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ABSTRACT 

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 characteristics. Here we use mathematical 

modelling to examine how interactions between sex ratio and disease 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 differences 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. 
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1. Introduction 

Sexually transmitted infections (STIs) – defined as any pathogen that is transmitted during 

copulation – are ubiquitous in the animal 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 generally 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 distinct sets. Sex ratio, which can vary 

greatly in non-human populations(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 disrupts 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 tertiary or adult sex ratio, respectively). 
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Recent studies show that adult sex ratio may deviate from 1:1 in a variety of organisms: 

butterflies, 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 (Emlen and Oring, 1977; Rankin and Kokko, 2007), the latter has significant 

consequences for STI dynamics (Anderson, 1991; 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 primary and secondary sex ratio as well as differential 

survival during juvenile and adult stages (Ancona et al., 2017). STIs may cause differential 

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 population, 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 disease characteristics, which may vary 

between the sexes, has yet to be explored. 
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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 emphasises 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 behavioural 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 unicellular parasites are often male-

biased in mammals but not in birds (Moore and Wilson, 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 increasing 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 

implications for variation in disease prevalence between the sexes. 
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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 certain STIs from men to women than vice versa due to STIs being present 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, 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 epidemiology. 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 population. The epidemiological and 

mating dynamics are described by the following system of ordinary differential equations: 

	
𝑑𝑆!
𝑑𝑡

= 𝑏!(𝑆" , 𝑆# , 𝐼" , 𝐼#)+,,,,-,,,,.
$!%&'(

					− 		
𝛽!𝑐𝑆!𝐼)
𝑁+-.

*+,-.&!/+(

								− 	 𝑑𝑆!3
01&2%13	5/%&13!&6

				+ 			 𝛾𝐼!3
7-./8-%6

												(1) 

𝑑𝐼!
𝑑𝑡

=
𝛽!𝑐𝑆!𝐼)
𝑁+-.

*+,-.&!/+(

− 𝑑𝐼!3
01&2%13	5/%&13!&6

−	 𝛼!𝐼!8
"/%&13!&6	8!%23-+.-

−	 𝛾𝐼!3
7-./8-%6

																																(2) 

where i, j ∈	{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 
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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 

	𝑏"(𝑆" , 𝑆# , 𝐼" , 𝐼#) =
𝑏𝑐𝑟(1 − 𝑞𝑁)

𝑁
(𝑆" + 𝐼")(𝑆# + 𝐼#),																																								(3) 

	𝑏#(𝑆" , 𝑆# , 𝐼" , 𝐼#) =
𝑏𝑐(1 − 𝑟)(1 − 𝑞𝑁)

𝑁
(𝑆" + 𝐼")(𝑆# + 𝐼#),																													(4) 

and: Si and Ii (equivalently, Sj or Ij), are the number of susceptible and infected individuals, 

respectively, in each sex; 𝑁 = 𝑆! + 𝑆" + 𝐼! + 𝐼" is the total population size; r  is the sex 

ratio at birth (the proportion of offspring that are male), with 0	£	r		£	1; c ³ 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 mortality rate; αi is the disease-

associated mortality rate (virulence) in sex i; βi  is the transmission rate from sex j  to sex i 

per sexual contact; γ is the recovery rate. The probability that a susceptible female mates with 

an infected male (similarly, for the reverse scenario) is equal to #!
$!%#!

, which is obtained by 

dividing the mating rate with infected males &$"#!
'

 by the total mating rate for susceptible 

females &$"($!%#!)
'

. 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 

random); and (v) there is no juvenile period. 
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The disease-free equilibrium (𝑆! , 𝑆" , 𝐼! , 𝐼") = (𝑆!∗ , 𝑆"∗ , 0, 0), of this system occurs at: 

𝑆!∗ =
𝑏𝑐𝑟(1 − 𝑟) − 𝑑
𝑏𝑐𝑞(1 − 𝑟) 																																																								(5) 

𝑆"∗ =
𝑏𝑐𝑟(1 − 𝑟) − 𝑑

𝑏𝑐𝑞𝑟 																																																									(6) 

Since there is no disease induced mortality at the disease-free equilibrium, the adult sex ratio 

is equal to the sex ratio at birth, $!
∗

$!
∗ %$"

∗ = 𝑟. A newly introduced STI will spread in a 

susceptible population when the basic reproductive ratio, 𝑅+ is greater than 1 (𝑅+ is 

calculated using the next-generation method (Hurford et al., 2010), see supplementary 

material II), where: 

𝑅+ =
&

$"
∗%$!

