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Sex ratio theory attempts to explain variation at all levels
(species, population, individual, brood) in the proportion of
offspring that are male (the sex ratio). In many cases this
work has been extremely successful, providing qualitative
and even quantitative explanations of sex ratio variation.
However, this is not always the situation, and one of the

greatest remaining problems is explaining broad taxonomic
patterns. Specifically, why do different organisms show so
much variation in the amount and precision with which they
adjust their offspring sex ratios?
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Introduction
Given that an organism reproduces sexually, how should
it allocate resources to male and female reproduction?
This decision has been termed sex allocation, and
involves many related questions, ranging from what mating system is favoured (eg, separate sexes, or hermaphrodites with male and female reproductive organs), to how
parental investment in individual offspring is expected
to differ depending upon their sex (Charnov, 1982). Here
we focus on the area of sex allocation research that has
attracted the most attention: how individuals in species
with separate sexes vary the proportion of their offspring
that are male (termed the sex ratio).
Work on sex ratios has often been extremely successful
(Charnov, 1982; Werren, 1987; Godfray and Werren, 1996;
West et al, 2000a). Time and time again, sex ratio theory
has been able to explain and predict variation in the sex
ratio across species and populations, as well as facultative adjustment of offspring sex ratios by individuals in
response to environmental conditions. This is best illustrated by considering some examples.
(1) Parasitic wasps (parasitoids) are insects whose larvae develop by feeding on the bodies of other arthropods, usually insects (Godfray, 1994). In many parasitic
wasp species, where only one individual can develop per
host, the size of the adult wasp depends upon the size
of the host in which it was laid. It is thought that females
gain a greater benefit from larger body size than males
(although this has yet to be shown in the field; Godfray,
1994; West et al, 1996), in which case it would be advantageous to lay females in relatively large hosts and males
on relatively small hosts. This pattern has been observed
in a large number of species (Charnov et al, 1981; Godfray, 1994; West and Sheldon, submitted) (Figure 1a).
(2) The Seychelles warbler is a territorial bird endemic
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to a few islands in the Seychelles. In this species, daughters help their parents raise subsequent offspring, whereas
sons disperse. In a high-quality territory (one with a high
density of insect prey), having a helper is advantageous
and so predominantly (90%) females are laid, whereas in
a low-quality territory (relatively few insects) the
increased competition for food means that a helper is disadvantageous and it is mainly (80%) males that are
reared (Komdeur, 1996; Komdeur et al, 1997) (Figure 1b).
(3) Malaria (Plasmodium) and related protozoan parasites often have population structures that lead to considerable inbreeding (West et al, 2001a). When inbreeding
occurs it leads to competition for mates between related
males (ie brothers), which reduces the fitness return from
producing males and favours the production of a femalebiased sex ratio (Hamilton, 1967; Read et al, 1992). Higher
levels of inbreeding favour more female biased sex ratios,
and consistent with this prediction, more female biased
sex ratios are observed in populations where the prevalence of transmission stages (gametocytes) is lower and
inbreeding rates are likely to be higher (Read et al, 1995)
(Figure 1c).
