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Highlights

e In some primates, females exhibit exaggerated swellings of the anogenital region.

e Maximally swollen females receive the highest levels of mating interest from males.
e  Our meta-analysis shows that swelling size is closely related to fertility.

e We show that swelling size is also positively correlated with body condition.

e The results support both the graded-signal and reliable-indicator hypotheses.
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Abstract

In some species of Old World monkeys and apes, females exhibit exaggerated swellings of the
anogenital region that vary in size across the ovarian cycle. Exaggerated swellings are typically
largest around the time of ovulation, and swelling size has been reported to correlate positively
with female quality, supporting the hypothesis that exaggerated swellings are honest signals of
both female fecundity and quality. However, the relationship between swelling size and timing
of ovulation is weak in some studies, and the relationship between swelling size and female
quality has also not been consistently reported. Here, we collated empirical studies that have
reported either 1) swelling size and estimated timing of ovulation (N=26), or ii) swelling size and
measures of individual quality (N=7), to assess the strength of these relationships using meta-
analytic methods. Our analyses confirmed that the period of maximal swelling size is closely
associated with the most fertile period of the ovarian cycle and that a large proportion of
ovulations occur during the maximal swelling period. A small, positive effect size was also
found for the relationship between swelling size and body condition. In contrast, the
relationships with age and social rank were not significant. Swelling size, therefore, potentially
signals both female condition and timing of the fertile phase. Males are likely to benefit from
allocating mating effort according to swelling size, while females with large swellings
potentially benefit from exerting control over matings in species where female control is

compromised by male mating strategies.

Key words: ornament, graded signal, ovulation, reliable indicator, quality
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Introduction

Exaggerated swellings of the female anogenital region occur in around 30 species of Old World
monkeys and apes (Sillén-Tullberg and Mgller, 1993; Dixson, 2012). These swellings have been
described as female ornaments (Clutton-Brock, 2007; 2009), defined as elaborate traits that
function to attract males. The tissues of the anogenital region swell as a result of water retention
and become red in colouration through distention of the capillaries (Dixson, 2012). Experimental
studies have shown that swelling size and colouration increases in response to oestrogen during
the follicular phase of the ovarian cycle (Dixson, 2012). The tissue then rapidly detumesces and
returns to normal colouration after ovulation (e.g., Brauch et al., 2007). Females potentially
benefit from displaying swellings through attracting a preferred mating partner and/or multiple
partners, while males potentially benefit from strategically allocating mating effort in relation to
within- and between-female variation in fertility status (Nunn, 1999; Pagel, 1994).

Observational studies have shown that maximally swollen females receive the highest
levels of mating interest from males (e.g., Gesquiere et al., 2007), and experimental studies have
demonstrated that male baboons are sexually aroused by artificial swellings (Bielert and
Anderson, 1985; Girolami and Bielert, 1987). Females are also most likely to approach males
and solicit copulations when maximally swollen (Higham et al., 2012). In most species with
exaggerated swellings, females mate with more than one male during an ovarian cycle (Clutton-
Brock and Harvey, 1976; Pagel and Meade, 2006), and low-ranking males tend to mate earlier in
the swelling period than high-ranking males (Gesquiere et al., 2007; Emery Thompson, 2005).
These observations are consistent with exaggerated swellings functioning as ‘graded’ signals of
the probability of ovulation that provide females with the benefits of mating with multiple males,
such as protection from infanticide, while also biasing paternity towards high-quality males

(Nunn, 1999; Alberts & Fitzpatrick, 2012).
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Researchers have also suggested that exaggerated swellings are relatively unreliable
signals of fertility at least in some species (van Schaik et al., 2000; Zinner et al., 2004), given
that swellings are often reported to reach a large size several days before ovulation (Deschner et
al., 2003; Reichert et al., 2002). For example, a study of bonobos (Pan paniscus) reported that
females were maximally swollen for an average of 16 days (Reichert et al., 2002), while the
fertile window is likely to last around 4 days (Dunson et al., 1999; Wilcox et al., 1995). The
same study reported that 30 percent of ovulations occurred outside of the maximal swelling
period (Reichert et al., 2002), further supporting the idea that swellings are an unreliable signal
of fertility in this species. Selection has thus been suggested to favour mechanisms that make
ovulation unpredictable relative to swelling characteristics (van Schaik et al., 2000), with the null
hypothesis being that some error in signalling occurs by chance.

