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Abstract

Adult sex ratio (ASR) exhibits immense variation in nature, although nei-

ther the causes nor the implications of this variation are fully understood.

According to theory, the ASR is expected to influence sex roles and breeding

systems, as the rarer sex in the population has more potential partners to

mate with than the more common sex. Changes in mate choice, mating sys-

tems and parental care suggest that the ASR does influence breeding behav-

iour, although there is a need for more tests, especially experimental ones.

In the context of breeding system evolution, the focus is currently on opera-

tional sex ratios (OSRs). We argue that the ASR plays a role of similar

importance and urge researchers to study the ASR and the OSR side by side.

Finally, we plead for a dynamic view of breeding system evolution with

feedbacks between mating, parenting, OSR and ASR on both ecological and

evolutionary time scales.

The great importance of the adult sex ratio has long

been recognized by the student of human popula-

tions, but it has not received as much attention from

the animal biologist as it deserves.

(Mayr, 1939)

Some researchers have suggested that the ASR is a

major factor in sex role evolution, but their ideas have

not been incorporated into mainstream theory.

(Kokko & Jennions, 2008)

Introduction

Sex ratios and sex allocation are fundamental concepts

in evolutionary biology (Hardy, 2002; West, 2009). The

ratios of males to females at conception, at birth and

during adult life (termed primary, secondary and adult

sex ratio, respectively), have pervasive influences on

ecology, behaviour and life histories. Primary sex ratio

(PSR) plays a central role in sex ratio theory, as selec-

tion on PSR is negatively frequency dependent, and

there are clear equilibrium predictions for a variety of

scenarios, including differential costs in raising male

and female offspring, differential effects of parental con-

dition on the reproductive values of male and female

offspring, and local mate competition (Trivers, 1985;

West, 2009). However, PSR rarely translates directly

into ASR, as various ecological, life history and demo-

graphic processes modulate the transition from PSR to

ASR (see below). Consequently, the causes and impli-

cations of ASR variation may depend on numerous

ecological and evolutionary processes.

Although many animals spend a substantial part of

their life as adults, most research in evolutionary ecol-

ogy of sex ratios has been directed to pre-adult sex

ratios. This bias is striking for three reasons. Firstly, as

the lack of direct frequency-dependent selection on the

ASR means there is no guarantee that ASR biases

remain insignificant, one would expect intense research

to uncover the processes that create biased ASRs. Sec-

ondly, the ASR may affect mate choice, mating system

and parental care (Mayr, 1939; Trivers, 1972; Bre-

itwisch, 1989), and therefore, ASR appears to make a

substantial, yet not fully understood, impact on
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breeding system evolution. Thirdly, the ASR in part via

the number of females impacts on population growth,

and therefore, has implications for population dynam-

ics, risk of extinctions and biodiversity conservation

(Bessa-Gomes et al., 2004; Donald, 2007; Veran & Beis-

singer, 2009; Wedekind et al., 2013). However, no

recent review evaluates ASR variation across a broad

range of organisms, and the implications of this varia-

tion for breeding systems and population demography –
in contrast to numerous reviews on primary and

secondary sex ratios (e.g. Charnov, 1982; Trivers, 1985;

Hardy, 2002; West, 2009; Komdeur, 2012).

At first sight, one might imagine the ASR to be easier

to determine than PSR because in many species sexing

adults is easier than of newborn individuals. However,

whereas establishing the ratio of male and female off-

spring in a litter or brood (secondary SR or offspring

SR) may be a simple task facilitated by DNA-based sex-

ing, doing the same for adults can be challenging in

wild populations; as nonbreeding adults (e.g. floaters)

often have nonconspicuous lifestyles and remain unno-

ticed, adult males and females may have different

detectabilities due to sex difference in behaviour and

ecology, and adults may form sex-specific aggregations

during breeding and/or nonbreeding periods. Therefore,

reliable ASR estimates often require capture–recapture
estimates and demographic modelling (Veran & Beis-

singer 2009, Kosztol�anyi et al., 2011).
We have three objectives in this article. First, we

investigate the processes that may produce ASR bias,

and highlight some of the striking examples of ASR var-

iation in natural populations. The term ‘adult’ refers to

an animal (male or female) that is physiologically capa-

ble of producing offspring. ASRs are often expressed as

proportion of males in the adult population. We do not

cover simultaneous hermaphrodites or sex-changing

organisms (i.e. sequential hermaphrodites). Second, we

discuss the implications of the ASR for breeding system

evolution and argue that the ASR and operational sex

ratio (OSR, ratio of sexually active males to females, see

below) have a dynamic relationship. Understanding the

OSR does not necessarily reveal much about the ASR,

and vice versa. Thirdly, we propose three topics for fur-

ther research. Future studies in these areas are likely to

provide new insights into breeding systems and sex role

evolution. Although we do not explore humans or

plants in this article, we note that the ASR may also

have relevance for human behaviour, demography and

economic decisions (Trent & South, 2011; Griskevicius

et al., 2012; Sz�ekely & Sz�ekely, 2012; Schacht et al.,

2014), and for plant breeding systems (Taylor, 1999;

Medrano et al., 2005; Field et al., 2013).