One notable aspect of sex ratio theory is that relatively
simple models are often able to predict patterns in
empirical data extremely well (Charnov, 1982; Godfray,
1994; Chapuisat and Keller, 1999; West et al, 2000a; Herre
et al, 2001). The main reasons for this success are that, in
many cases, the predictions of sex ratio theory depend
upon: (i) a simple and unavoidable trade-off (an offspring
can be either male or female), and (ii) a small number of
crucial variables which are easy to measure (eg, the size
of a host, or the number of females on a patch) (Charnov,
1993; Seger and Stubblefield, 1996; Frank, 1998; West et al,
2000a). Indeed, in some areas the fit of data to theoretical
predictions can be expected to be so close that sex ratio
theory has been argued to have a predictive power
almost comparable to that of the ‘hard’ sciences of chemistry and physics (Hamilton, 1996). This has allowed
work on the sex ratio to (a) provide some of the best
quantitative evidence for the relative importance of natural
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selection at the gene, individual, kin and population levels (Leigh et al, 1985; Beukeboom and Werren, 1992; Seger
and Stubblefield, 1996; Chapuisat and Keller, 1999; West
et al, 2000a), and (b) to address very general questions
about the precision of adaptation and the limits on natu-

ral selection (Herre, 1987; West and Herre, 1998; Herre et
al, 2001). In addition, reasoning has been reversed and
observed sex ratios have been used to estimate parameters upon which the sex ratio is predicted to depend,
but which can be difficult to measure directly (eg, the
inbreeding rate in malaria parasites, which is a parameter
of clinical importance (Read et al, 1992; West et al, 2000b,
2001a), the factor limiting reproduction in parasitic wasps
(West and Rivero, 2000), or the relatedness between competing male fig wasps (West et al, 2001b)).
Despite these successes, it must be emphasized that the
success of sex ratio theory is limited to a number of theoretical areas and taxonomic groups. For example, striking
sex ratio patterns are rarely observed in vertebrates
(Williams, 1979; Charnov, 1982). In our view, one of the
biggest problems remaining for research into sex ratios
and sex allocation is explaining broad taxonomic patterns. Specifically, why do different organisms show so
much variation in the amount and precision with which
they adjust their offspring sex ratios? In the rest of this
paper we will focus on a number of issues relating to
this question.

Sex determination, adaptation and
constraint in sex allocation
Do organisms with chromosomal sex determination
show facultative sex ratio variation? The conventional
wisdom is that the mechanism of sex determination is a
powerful constraint that determines the degree of sex
ratio adjustment shown by an organism. Specifically: (a)
the most striking sex ratio patterns have been found in
the Hymenoptera (ants, bees, wasps), where the haplodiploid genetic system would apparently allow a female
precise control of the sex ratio of offspring by deciding
whether or not eggs are fertilized (males are haploid and
develop from unfertilized eggs, whereas females are diploid and develop from fertilized eggs); (b) interesting sex
ratio patterns are rarely found in vertebrates such as
mammals or birds because chromosomal (genetic) sex

Figure 1 Some striking sex ratio examples. (a) In many parasitic
wasps where only a single wasp develops per host, males are laid
on small hosts and females on large hosts. Shown here are data
from the pine bark weevil, Dolichomitus sp., parasitising Niphades
variegates (Kishi, 1970). (b) In the Seychelles warbler, daughters help
their parents to rear subsequent offspring, and thereby increase
their parents’ fitness. However, helpers are only useful on high
quality territories where there are plenty of insects to eat; on low
quality territories the presence of helpers increases competition for
food, leaving less for nestlings. Parents show strong, and reproducible, biases in the primary sex ratio of their offspring depending on
the quality of territory that they breed on, producing daughters on
high quality territories, and sons on low quality territories
(Komdeur, 1996; Komdeur et al, 1997). (c) The observed relationship
between the sex ratio and gametocyte (sexual transmission stage)
prevalence across populations of Leucocytozoon and Plasmodium
parasites (Read et al, 1995). This positive relationship is predicted
because when fewer hosts are infectious, transmission rates will be
lower, mixed infections rarer, and the rate of inbreeding higher
(Read et al, 1995). The solid lines show the predicted relationship
for various degrees of parasite genotype (clone) aggregation (k represents the aggregation parameter from the negative binomial
equation).
Heredity

Sex ratios
SA West et al

determination (CSD) acts as a constraint to prevent facultative adjustment of offspring sex ratios (Maynard Smith,
1978; Williams, 1979; Charnov, 1982). It has been argued
that this idea is supported by the fact that data on population sex ratios in birds and mammals show no consistent pattern, and represent just sample-size dependent
noise around the sex ratio of 0.5 expected from a fair meiosis (Williams, 1979; Clutton-Brock, 1986; Bull and Charnov, 1988; Krackow, 1999; Palmer, 2000).
