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The epidemiology of sexually transmitted infections (STIs) is inherently linked to host mating dynamics.
Studies across many taxa show that adult sex ratio, a major determinant of host mating dynamics, is
often skewed - sometimes strongly - toward males or females. However, few predictions exist for the
effects of skewed sex ratio on STI epidemiology, and none when coupled with sex biased disease charac-
teristics. Here we use mathematical modelling to examine how interactions between sex ratio and dis-
ease characteristics affect STI prevalence in males and females. Notably, we find that while overall
disease prevalence peaks at equal sex ratios, prevalence per sex peaks at skewed sex ratios.
Furthermore, disease characteristics, sex-biased or not, drive predictable differences in male and female
STI prevalence as sex ratio varies, with higher transmission and lower virulence generally increasing dif-
ferences between the sexes for a given sex ratio. Our work reveals new insights into how STI prevalence
in males and females depends on a complex interaction between host population sex ratio and disease
characteristics.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Sexually transmitted infections (STIs) – defined as any pathogen
that is transmitted during copulation – are ubiquitous in the ani-
mal kingdom, often causing chronic infections with low recovery
rates and reduced reproductive success, even sterility (Ashby
et al., 2019; Lockhart et al., 1996). STIs typically exhibit contrasting
epidemiological dynamics to non-STIs, with the number of sexual
contacts per capita, and hence the transmission rate, likely to be
invariant to population size. This means that transmission likely
to be frequency- rather than density-dependent for STIs. Another
major difference is that non-STI transmission networks do not gen-
erally exhibit significant structuring by sex; in contrast, STIs are
primarily transmitted between the sexes (especially in non-
human populations), which creates a natural bipartite network
where the population is split into two disjoint sets (males and
females) and connections only exist between individuals from dis-
tinct sets. Sex ratio, which can vary greatly in non-human popula-
tions(Bonnet et al., 2016; Dyson and Hurst, 2004; Liker et al., 2013;
Székely et al., 2014), will therefore likely have a profound impact
on STI epidemiology compared to non-STI epidemiology, as it dis-
rupts the structure of the contact network (Hurst et al., 1997;
Ryder et al., 2014). There is growing evidence shedding light on
the relationship between host mating system structure and STI
dynamics (Ashby and Gupta, 2013; Thrall et al., 1997; Thrall
et al., 2000), much of which focuses on human populations
(Anderson and May 1991; Eames and Keeling, 2002). However,
the implications of variation in sex ratio for STI epidemiology are
not well understood.

Evidence has shown that sex ratio has a crucial role in mating
system variation in wild populations (Eberhart-Phillips et al.,
2017; Székely et al., 2014). Sex ratio can vary at different stages
of the life cycle, with the ratios of males to females at conception,
at birth and during adult life (termed primary, secondary, and ter-
tiary or adult sex ratio, respectively). Recent studies show that
adult sex ratio may deviate from 1:1 in a variety of organisms: but-
terflies, reptiles and birds often have male-biased sex ratios with
up to 90% of the population being male, whereas female-biased
adult sex ratios are common in insects and mammals, with up to
100 females for every male (Bonnet et al., 2016; Dyson and
Hurst, 2004; Liker et al., 2013; Székely et al., 2014). Variation in
the adult sex ratio can alter the mating opportunities of breeding
males and females and may select for different mating systems
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(Emlen and Oring, 1977; Rankin and Kokko, 2007), the latter has
significant consequences for STI dynamics (Anderson et al.,
1991a; Anderson et al., 1989; Thrall and Antonovics, 1997; Thrall
et al., 1998).

Adult sex ratio is clearly crucial for mating dynamics and hence
STI transmission, but it is shaped by multiple factors, including pri-
mary and secondary sex ratio as well as differential survival during
juvenile and adult stages (Ancona et al., 2017). STIs may cause dif-
ferential mortality between the sexes, potentially increasing or
decreasing the ratio of adult males to females, causing feedback
between STI transmission and sex ratio (Székely et al., 2014). In
general, theory predicts that the rarer sex in the population should
exhibit higher STI prevalence since they have a higher per capita
mating rate, all else being equal (Ryder et al., 2014). For example,
two-spot ladybirds Adalia bipunctata exhibit male-biased patterns
of STI prevalence in female-skewed populations (Ryder et al.,
2014). A follow-up experimental study by Pastok et al. (Pastok,
2015) established that the presence of male-killing bacteria at high
prevalence skews the sex ratio towards a female-biased popula-
tion, and results in male-biased STI prevalence. Together, these
studies suggest that there are likely to be complex interactions
between STIs and adult sex ratios. However, the extent to which
STI prevalence in males and females depends on sex ratio and dis-
ease characteristics, which may vary between the sexes, has yet to
be explored.