Causes of variation in adult sex ratios

Adult sex ratio emerges as the result of sex-specific pro-

cesses affecting sex ratio at various life cycle stages

including primary sex ratio, secondary sex ratio or sex

ratio at independence (Fig. 1). Various factors can

result in biased ASRs: a biased sex ratio at birth, sex-

differential mortalities of young and adults, sex-differ-

ential maturation times, and sex-differential dispersal

and migration patterns (Fig. 1, Wilson, 1975; Bessa-Go-

mes et al., 2004; Veran & Beissinger, 2009). Differences

in the maturation times of males and females are well

known in various organisms (Daan et al., 1996; Stamps

& Krishnan, 1997; Donald, 2007), although their

impact on the ASR is rarely explored (but see Hirst

et al., 2010). Sex differences in movement patterns are

ubiquitous in the animal kingdom, and they can cause

extreme ASR at the local level; at a metapopulation

level, however, these local biases may balance out, as if

an animal moves out from a population it has to move

in another population assuming it remains alive.

In contrast to frequency-dependent selection operat-

ing on primary sex ratio, there are no similar predic-
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Fig. 1 A schematic representation of

the sex-differential processes affecting

sex ratio at various stages in a life cycle:

primary sex ratio (PSR), secondary sex

ratio (SSR), adult sex ratio (ASR) and

operational sex ratio (OSR). A bias in

ASR may reflect a bias in PSR, and SSR

and/or sex differences in maturation,

dispersal and survival. A bias in OSR

may reflect a bias in ASR and/or sex

differences in behaviours affecting

participation in the ‘mating market’

such as sexual receptivity, parental care

and post-care recovery. SD refers to sex

determination.
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2 T. SZÉKELY ET AL.



tions for adult (or tertiary) sex ratios, as in sexually

reproducing diploid organisms, the total reproductive

value of all adult males equals the total reproductive

value of all adult females irrespective of the sex ratio.

As a consequence, sex ratio biases in adults are not

directly selected against by a compensating adjustment

of the PSR, as any increase in the abundance of, say,

males is exactly compensated by a reduction in the

average reproductive value of individual males. How-

ever, as discussed below, a bias in the ASR can initiate

numerous ecological and evolutionary processes that

indirectly feedback on this bias (Fig. 2). In the remain-

der of this section, we investigate potential causes of

ASR variation.

Offspring sex ratios

Sex ratios are already biased early in life (i.e. at concep-

tion or at birth) in numerous organisms which can be

adaptive, for instance if the cost (or benefit) of care dif-

fers for male and female offspring (e.g. in mammals, sons

may drink more milk than daughters, sons may compete

locally for the access to daughters, maternal condition

may influence differentially the reproductive success of

sons and daughters, Clutton-Brock, 1991; Trivers, 1985;

West, 2009). Hatchling sex ratios are often biased in spe-

cies with environmental sex determination, for instance

hatchling sex ratios are temperature dependent in

numerous fishes and reptiles (Pen et al., 2010). Biased

secondary sex ratios can be either enhanced (or dimin-

ished) by sex-differential juvenile mortality leading to

biased sex ratio at maturation. In sexually dimorphic

birds and mammals, sex-biased mortality often reflects

the direction of sexual size dimorphism: male mortality is

higher when males are the larger sex, and female mortal-

ity is higher when females are larger than males (Clut-

ton-Brock, 1991; Kalmbach & Benito, 2007). These

differences are attributed to the larger sex either being

more sensitive to food shortages (Clutton-Brock, 1986;

Kalmbach & Benito, 2007), or shifted away from its eco-

logical optimum, if size dimorphism is induced by sexual

selection (Andersson, 1994).

Biased juvenile mortality also occurs in sexually

monomorphic species, although the cause of these

biases is often obscure. In common eiders Somateria mol-

lissima, the hatching sex ratio does not deviate from

parity, but a male-biased sex ratio soon becomes estab-

lished due to the higher mortality of female ducklings

presumably caused by female-biased predation of chicks

(Lehikoinen et al., 2008). In Kentish plover Charadrius

alexandrinus, hatchling mortality is female biased (for

unknown reasons), and the sex difference in juvenile

mortalities generates strongly male-biased ASR (Kosz-

tol�anyi et al., 2011).

Sex difference in the age of maturation

Maturation rates may differ between the sexes. Sex dif-

ferences in the age of maturation may produce a biased

ASR, as seems to be the case in fruit flies, fishes, sala-

manders and turtles (Lovich & Gibbons, 1990; Pitnick,

1993; Osmundson, 2006; Kusano & Inoue, 2011). In

common voles Microtus arvalis, females mature earlier

than males, and therefore, more females than males are
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Fig. 2 Illustration of feedbacks on the adult and operational sex ratio. A bias in the adult sex ratio (ASR) may affect the intensity of male–

male competition for resources, and a bias in the operational sex ratio (OSR) may affect the intensity of male–male competition for mates

and the costs and benefits of female choosiness. Here, we only indicate five possible evolutionary and demographic implications that result

from potential responses of males to a change in competition intensity or female choosiness. These can either reduce or enhance the

original bias in the ASR and the OSR, and the effect size on both types of sex ratio can differ. Females may respond as well, both in their

choosiness and in their reaction to the males’ responses indicated in the figure. For example, a shift to paternal care (boxes to the right)

could induce females to spend less time on parenting and more time on mating; this would further reduce or even reverse the original

OSR bias. For simplicity, female responses are left out from the figure. Footnote 1 (lower box to the left): provided that only those males

delay their maturation that are not sufficiently competitive and would not participate in matings anyhow.
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recruited to the adult population in early summer (Bry-

ja et al., 2005).

