.
Our experiments did not test every hypothesized adaptive benefit of concealed ovulation present in the current literature6,14,33. We
also did not model evolutionary dynamics; rather, we focused on
testing specific hypotheses regarding the possible adaptive benefits
of concealed ovulation. There may also have been several distinct
evolutionary pressures leading to selection for concealed ovulation
in humans. Our findings do not imply that the presence of selective or impactful female aggression was the sole factor rendering
concealed ovulation beneficial. For example, in some other primates
(for example, bonobos), there exist both costly female intrasexual
aggression and also overt cues of ovulation133, suggesting that female
intrasexual aggression alone does not necessarily cause ovulation to
become concealed. To understand the contribution that avoiding
female aggression may have played in the phylogeny of concealed
ovulation, future work may benefit from systematically cataloguing
the presence and modes of female intrasexual competition as well
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as the presence and extent of ovulatory cue display across a range of
non-human primates.
With respect to the debate about whether humans lost cues of
ovulation, these modelling results show one potential adaptive benefit of concealing ovulation cues. During ovulation, female reproductive hormones change drastically, and these hormones have
effects throughout the body, some of which may be detectable to
conspecifics. This means that some ovulation cues may have originally arisen as byproducts of women’s reproductive functioning,
independent of any sexual swellings that might have been present in ancestral females. Males who could detect these cues could
have derived a substantial evolutionary benefit through increased
reproductive success. Despite the potential fitness benefits that
males could gain from detecting ovulation cues, ovulation cues
in modern humans remain subtle and difficult to detect by both
sexes. One potential explanation for why women’s ovulation cues
may be relatively concealed is that female bodies may have evolved
to actively conceal them. Concealment is nonetheless imperfect,
perhaps because complete concealment (for example, dramatically
reducing oestrogen levels) could compromise the physiology that
enables reproduction134. The female rivalry hypothesis provides one
potential explanation for the benefits females may have gained by
concealing ovulation.
Although we cannot answer questions about the evolutionary
phylogenetics of concealed ovulation, the present work does show
that socioecological pressures from other females can potentially
influence the evolution of female physiology and reproductive communication. This suggests that future theory and research on the
evolution of female reproduction and mating behaviour should
take into account female–female interactions in addition to typically foregrounded male–female interactions. Without doing so, it
may be tempting to assume that certain aspects of female reproductive physiology (for example, concealed ovulation) evolved because
of the benefits that come from interactions with males, or even for
the benefit of males (for example, to enhance paternity certainty),
without considering alternative explanations that may be rooted in
the costs and benefits of female–female interactions. In the present
model, we have shown that protection from female aggression provides a potential explanation for the adaptive benefits of concealed
ovulation in human females.

Methods

Model design. We developed an agent-based model to investigate the evolutionary
viability of concealed versus revealed ovulation in females under different
conditions, which allowed us to test whether concealed ovulation could provide
reproductive benefits when females are able to detect and aggress against ovulating
rivals. The model represents a human mating environment in which male and
female agents can move around to form pairs, mate and conceive/invest in
offspring together. This model is parameterized based on extensive theoretical and
empirical work on mate choice, intrasexual competition, female reproduction,
parental investment, human ovulation cycles, interbirth intervals and other
reproductive factors (Supplementary Table 1).
Space and time are modelled discretely. In each time step, agents and patches
(lattice locations) execute the commands described in the schedule. One time
step is equivalent to a single day (because this is short enough to be a realistic
time scale on which agents are changing partners and making trade-offs between
mating and offspring investment, and not so short that it would be computationally
intractable). Space is represented as discrete locations in a two-dimensional 21 × 21
lattice. Movement within this lattice is determined by mate search decision rules
(see below). In this model, movement in space is meant to simulate the movement
associated with mate search. Space in the model is not meant to explicitly represent
physical sites, but instead movement represents being in a state of searching for
mates. Staying in one location represents being in a state of investing in parental
care (rather than mate search). Agents could move around the lattice freely, similar
to movement in a hunter–gatherer camp when humans might look for and interact
with potential mates.
Although this model measures the reproductive success of females, it does
not explicitly include the introduction of new individuals into the population.
Rather, the model runs in a steady state with the same number of adult individuals;
offspring are merely counted towards female reproductive success.
Nature Human Behaviour | www.nature.com/nathumbehav
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See the Supplementary Information for the overview, design concpts, and
details (ODD) protocol for this model, which contains the entire model schedule,
parameters and additional information. The model can be downloaded from
the Open Science Framework (OSF; https://osf.io/c5pq7/). The model was
first programmed in NetLogo version 4.0.5 (ref. 135) and then updated before
publication to run on NetLogo version 6.1.1.
Model schedule. Initial setup. In total, 100 females and 100 males are created
on the lattice, at a random location. This population size is based on estimated
numbers for ancestral hunter–gatherer populations of between 100 and 250
(ref. 136). Females are initiated with: (1) either a concealer or revealer strategy; (2)
a random menstrual cycle day between 0 and 27; (3) a mate value, sampled from
a Gaussian distribution (M = 50; s.d. = 10); (4) no current pregnancy; and (5)
an aggressor or non-aggressor strategy, depending on the proportion of female
aggressors in the population parameter (default = 100% except in experiment 1).
Females are also initiated with (6) fertile and infertile attractiveness multipliers,
which determine their attractiveness at different stages of their menstrual cycle.
For concealers, both fertile and infertile multipliers are set to 1, as they receive no
increased attractiveness during ovulation. For revealers, the fertile multiplier is
determined by a parameter (default = 1.25) and the infertile multiplier is either set
to 1 (if revealers experience no reduction in attractiveness when not ovulating) or
set such that the average attractiveness of revealers over one month is equal to that
of concealers (default = 0.958).
Males are initiated with: (1) a mate value, sampled from a Gaussian distribution
(M = 50; s.d. = 5); and (2) a promiscuity level of either 0 or 100, depending on a
‘proportion of promiscuous males’ parameter (default = 20%).
Female procedures. At each time step (representing one day), females first
determine whether or not they are pregnant (Fig. 1). If they are not pregnant,
they set their heading randomly, move forward by one patch and increment their
menstrual cycle day by one. This is to simulate mate search. As with males (see
below), it is assumed that females have a fundamental trade-off between offspring
investment and mate search. If females are pregnant, they stay in the same patch
and invest in their offspring by incrementing their offspring investment value
by 1 each day. If offspring investment reaches 2,000, they increment their overall
offspring count by 1, set their offspring investment value back to 0 and are no
longer pregnant. The offspring investment value of 2,000 parent days of investment
was chosen to approximate the human interbirth interval of three to four
years137,138. If only the female is investing in the offspring, this would be equivalent
to 2,000 days of uniparental investment (taking approximately 6 years, including
pregnancy). If both the female and male are investing, this would be equivalent
to 1,000 days of biparental investment (taking approximately 3 years, including
pregnancy). Alternatively, these 2,000 units of parent days of investment can be
reached by some combination of uniparental and biparental investment (which
would fall between 1,000 and 2,000 days).
After females determine whether or not they are pregnant, all females set
their current attractiveness value. Concealers set their current attractiveness value
equal to their mate value, regardless of their menstrual cycle day, since their fertile
and infertile attractiveness multipliers are both 1. Revealers, however, check their
current menstrual cycle day: if the day is between 12 and 15, they are ovulating and
so their current attractiveness is equal to the product of their mate value and their
fertile multiplier. If the day is not between 12 and 15, they are not ovulating and
so their current attractiveness is equal to the product of their mate value and their
infertile multiplier.
Third, all females choose males to mate with. If there is at least one male on the
current patch, females mate with the highest mate-value male. If their menstrual
cycle day is between 12 and 15, females can get pregnant from this mating with a
parameter-set probability (default = 30%), which then sets their menstrual cycle
day to −1.
Finally, females can perpetrate aggression towards another rival female in the
search radius (default = 2 patches), with a parameter-set probability (default = 100%).
In experiment 2, females aggress towards the most attractive rival in this radius, but
only if that rival is more attractive than they are. In experiment 3, females can target
their aggression towards a randomly chosen female revealing ovulation within the
search radius. Females with no rivals in their rival search radius do not aggress. The
default cost to the female for perpetrating aggression is 0, although we varied this
parameter in the results reported in the Supplementary Information. When females
aggress against rivals, they do not keep a running list of every individual they have
aggressed against; however, we tracked the acts of aggression and found that they
were normally distributed (see Extended Data Figs. 7 and 8).
After aggression is perpetrated, the costs of aggression to rivals (cost to
others) and to the aggressor (cost to self) are then added to an aggression damage
variable (range 0–100). Aggression damage represents the damage to the target’s
attractiveness caused by aggression. The negative effects of past aggression are
then reduced by proportion aggression damage decay (default = 0.01), to simulate
recovery from reputational damage (see Supplementary Table 1). All females’
current attractiveness values are then reduced by their current aggress damage
proportion, and it is this current attractiveness value that is then visible to males
engaging in mate search.
Nature Human Behaviour | www.nature.com/nathumbehav