∗ .
: -!-"$!

∗ $"
∗

(.%/%0!)(.%/%0")
																																										    (7) 

Intuitively, one can consider 𝑅+ as the geometric mean of the average number of secondary 

infections from males to females, 𝑅" =
-"&$"

∗

(.%/%0!)1$!
∗ %$"

∗2
, and the average number of 

secondary infections from females to males, 𝑅! = -!&$!
∗

(.%/%0")1$!
∗ %$"

∗2
, such that 𝑅+ = ;𝑅"𝑅! . 

This is a similar form to previous works on STI dynamics (Anderson and May, 1991; 

Anderson et al., 1991; Ashby and Gupta, 2013).  

 

In order to guarantee that 𝑅+ > 1, we require that 3
4
− 𝜓 < 𝑟 < 3

4
+ 𝜓, where 𝜓 =

:3
5
− (.%/%0!%0")(.%/)

-!-"&$
 (provided 𝜓 is a real number). Alternatively, 𝑅+ > 1 provided 

𝑟(1 − 𝑟) > (.%/%0")(.%/%0!)
-!-"&$

. 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 (αM =αF=α; βM =βF=β). In this case the only difference between the 
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sexes is the sex ratio at birth (𝑟), and so we expect symmetry in disease prevalence in males 

and females about the line 𝑟 = 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): 

𝐷! =
𝐼!∗

𝑆!∗ + 𝐼!∗
																																																																	(8) 

𝐷" =
𝐼"∗

𝑆"∗ + 𝐼"∗
																																																																			(9) 

To examine the impact of sex-biased disease characteristics on the prevalence of STIs in 

males and females, we fix female susceptibility (βF) and disease-related mortality (αF) and 

vary the corresponding 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 prevalence 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 characteristics (i.e. αM =αF=α; βM =βF=β). Consistent with 

previous theoretical and empirical work (Hurst et al., 1997; Ryder et al., 2014), the less 

common sex exhibits higher STI prevalence at equilibrium (Fig. 1). Intuitively, when there 

are no sex biases in disease characteristics, the overall prevalence of the STI is always 

maximised at an equal sex ratio (𝑟 = 0.5). However, both the extent to which STI prevalence 

differs between the sexes (i.e. the difference 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 
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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 = 0.5), STI 

prevalence per sex is highly sensitive to disease characteristics.  
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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, 𝛼% = 𝛼& = 𝛼; (b, d) variation in 

transmission probability, 𝛽% = 𝛽& = 𝛽. 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 (𝐷%) and females (𝐷&), 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 throughout to ensure R0 is greater than 1: 𝛿 = 0.1; 𝛾 = 0.2; 𝑐 = 5; 𝑏 = 1; 

𝑞 = 0.001.  
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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 (αM = αF = 0); (2) the 

disease transmission rates are equal (𝛽! = 𝛽" = 𝛽); and (3)  there is no recovery (𝛾 = 0). 

These assumptions ensure that the sex ratio at birth is equal to the sex ratio at equilibrium, 

which greatly simplifies the analysis. First, we must calculate the equilibrium population size, 

𝑁∗. Let 𝑀 =	𝑆! + 𝐼! be the number of males in the population and 𝐹 = 	𝑆" + 𝐼", be the 

number of females in the population. Then at equilibrium, 𝑀 = 𝑟𝑁∗, and 𝐹 = (1 − 𝑟)𝑁∗. 

Now, .'
.6
= .$!