Maturation, in turn, can be influenced by adult mor-

talities and the ASR. For example, if old and/or large

animals are selectively eliminated from the population

(for instance, by trophy hunters or a predator special-

ized on taking large preys), males and/or females may

shift towards maturing fast and reproducing at an early

age (Roff, 2002). In humans, male-biased ASR is associ-

ated with early puberty and an increased likelihood

that a woman marries before the age of 25 and engages

in more premarital and extramarital sexual relation-

ships (Andersson, 1994; Trent & South, 2011).

Sex difference in adult lifestyles

Adult males and females often have different body sizes

and body shapes, behaviour, ornaments and armaments

(Arnqvist & Rowe, 2005; Fairbairn et al., 2007; Sz�ekely
et al., 2010), and these sex differences can precipitate

into differences in energy consumption, foraging ecol-

ogy and mortalities – ultimately influencing the ASR.

Consistently, in many organisms, sex ratio bias only

emerges during (or close to) adulthood. For instance,

ASR bias in birds and reptiles emerges from even juve-

nile sex ratios due to sex-biased mortality after reaching

adulthood (Donald, 2007). Furthermore, the sex ratio

in mosquitofish Gambusia affinis shifts from an even

PSR to a female-biased ASR, as adult males are less

resistant to extreme temperatures than females (Krum-

holz, 1948). Temperature-dependent mortality appears

to induce a large shift in fish ASR (Wedekind et al.,

2013); thus, future climatic changes may potentially

affect the ASR of fish populations.

Adult males and females often represent different ec-

otypes with different lifestyles. For example, females

are often cryptic, whereas males are more exposed to

predators, especially when they are seeking mates (Pet-

tersson et al., 2004; Brouwer, 2007). Conversely, preg-

nant, incubating or nursing females are more

vulnerable because their fleeing capabilities are

reduced, and they need to spend more time feeding to

cope with increased energy demands (Clutton-Brock,

1991). A strong diurnal pattern in incubation behaviour

by males and females may create sex-biased mortalities

in Seychelles warblers Acrocephalus sechellensis, as com-

mon mynahs Acridotheres tristis predate during the day

when females are incubating (Brouwer, 2007; van der

Woude unpublished data). Sex-biased predation may

also result if males and females have different nutri-

tional value (e.g. different fat content) causing preda-

tors to preferentially hunt the sex with the highest

value, or if males force females into habitats that are

more exposed to predators (Darden & Croft, 2008).

Given these contrasting predictions, is there a system-

atic pattern in data with predation bias on males or

females? Differential predation is a common cause of

biased ASR in fishes, frogs, birds and mammals (Magn-

hagen, 1991; Berger & Gompper, 1999; Sargeant et al.,

2004; Christe et al., 2006; Post & Gotmark, 2006).

Male-biased predation is 2.3 times more common than

female-biased predation in 81 predator–prey species

pairs, suggesting that predators often have male-biased

prey preference, or they encounter males more often

than females (Boukal et al., 2008). Male-biased preda-

tion is not only more common, but also reaches more

extreme values (Boukal et al., 2008).

Sex-biased predation rates may vary between preda-

tors. Although males are predated more often than

females in 23 of 31 ungulate species (Berger & Gomp-

per, 1999), in Thomson gazelles Gazella thomsonii, the

odds of getting killed by wild dogs Lycaon pictus were six

times higher for males than for females, whereas the

odds of getting killed by cheetahs Acinonyx jubatus were

higher for female gazelles (Berger & Gompper, 1999).

The same predator may induce different sex biases in

predation rates in different prey species: when attacked

by African lions Panthera leo, the likelihood of being

killed is 7.3 times higher for male than for female Afri-

can buffalos Syncerus caffer, whereas in reedbuck Re-

dunca redunca, only females are killed (Schaller, 1972).

Parasites and diseases may also create sex-biased ASR.

In mammals, infections by arthropods, helminths and

unicellular parasites are often male-biased, suggesting

that males invest less into their immune system (Moore

& Wilson, 2002), and this correlates with male-biased

mortalities (and female-biased ASRs). Differential mor-

bidity may also emerge if one sex is more sensitive to a

particular type of parasite (or disease) than the other.

The effect of parasites on the sex ratio of their host

may interact with the ecology of the host. For example,

the influence of microsporidian parasite Edhazardia aedis

was studied as a function of larval food availability to

its host, the mosquito Aedes aegypti (Agnew et al.,

1999). The number of infected mosquitoes dying before

adulthood increased as larval food availability

decreased. However, proportionately more female mos-

quitoes died as food availability decreased, so that the

adult mosquito populations became increasingly male-

biased (Agnew et al., 1999).

Anthropogenic sources of mortality can also be sex

dependent, even when there is no explicit aim to influ-

ence mortality, for example by hunting, in a sex-specific

way. For instance, size-selective fishing affects sex ratios

in salmon (Kendall & Quinn, 2013), and female-biased

mortality is caused by cutting the hay during incubation

in a meadow bird, the whinchat Saxicola rubetra, in which

only females incubate the eggs (Grubler et al., 2008).