However, recent studies of taxa with CSD (mammals,
birds, frogs, lizards, snakes, spiders) have reported shifts
in offspring sex ratios consistent with adaptation
(Madsen and Shine, 1992; Komdeur et al, 1997; Creel et
al, 1998; Sheldon, 1998; Kruuk et al, 1999; Nager et al,
1999; Sheldon et al, 1999; Aviles et al, 2000; Sakisaka et al,
2000; Olsson and Shine, 2001). Furthermore, in some of
these cases individuals appear to show extremely precise
control of their offspring sex ratio. For example: (a) in the
Seychelles warbler (described above), females vary the
sex ratio of their offspring from 90% female to 80% male
depending upon environmental conditions (Komdeur,
1996; Komdeur et al, 1997); (b) in the neotropical social
spider Anelosimus domingo, mating occurs between the
members of the same colony (between close relatives), so
that females should only lay enough sons to mate their
daughters – consistent with this prediction females produce, with very little variation, approximately one male
for every nine females (Aviles et al, 2000); (c) for reasons
that are unknown, Eclectus parrots often produce long
unbroken runs of one sex that can only be explained by
extremely precise control of the sex ratio at fertilization
(eg, 20–30 males in a row) (Heinsohn et al, 1997).
Although such extreme and precise sex ratio patterns are
often observed in haplodiploid species, that they are seen
in species with CSD suggests that constraints due to
mechanisms of sex determination are not sufficient explanation for variation in sex ratio adaptation.
Resolution of whether species with CSD facultatively
adjust their sex ratio in response to environmental conditions in a consistent manner requires comparison
across studies. Unfortunately, previous comparisons
across species have focused on population sex ratios
(Williams, 1979; Clutton-Brock, 1986; Clutton-Brock and
Iason, 1986; Palmer, 2000). This is problematic because in
situations where we expect individuals to vary their sex
ratio depending upon environmental conditions (as is the
case with most vertebrate examples), with some individuals being expected to produce sons and others daughters (Trivers and Willard, 1973), it is extremely difficult to
predict population sex ratios (Frank, 1990). Even in cases
where it can be relatively easy to predict patterns of sex
ratio variation across individuals, the overall population
sex ratio is predicted to depend upon a variety of factors
such as the details of male and female life histories, distribution of variation in maternal quality, the extent to
which other behaviours (eg, clutch size) are facultatively
adjusted, and the form of trade-off between current and
future reproduction. (Frank, 1987, 1990; Frank and
Swingland, 1988; Pen, 2000; Pen and Weissing, 2000a,b).
Consequently, no a priori predictions can be made about
population sex ratios, and inconsistent observations
across species are not surprising (West and Sheldon,
submitted).
West and Sheldon (submitted) have recently suggested
that one way to solve this problem is to examine the pre-

cision with which individuals facultatively adjust their
offspring sex ratios in response to environmental conditions (rather than population sex ratios). Using this
methodology West and Sheldon (submitted) showed that
birds consistently adjust their offspring sex ratios in the
direction predicted by theory. This provides strong evidence that even in vertebrates, CSD is not an all-powerful
constraint that prevents adaptive sex ratio manipulation.
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How can we explain differences across taxa
in the amount of sex ratio adjustment?
West and Sheldon (submitted) also suggested that a simple cost-benefit approach, which considers many possible
factors, provides a unifying framework for understanding variation across taxa in how much individuals adjust
their offspring sex ratios. Specifically, that facultative sex
ratio variation will only be favoured when the fitness
benefits of this behaviour are greater than its costs. In
cases where facultative sex ratio variation is favoured, it
will evolve to a level where the benefits of any further
(marginal) increase in the precision of sex ratio adjustment would be exactly outweighed by its cost. Consequently, the most extreme and precise sex ratio variation
will be seen in species where the fitness benefits of facultative sex ratio adjustment are high, and the costs low.