Many pathogens – both STIs and non-STIs - show sex bias in
disease characteristics (e.g. transmissibility, virulence), which can
influence disease dynamics (Miller et al., 2007; Sheridan et al.,
2000). Two main hypotheses have been proposed to explain sex-
biased disease characteristics. The physiological hypothesis empha-
sises that the interactions between sex hormones and the immune
system render one sex more susceptible to infection and disease
(Zuk and McKean, 1996). For example, in mammals, males have
consistently weaker immune competence than females, and this
correlates with male-biased disease prevalence, mortality, and
female-biased adult sex ratio (Klein and Roberts, 2010; Lemaître
et al., 2020; Metcalf and Graham, 2018) On the other hand, the be-
havioural hypothesis posits that sexual differences in behaviour
may cause sex-specific exposure to pathogens (Brei and Fish,
2003). For instance, infections by arthropods, helminths and uni-
cellular parasites are often male-biased in mammals but not in
birds (Moore andWilson, 2002). Sex differences are expected, since
males tend to be more active in reproductive behaviours such as
combat for females, territorial defence and foraging, due to more
intense sexual selection in males than females, therefore increas-
ing the chance of exposure to pathogens. In human populations,
gender-related behavioural differences may render one sex more
exposed to certain contagions (STIs or non-STIs). For example,
Ebola haemorrhagic fever outbreak that occurred in the Congo
and Gabon in 2001–2002 suggested more men than women were
infected during the early stages of the outbreak because men spent
more time working away from home, where they were more likely
to come into contact with wild animals (World Health
Organization, 2007). Regardless of whether sex biases in disease
characteristics are due to physiological or behavioural differences
between males and females, there are likely to be important impli-
cations for variation in disease prevalence between the sexes.

In the context of STIs, current empirical research in sex-biased
disease characteristics is mainly focused on humans. Some studies
have established that there is a higher risk of transmission of cer-
tain STIs frommen to women than vice versa due to STIs being pre-
sent in ejaculate (Coombs et al., 2003; Panchanadeswaran et al.,
2006); another study shows that human T-lymphotropic virus
exhibits male-biased virulence, potentially because transmissions
occur during pregnancy, birth or breast-feeding, and so selection
has favoured lower virulence in women (Úbeda and Jansen,
2

2016). Empirical studies of sex-biased STI characteristics in
animals are limited, but mathematical models have shown how
sex-biased disease characteristics influence transmission dynamics
(reviewed in Anderson and May 1991; Ashby and Gupta, 2013).
However, the interplay between sex ratio and disease-
characteristics (especially when these are sex-biased) and their
effects on STI prevalence have yet to be investigated. Here we
use mathematical modelling to examine the effects of biases in
population sex ratio and disease characteristics on STI epidemiol-
ogy. Specifically, we investigate how (1) variation in population
sex ratio; (2) sex-biases in transmission and disease-associated
mortality (virulence) in adults; and (3) the interactions between
sex ratio and disease characteristics, impact on STI prevalence in
males and females.

2. Methods

We model the dynamics of an STI in a randomly mixing popu-
lation. The epidemiological and mating dynamics are described
by the following system of ordinary differential equations:

dSi
dt

¼ bi SM; SF ; IM; IFð Þ|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Births