.6
+ .$"

.6
+ .#!

.6
+ .#"

.6
, and evaluating this gives 

𝑑𝑁
𝑑𝑡 =

𝑏𝑐(1 − 𝑞𝑁)𝑀𝐹
𝑁 − 𝑑𝑁																																														(10) 

Substituting in 𝑀 = 𝑟𝑁∗ and 𝐹 = (1 − 𝑟)𝑁∗, and solving .'
.6
= 0, the resulting (non-trivial) 

equilibrium population size is: 

𝑁∗ =
𝑏𝑐𝑟(1 − 𝑟) − 𝑑
𝑏𝑐𝑞𝑟(1 − 𝑟) 																																																										(11) 

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

giving the endemic equilibrium: 

𝑆"∗ =
𝑑(𝛽𝑐(1 − 𝑟) + 𝑑)𝜁
𝛽𝑏𝑐4𝑞𝑟(1 − 𝑟) 																																																						(12) 

𝑆!∗ =
𝑆"∗

𝜁4 																																																																																					(13) 

𝐼"∗ =
(𝛽4𝑐4𝑟(1 − 𝑟) − 𝑑4)𝜁

𝛽𝑏𝑐4𝑞𝑟(1 − 𝑟) 																																																	(14) 

𝐼!∗ = 𝜁𝐼"∗ 																																																																																					(15) 

where 𝜁 = -&(378)7.
-&9%.

. The disease prevalence in males and females is therefore 

𝐷! =
𝐼!∗

𝑆!∗ + 𝐼!∗
=
𝛽4𝑐4𝑟(1 − 𝑟) − 𝑑4

𝛽𝑐𝑟(𝛽𝑐(1 − 𝑟) + 𝑑)																																								(16) 
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𝐷" =
𝐼"∗

𝑆"∗ + 𝐼"∗
=
𝛽4𝑐4𝑟(1 − 𝑟) − 𝑑4

𝛽𝑐(1 − 𝑟)(𝛽𝑐𝑟 + 𝑑)																																										(17) 

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!∗ , 𝑟"∗ such that 

.
.8
(𝐷")|8:8∗ = 0 and .

.8
(𝐷!)|8:8∗ = 0. For females, STI prevalence peaks at 

𝑟"∗ =
𝛽𝑐 + 𝑑 − ;𝛽𝑐𝑑 + 2𝑑4

𝛽𝑐 		= 1 +
𝑑 − ;𝛽𝑐𝑑 + 2𝑑4

𝛽𝑐 																									(18) 

and for males STI prevalence peaks at 

𝑟!∗ =
−𝑑 + ;𝛽𝑐𝑑 + 2𝑑4

𝛽𝑐 																																																	(19) 

(Note that 𝑟!∗  and 𝑟"∗ have conjugates, due to the square root in the expressions. However, the 

conjugate to 𝑟!∗  is negative and the conjugate to 𝑟"∗ is greater than 1. As these conjugates do 

not lie within the region [0,1], they are not biologically realistic and can be safely ignored). 

Taking derivatives with respect to 𝛽, we find that .8"
∗

.-
> 0 and .8!

∗

.-
< 0 (see supplementary 

material II for proof). Thus, as the transmission rate, 𝛽, 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 characteristics on STI prevalence. 

Specifically, we investigate how STI prevalence (per sex and overall) varies when there are 

biases in (1) female-to-male (βM) or male-to-female (βF) transmission, and/or (2) disease-

associated mortality (virulence) for males (αM) or females (αF). Since the only differences in 

the model between males and females are these parameters, without loss of generality we fix 

βF and αF whereas vary βM and αM accordingly.  
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Sex differences in transmission rate and in virulence influence disease prevalence in both 

sexes, although the extent of their influence on males and females depends on sex ratio. A 

higher female-to-male transmission rate relative to the male-to-female transmission 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 universally increases disease prevalence and shifts 

the peaks of the disease prevalence curves. However, lower values of αM 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).  