What kind of factors will influence the cost and benefits of facultative sex ratio adjustment? (1) The mechanism of sex detrmination will influence the cost of
adjusting sex ratios (Maynard Smith, 1980; Charnov,
1982; Leimar, 1996; Pen et al, 1999; Pen, 2000; Pen and
Weissing, in press). For example, CSD can impose a cost
that is heavily dependent upon the mechanism (eg, the
cost of aborting a fertilized egg or embryo would depend
heavily upon at what stage this is done). (2) The benefit
of facultative sex ratio variation will depend upon how
much fitness gain is to be made from shifting offspring
sex ratios, which will be influenced by the strength and
form of selection involved. For example, if an environment is only encountered very rarely, there will be weak
selection to produce the ‘correct’ sex ratio in that situation (Herre, 1987). (3) The benefit of facultative sex ratio
variation will also depend upon environmental predictability – the more accurately individuals can assess
the relevant environmental factors that influence the optimal sex ratio, more extreme sex ratio shifts would be
predicted (Charnov, 1982; West et al, 2000a; West and
Sheldon, submitted). This view thus suggests that the
degree of precision of sex allocation should be viewed as
a trait subject to natural selection.
Is there any evidence supporting the potential importance of these factors? First, more extreme sex ratio patterns are observed in situations where selection can be
inferred to be stronger. For example, fig wasp species
show: (a) more extreme sex ratio shifts in more variable
environments, when there is stronger selection to adjust
sex ratios in response to environmental conditions
(Herre, 1987; Herre et al, 2001), and (2) more precise
(lower variance) sex ratios in situations where selection
for precise sex ratios (stabilizing selection) is greater
(West and Herre, 1998). Furthermore, many cases of
extreme (and precise) sex ratio variation in species where
Heredity
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the method of sex determination is likely to impose a
heavy constraint (eg, CSD and pseudo-arrhenotoky, in
spiders, aphids, snakes, mites), occur when there is
intense competition between brothers for mates (local
mate competition, LMC) and strong selection for
extremely female biased sex ratios (eg, as low as 5%
males) (Yamaguchi, 1985; Foster and Benton, 1992;
Madsen and Shine, 1992; Nagelkerke and Sabelis, 1998;
Aviles et al, 2000).
Second, data on the extent to which parasitic wasps
adjust their sex ratio in response to host size, as described
above (see Figure 1a), support the idea that more extreme
sex ratio shifting is seen in more predictable environments. In some species (idiobionts) females kill the host
at oviposition (egg laying), and in such cases host size
will be a reliable cue as to the resources that offspring
will have available for development. However, in other
species (koinobionts) the host is not killed by the female,
and so can continue to grow, in which case host size at
oviposition is a less reliable predictor of the resources
that their offspring will have available for development
(King, 1989). Consistent with the possible importance of
environmental predictability, species in which the host
was killed at oviposition (idiobionts) were more likely to
show facultative sex ratio variation than species in which
the host was not killed (koinobionts) (King, 1989). More
generally, it might be argued that in many cases, environmental predictability in factors influencing sex ratio
behaviour is likely to be greater for invertebrates (eg,
assessing the number of females on a patch or host size)
than for vertebrates (eg, assessing the amount of lactation
that a female will be able to provide, or the heritable genetic quality of her mate).
Clearly this is an area in which further theoretical and
empirical work is required. For example:
(1) Much of the discussion above is based upon verbal
arguments. Theoretical models are required that can be
used to predict variation in the amount (and precision)
of sex ratio adjustment. These models should allow for
the cost of sex ratio adjustment (Maynard Smith, 1980;
Charnov, 1982; Leimar, 1996; Pen et al, 1999; Pen, 2000;
Pen and Weissing, in press), and variation in the benefit
due to factors such as environmental predictability (West
et al, 2000a; West and Sheldon, submitted). Also useful
would be formal genetic models that incorporated the
effect of genetic constraints such as mutation and pleiotropy (Barton and Turelli, 1989).