Male procedures. Males have a trade-off between investing in offspring or searching
for mates; at each time step, they can only do one or the other (Fig. 1). The male
promiscuity parameter determines this decision. If males are not promiscuous,
they invest in the offspring of their current mate (that is, they increment their
current mate’s offspring investment value by 1). Each day (time step), if they do not
have a mate, they move to the most attractive female in the search radius. If males
are promiscuous, every time step, they set a random heading, move forward one
patch, check in their mate search radius (default = 2 patches) for the most attractive
female and move to her. If there are no females in the search radius, they set their
heading randomly and move forward one patch.
Model parameters. Where possible, default model parameters were drawn from
existing scholarship (Supplementary Table 1). Refer to Supplementary Table 3 for
the model parameters used in all three main experiments.
Simulations. Simulations were run for 10,000 time steps, corresponding to
10,000 days or about 27.4 years. This was based on an approximate fertility window
between the ages of 13 and 40 years in ancestral conditions139. The average lifetime
reproductive success and paternal investment for each female strategy were
measured at the end of each run. We ran simulations 10,000 times for all of the
main experiments and 100 times per parameter value for all sensitivity analyses
(note that this was more than we pre-registered, after a recommendation from an
anonymous reviewer). We controlled for the initializing random seed in all model
runs. All simulations were run using NetLogo version 6.1.1 (ref. 135).
Statistical analysis. Data distributions were assumed to be normal upon inspection
but this was not formally tested. Statistical analyses were conducted in R version
3.5.1 (ref. 140) and the figures were produced with the ggplot2 package141–174 (https://
osf.io/c5pq7/). Paired two-tailed t-tests were used for all statistical comparisons, to
account for the interdependency of both strategies within individual simulations.
Data collection and analysis were not performed blind to the conditions of the
experiments.
Pre-registration. This study was pre-registered on the OSF on 11 October 2017
(https://osf.io/rq8z6).
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

This study was pre-registered on the OSF. Open data and analysis code can be
found in our OSF repository at https://osf.io/c5pq7/.
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Received: 11 March 2019; Accepted: 17 December 2020;
Published: xx xx xxxx

References
1.

2.
3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.