� bicSiIj
N|fflffl{zfflffl}

Infections

� dSi|{z}
Natural mortality

þ cIi|{z}
Recovery

ð1Þ

dIi
dt

¼ bicSiIj
N|fflffl{zfflffl}

Infections

� dIi|{z}
Natural mortality

� aiIi|{z}
Mortality virulence

� cIi|{z}
Recovery

ð2Þ

where i, j 2 {M,F}, i – j, correspond to males and females. For
simplicity, we assume that both males and females contribute
equally to the birth rate (e.g. biparental care), but the results are
similar when females disproportionately control the birth rate
(e.g. due to multiple mating), as mating and hence transmission
are frequency- rather than density-dependent. The birth rates for
each sex are

bMðSM ; SF ; IM; IFÞ ¼ bcrð1� qNÞ
N

SM þ IMð Þ SF þ IFð Þ ð3Þ

bFðSM ; SF ; IM ; IFÞ ¼ bcð1� rÞð1� qNÞ
N

SM þ IMð Þ SF þ IFð Þ; ð4Þ

and: Si and Ii (equivalently, Sj or Ij), are the number of suscepti-
ble and infected individuals, respectively, in each sex;
N ¼ SM þ SF þ IM þ IF is the total population size; r is the sex ratio
at birth (the proportion of offspring that are male), with
0 � r � 1; c � 0 is the pairwise rate at which males and females
mate given frequency-dependent contact; q represents the
strength of density-dependence on births; d is the natural mortal-
ity rate; ai is the disease-associated mortality rate (virulence) in
sex i; bi is the transmission rate from sex j to sex i per sexual con-
tact; c is the recovery rate. The probability that a susceptible
female mates with an infected male (similarly, for the reverse sce-
nario) is equal to IM

SMþIM
, which is obtained by dividing the mating

rate with infected males cSF IM
N by the total mating rate for suscepti-

ble females cSF ðSMþIM Þ
N . Hence, the infection rate for susceptible

females is the product of the total mating rate for susceptible
females multiplied by the probability of mating with an infected
male and the transmission rate.

For simplicity, we assume that: (i) both sexes have the same
recovery rate from the STI; (ii) both sexes have the same natural
mortality rate; (iii) the per-capita mating rate is frequency-
dependent, which means that larger populations do not have a
higher per-capita mating rate than smaller populations; (iv) there
is no structuring or choice in the mating system (mating is ran-
dom); and (v) there is no juvenile period.
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The disease-free equilibrium ðSM; SF ; IM; IFÞ ¼ ðS�M ; S�F ;0;0Þ, of this
system occurs at:

S�M ¼ bcr 1� rð Þ � d
bcqð1� rÞ ð5Þ

S�F ¼
bcr 1� rð Þ � d

bcqr
ð6Þ

Since there is no disease induced mortality at the disease-free
equilibrium, the adult sex ratio is equal to the sex ratio at birth,
S�M

S�MþS�F
¼ r. A newly introduced STI will spread in a susceptible pop-

ulation when the basic reproductive ratio, R0 is greater than 1 (R0 is
calculated using the next-generation method (Hurford et al., 2010),
see supplementary material II), where:

R0 ¼ c
S�F þ S�M :

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bMbFS

�
MS

�
F

dþ cþ aMð Þ dþ cþ aFð Þ

s
ð7Þ

Intuitively, one can consider R0 as the geometric mean of the
average number of secondary infections from males to females,

RF ¼ bF cS
�
F

dþcþaMð Þ S�MþS�Fð Þ, and the average number of secondary infections

from females to males, RM ¼ bMcS�M
dþcþaFð Þ S�MþS�Fð Þ, such that R0 ¼ ffiffiffiffiffiffiffiffiffiffiffi

RFRM
p

:

This is a similar form to previous works on STI dynamics
(Anderson and May 1991; Anderson et al., 1991b; Ashby and
Gupta, 2013).

In order to guarantee that R0 > 1, we require that
1
2 � w < r < 1

2 þ w, where w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4 � dþcþaMþaFð Þ dþcð Þ

bMbF c2

q
(provided w is a

real number). Alternatively, R0 > 1 provided

r 1� rð Þ > dþcþaFð Þ dþcþaMð Þ
bMbF c2

. To test the interactions between sex ratio

and STI prevalence in males and females, we start with no sex bias
in STI characteristics. This means that males and females are
equally susceptible to the pathogen and the mortality caused by
the pathogen is same in both sexes (aM = aF = a; bM = bF = b). In this
case the only difference between the sexes is the sex ratio at birth
ðrÞ, and so we expect symmetry in disease prevalence in males and
females about the line r ¼ 0:5. STI prevalence in each sex is given
as the number of infected individuals in that sex divided by the
total number of individuals in that sex (at equilibrium, as indicated
by asterisks):