Sex determination, sex distorters and adult sex
ratios

Sex determination systems may also influence the

ASR. First, one would expect that in organisms with
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chromosomal sex determination, the heterogametic sex

(males in mammals; females in birds and butterflies) is

more vulnerable as harmful mutations cannot be

‘masked’ in the homogametic sex. In line with this,

males tend to have a higher mortality in mammals,

whereas the opposite is reported in birds and butterflies

(Berger & Gompper, 1999; Liker & Sz�ekely, 2005; Don-
ald, 2007). These patterns are in line with Haldane’s

rule which states that hybridization leads to reduced

vitality and fertility, and increased early mortality espe-

cially in the heterogametic sex (Schilthuizen et al.,

2011).

Second, besides having a direct effect on sex-differen-

tial mortality, the mechanism of sex determination has

a more subtle effect on selection differentials. The

dynamics of genetic variation on sex chromosomes

(where genes related to sex differences tend to accumu-

late) is different between the genes occurring in only

one sex (the Y in mammals, the W in birds and butter-

flies) and the genes that occur in both sexes. As a con-

sequence, theory predicts marked differences in sex

roles that are associated with sex chromosomes (Haig,

2006). For example, the different sex-determining

mechanisms in birds and mammals may cause a sex dif-

ference in philopatry (mammals: typically male-biased

dispersal; birds: female-biased dispersal, Haig, 2006),

male–male competition (mammals: strong; birds: rela-

tively weaker) and female choice (mammals: relatively

weaker; birds: stronger). It is obvious that philopatry,

male–male competition and female choice can poten-

tially influence the ASR (Fig. 1).

Third, sex determination can have an effect on the

sex ratio at conception (primary sex ratio) and, hence,

indirectly affect the ASR. Sex-specific lethality or sex

change can be induced by ‘selfish’ genetic elements

(often transmitted with the cytoplasm), or microorgan-

isms such as Wolbachia. Microbes and cytoplasmically

inherited symbionts are common in arthropods and are

well known to bias sex ratios of their hosts early in life

(Burt & Trivers, 2008), and these may precipitate into

biased ASRs. Some cytoplasmatic genetic elements

(including microorganisms like Wolbachia) are vertically

transmitted through the female line (as sperm does not

contain cytoplasm); accordingly, males are a dead-end

road for such genetic elements, and they are only inter-

ested in female survival and reproduction.

As a consequence, these elements come up with a

multitude of tricks to shift the sex ratio in favour of

females that include male-killing, feminizing males and

making females parthenogenetic. They sometime pro-

duce spectacularly female-biased ASRs, such as 100

female to 1 male (e.g. in isopods, fruit flies, butterflies;

Engelstädter & Hurst, 2009; Price & Wedell, 2008).

Experimental support comes from Eurema hecabe butter-

flies that have female-biased ASR: experimentally trea-

ted butterflies with antibiotic reverted to 1 : 1 ASR

after treatment (Narita et al., 2007).

Spatial and temporal variation in adult
sex ratios

The different sources of biases create strikingly diverse

ASRs between species and populations. Some patterns

appear to exist, although it would be premature to

make categorical statements about many animal taxa.

For example, copepods and mammals tend to have

female-biased ASR, whereas male-biased ASR occurs in

Schistosoma parasites and birds (Fig. 3; Beltran et al.,

2009; Donald, 2007). Some of the most extreme bias

occurs among marsupials (Didelphidae and Dasyuri-

dae): in the dusky antechinus Antechinus swainsonii and

in eight other marsupials, males abruptly die after the

mating season, there are times when no adult males

are alive and the entire population is made up of preg-

nant females (Cockburn et al., 1986).

Adult sex ratio may vary in time, and in open popu-

lations, some of this variation is due to dispersal (emi-

gration and immigration), or demographic stochasticity

that can cause considerable spatial and temporal fluctu-

ations in the ASR in small populations increasing the

risk of extinction (Dale, 2001; Bessa-Gomes et al.,

2004). Nevertheless, ASR fluctuates even in closed pop-

ulations due to biases in the primary and/or secondary

(a)

(b)

Fig. 3 Adult sex ratios in copepods (a, Gusmao & McKinnon,

2009) and birds (b, Donald, 2007). Frequency refers to the

number of species, whereas adult sex ratio is the proportion of

males in the adult population.
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sex ratios, sex-differential mortalities or maturation

rates (Fig. 4, Donald, 2007; Hirst et al., 2010). ASR var-

ies over time, for instance, in the jumping spider Phidip-

pus clarus: the males emerge before females so that the

ASR is male-biased initially in the breeding season

(protandry) shifting towards female bias after the

females start emerging (Hoefler, 2007). In migratory

birds, the more common sex (often males) experiences

stronger competition for mates so is predicted to arrive

earlier (Kokko et al., 2006).