Dixson, A. F. in Advances in the Study of Behavior Vol. 13 (eds Rosenblatt,
J. S. et al.) 63–106 (Academic Press, 1983).
Deschner, T., Heistermann, M., Hodges, K. & Boesch, C. Female sexual
swelling size, timing of ovulation, and male behavior in wild West African
chimpanzees. Horm. Behav. 46, 204–215 (2004).
Nunn, C. L. The evolution of exaggerated sexual swellings in primates and
the graded-signal hypothesis. Anim. Behav. 58, 229–246 (1999).
Alexander, R. D. & Noonan, K. M. Concealment of ovulation, parental care,
and human social evolution. in Evolutionary Biology and Human Social
Behavior: An Anthropological Perspective (eds. Chagnon, N. & Irons, W.)
436–453 (Duxbury Press, 1979).
Benshoof, L. & Thornhill, R. The evolution of monogamy and concealed
ovulation in humans. J. Soc. Biol. Struct. 2, 95–106 (1979).
Burley, N. The evolution of concealed ovulation. Am. Nat. 114, 835–858
(1979).
Burt, A. ‘Concealed ovulation’ and sexual signals in primates. Folia
Primatol. 58, 1–6 (1992).
Etkin, W. Social behavioral factors in the emergence of man. Hum. Biol. 35,
299–310 (1963).
Hill, K. Hunting and human evolution. J. Hum. Evol. 11, 521–544 (1982).
Hrdy, S. B. Infanticide among animals: a review, classification, and
examination of the implications for the reproductive strategies of females.
Ethol. Sociobiol. 1, 13–40 (1979).
Kourtovik, D. Hominization and the loss of the oestrus. J. Hum. Evol. 12,
696 (1983).
Lovejoy, C. O. The origin of man. Science 211, 341–350 (1981).
Miller, E. M. Concealed ovulation as a strategy for increasing per capita
paternal investment. Mank. Q. 36, 297–334 (1996).

Articles
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
34.
35.

36.
37.
38.
39.
40.
41.
42.
43.

44.
45.

Pawłowski, B. Loss of oestrus and concealed ovulation in human evolution:
the case against the sexual-selection hypothesis. Curr. Anthropol. 40,
257–276 (1999).
Schoröder, I. Concealed ovulation and clandestine copulation: a female
contribution to human evolution. Ethol. Sociobiol. 14, 381–389 (1993).
Spuhler, J. N. Continuities and discontinuities in anthropoid-hominid
behavioral evolution: bipedal locomotion and sexual receptivity. in
Evolutionary Biology and Human Social Behavior: An Anthropological
Perspective (eds. Chagnon, N. & Irons, W.) 454–461 (Duxbury Press, 1979).
Strassmann, B. I. Sexual selection, paternal care, and concealed ovulation in
humans. Evol. Hum. Behav. 2, 31–40 (1981).
Symons, D. The Evolution of Human Sexuality (Oxford Univ. Press, 1979).
Turke, P. W. Effects of ovulatory concealment and synchrony on
protohominid mating systems and parental roles. Evol. Hum. Behav. 5,
33–44 (1984).
Turke, P. W. Concealed ovulation, menstrual synchrony and paternal
investment. in Biosocial Perspectives on the Family (ed. Filsinger, E. E.)
119–136 (Sage Publications, 1988).
Björkqvist, K., Lagerspetz, K. M. J. & Kaukiainen, A. Do girls manipulate
and boys fight? Developmental trends in regard to direct and indirect
aggression. Aggress. Behav. 18, 117–127 (1992).
Campbell, A. A few good men: evolutionary psychology and female
adolescent aggression. Ethol. Sociobiol. 16, 99–123 (1995).
Campbell, A. A Mind Of Her Own: The Evolutionary Psychology of Women
(Oxford Univ. Press, 2013).
Fisher, M. L. Female intrasexual competition decreases female facial
attractiveness. Proc. Biol. Sci. 271, S283–S285 (2004).
Lagerspetz, K. M. J., Björkqvist, K. & Peltonen, T. Is indirect aggression
typical of females? Gender differences in aggressiveness in 11-to 12-year-old
children. Aggress. Behav. 14, 403–414 (1988).
McAndrew, F. T. The ‘sword of a woman’: gossip and female aggression.
Aggress. Violent Behav. 19, 196–199 (2014).
Rucas, S. L. et al. Female intrasexual competition and reputational effects
on attractiveness among the Tsimane of Bolivia. Evol. Hum. Behav. 27,
40–52 (2006).
Vaillancourt, T. Do human females use indirect aggression as an intrasexual
competition strategy. Phil. Trans. R. Soc. Lond. B Biol. Sci. 368, 20130080
(2013).
Crick, N. R. & Grotpeter, J. K. Relational aggression, gender, and
social-psychological adjustment. Child Dev. 66, 710–722 (1995).
Benenson, J. F. Warriors and Worriers: The Survival of the Sexes (Oxford
Univ. Press, 2014).
Hrdy, S. B. “Nepotists” and “altruists”: the behavior of old females among
macaques and langur monkeys. in Other Ways of Growing Old:
Anthropological Perspectives (eds. Amoss, P. T. & Harrell, S.) 59–76
(Stanford Univ. Press, 1981).
Campbell, A. Female competition: causes, constraints, content, and
contexts. J. Sex Res. 41, 16–26 (2004).
Gangestad, S. W. & Thornhill, R. Human oestrus. Proc. Biol. Sci. 275,
991–1000 (2008).
Thornhill, R. & Gangestad, S. W. The Evolutionary Biology of Human Female
Sexuality (Oxford Univ. Press, 2008).
Wolfe, L. D. Human evolution and the sexual behavior of female primates.
in Understanding Behavior: What Primate Studies Tell Us about Human
Behavior (eds. Loy, J. D. & Peters, C. B.) 121–151 (Oxford Univ. Press,
1991).
Sillen-Tullberg, B. & Moller, A. P. The relationship between concealed
ovulation and mating systems in anthropoid primates: a phylogenetic
analysis. Am. Nat. 141, 1–25 (1993).
Lobmaier, J. S., Bobst, C. & Probst, F. Can women detect cues to ovulation
in other women’s faces? Biol. Lett. 12, 20150638 (2016).
Haselton, M. G. & Gildersleeve, K. Can men detect ovulation? Curr. Dir.
Psychol. Sci. 20, 87–92 (2011).
Bryant, G. A. & Haselton, M. G. Vocal cues of ovulation in human females.
Biol. Lett. 5, 12–15 (2009).
Thornhill, R. et al. MHC, symmetry and body scent attractiveness in men
and women (Homo sapiens). Behav. Ecol. 14, 668–678 (2003).
Pipitone, R. N. & Gallup, G. G. Women’s voice attractiveness varies across
the menstrual cycle. Evol. Hum. Behav. 29, 268–274 (2008).
Bobst, C. & Lobmaier, J. S. Men’s preference for the ovulating female is
triggered by subtle face shape differences. Horm. Behav. 62, 413–417 (2012).
Hurtado, A. M. & Hill, K. R. Paternal effect on offspring Survivorship
among Ache and Hiwi hunter-gatherers: implications for modeling
pair-bond stability. in Father–Child Relations Cultural and Biosocial Contexts
(ed. Hewlett, B. S.) 31–55 (Routledge, 1992).
Grebe, N. M., Gangestad, S. W., Garver-Apgar, C. E. & Thornhill, R.
Women’s luteal-phase sexual proceptivity and the functions of extended
sexuality. Psychol. Sci. 24, 2106–2110 (2013).
Clutton-Brock, T. Sexual selection in females. Anim. Behav. 77, 3–11 (2009).