Exaggerated swellings have also been reported to vary in maximal size both between
individuals and across cycles within individuals (Fitzpatrick et al., 2014). For instance, maximal
swelling size increases with the number of cycles since resumption of cycling following a
previous birth (Higham et al., 2008; Huchard et al., 2009). Exaggerated swellings are costly in
terms of increased body weight and risk of tissue damage (Bielert and Busse, 1983; Matsumodo-
Oda, 1998), and females receive greater amounts of physical harassment from both male and
female group members when maximally swollen (Huchard and Cowlishaw, 2011, Feldblum et
al., 2014). Thus, swelling size is potentially indicative of a female’s current physical condition
and ability to raise an offspring (Pagel, 1994). While this ‘reliable indicator’ hypothesis has
received some support (Huchard et al., 2009; Domb and Pagel, 2001), other studies failed to find
a correlation between swelling size and measures of female quality (Mdhle et al., 2005; Setchell
and Wickings, 2004), where quality is broadly defined as any property of an individual that

influences the cost of expressing the exaggerated trait (Johnstone et al., 2009).
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Using currently available data, we first investigated the strength of the evidence that
exaggerated swellings are generally reliable signals that peak in size during the period of highest
fertility. Given that reliability is defined as the tightness of the correlation with the underlying
trait (Searcy and Nowicki, 2005), we predicted that the period of maximal swelling would not,
on average, extend greatly beyond the fertile period and that a relatively strong association
would be found between swelling size and the probability of ovulation. Because the strength of
the association between swelling size and fertility is likely to depend upon how swelling size is
measured, we also compared studies that used fine-resolution, continuous measures of swelling
size with those that used broad-resolution, categorical measures, with the prediction that studies
using categorical measures could under-estimate the precision of the relationship between
swelling size and ovulation probability. Finally, we conducted meta-analyses on studies that
have correlated swelling size with measures of female properties other than current fertility

status to test whether exaggerated swellings are reliable indicators of female quality.

Methods

Literature review and inclusion criteria

Articles were located using keyword searches in Thomson Reuter’s Web of Knowledge (e.g.,
‘primate swelling ovulation’, ‘primate swelling quality’) and by checking the reference sections
of papers that were identified. To fulfil the inclusion criteria, articles had to contain either a) data
on changes in swelling size across days relative to an independent estimate of the day of
ovulation based on ovarian hormone levels (from blood, urine or fecal samples) or laparoscopy,
or b) data on swelling size and any measures of individual female quality (e.g., body condition or
social rank). The final dataset on swelling size and ovulation consisted of 26 articles (including
Deschner et al., 2004, which reported swelling size from the same subjects as Deschner et al.,

2003 using a different measure) across 10 species (Cercocebus atys, Macaca nemestrina,
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Macaca sylvanus, Macaca nigra, Macaca tonkeana, Mandrillus sphinx, Pan paniscus, Pan
troglodytes, Papio anubis, Papio cynocephalus) (Table Al in Appendix). A small number of
studies were excluded, as data on the day of ovulation in relation to maximal swelling size could
not be extracted (i.e., Bullock et al., 1972; Dahl et al., 1991; Firtbauer et al., 2010; Nyakudya et
al., 2012; Shaikh et al., 1982; Thomson et al., 1992; Wildt et al., 1977). As exaggerated
swellings are the focus of existing functional hypotheses (e.g., Pagel, 1994; Nunn, 1999), data
from species with small swellings (defined as swellings that involve the vulval and clitoral areas
only; Dixson, 2012) were excluded (i.e., Hylobates lar: Barelli et al., 2007; Nadler et al., 1993;
Gorilla gorilla: Czekala and Sicotte, 2000; Nadler et al., 1979), as were data from species with
sub-caudal swellings (i.e., Macaca fascicularis: Engelhardt et al., 2005). The relationship
between swelling colouration and ovulation was not investigated, as few studies with suitable
data were available (Higham et al., 2008; Setchell and Wickings, 2004; Rigaill et al., 2013). The
final dataset on swelling size and female quality consisted of 7 articles across 6 species (Macaca
sylvanus, Mandrillus sphinx, Pan troglodytes, Papio ursinus, Papio anubis, Papio cynocephalus)

(Table A2).

Data for swelling size and timing of ovulation analyses

For studies reporting summary data (N=11 studies), values were directly extracted from the text
or figures for a) the mean day of ovulation relative to the onset of maximal swelling size and b)
the mean duration of the maximal swelling period. For studies that presented data on the timing
of ovulation separately for individual cycles (N=15 studies), we calculated mean values across
all cycles based on reported values for a) the day of ovulation relative to the onset of maximal
swelling size for each cycle (e.g. if maximal swelling size was reached 3 days prior to ovulation,
the value was -3), and b) the duration of the maximal swelling period, i.e., the total number of

days during which the swelling was maximally swollen for each cycle.
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Studies were classified as using either a ‘categorical’ measure (e.g., 1=small to
3=maximal) or a ‘continuous’ measure of swelling size (e.g., area in cm” measured using calipers
or estimated from digital photographs). Authors’ definitions of maximal swelling size were used
throughout, or, where data were presented as graphical representations of averaged swelling size
changes across the cycle (e.g. Aujard et al., 1998; Brauch et al., 2007), ‘maximal’ swelling size
was taken as the point at which the peak size was reached. Authors’ estimated days of ovulation
were used where available. Otherwise, ovulation was assumed to have occurred either one day
after the serum LH peak, two days after the serum estradiol peak, or two days after the urinary
estrone peak (Steinetz et al., 1992), unless otherwise noted. Sample sizes were taken as the
number of females for which data were presented. The number of studies included in each

analysis varied slightly according to available data.