DM ¼ I�M
S�M þ I�M

ð8Þ

DF ¼ I�F
S�F þ I�F

ð9Þ

To examine the impact of sex-biased disease characteristics on
the prevalence of STIs in males and females, we fix female suscep-
tibility (bF) and disease-related mortality (aF) and vary the corre-
sponding parameters in males. The model is symmetric up to
labelling, so the results are analogous for the converse scenario.
We primarily use numerical analysis to determine disease preva-
lence as the endemic equilibrium of equations (1)–(2) is mostly
intractable to algebraic analysis.

3. Results

3.1. Non-sex-biased disease characteristics

We begin by exploring how sex ratio impacts on STI prevalence
in males and females when there are no sex-biases in disease char-
acteristics (i.e. aM = aF = a; bM = bF = b). Consistent with previous
theoretical and empirical work (Hurst et al., 1997; Ryder et al.,
2014), the less common sex exhibits higher STI prevalence at equi-
3

librium (Fig. 1). Intuitively, when there are no sex biases in disease
characteristics, the overall prevalence of the STI is always max-
imised at an equal sex ratio r ¼ 0:5ð Þ. However, both the extent
to which STI prevalence differs between the sexes (i.e. the differ-
ence between the male and female curves in Fig. 1a-b, shown in
Fig. 1c-d) and the point at which STI prevalence peaks in each
sex (i.e. the sex ratio that maximises the male and female curves,
indicated by circles in Fig. 1a-b) depends on the transmission rate
and virulence. Specifically, as the transmission rate increases or as
the virulence decreases, the difference between male and female
STI prevalence for a given sex ratio tends to increase, especially
for more extreme sex ratios (Fig. 1c-d). Furthermore, for higher
transmission rates/lower virulence, the sex ratio at birth for which
disease prevalence peaks becomes more extreme. Thus, while
overall STI prevalence is qualitatively unchanged by variation in
the transmission rate and virulence (i.e. it always peaks at
r ¼ 0:5), STI prevalence per sex is highly sensitive to disease
characteristics.

We can see this analytically for variation in the transmission
rate if we make the following simplifying assumptions: (1) there
is no disease-associated mortality (aM = aF = 0); (2) the disease
transmission rates are equal (bM ¼ bF ¼ b); and (3) there is no
recovery (c ¼ 0). These assumptions ensure that the sex ratio at
birth is equal to the sex ratio at equilibrium, which greatly simpli-
fies the analysis. First, we must calculate the equilibrium popula-
tion size, N�. Let M ¼ SM þ IM be the number of males in the
population and F ¼ SF þ IF , be the number of females in the popu-
lation. Then at equilibrium, M ¼ rN�, and F ¼ 1� rð ÞN�. Now,
dN
dt ¼ dSM

dt þ dSF
dt þ dIM

dt þ dIF
dt , and evaluating this gives

dN
dt

¼ bcð1� qNÞMF
N

� dN ð10Þ

Substituting in M ¼ rN� and F ¼ 1� rð ÞN�, and solving dN
dt ¼ 0,

the resulting (non-trivial) equilibrium population size is:

N� ¼ bcr 1� rð Þ � d
bcqr 1� rð Þ ð11Þ

We can now substitute the equilibrium population size into the
full system of equations, giving the endemic equilibrium:

S�F ¼
d bc 1� rð Þ þ dð Þf
bbc2qr 1� rð Þ ð12Þ

S�M ¼ S�F
f2

ð13Þ

I�F ¼
b2c2r 1� rð Þ � d2

� �
f

bbc2qr 1� rð Þ ð14Þ

I�M ¼ fI�F ð15Þ
where f ¼ bc 1�rð Þ�d

bcr þ d : The disease prevalence in males and females
is therefore

DM ¼ I�M
S�M þ I�M

¼ b2c2r 1� rð Þ � d2

bcr bc 1� rð Þ þ dð Þ ð16Þ

DF ¼ I�F
S�F þ I�F

¼ b2c2r 1� rð Þ � d2

bc 1� rð Þðbcr þ dÞ ð17Þ

To find the peak in disease prevalence with respect to r, one
must differentiate equations (16)–(17) with respect to r and then
find where they are equal to zero, i.e., find r�M , r�F such that
d
dr DFð Þjr¼r� ¼ 0 and d