 15 

 

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 𝛽& = 0.5 and 𝛼& = 0.3 are held constant throughout, while 𝛽% ∈ {0.2,0.5,1} and 𝛼% ∈ {0,0.3,0.6} 

vary between panels. Other parameters as described in Fig. 1.  
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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 (βM); (d-f) mortality virulence in males (αM). The red lines show when the 

sex ratio at birth is equal (solid) and when there is no sex bias in disease characteristics (dashed): (a-c) βM = βF = 

0.5; (d-f) αM = αF = 0.3. The white region in each panel corresponds to conditions where the STI is unable to 

persist (𝑅' < 1). The parameters 𝛽& = 0.5 and 𝛼& = 0.3 are held constant throughout, Other parameters as 

described in Fig. 1.   
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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 mortality in males is relatively low (𝛼! < 𝛼"), 

variation in the female-to-male transmission rate (𝛽!) 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 

much more pronounced, with the skew generally increasing for greater 𝛽! (Fig. 4b). When 

disease-associated mortality in males is relatively high (𝛼! > 𝛼"), the sex ratio at birth 

where disease prevalence peaks in males and overall also increases with 𝛽!, but to a lesser 

extent than in females. It is also clear from the contours in Fig. 4 that variation in either 

transmission or virulence can cause non-monotonic changes in the disease prevalence curves. 

For example, the horizontal and vertical red lines in Fig. 4 (indicating 𝛽! = 𝛽" or 𝛼! = 𝛼") 

intersect some of the contours twice, which means that varying either 𝛼! or 𝛽! 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.  
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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 (αM) and female-to-male transmission rate (βM). The red lines 

show when there is no sex bias in transmission (βM =βF =0.5; dashed) and when there is no sex bias in virulence 

(αM=αF=0.3; solid). The white region in the bottom right corner of each panel corresponds to conditions where 

the STI is unable to persist (𝑅' < 1). Other parameters as described in Fig. 1.   
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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 fundamental 

level, our results reveal how sex differences in STI prevalence 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 purchase sex and women are more likely to 

have multiple sex partners (Bien et al., 2013; Tucker et al., 2005). Consistently, in bird 

populations 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 mating success, many individuals of the 

more common sex may remain unmated or have a low mating rate, whereas the less common 

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). 
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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 

characteristics, increasing the transmission rate or decreasing mortality virulence generally 

leads to a greater difference in STI prevalence 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 

balance 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 initially 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 

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 prevalence 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 critical sex ratio, 𝑅+ 

falls below 1 and the disease is driven extinct. Higher transmission and lower virulence both 

increase overall disease prevalence and therefore buffer against the effects of skewed sex 

ratios, which shifts the sex ratio at which disease prevalence peaks in each sex to more 

extreme values. This can be seen in Fig. 1a-b, where the gradient of the overall disease 

prevalence curves is flatter for higher values of 𝛽 and lower values of 𝛼. 
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We also explored the effects of sex-biased transmission and virulence. Sex-biased disease 

characteristics are common in wild populations as well as in human populations (Lemaître et 

al., 2020; Poulin, 1996; Schalk and Forbes, 1997; Wilson et al., 2003), and previous studies 

have looked into the behavioural and physiological 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 independently influence STI prevalence in a similar way as the unbiased 

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 characteristics 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 Fig. 3). The model also predicts that increasing or decreasing sex-biased disease 

characteristics may lead to non-monotonic variation 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 biological factors mediating STI prevalence that are not captured 

in our model. First, previous studies have emphasised the importance of pair formation in STI 

prevalence (Castillochavez and Huang, 1995; Dietz and Hadeler, 1988), however, our model 
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assumes mating 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 

characteristics, 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 independently as our model does not consider STI evolution, but in reality 

STIs may experience trade-offs between virulence and transmission (Anderson and May, 

1982; Ewald, 1983). If future work considers 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 example, 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 
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would need to consider differential sex ratios at birth between infected and uninfected 

parents. 