Data for swelling size and female quality analyses

For studies that presented information on individual female quality and swelling size, we
extracted correlation coefficients (Pearson’s r or Spearman’s Rho). In five of the studies,
correlation coefficients based on data for individual females were not reported, and requests
were sent to authors, who provided either relevant r values (Rigaill et al., 2013; Emery and
Whitten, 2003) or original data that were reanalysed using Spearman rank tests (Fitzpatrick et al.,
2014; Huchard et al., 2009; Mdhle et al., 2005), using average swelling size where multiple
cycles were available per female. In some studies, several measures of swelling size were
presented (e.g., depth, width and height), and all studies reported results for multiple measures of

female quality; all values were initially extracted.

Phylogenetic statistical analyses



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

To check for phylogenetic signal, data were collapsed to species means, and Pagel’s A was
estimated (Freckleton et al., 2002; Pagel, 1999) using a dated consensus phylogeny (10kTrees
version 3; Arnold et al., 2010). Maximum likelihood estimates of A were not significantly
different from 0, indicating minimal phylogenetic signal, for both the timing of ovulation and
duration of maximal swelling (Ps>0.3). While maximum likelihood estimates of A may be
uncertain for small sample sizes (Freckleton et al., 2002), model comparison demonstrated that
fixing A=0 was strongly favoured over fixing A=1 for both measures (AIC scores >15 units

lower). Thus, the use of conventional, rather than phylogenetic, statistical methods was justified.

Analyses of swelling size and timing of ovulation timing

Weighted statistical methods, which take into account differences in sample size between
studies, were conducted using the R package ‘weights’ (version 0.75, Pasek, 2012; R Core Team,
2013). Means were weighted by the sample size (N individuals), and these weighted means were
used to summarise the onset of maximal swelling in relation to ovulation and the duration of
maximal swelling. Weighted T-tests were used to compare the onset and duration of maximal
swelling between studies using continuous and categorical measures. Where articles presented
values both for individual cycles and summarised across cycles (Higham et al., 2008; Mohle et
al., 2005; Aujard et al., 1998; Nadler et al., 1985; Whitten and Russell, 1996), the summary
values were used.

For four species (Barbary macaque, Macaca sylvanus; chimpanzee, Pan troglodytes;
bonobo, Pan paniscus; olive baboon, Papio anubis), sufficient data on the timing of ovulation
for individual cycles were available to compute the probability of ovulation for each day of the
maximal swelling period (as in Barelli et al., 2007; Deschner et al., 2003). Data at the individual
cycle level were available only for studies where swelling size had been recorded using

categorical measures. The probability of ovulation for each day from the start of maximal
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swelling onwards (T) was calculated by dividing the number of ovulations that occurred on each
day (n,) by the total number of cycles being considered (n):

t

n
P(T:t) = ;

where t represents a specific day within the maximal swelling period.

The probability of a female being within the fertile phase of the cycle was also calculated
for each day of maximal swelling (as in Barelli et al., 2007), where the fertile phase is assumed
to be four days (day of ovulation and preceding three days) based on the assumption that sperm
remain viable within the female reproductive tract for three days and ova remain viable for 24hrs
post-ovulation (Dunson et al., 1999; Wilcox et al., 1995). Each of the days within the fertile
phase was attributed a value of 1. The probability of a female being within this phase on a
specific day of the cycle (F) was calculated as the sum of the values on a specific day of the

maximal swelling period (f;) divided by the total number of cycles (n):

PF=p=t

For studies that reported data for individual cycles, we calculated the percentage of
ovulations falling within the maximal swelling period and the range of days of the maximal

swelling period that encompassed 80% of ovulations (as in Barelli et al., 2007) (Table A3).

Analyses of swelling size and female quality

Meta-analyses were used to estimate summary effect sizes for correlations between swelling size
and measures of female quality, conducted in the R package ‘metafor’ (Viechtbauer, 2010).
Random effects analyses were used, as we assumed that true effect sizes were likely to vary
between studies. Effect sizes were Fisher’s Z-transformed to stabilize variance across the range
of correlation coefficients (Borenstein et al., 2009). We report summary effects with 95%

confidence intervals (Cl) and p-values from Z-tests (Viechtbauer, 2010). Each of the seven
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studies reported correlations for more than one measure of female quality. Only those measures
that were reported in at least four studies were analysed, i.e., i) age, ii) social rank, and iii) body
condition (see Table A2 legend).