dr DMð Þjr¼r� ¼ 0. For females, STI prevalence peaks
at



Fig. 1. Effects of sex ratio at birth (proportion male), r, on STI prevalence when
there are no sex biases in disease characteristics: (a, c) variation in disease-related
mortality, aM ¼ aF ¼ a; (b, d) variation in transmission probability, bM ¼ bF ¼ b. As
disease-related mortality increases or the transmission probability decreases,
overall STI prevalence decreases, and the difference between male and female STI
prevalence for a given sex ratio decreases. (a, b) STI prevalence in males (solid line),
females (dashed line), and overall (dotted line). Markers show where STI prevalence
peaks in males (black) and females (white). (c, d) Absolute difference in STI
prevalence between males ðDMÞ and females ðDFÞ, corresponding to the absolute
difference between the solid and dashed lines in (a) & (b), with markers showing
where the absolute difference peaks. Other parameters are held constant through-
out to ensure R0 is greater than 1: d ¼ 0:1; c ¼ 0:2; c ¼ 5; b ¼ 1; q ¼ 0:001.
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r�F ¼
bc þ d�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bcdþ 2d2

q
bc

¼ 1þ d�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bcdþ 2d2

q
bc

ð18Þ

and for males STI prevalence peaks at

r�M ¼ �dþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bcdþ 2d2

q
bc

ð19Þ

(Note that r�M and r�F have conjugates, due to the square root in
the expressions. However, the conjugate to r�M is negative and the
conjugate to r�F is greater than 1. As these conjugates do not lie
within the region ½0;1�, they are not biologically realistic and can
be safely ignored). Taking derivatives with respect to b, we find

that dr�F
db > 0 and dr�M

db < 0 (see supplementary material II for proof).
Thus, as the transmission rate, b, increases, the sex ratio at which
STI prevalence peaks in each sex always becomes more extreme.

3.2. Sex-biased disease characteristics

We now consider the effects of sex-biased disease characteris-
tics on STI prevalence. Specifically, we investigate how STI preva-
lence (per sex and overall) varies when there are biases in (1)
female-to-male (bM) or male-to-female (bF) transmission, and/or
(2) disease-associated mortality (virulence) for males (aM) or
females (aF). Since the only differences in the model between
males and females are these parameters, without loss of generality
we fix bF and aF whereas vary bM and aM accordingly.

Sex differences in transmission rate and in virulence influence
disease prevalence in both sexes, although the extent of their influ-
ence on males and females depends on sex ratio. A higher female-
4

to-male transmission rate relative to the male-to-female transmis-
sion rate raises disease prevalence in both sexes. With greater
female-to-male transmission, the disease prevalence peak shifts
toward male-biased sex ratios in females whereas for males there
is relatively little change (e.g. Fig. 2a-c; Fig. 3a-c). Similarly, lower
disease-associated mortality in males relative to females also uni-
versally increases disease prevalence and shifts the peaks of the
disease prevalence curves. However, lower values of aM generally
cause the disease prevalence peaks in each sex to shift towards
lower values of r, with greater effects on male than female STI
prevalence (e.g. Fig. 2b, e, h; Fig. 3d-f).

We see consistent patterns when transmission and virulence
are varied simultaneously (Fig. 4). By measuring the sex ratio at
birth, r, for which disease prevalence peaks, we analyse how the
interaction between transmission, virulence, and sex ratio leads
to changes in disease prevalence. When disease-associated mortal-
ity in males is relatively low ðaM < aFÞ, variation in the female-to-
male transmission rate ðbMÞ has little impact on the sex ratio where
disease prevalence peaks in males (Fig. 4a) and overall (Fig. 4c), but
the effect in females is muchmore pronounced, with the skew gen-
erally increasing for greater bM (Fig. 4b). When disease-associated
mortality in males is relatively high ðaM > aFÞ, the sex ratio at birth
where disease prevalence peaks in males and overall also increases
with bM , but to a lesser extent than in females. It is also clear from
the contours in Fig. 4 that variation in either transmission or viru-
lence can cause non-monotonic changes in the disease prevalence
curves. For example, the horizontal and vertical red lines in Fig. 4
(indicating bM ¼ bF or aM ¼ aF) intersect some of the contours
twice, which means that varying either aM or bM can cause a
non-monotonic change in the skew of the disease prevalence
curves. Together, these results show that interactions between
sex-biased disease characteristics and sex ratio can lead to major
changes in STI prevalence within each sex and overall, and that
the differences between male and female STI prevalence can be
exacerbated by greater transmission rates or lower mortality rates,
in one or both sexes.
4. Discussion