 

Previous models have explored how STIs might affect the evolution of host mating dynamics 

(Ashby, 2020; Ashby and Boots, 2015; Boots and Knell, 2002; Castillochavez 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 important 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 population 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 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 populations. 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 variation 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 
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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 interaction 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 differential patterns in male and female STI prevalence. 

 

Funding  

This work is supported by Chinese Scholarship Council and The National Research, 

Development and Innovation Office of Hungary (grant no. ÉLVONAL KKP-126949, K-

116310 to NH). University Research Scholarship Award from the University of Bath (to AP). 

Royal Society Wolfson Merit Award WM170050, APEX APX\R1\191045 and Leverhulme 

Trust (RF/ 2/ RFG/ 2005/ 0279, ID200660763 to TS). The Natural Environment Research 

Council (grant no. NE/N014979/1 to BA).  

 

Author Contributions 

BA, NH and AP designed and analysed the model. NH and AP co-wrote the first draft, and 

all authors contributed to revisions of the manuscript.  



 25 

 

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. 

 

Declaration of Competing Interests 

The authors declare that they have no competing interests. 

 

References 

Ancona, S., Dénes, F. V., Krüger, O., Székely, T., Beissinger, S. R., 2017. Estimating adult 

sex ratios in nature. Philosophical Transactions of the Royal Society B-Biological 

Sciences 372, doi:10.1098/rstb.2016.0313. 

Anderson, R. M., 1991. The transmission dynamics of sexually transmitted diseases: the 

behavioral component. In: Wasserheit, J. N., et al., Eds.), Research issues in human 

behavior and sexually transmitted diseases in the AIDS era. American Society for 

Microbiology, Washington DC, pp. 38-60. 

Anderson, R. M., May, R. M., 1982. Coevolution of hosts and parasites. Parasitology 85 (Pt 

2), 411-26, doi:10.1017/s0031182000055360. 

Anderson, R. M., May, R. M., 1991. Infectious diseases of humans. Oxford University Press, 

Oxford, UK. 

Anderson, R. M., Blythe, S. P., Gupta, S., Konings, E., 1989. The transmission dynamics of 

the human immunodeficiency virus type-1 in the male-homosexual community in the 

United Kingdom: the influence of changes in sexual behavior. Philosophical 

Transactions of the Royal Society B-Biological Sciences 325, 45-98, 

doi:10.1098/rstb.1989.0074. 



 26 

Anderson, R. M., May, R. M., Boily, M. C., Garnett, G. P., Rowley, J. T., 1991. The Spread 

of Hiv-1 in Africa - Sexual Contact Patterns and the Predicted Demographic-Impact 

of Aids. Nature 352, 581-589. 

Ashby, B., 2020. Antagonistic coevolution between hosts and sexually transmitted infections. 

Evolution 74, 43-56, doi:10.1111/evo.13883. 

Ashby, B., Gupta, S., 2013. Sexually transmitted infections in polygamous mating systems. 

Philosophical Transactions of the Royal Society B: Biological Sciences 368, 

doi:10.1098/rstb.2012.0048. 

Ashby, B., Boots, M., 2015. Coevolution of parasite virulence and host mating strategies. 

Proceedings of the National Academy of Sciences of the United States of America 

112, 13290-13295, doi:10.1073/pnas.1508397112. 

Ashby, B., Jordan, J. E., Knell, R. J., Hurst, G. D. D., 2019. Sexually transmitted infections in 

natural populations: what have we learnt from beetles and beyond? In: Wilson, P. K., 

et al., Eds.), Wildlife disease ecology: linking theory to data and application 

Cambridge University Press, Cambridge, UK, pp. 187-222. 

Bien, C. H., Cai, Y., Emch, M. E., Parish, W., Tucker, J. D., 2013. High adult sex ratios and 

risky sexual behaviors: a systematic review. Plos One 8, 

doi:10.1371/journal.pone.0071580. 

Bonnet, X., Golubovic, A., Arsovski, D., Dordevic, S., Ballouard, J. M., Sterijovski, B., 

Ajtic, R., Barbraud, C., Tomovic, L., 2016. A prison effect in a wild population: a 

scarcity of females induces homosexual behaviors in males. Behavioral Ecology 27, 

1206-1215, doi:10.1093/beheco/arw023. 