NATUrE HUMAn BEhAviOUr
46.
47.
48.
49.

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

70.
71.
72.
73.
74.
75.

Benenson, J. F. The development of human female competition: allies and
adversaries. Phil. Trans. R. Soc. Lond. B Biol. Sci. 368, 20130079 (2013).
Campbell, A. Staying alive: evolution, culture, and women’s intrasexual
aggression. Behav. Brain Sci. 22, 203–214 (1999).
Liesen, L. T. in Evolution’s Empress: Darwinian Perspectives on the Nature of
Women (eds Fisher, M. L. et al.) 43–62 (Oxford Univ. Press, 2013).
Liesen, L. T. Feminist and evolutionary perspectives of female-female
competition, status seeking, and social network formation. in Handbook of
Women and Competition (ed. Fisher, M. L.) 71–87 (Oxford Univ. Press,
2018).
Archer, J. Sex differences in aggression in real-world settings: a
meta-analytic review. Rev. Gen. Psychol. 8, 291–322 (2004).
Björkqvist, K. Sex differences in physical, verbal, and indirect aggression: a
review of recent research. Sex Roles 30, 177–188 (1994).
Burbank, V. K. Female aggression in cross-cultural perspective. Behav. Sci.
Res. 21, 70–100 (1987).
Hess, N. H. & Hagen, E. H. Sex differences in indirect aggression:
psychological evidence from young adults. Evol. Hum. Behav. 27,
231–245 (2006).
Huchard, E. & Cowlishaw, G. Female–female aggression around mating: an
extra cost of sociality in a multimale primate society. Behav. Ecol. 22,
1003–1011 (2011).
Stockley, P. & Bro-Jørgensen, J. Female competition and its evolutionary
consequences in mammals. Biol. Rev. Camb. Phil. Soc. 86, 341–366 (2011).
Harding, R. M. et al. Evidence for variable selective pressures at MC1R.
Am. J. Hum. Genet. 66, 1351–1361 (2000).
Cacioppo, S. & Hatfield, E. Passionate love and sexual desire. in The
International Encyclopedia of Human Sexuality Vol. 7 (eds Bolin, A. &
Whelehan, P.) 861–1042 (Wiley, 2015).
De Vleeschouwer, K., Van Elsacker, L. & Leus, K. Multiple breeding females
in captive groups of golden-headed lion tamarins (Leontopithecus
chrysomelas): causes and consequences. Folia Primatol. 72, 1–10 (2001).
Wasser, S. K. & Starling, A. K. Proximate and ultimate causes of
reproductive suppression among female yellow baboons at Mikumi National
Park, Tanzania. Am. J. Primatol. 16, 97–121 (1988).
Krems, J. A., Neuberg, S. L., Filip-Crawford, G. & Kenrick, D. T. Is she
angry? (Sexually desirable) women “see” anger on female faces. Psychol. Sci.
26, 1655–1663 (2015).
Fisher, M. & Cox, A. The influence of female attractiveness on competitor
derogation. J. Evol. Psychol. 7, 141–155 (2009).
Campbell, A. & Muncer, S. Sex differences in aggression: social
representation and social roles. Br. J. Soc. Psychol. 33, 233–240 (1994).
Hurst, A. C., Alquist, J. L. & Puts, D. A. Women’s fertility status alters
other women’s jealousy and mate guarding. Pers. Soc. Psychol. Bull. 43,
191–203 (2017).
Krems, J. A., Neel, R., Neuberg, S. L., Puts, D. A. & Kenrick, D. T. Women
selectively guard their (desirable) mates from ovulating women. J. Pers. Soc.
Psychol. 110, 551–573 (2016).
Krems, J. A., Rankin, A. M. & Northover, S. B. Women’s strategic defenses
against same-sex aggression: evidence from sartorial behavior. Soc. Psychol.
Personal. Sci. 11, 770–781 (2020).
Leenaars, L. S., Dane, A. V. & Marini, Z. A. Evolutionary perspective on
indirect victimization in adolescence: the role of attractiveness, dating and
sexual behavior. Aggress. Behav. 34, 404–415 (2008).
Vaillancourt, T. & Sharma, A. Intolerance of sexy peers: intrasexual
competition among women. Aggress. Behav. 37, 569–577 (2011).
Elliot, A. J., Greitemeyer, T. & Pazda, A. D. Women’s use of red clothing
as a sexual signal in intersexual interaction. J. Exp. Soc. Psychol. 49,
599–602 (2013).
Pazda, A. D., Prokop, P. & Elliot, A. J. Red and romantic rivalry: viewing
another woman in red increases perceptions of sexual receptivity,
derogation, and intentions to mate-guard. Pers. Soc. Psychol. Bull. 40,
1260–1269 (2014).
Feinberg, D. R., DeBruine, L. M., Jones, B. C. & Perrett, D. I. The role of
femininity and averageness of voice pitch in aesthetic judgments of women’s
voices. Perception 37, 615–623 (2008).
Makhanova, A. & Miller, S. L. Female fertility and male mating: women’s
ovulatory cues influence men’s physiology, cognition, and behavior. Soc.
Personal. Psychol. Compass 7, 389–400 (2013).
Miller, S. L. & Maner, J. K. Scent of a woman: men’s testosterone responses
to olfactory ovulation cues. Psychol. Sci. 21, 276–283 (2010).
Puts, D. A. et al. Women’s attractiveness changes with estradiol and
progesterone across the ovulatory cycle. Horm. Behav. 63, 13–19 (2013).
Doty, R. L., Ford, M., Preti, G. & Huggins, G. R. Changes in the intensity
and pleasantness of human vaginal odors during the menstrual cycle.
Science 190, 1316–1318 (1975).
Kuukasjärvi, S. et al. Attractiveness of women’s body odors over the
menstrual cycle: the role of oral contraceptives and receiver sex. Behav.
Ecol. 15, 579–584 (2004).
Nature Human Behaviour | www.nature.com/nathumbehav