Adult sex ratio may also vary between different loca-

tions, for instance Trinidad guppy Poecilia reticulata pop-

ulations in some streams exhibit significantly male-

biased ASR, whereas others have unbiased or female-

biased ASR (Fig. 5, Pettersson et al., 2004). As the sex

ratio of juveniles is unbiased in all of these populations,

the biased ASR appears to result from sex-differential

mortality, which in turn reflects spatial differences in

natural and sexual selection (Pettersson et al., 2004;

McKellar et al., 2009). Male guppies appear to be more

sensitive to high temperatures than females; thus, tem-

perature differences between sites are expected to

impact upon the ASR (Pettersson et al., 2004). In addi-

tion, with males being more colourful and active than

females, the males are predated more often than the

females by one predator (killifish Rivulus hartii) but not

by another (freshwater prawn Macrobrachium crenula-

tum; McKellar & Hendry, 2011). Therefore, variation in

predator densities between streams may also contribute

to ASR variation (McKellar & Hendry, 2011).

However, the aforementioned studies have two major

limitations. First, no study has tested comprehensively

whether ASR bias is due to biased offspring sex ratio,

and/or sex difference in maturation and/or survival of

juveniles and adults, and thus integrate over the major

processes that produce the ASR. Second, most studies

that investigated components of ASR variation were

nonexperimental. As the ecology, physiology and

behaviour of organisms tend to covary, it is difficult to

disentangle which aspect of animal’s life is causally

related to sex-biased mortalities and thus to ASR biases.

As demonstrated by Maly (1970), causal analysis can

sometimes be performed using controlled and replicated

laboratory experiments. He investigated sex-specific

intake rates of three different predators feeding on two

species of Diaptomus copepods. Tadpoles Ambystoma tigri-

num ate more female than male copepods, guppies ate

more males than females, whereas Hydra cauliculata ate

equal numbers of male and female copepods. Male co-

pepods are more active than females, and this activity

difference coupled with the different hunting style of

predators produced the bias in prey composition: tad-

poles stalk their prey and they capture primarily slowly

moving prey, guppies hunt the faster moving prey,

whereas Hydra feeding is passive and they eat prey that

swim into their tentacles. Remarkably, the copepod

ASRs in natural ponds were consistent with the results

of the laboratory experiments (Maly, 1970).

Implications of adult sex ratios for mate
choice, pair bonds and parental care

Theory suggests that the ASR should influence mate

acquisition, mating systems and parental care (McNamara

Fig. 4 Adult sex ratio (proportion of adult males) of song sparrows

Melospiza melodia on Mandarte Island over a 20-year period (Reid,

Keller and Arcese unpubl. data).

(a) (b)

Fig. 5 Juvenile (a) and adult sex ratios

(b) in 11 guppy populations in Trinidad

(Pettersson et al., 2004). Star indicates

sex ratios significantly different from

0.5 and expressed as proportion of

males.
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et al., 2000; Sz�ekely et al., 2000; Kokko & Jennions,

2008). Consistently with theoretical expectations, obser-

vational, experimental and comparative studies suggest

that the ASR influences (or correlates with) various

aspects of breeding behaviour, as the rarer sex in the pop-

ulation has more potential partners to mate with than the

more common sex.

Mate acquisition

Adult sex ratio influences pairing behaviour, male–
male, female–female and male–female interactions

(Alonzo & Sheldon, 2010). Males may move away from

male-biased patches (Croft et al., 2003; Steifetten &

Dale, 2012), or if they stay, they intensify courtship

and/or competition for mates, for instance in gobies Go-

biidae and pipefishes Syngnathidae (Kvarnemo et al.,

1995; Forsgren et al., 2004; Silva et al., 2010).

When the ASR is heavily biased, the sex in excess

may engage in homosexual pairings or seek mates from

a congeneric species. Consistently, female-biased ASR

appears to induce female–female pairings in seabirds

(Tershy & Croll, 2000): Laysan albatross Phoebastria im-

mutabilis has a female-biased ASR, and 31% of pairs

were female–female pairs (Young et al., 2008). Coincid-

ing with strongly female-biased ASR in western gulls

Larus occidentalis, female–female pairs constituted at

least 10% of the breeding population (Hunt et al.,

1980). Homosexual pairing has also been observed in

captive or domestic birds held in groups with highly

skewed sex ratios (Collias & Jahn, 1959; Dilger, 1960;

Sauer, 1972). Furthermore, the lack of suitable mating

partners has been proposed to lead to hybridisation

between different tern species (Whittam, 1998).

Adult sex ratio may influence developmental path-

ways of juveniles to prepare for mate acquisition as

adults. In dung beetles Onthophagus spp., male-biased

ASR appears to trigger the development of horns that

are used as weapons, whereas in populations with

female-biased ASR, males tend to be hornless (Pomfret

& Knell, 2008).

Mating system and paternity

Male-biased ASR was associated with higher frequency

of polyandry in dunnock Prunella modularis and lesser

spotted woodpecker Picoides minor (Davies, 1992; Ross-

manith et al., 2006), whereas in song sparrows Melospiza

melodia, males were monogamous in years when there

was an excess of males, but tended towards polygyny

when the ASR became female biased (Smith et al.,

1982). Comparative studies support the findings of

these single-species studies, at least in birds: polygamy

by males is significantly more common at female-biased

ASR than at male-biased ASR, whereas polygamy by

females is more common at male-biased ASR (Liker

et al., 2013, 2014). Thus, the rarer sex can exploit the

favourable mating opportunities provided by biased

ASR, and desert his/her mate and renest with a new

mate (Pilastro et al., 2001).