Boots, M., Knell, R. J., 2002. The evolution of risky behaviour in the presence of a sexually 

transmitted disease. Proceedings of the Royal Society B-Biological Sciences 269, 

585-589, doi:10.1098/rspb.2001.1932. 



 27 

Brei, B., Fish, D., 2003. Comment on “Parasites as a viability cost of sexual selection in 

natural populations of mammals”. Science 300, 55a, doi:10.1126/science.1079746. 

Carmona-Isunza, M. C., Kupper, C., Serrano-Meneses, M. A., Szekely, T., 2015. Courtship 

behavior differs between monogamous and polygamous plovers. Behavioral Ecology 

and Sociobiology 69, 2035-2042, doi:10.1007/s00265-015-2014-x. 

Castillochavez, C., Huang, W. Z., 1995. The logistic equation revisited: the two-sex case. 

Mathematical Biosciences 128, 299-316, doi:10.1016/0025-5564(94)00077-D. 

Charlat, S., Reuter, M., Dyson, E. A., Hornett, E. A., Duplouy, A., Davies, N., Roderick, G. 

K., Wedell, N., Hurst, G. D. D., 2007. Male-killing bacteria trigger a cycle of 

increasing male fatigue and female promiscuity. Current Biology 17, 273-277, 

doi:10.1016/j.cub.2006.11.068. 

Coombs, R. W., Reichelderfer, P. S., Landay, A. L., 2003. Recent observations on HIV type-

1 infection in the genital tract of men and women. Aids 17, 455-480, 

doi:10.1097/00002030-200303070-00001. 

Dietz, K., Hadeler, K. P., 1988. Epidemiological models for sexually-transmitted diseases. 

Journal of Mathematical Biology 26, 1-25, doi:10.1007/BF00280169. 

Dyson, E. A., Hurst, G. D. D., 2004. Persistence of an extreme sex-ratio bias in a natural 

population. Proceedings of the National Academy of Sciences of the United States of 

America 101, 6520-6523, doi:10.1073/pnas.0304068101. 

Eames, K. T. D., Keeling, M. J., 2002. Modeling dynamic and network heterogeneities in the 

spread of sexually transmitted diseases. Proceedings of the National Academy of 

Sciences of the United States of America 99, 13330-13335, 

doi:10.1073/pnas.202244299. 

Eames, K. T. D., Keeling, M. J., 2006. Coexistence and specialization of pathogen strains on 

contact networks. American Naturalist 168, 230-241, doi:10.1086/505760. 



 28 

Eberhart-Phillips, L. J., Kupper, C., Miller, T. E. X., Cruz-Lopez, M., Maher, K. H., dos 

Remedios, N., Stoffel, M. A., Hoffman, J. I., Kruger, O., Székely, T., 2017. Sex-

specific early survival drives adult sex ratio bias in snowy plovers and impacts mating 

system and population growth. Proceedings of the National Academy of Sciences of 

the United States of America 114, E5474-E5481. 

Emlen, S. T., Oring, L. W., 1977. Ecology, sexual selection and evolution of mating systems. 

Science 197, 215-223, doi:10.1126/science.327542. 

Ewald, P. W., 1983. Host-Parasite Relations, Vectors, and the Evolution of Disease Severity. 

Annual Review of Ecology and Systematics 14, 465-485. 

Haldane, J. B. S., 1949. Disease and evolution. Supplement to La Ricerca Scientifica 19, 68–

76.  

Hurford, A., Cownden, D., Day, T., 2010. Next-generation tools for evolutionary invasion 

analyses. Journal of the Royal Society Interface 7, 561-571. 

Hurst, G. D. D., Hurst, L. D., Majerus, M. E. N., 1997. Cytoplasmic sex ratio distorters. In: 

O'Neill, S. L., et al., Eds.), Influential passengers: microbes and invertebrate 

reproduction. Oxford University Press, Oxford, UK, pp. 125-154. 