(2) The cost of sex ratio adjustment will depend heavily
upon the mechanism with which it is carried out (Pen
and Weissing, in press). However, very little is known
about this mechanism in organisms with CSD (Krackow,
1995). Even in organisms with haplodiploid sex determination, there is very little knowledge of the underlying
genetics (Orzack and Parker, 1990; Orzack and Gladstone, 1994; West and Herre, in press; for data in plants
see Campbell, 2000). Estimating fundamental genetic
parameters be particularly important if genetic constraints play an important role in explaining variation in
the precision of sex ratio adjustment.
(3) A major problem is that in cases where the offspring
sex ratio is expected to be adjusted in response to
environmental conditions, the observed pattern is often
a gradual shift in response to environmental quality (eg,
host size, Figure 1a), whereas theory predicts a threshold
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shift from all male to all female offspring at a critical
value of the environmental variable (eg, at a certain host
size, Figure 2; Charnov et al, 1981). This remains the case
even when there are costs to sex ratio adjustment (Pen,
2000; Pen and Weissing, in press). It is clear that theory
needs to be developed that can adequately predict gradual shifts in offspring sex ratios in response to variation
in environmental quality. One possibility is uncertainty,
with individuals making mistakes (Charnov et al, 1981;
Leimar, 1996; Pen, 2000; Pen and Weissing, in press).
However, even with uncertainty the slopes frequently
remain very steep (similar to a threshold) unless extreme
assumptions are made (eg, if the cost of deviating from
a sex ratio increases exponentially the further you are
from 50% males). An alternative explanation might be
genetic constraints, such as mutation or pleiotropy.
Clearly formal genetic models of sex ratio adjustment are
required, as well as empirical data to test them (eg, what
is the mutability or pleiotropy of sex ratio behaviour?).
(4) In some vertebrates, the sex determination mechanism has evolved back and forth between CSD and
environmental sex determination (ESD) on many
occasions, especially in turtles (Janzen and Krenz, in
press; Janzen, submitted). This suggests that the costs and
benefits of different sex determination systems may vary
dependent upon environmental conditions. This may
depend upon selection for sex ratio adjustment, or in
response to genetic (intragenomic) conflict over sex ratio
adjustment (eg, mothers and offspring favouring a different sex ratio; Hamilton, 1967; Werren and Beukeboom,
1998; Werren and Hatcher, 2000; Beukeboom et al, 2001;

Figure 2 The pattern of conditional sex ratio adjustment – theory
and reality. Plotted is the typical situation for the predicted and
observed (thicker line) pattern of sex ratio adjustment in response
to variation in environmental quality (eg, host size in parasitic
wasps or maternal quality (dominance rank) in mammals). The
theoretical prediction is usually to produce only one sex (in this
case only males) below a threshold quality (eg, host size), and only
the other sex (in this case only females) above that threshold. In
contrast, empirical data usually shows a more gradual shift.
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Werren et al, submitted), and even cultural inheritance
(Freedberg and Wade, 2001) may play a role. Given this,
it is clear that there may be complex interactions between
selection on the sex determination system and the sex
ratio, and that in some cases the evolution of these two
traits will need to be studied simultaneously. This
approach might even help solve the enormous problem
of explaining the occurrence in reptiles of ESD, and in
some cases extremely female biased sex ratios (Shine,
1999; Freedberg and Wade, 2001; Janzen, submitted).
(5) Greater emphasis is required on comparative studies that examine variation in the extent (or precision) of
sex ratio adjustment (eg, Herre, 1987; West and Herre,
1998; West and Sheldon, submitted), rather than population sex ratios (eg, Williams, 1979; Clutton-Brock, 1986;
Clutton-Brock and Iason, 1986; Palmer, 2000). Especially
useful would be studies in areas where theory is welldeveloped, and unambiguous a priori predictions can be
made (West and Sheldon, submitted). Meta-analyses provide a useful methodology for such work.