Age has been predicted to correlate positively with swelling size (Nunn et al., 2001) and
was reported as a continuous measure in all studies. We predicted that social rank would
correlate positively with swelling size (where highest ranking females have the highest rank
value), and social rank was treated as a continuous variable. We predicted that body condition
would correlate positively with swelling size, and we used body mass index (BMI) as the
measure of body condition, as this measure was available for three studies (Huchard et al., 2009;
Setchell and Wickings, 2004; Emery and Whitten, 2003) and could be calculated for the fourth
(Mohle et al., 2005). Additional measures of body condition that were reported in only single
studies, namely waist-hip ratio (Mohle et al., 2005) and mid-upper arm fat (Huchard et al.,
2010), were not included.

Swelling size was reported variously as ‘height’ (i.e., vertical distance from highest to
lowest point of swelling), ‘width’ (i.e., horizontal distance across widest part of swelling), ‘area’
(i.e., total swelling area as viewed from rear) or ‘depth’ (i.e., protrusion along caudal axis). We
preferentially used ‘area’ as the measure of swelling size where it was reported (Huchard et al.,
2009; Emery and Whitten, 2003) or could be derived from original datasets (Mohle et al., 2005),
as this measure incorporates both height and width information. Where area was not available,
we used ‘width’, as this measure was available for three of the four remaining studies
(Fitzpatrick et al., 2014; Setchell and Wickings, 2004; Rigaill et al., 2013), while the final study
reported ‘length’ (Domb and Pagel, 2001). As multiple correlation coefficients were available
for two studies that did not report ‘area’ (Setchell and Wickings, 2004; Rigaill et al., 2013), we
ran additional versions of the analyses using these correlations, and these versions are reported

where the findings differed from those of the main analyses.
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Two sources of variation between studies can impact upon observed effect sizes. First,
random error can cause variation in estimates (i.e. studies might estimate the relationship
between swelling size and individual quality imprecisely). Second, the ‘true’ effect to be
estimated can itself vary between studies (i.e. the relationship between swelling size and
individual quality actually is different when measured in different contexts). This second form of
variation is termed heterogeneity. While random error is ubiquitous, heterogeneity must be
inferred statistically. We use the |2 statistic to estimate the proportion of variation in observed
effect sizes that was attributable to ‘true’ variation in effects, as opposed to random error

(Borenstein et al., 2009).

Results

Onset of maximal swelling size and duration of maximal swelling period

Across all studies, maximal swelling size was reached, on average, 2.75 days (SD=4.19, N=25)
before ovulation occurred, and maximal swelling size lasted, on average, for 4.96 days
(SD=3.89, N=24). Articles that used continuous scales to measure swelling size reported that
maximal swelling size began significantly closer to ovulation (0.20 days before ovulation,
SD=1.53, N=6) than articles using categorical scales (3.44 days before ovulation, SD=4.56,
N=19; T»335=3.03, P<0.01), and that maximal swelling had a significantly shorter duration (1.63
days, SD=1.04, N=6) than articles using categorical scales (5.87 days, SD=4.00; T,,53=4.72,

P<0.01, N=18).

Probability of ovulation and fertility from the start of maximal swelling

Fig. 1 provides a graphical representation of the probability of ovulation and fertility on each day

during the period from the start of maximal swelling onwards for four species, where day 1

11
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represents the first day of maximal swelling and the grey shaded area represents the mean

duration of maximal swelling size.

Percentage of ovulations that fall within the maximal swelling period

The percentage of ovulations falling within the maximal swelling period, calculated per species,
ranged from 68.4% to 93.8%, with a mean value of 81.3% (SD=10.7) (Table A3). The total
number of days of the maximal swelling period that encompassed 80% of ovulations ranged

from 4 to 18 days for individual species, with a mean value of 9.5 (SD=4.6).

Female quality and swelling size
The summary effect size for correlations between age and swelling size was not significantly
different from zero (-0.06, [95% CI -0.39, 0.27], P=0.73, Fig. 2a). Similarly, the summary effect
size for correlations with social rank was effectively zero (-0.01, [95% CI -0.20, 0.18],P=0.90,
Fig. 2b). In contrast, the summary effect size for correlations with body condition was positive
and differed significantly from zero (0.28, [95% CI 0.01, 0.56], P=0.04, Fig. 2c). This significant
result for ‘body condition’ was replicated when using the effect size for swelling ‘depth’, rather
than ‘width’, from the single study that did not report ‘area’ (0.30, [95% CI1 0.02, 0.57], P=0.03),
although not when using the ‘length’ effect size (0.22, [95% CI -0.05, 0.49], P=0.12).
Heterogeneity was estimated to be negligible for the effects of body condition (1* = 0%,
[95% CI 0%, 88%]) and social rank (1 = 2%, [95% CI 0%, 80%]). In contrast, for age,
approximately two thirds of the variance in observed effect sizes was attributable to variation in
the ‘true’ strength of the relationship between age and swelling size between studies (I> = 67%,

[95% CI 21%, 92%)]).