Jiggins, F. M., Hurst, G. D. D., Majerus, M. E. N., 2000. Sex-ratio-distorting Wolbachia 

causes sex-role reversal in its butterfly host. Proceedings of the Royal Society B-

Biological Sciences 267, 69-73, doi:10.1098/rspb.2000.0968. 

Klein, S. L., Roberts, C. W., 2010. Sex hormones and immunity to infection. Springer 

Verlag, Berlin. 

Knell, R. J., 1999. Sexually transmitted disease and parasite-mediated sexual selection. 

Evolution 53, 957-961, doi:10.2307/2640735. 



 29 

Kokko, H., Ranta, E., Ruxton, G., Lundberg, P., 2002. Sexually transmitted disease and the 

evolution of mating systems. Evolution 56, 1091-1100, doi:10.1111/j.0014-

3820.2002.tb01423.x. 

Kretzschmar, M., Heijne, J. C. M., 2017. Pair formation models for sexually transmitted 

infections: a primer. Infectious Disease Modelling 2, 368-378, 

doi:10.1016/j.idm.2017.07.002. 

Lemaître, J. F., Ronget, V., Tidière, M., Allainé, D., Berger, V., Cohas, A., Colchero, F., 

Conde, D. A., Garratt, M., Liker, A., Marais, G. A. B., Scheuerlein, A., Székely, T., 

Gaillard, J. M., 2020. Sex differences in adult lifespan and aging rates of mortality 

across wild mammals. Proceedings of the National Academy of Sciences of the 

United States of America 117, 8546-8553, doi:10.1073/pnas.1911999117. 

Leung, K. Y., Powers, K. A., Kretzschmar, M., 2017. Gender asymmetry in concurrent 

partnerships and HIV prevalence. Epidemics 19, 53-60, 

doi:10.1016/j.epidem.2017.01.003. 

Liker, A., Freckleton, R. P., Szekely, T., 2013. The evolution of sex roles in birds is related to 

adult sex ratio. Nature Communications 4, doi:10.1038/ncomms2600. 

Lockhart, A. B., Thrall, P. H., Antonovics, J., 1996. Sexually transmitted diseases in animals: 

ecological and evolutionary implications. Biological Reviews of the Cambridge 

Philosophical Society 71, 415-471, doi:10.1111/j.1469-185X.1996.tb01281.x. 

Loehle, C., 1997. The adaptive significance of trunk inclination on slopes: a commentary. 

Proceedings of the Royal Society B-Biological Sciences 264, 1371-1374, 

doi:10.1098/rspb.1997.0190. 

Metcalf, C. J. E., Graham, A. L., 2018. Schedule and magnitude of reproductive investment 

under immune trade-offs explains sex differences in immunity. Nature 

Communications 9, doi:10.1038/s41467-018-06793-y. 



 30 

Miller, M. R., White, A., Wilson, K., Boots, M., 2007. The population dynamical 

implications of male-biased parasitism in different mating systems. Plos One 2, 

doi:10.1371/journal.pone.0000624. 

Moore, S. L., Wilson, K., 2002. Parasites as a viability cost of sexual selection in natural 

populations of mammals. Science 297, 2015-2018, doi:10.1126/science.1074196. 

Ong, J. B. S., Fu, X. J., Lee, G. K. K., Chen, M. I. C., 2012. Comparability of Results from 

Pair and Classical Model Formulations for Different Sexually Transmitted Infections. 

Plos One 7, doi:10.1371/journal.pone.0039575. 

Panchanadeswaran, S., Johnson, S. C., Mayer, K. H., Srikrishnan, A. K., Sivaram, S., Zelaya, 

C. E., Go, V. F., Solomon, S., Bentley, M. E., D Celentano, D., 2006. Gender 

differences in the prevalence of sexually transmitted infections and genital symptoms 

in an urban setting in southern India. Sexually Transmitted Infections 82, 491-495, 

doi:10.1136/sti.2006.020768. 