Extra-pair paternity occurs in a wide range of organ-

isms, although we are not aware of any theoretical

model that would link ASR to mate guarding and

paternity. Male-biased ASR may be associated with

multiple paternities in two ways. On the one hand,

multiple paternity may increase with male-biased ASR

as there are more males per female (e.g. in Rana dalma-

tina frogs, Lode et al., 2004). Fruit fly Drosophila mela-

nogaster males experimentally kept at male-biased ASR

depleted their ejaculates faster than males kept at

female-biased ASR (Linklater et al., 2007). Therefore,

male reproductive traits appear to have evolved in

response to the level of sperm competition, and associ-

ated with the rate of ejaculate depletion and the degree

of ASR. On the other hand, males may respond to

male-biased ASR by intensifying mate-guarding behav-

iour that reduces multiple paternities (Harts & Kokko,

2013). This appears to be the case in frogs, spiders and

crustaceans (Fromhage et al., 2005; Karlsson et al.,

2010; Takeshita & Henmi, 2010).

Intuitively, ASR is expected to influence pair bonds

and divorces, although we are not aware of a specific

theoretical model. Unbalanced sex ratios may destabi-

lize pair bonds and induce divorces, although it is not

clear whether these effects work through influencing

mortality rates (and thus impacting mate availability),

or via behaviour for instance one sex harasses (or

entice) mated members of the others sex that lead up

breaking up existing pair bonds (Liker et al., 2014).

Experimentally altered ASR has influenced mating rates

(or divorce) in lobsters, fishes and mice (Delong, 1978;

Keenleyside, 1983; Balshine-Earn & Earn, 1998; Debuse

et al., 1999; Beltran et al., 2009; Karlsson et al., 2010;

Silva et al., 2010). An elegant manipulation of the ASR

in the endoparasitic trematode Schistosoma mansoni

showed that male-biased ASR induced more divorce

than even female-biased ASR (Fig. 6).

Male-biased ASR was experimentally created in

domestic pigeons Columbia livia during half of the breed-

ing season, whereas the ASR was reverted to even for

the second half of season (Marchesan, 2002). During the

male-biased period, clutch failure rate increased, and

there were more within-pair copulations and a higher

proportion of pairs divorcing presumably due to intense

male–male harassment. Although the experiment was

not fully controlled as male-biased and control ASR were

achieved in different parts of the breeding season, the

results are consistent with the explanation that surplus

of males are detrimental to the breeding population.

Sexual conflict and male harassment

Adult sex ratio has often been used to induce variation

in sexual conflict (Holland & Rice, 1999; Wigby &
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Chapman, 2004; Arnqvist & Rowe, 2005; Fitze & Le Gal-

liard, 2008). Consistently with expectations, female mat-

ing rate increased with male-biased ASR in fruit flies

Drosophila melanogaster (Wigby & Chapman, 2004). Fur-

thermore, the duration of mate-guarding, mating dura-

tion and mating rate tended to have higher values in

male-biased, compared to female-biased adult sex ratios

in water striders Gerris spp. (Arnqvist & Rowe, 2005).

Male-biased ASR (i.e. male skew) may lead to high

male aggression and reduced female survival (Hailey &

Willemsen, 2000; Le Galliard et al., 2005). The excess of

males in common lizard Lacerta vivipara induces aggres-

sion towards females, whose survival and fecundity

drop. The ensuing prediction is that male skew should

be amplified and total population size should decline.

Numerical projections show that this amplifying effect

strongly enhances the risk of population extinction

(Bessa-Gomes et al., 2004).

Parental care

Theoretical models predict that male-biased ASR should

induce more care by the male, whereas female-biased

ASR should induce more care by the female (McNa-

mara et al., 2000; Kokko & Jennions, 2008). However,

there is mixed support for these predictions (Keenley-

side, 1983; Breitwisch, 1989; Balshine-Earn & Earn,

1998). Experimental manipulation of the ASR in cichlid

fish Herotilapia multispinosa found that brood-guarding

males deserted their mates and broods more frequently

in the presence of a surplus of females (Keenleyside,

1983). However, female parents did not desert their

mates, regardless of the sex ratio.

In birds, the evidence for ASR-driven parental care is

also mixed (Breitwisch, 1989). In captive zebra finches,

Taeniopygia guttata male-biased ASR induced more paren-

tal care from males compared to female-biased ASR, but

there was no difference in female parental behaviour

(Burley & Calkins, 1999). In shorebirds, however, paren-

tal behaviour of both males and females was related to the

ASR: at male-biased ASR, male care increased whereas

female care decreased, whereas at female-biased ASR, the

opposite patterns were observed (Liker et al., 2013).

Strengths and weaknesses of ASR studies for
breeding systems

Two major conclusions emerge from these studies. First,

the responses to male-biased and female-biased ASR need

not be symmetric. For instance, experimentally altering

the ASR towards males increased divorce rate in trema-

tode parasites, whereas female-biased ASRs induced no

change in divorce rates (Beltran et al., 2009). The reason

for the different responses to male-biased and female-

biased ASR appears to be female behaviour: females initi-

ate the divorce, and they only seek divorce when the ASR

is male-biased so that they have more options to choose

high-quality mates (Beltran et al., 2009).