Discussion

12
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The results confirm that exaggerated swellings are relatively reliable indicators of female fertility
across the ovarian cycle. When the data from all studies were combined, maximal swelling size
was reached, on average, around 3 days prior to ovulation, and the mean duration of the maximal
swelling period was approximately 5 days. Given that the fertile phase is likely to last around 4
days and having shown that around 70-90% of ovulations occurred during the maximal swelling
period, we assume that males that focus mating effort on maximally swollen females will have
higher reproductive success than males that do not allocate mating effort according to swelling
size. The available data (summarised in Fig. 1) also show that the start of the maximal swelling
period tends to be accompanied by a rise in the probability of fertility. Therefore, lower ranking
males, that tend to mate earlier in the swelling period than higher ranking males (Gesquiere et al.
2007; Emery Thompson, 2005), are still likely to experience some chance of paternity. Overall,
these results are consistent with the hypothesis that exaggerated swellings are graded signals of
fertility that function to attract multiple mating partners, while also biasing paternity towards
preferred males (Nunn, 1999). Signals only need to be reliable on average to be evolutionarily
stable (Johnstone and Grafen, 1993).

Our analyses do not exclude the possibility that the reliability of swelling size as a signal
of fertility could be particularly low in some species (e.g., bonobos), and the analyses did not
examine whether swellings that occur outside of typical ovarian cycles, such those exhibited by
pregnant or lactating females (Gordon et al., 1991; Zinner and Deschner, 2000), are deceptive.
However, the results did show that the type of scale used to estimate swelling size influenced the
tightness of the relationship between swelling size and timing of ovulation. Studies that used
categorical measures reported a significantly longer period between the onset of maximal
swelling and ovulation, and a longer duration of maximal swelling, than studies that used
continuous measures. For example, a study of chimpanzees, which used a categorical measure,

reported that maximal swelling size was reached 7 days prior to ovulation and lasted 10 days
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(Deschner et al., 2003), while another study on the same population that used a continuous
measure reported that maximal swelling size coincided with the day of ovulation (Deschner et
al., 2004). Categorical measures can obscure fine-scaled changes in size, potentially leading to
an overestimation of the unreliability of swellings as indicators of ovarian function.

The lack of phylogenetic signal in the onset and duration of the maximal swelling period
may seem surprising, given that the distribution of exaggerated swellings across the Old World
primates is strongly related to phylogenetic groupings (Pagel and Meade, 2006; Nunn, 1999;
Sillén-Tullberg and Mgller, 1993). However, traits measured with a high degree of error are
expected to exhibit low phylogenetic signal (Freckleton et al., 2002), because variation between
studies can overwhelm that potentially attributable to phylogenetic relatedness. This
interpretation is supported by the strong effect of measurement methodology on the recorded
onset and duration of the maximal swelling period. We also expect measurement error between
studies due to other methodological factors, such as differences in methods of estimating the
timing of ovulation. An alternative possibility is that the onset and duration of swellings is
evolutionarily more labile than the presence of swellings, allowing for swellings to function
quite differently in closely related species; for example, differences in swelling size fluctuations
across cycles between bonobos and chimpanzees (Zinner et al., 2004) could relate to differences
in the social and sexual behaviour of these species (Ryu et al., 2015). However, because all
existing bonobo studies have used categorical scales to measure swelling size, while some
chimpanzee studies have used continuous scales, caution is required before drawing strong
biological conclusions from the apparent divergence in swelling size fluctuations between these
species.

Assuming that swelling size is a relatively reliable indicator of fertility within ovarian
cycles in most species, individual males are faced with the decision of attempting to mate with a

partially swollen female or waiting until swelling size increases further. The finding that low-
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ranking males tend to mate earlier in the cycle than high-ranking males (Gesquiere et al., 2007,
Emery Thompson, 2005) does not necessarily indicate that low ranking males are being
‘deceived’, as individual male strategies are likely to reflect a balance between the benefits and
costs of matings. Males are predicted to be choosy in their mating decisions, for example as a
result of the energetic costs of courtship and sperm production (Bercovitch, 1987; Edward and
Chapman, 2011) and the costs imposed by the mating tactics of other males (Fitzpartick et al.,
2015). Theoretical modelling has shown that males might be deterred from responding to a
strong signal by the costs of competing with same-sex conspecifics (Fawcett and Johnstone,
2003). Rather than suggesting that exaggerated swellings are ‘deceptive’ signals, our results
instead support the idea that exaggerated swellings function to ‘exploit’ potential mating
partners, as males are required to weigh up the costs and benefits of responding based on a
probabilistic relationship between swelling size and fertility (Nunn, 1999). Conflicts of interest
between the sexes have potentially led to selection for exaggerated swellings in species where
female control over matings is otherwise compromised by male mating strategies (Nunn, 1999;
van Schaik et al., 2000) and where males selectively allocate mating effort (Pagel, 1994).