Parra, J. E., Beltran, M., Zefania, S., Dos Remedios, N., Szekely, T., 2014. Experimental 

assessment of mating opportunities in three shorebird species. Animal Behaviour 90, 

83-90, doi:10.1016/j.anbehav.2013.12.030. 

Pastok, D., 2015. Causes of spatial variation in parasite and pathogen pressure in insects. Vol. 

Ph.D. University of Liverpool. 

Poulin, R., 1996. Sexual inequalities in helminth infections: A cost of being a male? 

American Naturalist 147, 287-295. 

Rankin, D. J., Kokko, H., 2007. Do males matter? The role of males in population dynamics. 

Oikos 116, 335-348, doi:10.1111/j.2006.0030-1299.15451.x. 

Ryder, J. J., Hoare, M. J., Pastok, D., Bottery, M., Boots, M., Fenton, A., Atkinson, D., Knell, 

R. J., Hurst, G. D. D., 2014. Disease epidemiology in arthropods is altered by the 



 31 

presence of nonprotective symbionts. American Naturalist 183, E89-E104, 

doi:10.1086/674827. 

Schalk, G., Forbes, M. R., 1997. Male biases in parasitism of mammals: Effects of study 

type, host age, and parasite taxon. Oikos 78, 67-74. 

Sheridan, L. A. D., Poulin, R., Ward, D. F., Zuk, M., 2000. Sex differences in parasitic 

infections among arthropod hosts: is there a male bias? Oikos 88, 327-334. 

Székely, T., Cuthill, I. C., Kis, J., 1999. Brood desertion in Kentish plover: sex differences in 

remating opportunities. Behavioral Ecology 10, 185-190. 

Székely, T., Weissing, F. J., Komdeur, J., 2014. Adult sex ratio variation: implications for 

breeding system evolution. Journal of Evolutionary Biology 27, 1500-1512, 

doi:10.1111/jeb.12415. 

Thrall, P. H., Antonovics, J., 1997. Polymorphism in sexual versus non-sexual disease 

transmission. Proceedings of the Royal Society B-Biological Sciences 264, 581-587, 

doi:10.1098/rspb.1997.0083. 

Thrall, P. H., Antonovics, J., Bever, J. D., 1997. Sexual transmission of disease and host 

mating systems: Within-season reproductive success. American Naturalist 149, 485-

506, doi:10.1086/286001. 

Thrall, P. H., Antonovics, J., Wilson, W. G., 1998. Allocation to sexual versus nonsexual 

disease transmission. American Naturalist 151, 29-45, doi:10.1086/286100. 

Thrall, P. H., Antonovics, J., Dobson, A. P., 2000. Sexually transmitted diseases in 

polygynous mating systems: prevalence and impact on reproductive success. 

Proceedings of the Royal Society B: Biological Sciences 267, 1555-1563, 

doi:10.1098/rspb.2000.1178. 



 32 

Tucker, J. D., Henderson, G. E., Wang, T. F., Huang, Y. Y., Parish, W., Pan, S. M., Chen, X. 

S., Cohen, M. S., 2005. Surplus men, sex work, and the spread of HIV in China. Aids 

19, 539-547, doi:10.1097/01.aids.0000163929.84154.87. 

Úbeda, F., Jansen, V. A. A., 2016. The evolution of sex-specific virulence in infectious 

diseases. Nature Communications 7, doi:10.1038/ncomms13849. 

Wilson, K., Moore, S. L., Owens, I. P. F., 2003. Response to comment on "Parasites as a 

viability cost of sexual selection in natural populations of mammals". Science 300, 

55b-55b, doi:10.1126/science.1081430. 

World Health Organization, 2007. Addressing sex and gender in epidemic-prone infectious 

diseases. World Health Organization, Geneva. 

Zuk, M., McKean, K. A., 1996. Sex differences in parasite infections: patterns and processes. 

International Journal for Parasitology 26, 1009-1023, doi:10.1016/S0020-

7519(96)80001-4. 

 