NATUrE HUMAn BEhAviOUr
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.

Roberts, S. C. et al. Female facial attractiveness increases during the fertile
phase of the menstrual cycle. Proc. Biol. Sci. 271, S270–S272 (2004).
Silk, J. B., Alberts, S. C. & Altmann, J. Patterns of coalition formation by
adult female baboons in Amboseli, Kenya. Anim. Behav. 67, 573–582 (2004).
Thornhill, R. et al. Major histocompatibility complex genes, symmetry, and
body scent attractiveness in men and women. Behav. Ecol. 14, 668–678
(2003).
Baenninger, M. A., Baenninger, R. & Houle, D. Attractiveness, attentiveness,
and perceived male shortage: their influence on perceptions of other
females. Evol. Hum. Behav. 14, 293–303 (1993).
Bullivant, S. B. et al. Women’s sexual experience during the menstrual cycle:
identification of the sexual phase by noninvasive measurement of
luteinizing hormone. J. Sex Res. 41, 82–93 (2004).
Cantú, S. M. et al. Fertile and selectively flirty: women’s behavior toward
men changes across the ovulatory cycle. Psychol. Sci. 25, 431–438 (2014).
Dawson, S. J., Suschinsky, K. D. & Lalumière, M. L. Sexual fantasies and
viewing times across the menstrual cycle: a diary study. Arch. Sex. Behav.
41, 173–183 (2012).
Durante, K. M., Griskevicius, V., Simpson, J. A., Cantú, S. M. & Li, N. P.
Ovulation leads women to perceive sexy cads as good dads. J. Pers. Soc.
Psychol. 103, 292–305 (2012).
Durante, K. M., Griskevicius, V., Hill, S. E., Perilloux, C. & Li, N. P.
Ovulation, female competition, and product choice: hormonal influences on
consumer behavior. J. Consum. Res. 37, 921–934 (2011).
Durante, K. M., Li, N. P. & Haselton, M. G. Changes in women’s choice of
dress across the ovulatory cycle: naturalistic and laboratory task-based
evidence. Pers. Soc. Psychol. Bull. 34, 1451–1460 (2008).
Smith, M. J. L. et al. Facial appearance is a cue to oestrogen levels in
women. Proc. Biol. Sci. 273, 135–140 (2006).
Gangestad, S. W., Simpson, J. A., Cousins, A. J., Garver-Apgar, C. E. &
Christensen, P. N. Women’s preferences for male behavioral displays change
across the menstrual cycle. Psychol. Sci. 15, 203–207 (2004).
Gangestad, S. W., Garver-Apgar, C. E., Simpson, J. A. & Cousins, A. J.
Changes in women’s mate preferences across the ovulatory cycle. J. Pers.
Soc. Psychol. 92, 151–163 (2007).
Gangestad, S. W., Thornhill, R. & Garver-Apgar, C. E. Women’s sexual
interests across the ovulatory cycle depend on primary partner
developmental instability. Proc. R. Soc. Lond. B Biol. Sci. 272, 2023–2027
(2005).
Garver-Apgar, C. E., Gangestad, S. W. & Thornhill, R. Hormonal correlates
of women’s mid-cycle preference for the scent of symmetry. Evol. Hum.
Behav. 29, 223–232 (2008).
Guéguen, N. Menstrual cycle phases and female receptivity to a courtship
solicitation: an evaluation in a nightclub. Evol. Hum. Behav. 30, 351–355
(2009).
Guéguen, N. Makeup and menstrual cycle: near ovulation, women use
more cosmetics. Psychol. Rec. 62, 541–548 (2012).
Guéguen, N. Gait and menstrual cycle: ovulating women use sexier gaits
and walk slowly ahead of men. Gait Posture 35, 621–624 (2012).
Haselton, M. G., Mortezaie, M., Pillsworth, E. G., Bleske-Rechek, A. &
Frederick, D. A. Ovulatory shifts in human female ornamentation: near
ovulation, women dress to impress. Horm. Behav. 51, 40–45 (2007).
Maner, J. K. & McNulty, J. K. Attunement to the fertility status of same-sex
rivals: women’s testosterone responses to olfactory ovulation cues. Evol.
Hum. Behav. 34, 412–418 (2013).
Lucas, M. & Koff, E. How conception risk affects competition and
cooperation with attractive women and men. Evol. Hum. Behav. 34, 16–22
(2013).
Lukaszewski, A. W. & Roney, J. R. Estimated hormones predict women’s
mate preferences for dominant personality traits. Pers. Individ. Dif. 47,
191–196 (2009).
Roney, J. R. & Simmons, Z. L. Women’s estradiol predicts preference for
facial cues of men’s testosterone. Horm. Behav. 53, 14–19 (2008).
Roney, J. R. & Simmons, Z. L. Hormonal predictors of sexual motivation in
natural menstrual cycles. Horm. Behav. 63, 636–645 (2013).
Roney, J. R., Simmons, Z. L. & Gray, P. B. Changes in estradiol predict
within-women shifts in attraction to facial cues of men’s testosterone.
Psychoneuroendocrinology 36, 742–749 (2011).
Piccoli, V., Foroni, F. & Carnaghi, A. Comparing group dehumanization and
intra-sexual competition among normally ovulating women and hormonal
contraceptive users. Pers. Soc. Psychol. Bull. 39, 1600–1609 (2013).
Pillsworth, E. G., Haselton, M. G. & Buss, D. M. Ovulatory shifts in female
sexual desire. J. Sex. Res. 41, 55–65 (2004).
Saad, G. & Stenstrom, E. Calories, beauty, and ovulation: the effects of the
menstrual cycle on food and appearance-related consumption. J. Consum.
Psychol. 22, 102–113 (2012).
Zhuang, J.-Y. & Wang, J.-X. Women ornament themselves for intrasexual
competition near ovulation, but for intersexual attraction in luteal phase.
PLoS ONE 9, e106407 (2014).