Our analyses provide some support for the hypothesis that maximal swelling size reflects
aspects of female quality other than current fertility (Pagel, 1994), as the summary effect size for
correlations between body condition and swelling size was significant, even with a small number
of studies. Caution is required, however, given the sensitivity of this effect size to the inclusion
of specific data. However, assuming that future datasets support an association between swelling
size and body condition, our analyses together suggest that males gain direct fitness benefits
from allocating mating effort according to swelling size in terms of mating with females that are
likely to be both fertile and in good physical condition, supporting predictions of both the
graded-signal (Nunn, 1999) and reliable-indicator (Pagel, 1994) hypotheses. Whether such

females also have high genetic quality cannot be determined from the current analyses,
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particularly as the relationship between swelling size and female reproductive success could not
be investigated, due to the lack of comparable datasets. Further datasets on the relationships
between female fertility, quality and swelling characteristics are required. However, as
theoretical models have shown that male mate choice based on reliable signals of temporal
fertility alone can maintain selection for exaggerated female ornaments (Huchard et al., 2009;
Chenoweth et al., 2006), questions about the selection pressures that have favoured the evolution
of exaggerated swellings can continue to be asked.

By summarising the current evidence on the relationship between exaggerated swellings
and ovulation and female quality, we identify gaps in our existing knowledge and revealed
heterogeneity in the available data. For example, we currently do not have detailed, quantitative
information on the relationship between ovulation or female quality in less well studied species
with exaggerated swellings, such as red and olive colobus monkeys (e.g., Piliocolobus badius,
Procolobus verus), which appear to have evolved exaggerated swellings independently of the
species included in the present study (Nunn, 1999). Furthermore, only a small number of studies
have investigated the relationship between swelling size and female quality, and future empirical
studies could further investigate the independent contributions of body size, body condition and
swelling size to female fitness. While body mass can potentially confound relationships between
body condition and swelling size (Zinner et al., 2002), in three of the four studies that reported
correlation coefficients for body condition and swelling size (Emery and Whitten, 2003; Huchard
et al., 2009; Setchell and Wickings, 2004), body mass was measured at a separate timepoint from
the estimation of swelling size, thus reducing the chance that swelling size provided a confound
in the body condition measurement. Finally, in our analyses of the relationship between age and
swelling size, approximately two thirds of the variance in observed effect sizes appeared not to
be attributable solely to random error, which might indicate that important moderators of this

effect remain to be explored.
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In conclusion, we have provided a quantitative summary of existing evidence regarding
the relationship between exaggerated swellings in female Old World primates and both timing of
ovulation and female quality. Our findings confirm prior evidence and hypotheses for the
function of swelling size as a signal of within-cycle changes in the probability of ovulation
(Nunn, 1999), supported by several additional studies published since Nunn’s (1999)
comprehensive review. Evidence from studies using fine-scale, continuous measures of swelling
size, which have mostly been published in the past decade, suggests, however, that swellings
may be more accurate signals of ovulation than implied by studies that used categorical
measures. This result may have broader implications for the effect of measurement method on
biological signals, and how this relates to their apparent honesty. Our meta-analyses of the
relationship between swelling size and body condition provide tentative support for the
hypothesis that exaggerated swellings signal also signal aspects of female quality other than
current fertility (Pagel, 1994), although the analyses are limited by the small number of studies
currently available. Future research into the relationship between swelling size, body condition
and female fitness both within and between cycles, and across a greater variety of species, would

therefore be of value in developing a greater understanding of these unusual female ornaments.
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Figure legends

Figure 1 Probability of ovulation (solid line) and fertility (dashed line) across the ovarian cycle
relative to the onset of maximal swelling size (day 1 is first day of maximal swelling; grey
shading represents mean duration of maximal swelling) for Barbary macaques (Macaca
sylvanus; N=19 cycles; Mohle et al., 2005; Young et al., 2013), chimpanzees (Pan troglodytes;
N=46 cycles; Deschner et al., 2003; Graham et al., 1972; Graham et al., 1977; Howland et al.,
1971; McArthur et al., 1981; Nadler et al., 1985), bonobos (Pan paniscus; N=34 cycles;
Heistermann et al., 1996; Jurke et al., 2000; Reichert et al., 2002), and olive baboons (Papio
anubis; N=22 cycles; Higham et al., 2008; Daspre et al., 2009). All of the studies used to
construct Fig. 1 reported categorical measures of swelling size. The mean duration of maximal
swelling size was calculated from the cited studies. Cycle length data were taken from van

Schaik et al., 1999.

Figure 2 Forest plots showing effect sizes (Fisher’s Z transformed correlation coefficients),
sample sizes and summary effects from random-effects meta analyses of the relationship

between swelling size and a) age, b) social rank, and c) body condition.