Studies of STI epidemiology emphasise the importance of the
host mating system for STI dynamics (Ashby and Gupta, 2013;
Pastok, 2015; Ryder et al., 2014; Thrall and Antonovics, 1997;
Thrall et al., 1997; Thrall et al., 2000). Since sex ratio influences
mating systems, here we used mathematical modelling to examine
the interaction between sex ratio and disease-characteristics, and
their effects on STI prevalence in males and females. At a funda-
mental level, our results reveal how sex differences in STI preva-
lence within and between populations may be explained by both
variation in sex ratio and disease characteristics. Moreover, our
model shows that disease-characteristics, whether they be sex-
biased or not, can increase or decrease differences in male and
female STI prevalence.

In a population with a skewed adult sex ratio, the less common
sex has more prospective mates and a higher per-capita mating
rate than the more common sex. This pattern can be seen in human
and non-human societies; for instance, in human communities
with a male- skewed adult sex ratio, men are more likely to pur-
chase sex and women are more likely to have multiple sex partners
(Bien et al., 2013; Tucker et al., 2005). Consistently, in bird popula-
tions mating opportunities are related to adult sex ratios: in male-
biased adult sex ratio, females have higher mating opportunities
than males, whereas in female-skewed populations males re-
mate faster than the females (Carmona-Isunza et al., 2015; Parra
et al., 2014; Székely et al., 1999). Hence, with high variance in mat-
ing success, many individuals of the more common sex may
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Fig. 2. STI prevalence in males (solid line), females (dashed line), and overall (dotted line) as a function of the sex ratio at birth (proportion male), r;when there are sex biases
in STI transmission rate and virulence. The parameters bF ¼ 0:5 and aF ¼ 0:3 are held constant throughout, while bM 2 f0:2;0:5;1g and aM 2 f0;0:3;0:6g vary between panels.
Other parameters as described in Fig. 1.
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remain unmated or have a low mating rate, whereas the less com-
mon sex has a higher mating rate and hence greater exposure to
infectious partners. Thus, equilibrium disease prevalence in the
more common sex is expected to be lower than in the rarer sex,
consistent with previous theoretical and empirical studies (Ashby
and Gupta, 2013; Hurst et al., 1997; Ryder et al., 2014; Thrall
et al., 2000).

Our model shows how STI prevalence – overall and in each sex –
depends on both sex ratio and disease characteristics. We have
shown that even when there are no sex biases in disease character-
istics, increasing the transmission rate or decreasing mortality vir-
ulence generally leads to a greater difference in STI prevalence
5

between the sexes for a given sex ratio (Fig. 1c-d). We have also
shown that the sex ratio for which disease prevalence peaks in
each sex depends on disease characteristics, again even when the
disease itself shows no sex biases in transmission or virulence.
The reason for these patterns can be understood in terms of a bal-
ance between an increase in the per-capita mating rate for the less
common sex and a decrease in overall disease prevalence as the
sex ratio becomes more skewed. Suppose the adult sex ratio is ini-
tially equal and that there are no biases in disease characteristics,
hence equilibrium STI prevalence is the same in both sexes. If we
gradually remove males from the population (similarly for
females), then the per-capita mating rate for the remaining males



Fig. 3. STI prevalence in (a, d) males, (b, e) females, and (c, f) overall as a function of the sex ratio at birth and: (a-c) female-to-male transmission rate (bM); (d-f) mortality
virulence in males (aM). The red lines showwhen the sex ratio at birth is equal (solid) and when there is no sex bias in disease characteristics (dashed): (a-c) bM = bF = 0.5; (d-f)
aM = aF = 0.3. The white region in each panel corresponds to conditions where the STI is unable to persist ðR0 < 1Þ. The parameters bF ¼ 0:5 and aF ¼ 0:3 are held constant
throughout, Other parameters as described in Fig. 1.