Nature Human Behaviour | www.nature.com/nathumbehav

Articles
105. Necka, E. A. et al. Women’s attention to and memory for fertile- and
non-fertile phase women across the menstrual cycle.Adapt. Hum. Behav.
Physiol. 4, 283–305 (2018).
106. Necka, E. A., Puts, D. A., Dimitroff, S. J. & Norman, G. J. Other women’s
fertility moderates female resource distribution across the menstrual cycle.
Evol. Hum. Behav. 37, 387–391 (2016).
107. Muller, M. N. & Wrangham, R. W. Sexual Coercion in Primates and
Humans (Harvard Univ. Press, 2009).
108. Bar-Tal, D. & Saxe, L. Physical attractiveness and its relationship to sex-role
stereotyping. Sex Roles 2, 123–133 (1976).
109. Buss, D. M. Sexual strategies theory: historical origins and current status.
J. Sex Res. 35, 19–31 (1998).
110. Liston, D. D. & Rahimi, R. in Geographies of Girlhood: Identities In-between
(eds Bettis, P. J. & Adams, N. G.) 211–230 (Routledge, 2005).
111. Baumeister, R. F., Bratslavsky, E., Finkenauer, C. & Vohs, K. D.Bad is
stronger than good. Rev. Gen. Psychol. 5, 323–370 (2001).
112. Hess, N. C. & Hagen, E. Informational Warfare: The Evolution of Female
Coalitions and Gossip (Univ. California, 2006).
113. Hess, N. H. Informational warfare: coalitional gossiping as a strategy for
within-group aggression. in The Oxford Handbook of Women and
Competition (ed. Fisher, M. L.) 223–246 (Oxford Univ. Press, 2017).
114. Cohen, J. A power primer. Psychol. Bull. 112, 155–159 (1992).
115. Treas, J. & Giesen, D. Sexual infidelity among married and cohabiting
Americans. J. Marriage Fam. 62, 48–60 (2000).
116. Seal, D. W., Agostinelli, G. & Hannett, C. A. Extradyadic romantic
involvement: moderating effects of sociosexuality and gender. Sex Roles 31,
1–22 (1994).
117. Blow, A. J. & Hartnett, K. Infidelity in committed relationships I: a
methodological review. J. Marital Fam. Ther. 31, 183–216 (2005).
118. Dorjahn, V. R. The factor of polygyny in African demography. in Continuity
and Change in African Cultures (eds. Bascom, W. R. & Herskovits., M. J.)
87–112 (Univ. Chicago Press, 1959).
119. Goody, J. Polygyny, economy, and the role of women. in The Character of
Kinship (ed. Goody, J.) 175–190 (Cambridge Univ. Press, 1973).
120. Baumeister, R. F. & Vohs, K. D. Sexual economics: sex as female resource
for social exchange in heterosexual interactions. Pers. Soc. Psychol. Rev. 8,
339–363 (2004).
121. Benenson, J. F. et al. Social exclusion: more important to human females
than males. PLoS ONE 8, e55851 (2013).
122. McAndrew, F. T. & Milenkovic, M. A. Of tabloids and family secrets: the
evolutionary psychology of gossip. J. Appl. Soc. Pyschol. 32, 1064–1082 (2002).
123. Fernandez-Duque, E., Valeggia, C. R. & Mendoza, S. P. The biology of
paternal care in human and nonhuman primates. Annu. Rev. Anthropol. 38,
115–130 (2009).
124. Buss, D. M. & Schmitt, D. P. Sexual strategies theory: an evolutionary
perspective on human mating. Psychol. Rev. 100, 204–232 (1993).
125. Scelza, B. A. et al. Patterns of paternal investment predict cross-cultural
variation in jealous response. Nat. Hum. Behav. 4, 20–26 (2020).
126. Greiling, H. & Buss, D. M. Women’s sexual strategies: the hidden dimension
of extra-pair mating. Pers. Individ. Dif. 28, 929–963 (2000).
127. Schmitt, D. P. Sociosexuality from Argentina to Zimbabwe: a 48-nation
study of sex, culture, and strategies of human mating. Behav. Brain Sci. 28,
247–275 (2005).
128. Anderson, K. G. How well does paternity confidence match actual
paternity? Evidence from worldwide nonpaternity rates. Curr. Anthropol. 47,
513–520 (2006).
129. Scelza, B. A. Female choice and extra-pair paternity in a traditional human
population. Biol. Lett. 7, 889–891 (2011).
130. Wiessner, P. Parent–offspring conflict in marriage: implications for social
evolution and material culture among the Ju/’Hoansi bushmen. in Pattern
and Process in Cultural Evolution (ed. Shennan, S.) 251–263 (Univ.
California Press, 2009).
131. Starkweather, K. E. & Hames, R. A survey of non-classical polyandry. Hum.
Nat. 23, 149–172 (2012).
132. Schmitt, D. P. & Rohde, P. A. The human polygyny index and its ecological
correlates: testing sexual selection and life history theory at the
cross-national level. Soc. Sci. Q. 94, 1159–1184 (2013).
133. Vervaecke, H., Stevens, J. & Van Elsacker, L. Interfering with others:
female–female reproductive competition in Pan paniscus. in Sexual Selection
and Reproductive Competition in Primates: New Perspectives and Directions
(ed. Jones, C. B.) 231–253 (American Society of Primatologists, 2003).
134. Haselton, M. G. & Gildersleeve, K. Human ovulation cues. Curr. Opin.
Psychol. 7, 120–125 (2016).
135. Wilensky, U. NetLogo (Center for Connected Learning and Computer-Based
Modeling, Northwestern Univ., 1999).
136. Dunbar, R. I. M. Coevolution of neocortical size, group size and language
in humans. Behav. Brain Sci. 16, 681–694 (1993).
137. Marlowe, F. W. Hunter-gatherers and human evolution. Evol. Anthropol. 14,
54–67 (2005).