Second, it is often difficult to pin down whether a

particular relationship between the ASR, mating and

parenting is due to changes in male behaviour, female

behaviour or the interaction of both sexes. Mate choice,

pair bonds and parenting emerge via social interactions

(see below), and the social strategies of individuals are

not always directly visible. For example, unmated indi-

viduals (e.g. floaters) should not be ignored when

studying mate choice or parenting decisions, as the

presence of such individuals may strongly affect the

mating (or parenting) decisions of the breeding part of

the population, even if they neither mate nor care for

the young (Webb et al., 2002).

The majority of the aforementioned studies, however,

were nonexperimental, and it is therefore difficult to

disentangle cause and effect. For instance, a correlation

between the ASR and mating system may also emerge

if food distribution varies between years, and the

change in mating system is driven by the spatial distri-

bution of food resources that coincides with ASR shift

(Davies & Lundberg, 1984; Prohl, 2002). Studies that

did manipulate ASR directly and investigated the ani-

mals’ responses to altered ASR, however, were often

carried out in the laboratory so that it is not known

how realistic the animals’ responses were to the experi-

mentally altered sex ratios. In addition, in laboratory

experiments, the animals’ options are constrained, for

instance, as a response to reduced mating opportunities

they may not be able to move to a different habitat as

they would do in wild populations.

Operational sex ratio and adult sex ratio

The operational sex ratio (ratio of sexually active males

to females, OSR, Kvarnemo & Ahnesj€o, 1996; Shuster &

Fig. 6 Influence of the adult sex ratio (proportion of adult males)

on divorce rate in an endoparasitic trematode Schistosoma mansoni.

Experimental alteration of adult sex ratio (proportion of adult

males) towards male bias (open circles, but not towards female-

bias, shaded circles) increases divorce rates (Beltran et al., 2009).
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Wade, 2003) has played a central role in the context of

sexual selection, mating systems and breeding system

research (note that in their seminal paper, Emlen &

Oring, 1977 defined OSR as the ratio of fertilizable

females to sexually active males). The OSR, however,

has shortcomings: it is often not trivial to judge whether

an individual is sexually active or not, for instance if sex-

ual activity does not have a clear visual or olfactory cue,

like sexual swellings in female primates. Many males are

able to fertilize females even if they are in a pair bond or

caring for young. Sometimes, it is tricky to work out who

actually counts, for instance in leks there are only a few

males the females are interested in mating, whereas

there are many males off the lek that are excluded from

mating (Bro-Jorgensen, 2007). Therefore, lek-based OSR

estimates may give a very different OSR from the popula-

tion-level OSR.

There is a general tendency to equate the ASR and

the OSR (Kokko & Jennions, 2008; Weir et al., 2011).

A possible reason is that in most experimental studies,

both ratios are manipulated simultaneously using the

starting condition where all adults contribute to the

OSR (Kokko pers comm). For example, X mature males

and Y mature females are placed in an enclosure and

then the reproductive variable of interest is measured.

Variation among enclosures is then attributed to varia-

tion in X: Y which is almost always labelled as the OSR

rather than the ASR (Alonso-Pimentel & Papaj, 1999;

Jirotkul, 1999; Klemme et al., 2007; but see Fitze & Le

Galliard, 2008). This may not be correct because the

sexual activity of males and females (and thus OSR)

may change during the course of the experiment as

some of them pair up, look after the young or lose

interest in mating.

The ASR and the OSR may substantially differ in wild

populations (Fig. 1). First, the sexually available periods

of males and females are rarely identical, as males and

females may need different times to prepare physiologi-

cally for breeding, their receptive periods may have dif-

ferent duration, males and females may contribute

differentially to parental care and have different post-

care recovery periods. Therefore, cases where the OSR

and the ASR are identical appear to be the exception,

rather than the rule. For example, the OSR is expected

to be male biased both in mammals and birds, although

in mammals, the male-biased OSR may emerge from

female-biased ASR due to females providing offspring

care for substantially longer than males, whereas in

birds, the male-biased OSR may emerge from male-

biased ASR via monogamous social pair bonds and bipa-

rental offspring care.

Second, time in-s and time out-s (i.e. time periods

when an individual is sexually available or unavailable

for mating, respectively) can be phenotypically plastic

as a response to OSR, as animals may spend more time

sexually active when chances of breeding are high (i.e.

increased time in), whereas high mating opportunity

may entice some adults to reduce parental caring peri-

ods and seek a new mate (i.e. reduced time out, Sz�ekely
et al., 2000; Parra et al., 2014). Therefore, the correla-

tion between the OSR and the ASR can be weak:

longer time in (or shorter time out) may change the

OSR, whereas the ASR remains constant.

As we argued above, ASR is primarily a demographic

property of populations that emerges via sex differences

in mortality, maturation rates and movement patterns

(Bessa-Gomes et al., 2004; Le Galliard et al., 2005;

Veran & Beissinger, 2009; Kosztol�anyi et al., 2011). On

top of this, the OSR emerges via individuals’ decisions

whether to join the breeding population, and how long

to opt out from breeding during (and after) periods of

parental care (Clutton-Brock & Parker, 1992; Kokko &

Jennions, 2008). As the OSR is partly due to short-term

changes between mating decisions, parental care and

post-care recovery, the OSR by definition is related to

mate choice, pair bonds and parental care (Sz�ekely
et al., 2000; Jennions & Kokko, 2010). Therefore, the

OSR can be viewed as both a cause and a consequence

of the mating systems and parental care, rather than an

external factor that ‘explains’ mating systems (Fig. 2;

Sz�ekely et al., 2000; Donald, 2007). To a certain extent,

this may also apply to the ASR (see below), as sex dif-

ferences in mortality, maturation and movement may

also reflect reproductive decisions, such as fighting for

territories, delaying maturation to become more com-

petitive and moving to locations with a lower degree of

reproductive competition, although given the ASR’s

dependence on demographic processes, the effect

appears to be weaker.