Fig. 4. The sex ratio at birth for which disease prevalence peaks in: (a) males, (b) females, and (c) overall, as a function of disease-associated mortality for males (aM) and
female-to-male transmission rate (bM). The red lines show when there is no sex bias in transmission (bM = bF = 0.5; dashed) and when there is no sex bias in virulence
(aM = aF = 0.3; solid). The white region in the bottom right corner of each panel corresponds to conditions where the STI is unable to persist ðR0 < 1Þ. Other parameters as
described in Fig. 1.
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increases, and hence so does their risk of infection, at least initially.
However, skewing the sex ratio in either direction reduces the
overall mating rate, and therefore always lowers disease preva-
lence at the population level. As one continues to remove males
from the population, overall disease prevalence begins to fall more
sharply because uninfected males are increasingly less likely to
mate with infected females. Thus, disease prevalence eventually
begins to fall in males as well. Once the population crosses a crit-
ical sex ratio, R0 falls below 1 and the disease is driven extinct.
Higher transmission and lower virulence both increase overall dis-
ease prevalence and therefore buffer against the effects of skewed
sex ratios, which shifts the sex ratio at which disease prevalence
peaks in each sex tomore extreme values. This can be seen in Fig. 1-
a-b, where the gradient of the overall disease prevalence curves is
flatter for higher values of b and lower values of a.

We also explored the effects of sex-biased transmission and vir-
ulence. Sex-biased disease characteristics are common in wild pop-
ulations as well as in human populations (Lemaître et al., 2020;
6

Poulin, 1996; Schalk and Forbes, 1997; Wilson et al., 2003), and
previous studies have looked into the behavioural and physiologi-
cal causes of such disparities and their implications for population
dynamics (Brei and Fish, 2003; Miller et al., 2007; Zuk and McKean,
1996). However, the interaction between these biases and STI
prevalence within each sex have previously been overlooked. Our
model suggests that sex-biased disease characteristics may inde-
pendently influence STI prevalence in a similar way as the unbi-
ased transmission rate or virulence (see above). However, the
prevalence curves for each sex are no longer symmetrical when
there are biased STI characteristics (Fig. 2). Our model also reveals
that interactions between sex ratio and sex-biased disease charac-
teristics can lead to differential and non-intuitive patterns for STI
prevalence. For example, while increasing the bias in transmission
from females to males causes STI prevalence in females to peak at a
more extreme sex ratio, there are only marginal effects on males,
yet the effects of male-biased virulence on disease prevalence are
much more pronounced in males than females (as shown in



N. Halimubieke, A. Pirrie, Tamás Székely et al. Journal of Theoretical Biology 527 (2021) 110832
Fig. 3). The model also predicts that increasing or decreasing sex-
biased disease characteristics may lead to non-monotonic varia-
tion in STI prevalence. In the absence of mathematical modelling,
it is unlikely that one would be able to intuit such effects, but
our results suggest that there are likely to be complex interactions
between sex-biased disease characteristics and population sex
ratio that shapes STI epidemiological dynamics.