Articles
138. Sear, R. & Mace, R. Who keeps children alive? A review of the effects of kin
on child survival. Evol. Hum. Behav. 29, 1–18 (2008).
139. Broekmans, F. J., Knauff, E. A. H., te Velde, E. R., Macklon, N. S. & Fauser,
B. C. Female reproductive ageing: current knowledge and future trends.
Trends Endocrinol. Metab. 18, 58–65 (2007).
140. R Core Development Team. R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, 2016).
141. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, 2009).
142. Beall, A. T. & Schaller, M. Affective implications of the mating/parenting
trade-off: short-term mating motives and desirability as a short-term mate
predict less intense tenderness responses to infants. Pers. Individ. Dif. 68,
112–117 (2014).
143. Gangestad, S. W. & Simpson, J. A. The evolution of human mating:
trade-offs and strategic pluralism. Behav. Brain Sci. 23, 573–587 (2000).
144. Kaplan, H. S. & Gangestad, S. W. Life history theory and evolutionary
psychology. in The Handbook of Evolutionary Psychology (ed. Buss, D.)
68–95 (Wiley, 2005).
145. Stearns, S. C. The Evolution of Life Histories (Oxford Univ. Press, 1992).
146. Bisdee, J. T., James, W. P. & Shaw, M. A. Changes in energy expenditure
during the menstrual cycle. Br. J. Nutr. 61, 187–199 (1989).
147. Jasienska, G. The Fragile Wisdom: An Evolutionary View on Women’s Biology
and Health (Harvard Univ. Press, 2013).
148. Price, P. N., Duncan, S. L. & Levin, R. J. Oxygen consumption of human
endometrium during the menstrual cycle measured in vitro using an
oxygen electrode. J. Reprod. Fertil. 63, 185–192 (1981).
149. Manocha, S., Choudhuri, G. & Tandon, B. N. A study of dietary intake in
pre- and post-menstrual period. Hum. Nutr. Appl. Nutr. 40, 213–216 (1986).
150. Webb, P. 24-hour energy expenditure and the menstrual cycle. Am. J. Clin.
Nutr. 44, 614–619 (1986).
151. Ellison, P. T., Panter-Brick, C., Lipson, S. F. & O’Rourke, M. T. The
ecological context of human ovarian function. Hum. Reprod. 8,
2248–2258 (1993).
152. Kramer, P. A. The costs of human locomotion: maternal investment in child
transport. Am. J. Phys. Anthropol. 107, 71–85 (1998).
153. Cantoni, D. & Brown, R. E. Paternal investment and reproductive
success in the California mouse, Peromyscus californicus. Anim. Behav. 54,
377–386 (1997).
154. Lunn, P. G., Austin, S., Prentice, A. M. & Whitehead, R. G. The effect of
improved nutrition on plasma prolactin concentrations and postpartum
infertility in lactating Gambian women. Am. J. Clin. Nutr. 39,
227–235 (1984).
155. Mitani, J. C. & Watts, D. The evolution of non-maternal caretaking
among anthropoid primates: do helpers help? Behav. Ecol. Sociobiol. 40,
213–220 (1997).
156. Gettler, L. T. Direct male care and hominin evolution: why male–child
interaction is more than a nice social idea. Am. Anthropol. 112, 7–21 (2010).
157. Miller, G., Tybur, J. M. & Jordan, B. D. Ovulatory cycle effects on tip
earnings by lap dancers: economic evidence for human estrus? Evol. Hum.
Behav. 28, 375–381 (2007).
158. Wilcox, A. J., Dunson, D. B., Weinberg, C. R., Trussell, J. & Baird, D. D.
Likelihood of conception with a single act of intercourse: providing
benchmark rates for assessment of post-coital contraceptives. Contraception
63, 211–215 (2001).
159. Betzig, L. Causes of conjugal dissolution: a cross-cultural study. Curr.
Anthropol. 30, 654–676 (1989).
160. Davies, A. P. C., Shackelford, T. K. & Hass, R. G. Sex differences in
perceptions of benefits and costs of mate poaching. Pers. Individ. Dif. 49,
441–445 (2010).
161. Perlini, A. H. & Boychuk, T. L. Social influence, desirability and relationship
investment: the effects of resourcefulness and sexual permissiveness. Soc.
Behav. Pers. 34, 593–602 (2006).