The dynamics of adult sex ratios, mating
system and parental care

The demographic and behavioural processes that gener-

ate the ASR and the OSR are only partly independent,

and they both interact with breeding behaviours

(Fig. 1). So far, we emphasized the feedbacks between

the OSR, mating behaviours and parental care. Here,

we focus on feedbacks between the ASR and mortality

implications of breeding behaviours (Kokko &

Jennions, 2008; Jennions & Kokko, 2010).

The aforementioned empirical studies should be

interpreted with bearing in mind that responses to ASR

may involve plastic behavioural responses and/or evo-

lutionary responses manifested over phylogenetic time

scales. Accordingly, it might be helpful to recognize two

kinds of feedbacks: one on the ecological time scale

directly affecting contemporary populations, and the

other on an evolutionary time scale (Fig. 2, Jennions &

Kokko, 2010; Klug et al., 2012). On an ecological time

scale, the movements of animals from and to particular

locations can alter the local ASR. As one cause of ani-

mal’s movements is seeking a mate or a suitable breed-

ing territory, the breeding system in one location may
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impact upon the sex-specific movement decisions and

thus on the ASR. For instance, if in a polygynous spe-

cies, the males are territorial and floating males are

expelled from the local population, the resulting

female-biased ASR is in part a consequence of the

breeding system.

Feedbacks on an evolutionary time scale can be posi-

tive or negative (Lehtonen & Kokko, 2012; Liker et al.,

2013). On the one hand, biased ASR may increase the

mortality of the more common sex and thus ASR may be

self-correcting (Fisher, 1930). For instance, if the ASR is

heavily male-biased, this may intensify mate competi-

tion and as such, increase male mortality. This process

could counterbalance the biased ASR producing a more

even ASR. Following Fisher’s logic, Trivers (1972) noted

that sex-specific mortality patterns tend to coevolve with

sex-specific patterns of parental investment. For exam-

ple, the male-biased adult mortalities and female-biased

ASRs in mammals are often credited to intense male–
male competition (Clutton-Brock, 1991; Donald, 2007).

On the other hand, sexual selection, parenting and

ASR may amplify each other via a positive feedback

(Jennions & Kokko, 2010; Lehtonen & Kokko, 2012).

Lack (1968) used a bird example to illustrate this logic

in the context of sexual selection and enhanced male

mortality: ‘Hence, once polygynous mating system has

evolved, the unusually strong competition for mates

will lead to the males evolving brilliant plumage, which

will increase their mortality from predation, which will

make it disadvantageous for them to breed when one

year old, so there will be a surplus of females, which

will be forced to be polygynous, which will reinforce

these trends.’ Thus, populations may be locked into a

heavily biased ASR. Whether the feedbacks are nega-

tive or positive, it may depend on the mortality costs of

different activities such as the competition for mates

and parenting (Fig. 2).

Conclusions and future directions

Adult sex ratio is a fundamental, yet somehow under-

appreciated, concept in evolutionary biology. Although

substantial progress has been made since Mayr (1939),

his main message still holds: evolutionary ecologists

should put more effort into estimating the ASR, under-

standing the causes of ASR variation, and exploring the

implications of ASR variation for breeding system

evolution, sex roles and population dynamics.

Our review highlights three issues. First, researchers

should clearly separate ASR and OSR, and be aware

that they may contain different (and often complemen-

tary) information (Fig. 1). The OSR is a useful term,

although it does not replace ASR, as the OSR itself is

generated by the mating and parental decisions of ani-

mals themselves (Sz�ekely et al., 2000; Kokko & Jen-

nions, 2008; Alonzo & Sheldon, 2010). Biased OSR

may emerge from unbiased ASR, and vice versa. As the

ASR and the OSR contain complementary information,

separating the effects of the ASR from the OSR would

represent an important advance in studies of breeding

system evolution.

Second, researchers should be aware of the dynamic

nature of relationships with reciprocal causality and a

multitude of feedbacks (Fig. 2). The ASR and the OSR

have effects on sex roles and breeding systems,

although sex roles and breeding systems, in turn, may

influence individual decisions in a sex-specific manner

which will affect the ASR and/or the OSR. Therefore,

we plead for a dynamic view of breeding system evolu-

tion, with feedbacks on both ecological and evolution-

ary time scales.

Third, experimental studies are required to disentan-

gle the thicket of cause and effect relationships. Experi-

ments in laboratory, seminatural and wild environments

can provide novel insights into the complex relation-

ships between populations and individuals that may

emerge via sex ratios, breeding behaviour and various

selection processes operating on juveniles and adults.

Studies are needed to manipulate the ASR and investi-

gate its impact on mate choice, pair bonds and parental

care. We hope that in 10 years’ time, Mayr’s quote will

be reversed, as the importance of adult sex ratio will

have received the much deserved attention from evolu-

tionary biologists.
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