Our model is simple and makes few biological assumptions.
Therefore, follow-up analyses are necessary to investigate biologi-
cal factors mediating STI prevalence that are not captured in our
model. First, previous studies have emphasised the importance of
pair formation in STI prevalence (Castillo-Chavez and Huang,
1995; Dietz and Hadeler, 1988), however, our model assumes mat-
ing is random, there is no variance in mating rate, and hosts do not
form pair-bonds (Ashby, 2020; Ashby and Boots, 2015; Boots and
Knell, 2002; Knell, 1999). This was important for the present study
as we wanted to focus on effects of sex ratio and disease character-
istics, all else being equal. However, future work would benefit
from taking pair-formation into account, as a series of studies in
human STIs have shown the variations in form and duration of
partnerships may have an effect on pathogen prevalence (Eames
and Keeling, 2006; Kretzschmar and Heijne, 2017; Leung et al.,
2017; Ong et al., 2012). Second, previous studies have shown
how variance in mating rate (Ashby and Gupta, 2013; Thrall
et al., 2000) and mate choice (Ashby, 2020; Ashby and Boots,
2015; Kokko et al., 2002) affect disease dynamics, which in turn
may influence host and STI evolution in non-intuitive ways. When
one sex experiences higher variance in mating rate, the mating
population is effectively sex- skewed and so we would expect this
to generally have a similar effect on STI prevalence as seen in our
model. If infection status impacts on mating rate (Ashby, 2020;
Ashby and Boots, 2015; Knell, 1999; Loehle, 1997), then the effects
may be more complex, especially if mate choice is driven by one
sex. Third, here, we have varied disease characteristics indepen-
dently as our model does not consider STI evolution, but in reality
STIs may experience trade-offs between virulence and transmis-
sion (Anderson and May 1982; Ewald, 1983). If future work consid-
ers the effects of host sex ratio on STI evolution, then one should
take into account such trade-offs. Fourth, we have not considered
how pathogens may directly affect the sex ratio at birth. For exam-
ple, Wolbachia bacteria (transmitted vertically rather than sexually
in insect hosts) are known to distort the birth sex ratio, as it is
maternally inherited and kills male embryos, consequently, disrupt
the mating dynamics of their hosts (Charlat et al., 2007; Hurst
et al., 1997; Jiggins et al., 2000). If an STI were to directly distort
the sex ratio at birth in a similar manner to Wolbachia, then one
would need to consider differential sex ratios at birth between
infected and uninfected parents.

Previous models have explored how STIs might affect the evolu-
tion of host mating dynamics (Ashby, 2020; Ashby and Boots,
2015; Boots and Knell, 2002; Castillo-Chavez and Huang, 1995;
Knell, 1999), but the focus of the present study has been on STI
prevalence. However, given that there are interactions between
sex ratio, sex-biased disease characteristics and mating dynamics,
there are likely to be evolutionary implications for these factors on
hosts and STIs, which should be the target of future research. In
particular, it is well-established that disease prevalence is impor-
tant for the evolution of host defence (Haldane, 1949), and so
biases in sex ratio or disease characteristics are likely to influence
selection for traits such as resistance, tolerance or mate choice
through STI prevalence (Ashby, 2020; Ashby and Boots, 2015).
Additionally, since females are more important than males for pop-
ulation growth in many species, female-biased disease prevalence
might be more likely to increase population extinction risk. Indeed,
if one replaces the birth rate in our model, where males and
females contribute equally, with a birth rate that is dominated
7

by female density, then the population may be driven extinct for
sufficiently male-biased populations (high r). However, alternative
birth rates have little effect on relative STI prevalence while the
populations are viable, as transmission is frequency- rather than
density-dependent.

Our results have several implications for STIs in natural popula-
tions. First, when sex ratios are skewed, we should expect STIs to
be more prevalent in the rarer sex, although the relative prevalence
of co-circulating STIs in males and females will differ due to varia-
tion in transmission and virulence (Fig. 1c-d). For example, in a
female- skewed population, an STI with a high transmission rate
is likely to have a higher prevalence in males relative to females
compared to an STI with a low transmission rate. Second, our
model predicts that variance in the sex ratio between populations
to drive STI prevalence in males and females, with divergence from
equal sex ratios generally increasing sex differences in prevalence
(except at extreme sex ratios). Finally, we should expect the inter-
action between sex ratio and sex-biased transmission or virulence
to consistently have a stronger effect on STI prevalence in one sex
than in the other.
5. Conclusion

To conclude, the objective of our model was to examine the
interplay between sex ratio and disease characteristics and explore
their effects on STI prevalence. Our key message is that while the
less common sex is predicted to exhibit higher STI prevalence at
equilibrium, disease characteristics such as transmission rate and
virulence – sex-biased or not – combined with sex ratio, drive dif-
ferential patterns in male and female STI prevalence.
6. Data Availability

Source code is available in the supplemental material I and in
the following Github repository: https://github.com/ecoevogroup/
Halimubieke_et_al_2020.
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