NATUrE HUMAn BEhAviOUr
162. Buss, D. M. Sex differences in human mate preferences: evolutionary
hypotheses tested in 37 cultures. Behav. Brain Sci. 12, 1–14 (1989).
163. Buss, D. M. Sexual strategies: a journey into controversy. Psychol. Inq. 14,
219–226 (2003).
164. Cashdan, E. Attracting mates: effects of paternal investment on mate
attraction strategies. Ethol. Sociobiol. 14, 1–23 (1993).
165. Simpson, J. A. & Gangestad, S. W. Sociosexuality and romantic partner
choice. J. Pers. 60, 31–51 (1992).
166. Draper, P. & Harpending, H. Father absence and reproductive strategy: an
evolutionary perspective. J. Anthropol. Res. 38, 255–273 (1982).
167. Werner, N. E. & Crick, N. R. Relational aggression and social-psychological
adjustment in a college sample. J. Abnorm. Psychol. 108, 615–623 (1999).
168. Archer, J. & Coyne, S. M. An integrated review of indirect, relational, and
social aggression. Pers. Soc. Psychol. Rev. 9, 212–230 (2005).
169. Hamilton, M. J., Milne, B. T., Walker, R. S., Burger, O. & Brown, J. H. The
complex structure of hunter–gatherer social networks. Proc. R. Soc. B Biol.
Sci. 274, 2195–2203 (2007).
170. Bird, D. W., Bird, R. B., Codding, B. F. & Zeanah, D. W. Variability in the
organization and size of hunter-gatherer groups: foragers do not live in
small-scale societies. J. Hum. Evol. 131, 96–108 (2019).
171. Hill, K. R., Wood, B. M., Baggio, J., Hurtado, A. M. & Boyd, R. T.
Hunter-gatherer inter-band interaction rates: implications for cumulative
culture. PLoS ONE 9, e102806 (2014).
172. Hill, R. A., Bentley, R. A. & Dunbar, R. I. M. Network scaling reveals
consistent fractal pattern in hierarchical mammalian societies. Biol. Lett. 4,
748–751 (2008).
173. Dunbar, R. I. M. & Sosis, R. Optimising human community sizes. Evol.
Hum. Behav. 39, 106–111 (2018).
174. Lehmann, J., Lee, P. C. & Dunbar, R. I. M. Unravelling the function of
community-level organization. in Lucy to Language: The Benchmark Papers
(eds. Dunbar, R. I. M., Gamble, C. & Gowlett, J. A. J.) 245–276 (Oxford
Univ. Press, 2014).

Acknowledgements

The authors received no specific funding for this work.

Author contributions

J.A.K., S.C., M.G.H. and A.A. developed and/or critically enhanced the underlying
theorizing. J.A.K., M.R.F., M.C. and A.A. researched the underlying model parameters.
A.A. wrote the initial model, which was subsequently modified by S.C. and M.C. S.C.
and A.A. ran and reported the analyses. S.C. created all of the figures. J.A.K., S.C. and
A.A. wrote and revised the manuscript with critical feedback from M.G.H. All authors
approved the manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Extended data is available for this paper at https://doi.org/10.1038/s41562-020-01038-9.
Supplementary information is available for this paper at https://doi.org/10.1038/
s41562-020-01038-9.
Correspondence and requests for materials should be addressed to A.A.
Peer review information Primary Handling Editor: Aisha Bradshaw.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
© The Author(s), under exclusive licence to Springer Nature Limited 2021

Nature Human Behaviour | www.nature.com/nathumbehav

NATUrE HUMAn BEhAviOUr

Articles

Extended Data Fig. 1 | The paternal investment for Revealers and Concealers, after 10,000 time steps in the model. Violin plots summarise the results of
10,000 independent model runs, bolded points are mean averages, and error bars are standard errors. Concealers consistently outcompete Revealers only
in Experiment 3, under conditions of female aggression towards ovulating rivals. See Supplementary Table 5 for inferential statistics.
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Extended Data Fig. 2 | Varying the female attractiveness multiplier when fertile. For both (a) reproductive success and (b) paternal investment,
Concealers have an advantage over Revealers regardless of the fertility multiplier for Revealers. Points are mean averages across 100 independent model
runs per parameter value, and error bars are standard errors. See Supplementary Table 6 for inferential statistics.
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Extended Data Fig. 3 | Varying the radius of competition (females) and mate search (males). For both (a) reproductive success and (b) paternal
investment, Concealers have an advantage over Revealers regardless of the radius of competition or mate search. Points are mean averages across 100
independent model runs per parameter value, and error bars are standard errors. See Supplementary Table 6 for inferential statistics.

Nature Human Behaviour | www.nature.com/nathumbehav

Articles

NATUrE HUMAn BEhAviOUr

Extended Data Fig. 4 | Further sensitivity analyses. We vary the offspring investment amount (units) required to successful have a child in the model,
the number of individuals in the model (population size), the proportion of females in the population, the proportion of Concealers within the female
population, and the size of the square world (lattice width is equal to lattice height). In all cases, Concealers have an advantage over Revealers. Points are
mean averages across 100 independent model runs per parameter value, and error bars are standard errors. See Supplementary Table 6 for inferential
statistics.
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Extended Data Fig. 5 | Varying the decay of aggression damage (that is, the speed at which females heal from aggression), where 0 means females
never heal, and 1 means females heal immediately. For both (a) reproductive success and (b) paternal investment, Concealers only have an advantage
when the decay of aggression damage is less than or equal to around 0.6. Points are mean averages across 100 independent model runs per parameter
value, and error bars are standard errors. See Supplementary Table 6 for inferential statistics.
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Extended Data Fig. 6 | Tile plots summarizing the Concealer advantage with varying costs of aggression, to both self and other (target). As tiles
become increasingly beige, Concealers have more of an advantage (that is, positive raw difference in either number of children or paternal investment
units). For both (a) reproductive success and (b) paternal investment, Concealers only have an advantage when the cost to self is low (< 1), and the cost
to other is positive (> 0). Values are averaged over 100 independent model runs per parameter value. See Supplementary Table 6 for inferential statistics.
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Extended Data Fig. 7 | The number of aggression acts Concealers and Revealers received after 10,000 time steps in the model, across 20 different
model runs all with the default parameters for Experiment 2, where females aggressed towards the most attractive female nearby females (not
necessarily the ovulating females). Concealers received 294 acts of aggression on average (SD = 131). Revealers received 308 acts of aggression on
average (SD = 127), significantly more than Concealers (GLMM; p = 0.01). Aggression amounts appear normally distributed, with few outliers.
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Extended Data Fig. 8 | The number of aggression acts each Revealer received after 10,000 time steps in the model, across 20 different model runs all
with the default parameters for Experiment 3, where females aggressed towards the nearby ovulating females. Concealers were never the targets of
aggression. Revealers received 941 acts of aggression on average (SD = 312). Aggression amounts appear normally distributed, with few outliers.
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