29



694

695

696

697

Figure 1

Probability

Probability
o
T

0.8

0.6

o
=
1

0.24

Barbary macaque (Macaca sylvanus)

0.0

TT T T T T T T T T T
8 6 -4 -2 0 2 4 €6 8 10 12 14 16 18 20

Day

0.8

0.24

Chimpanzee (Pan troglodytes)

0.0

Probability

Probability

o5 Bonobo (Pan paniscus)
0.6
0.4
0.24 p a0 j.\.
-\ 4 \'/\. A
! -
o0 'I'I'I'I'[';I'J'I'I'I'I'I'IrI'I'I'I'I'I'l'
-10-8-6-4-2024 6 8101214 1618 2022 2426 28
Day
25 Olive baboon (Papio anubis)
0.6+
0.4
0.249
0.0

30



698  Figure 2

699
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Appendix

Table A1 Summary of studies containing data on swelling size and ovulation

Species Sample Day of Duration Swelling  Sources

size ovulation of maximal scale

swelling

Sooty mangabey 6 -1.0 1 b Aidaraet al., 1981
(Cercocebus atys) 4 -2.0 NA a Gust, 1994

3 -4.0 5.0 a Whitten and Russell, 1996**
Pig-tailed macaque NA -5.5 5.0 a Blakley et al., 1981
(Macaca nemestrina)
Barbary macaque 11 0.0 1.0 b Brauch et al., 2007
(Macaca sylvanus) 5 3.0 1.0 b Mohle et al., 2005*2

10 -5.2 (4.6) 6.1(3.4) a Young et al., 2013*
Celebes black macaque 19 0.0 3.0 b Higham et al., 2012°
(Macaca nigra)
Tonkean macaque 6 -3.0 3.0 a Aujard et al., 1998**
(Macaca tonkeana) 4 -0.1 (1.9) 2.1(0.4) a Thierry et al., 1996*°
Mandrill (Mandrillus 3 0.0 2.0 a Phillips and Weaton, 2008°
sphinx)
Bonobo (Pan paniscus) 5 -10.2 (7.4) 12.8 (8.0) a Heistermann et al., 1996*

1 -3.0 (0.0) 9.5(3.5) a Jurke et al., 2000*

8 -14.3 (6.5) 15.0 (6.7) a Reichert et al., 2002*
Chimpanzee (Pan 12 -7.4(2.8) 9.9 3.3) a Deschner et al., 2003*
troglodytes) 8 -4.0 4.0 a Emery and Whitten, 2003

45 1.0 4.0 a Emery Thompson, 2005°

3 -9.3(5.7) 9.7 (7.8) a Grahamet al., 1972*

2 -10.0 (2.0) 8.3(3.1) a Graham et al., 1977*

4 -7.5(6.4) 118(79) a Howland et al., 1971*

1 -12.0 16.0 a McArthur et al., 1981*

7 -11.0 145(2.0) a Nadler et al., 1985*®
Olive baboon (Papio 9 -10.0 (4.1) 10 (4.6) a Daspre et al., 2009*
anubis) 7 -3.0 1.0 b Higham et al., 2008°
Yellow baboon (Papio 88 -2.0 4.0 a Gesquire et al., 2007°°

cynocephalus)

Sample size = number of individuals. Day of ovulation (defined as day zero) is reported relative to onset of maximal

swelling and is the mean number of days, with SDs in brackets where available. Duration of maximal swelling

period is the mean number of days, with SDs in brackets where available. Swelling scale: a = categorical, b=

continuous. Studies marked with an asterisk presented data on the timing of ovulation for individual cycles.

! This study presented data both summarised across cycles (values given in the table) and at the cycle level
(ovulation: mean = -2.4, SD = 4.1; duration: mean =7.0, SD = 1.2; n = 4).
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732

Z Ovulation was assumed to have occurred three days before the fecal progesterone rise (based on Barelli et al.,
2007). This study presented data both summarised across cycles (values in table) and at cycle level (ovulation: mean
=-2.6, SD = 2.2; duration: mean = 7.1, SD = 2.1; n = 6).

¥ Ovulation was taken as the first day of the ‘ovulation window’ defined by the authors.

* This study presented data both summarised across cycles (values given in table) and at cycle level (ovulation:
mean = -5.2, SD = 1.7; duration: mean = 8.6, SD = 2.0; n = 6).

® Ovulation assumed to have occurred one day before rise in urinary progesterone levels (based on Deschner et al.,
2003).

® Data on hormones levels and swelling size are aligned to detumescence or onset of menses, rather than day of
ovulation.

" Data using continuous scale are also available for the same subjects (ovulation: mean = 0.0, SD = NA; duration:
mean = 1.0, SD = NA,; n=12; Deschner et al., 2004).

& This study presented data both summarised across cycles (values given in table) and at cycle level (ovulation:
mean = -13.5, SD = 0.7; duration: mean = 15.5, SD =0.7; n = 2).

® Data for individual cycles were provided by the author (ovulation: mean = -6.2, SD = 3.4; duration: mean = 9.3,
SD = 3.8; n=7).

19 Ovulation was assumed to have occurred two days after the fecal estrogen peak (based on Emery Thomson,
2005).
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Table A2 Summary of studies containing data on swelling size and measures of individual

female quality.

Measure Species Sources
Age Barbary macaque (Macaca sylvanus)  Mohle et al., 2005
Mandrill (Mandrillus sphinx) Setchell and Wickings, 2004
Chimpanzee (Pan troglodytes) Emery and Whitten, 2003
Chacma baboon (Papio ursinus) Huchard et al., 2009
Olive baboon (Papio anubis) Domb and Pagel, 2001; Rigaill et al., 2013

Yellow baboon (Papio cynocephalus)  Fitzpatrick et al., 2014
Social rank ~ Barbary macaque (Macaca sylvanus)  Mohle et al., 2005

Mandrill (Mandrillus sphinx) Setchell and Wickings, 2004
Chacma baboon (Papio ursinus) Huchard et al., 2009
Olive baboon (Papio anubis) Domb and Pagel, 2001; Rigaill et al., 2013
Yellow baboon (Papio cynocephalus)  Fitzpatrick et al., 2014
Body Barbary macaque (Macaca sylvanus)  Mohle et al., 2005
condition Mandrill (Mandrillus sphinx) Setchell and Wickings, 2004
Chimpanzee (Pan troglodytes) Emery and Whitten, 2003
Chacma baboon (Papio ursinus) Huchard et al., 2009

An additional study was excluded (Gesquiere et al., 2007), as more recent data were available from the same
population (Fitzpatrick et al., 2014; also see Fitzpatrick et al., 2015). A study that reported the relationship between
swelling size and genetic diversity, immune status and levels of parasitism (Setchell et al., 2006) was excluded, as
these variables were not measured in any other studies. A study that reported the relationship between swelling size
and a categorical measure of number of offspring (‘parity’; i.e., nulliparous, primiparous, multiparous) was excluded
(Higham et al., 2008), as an insufficient number of studies with comparable measures of parity was available. While
three other studies reported results for categorical measures of parity (Emery and Whitten, 2003; Huchard et al.,
2009; Mohle et al., 2005), two of these studies had small sample sizes of females in specific parity categories (<3;
Huchard et al., 2009; Méhle et al., 2005) and were therefore deemed unsuitable for inclusion. Correlation
coefficients for the relationship between swelling size and parity could be extracted for two studies (Fitzpatrick et
al., 2014; Setchell and Wickings, 2004); however, this number of studies was too small for a meta-analysis, and an
additional coefficient for number of offspring per year (Domb and Pagel, 2001) was not considered sufficiently
comparable for inclusion. The correlation coefficients used in the meta-analysis are not always directly comparable
to the statistics reported in original articles, as some authors analysed the relationship between swelling size and
several predictor variables simultaneously using linear mixed models or compared sets of models that contained
several predictor variables (Fitzpatrick et al., 2014; Huchard et al., 2009; also see Huchard et al., 2010); for these
studies, original data were available and were converted to standardised measures for the meta-analyses. One study
(Rigaill et al., 2013) provided correlations for pre-fertile, fertile and post-fertile cycle phases, from which we used
correlations from the fertile phases only. The data used in the meta-analyses are available in the Electronic

Supplementary Material.
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757  Table A3 Percentage of ovulations falling within the maximal swelling period, and days of the
758  maximal swelling period that encompass 80% of ovulations, for each species where data on the

759  timing of ovulation for individual cycles were available.

760
Species Sample Percentage Days of maximal ~ Sources
size of ovulations  swelling period

in maximal that encompass

swelling 80% of ovulations

period (N days)
Sooty mangabey 7 71.4 150- 3 (4) Whitten and Russell, 1996
(Cercocebus atys)
Barbary macaque 19 68.4 1% — 8™ (8) Mbhle et al., 2005; Young et al., 2013
(Macaca sylvanus)
Tonkean macaque 16 93.8 1% 8" (8) Aujard et al., 1998; Thierry et al., 1996
(Macaca tonkeana)
Bonobo (Pan 34 76.5 4™ _ 21% (18) Heistermann et al., 1996; Jurke et al.,
paniscus) 2000; Reichert et al., 2002
Chimpanzee (Pan 46 91.3 6" — 14" (9) Deschner et al., 2003; Graham et al., 1972;
troglodytes) Graham et al., 1977; Howland et al., 1971,

McArthur et al., 1981; Nadler et al., 1985
Olive baboon 22 86.4 6" — 15" (10) Daspre et al., 2009; Higham et al., 2008
(Papio anubis)
761

762 Sample size = number of cycles. First day of the maximal swelling period is defined as day 1.
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