(6) Direct tests of theoretical predictions could be made
by varying the benefit of sex ratio adjustment (eg,
through varying environmental predictability) in controlled laboratory selection experiments, and observing
the consequences for sex ratio behaviour.
(7) There are very little data on how selection acts on
the sex ratio in natural populations, and a particular
shortage of experimental work (Komdeur (1998) provides
an exception; for laboratory studies see: Conover and van
Voorhees, 1990; Basolo, 1994; Varandas et al, 1997; Carvalho et al, 1998; Komdeur, 1998; Blows et al, 1999). However, such work is of considerable importance because
without evidence that selection favours particular variants in the sex ratio it is difficult to assess whether
observed patterns may represent adaptation. Explaining
sex ratio patterns (or their absence) then becomes largely
an exercise in ingenuity.

Limits on our ability to explain sex ratios
As the last section has suggested, very little is known
about the way in which selection acts on sex ratio variation, or on any putative decision rules underlying this
variation, in natural populations. Even in the absence of
this information, it is worth stressing that we should not
expect to find adaptation in the sex ratio in all cases. In
organisms with complex life-histories (overlapping generations, extensive dispersal, subject to multiple life-history trade-offs) a large number of factors could influence
sex allocation and there is no reason to assume that selection would act to favour one form of sex allocation
behaviour over another. In particular, if selection varies
over time, or between genetically connected populations,
then there may be little likelihood of populations reaching local optima. Hence, we reiterate the need for studies
measuring selection on sex ratios and sex allocation, preferably replicated over time and space (especially in
vertebrates).
A second limit to our ability to explain sex ratios may
lie in the fact that models of optimal sex allocation generally assume that the sex ratio is a trait exclusively under
parental control (Bull and Charnov, 1988). This assumption may be violated in several ways. As noted above,

genetic conflict may influence the evolution of sex determination mechanisms, but this may equally apply to the
evolution of sex allocation. There is considerable clear
evidence for intragenomic conflict over sex allocation
(Hamilton, 1967; Werren and Beukeboom, 1998) – indeed,
sex ratio distorting elements provide some of the clearest
examples of ‘selfish genes’ that distort the sex ratio in
order to maximize their own transmission, but to the
determent of the fitness of the individual carrying them
(eg, Werren et al, 1981). As Leigh (Leigh et al, 1985; Leigh,
1986) suggested, a chromosomal sex ratio distorting
mechanism might be vulnerable to invasion by selfish
genetic elements, in which case suppression of the mechanism by autosomal genes would be favoured. Part of
the variation between species in the extent to which they
adjust the sex ratio might simply represent stochastic
variation in whether they had been subject to invasion
by selfish genetic elements followed by autosomal suppression.
Another level of conflict over the sex ratio may be
between parents and offspring (Trivers and Hare, 1976;
Werren and Beukeboom, 1998; Werren and Hatcher,
2000). It is well appreciated that in haplodiploid species,
relatedness asymmetries may lead to parents and offspring having different optimum sex ratios (eg, outbred
mothers are equally related to sons and daughters favouring a sex ratio of 0.5, whereas daughters are three
times more related to sisters than brothers, favouring a
sex ratio of 0.25; assuming the mother mated once). This
has gained particular attention in the social insects, where
theory is well developed, there is a large body of literature testing theory, and it seems that offspring can often
win the conflict (Chapuisat and Keller, 1999; Sundstrom
and Boomsma, 2000). Another reasonably clear example
from the Hymenoptera arises in polyembryonic species
(see Godfray, 1992; Grbic et al, 1992; Harvey et al, 2000).
However, more generally, little is known about the resolution of parent–offspring conflict (ie who wins?). Furthermore, it is possibly less appreciated that if offspring are
reared in family groups, interactions between different
sexes of offspring may change the sex ratio, or the relative reproductive values of the two sexes of offspring
(Pickering, 1980; Godfray, 1986; Ude et al, 1996; Nager et
al, 2000). While the expected consequences of such intrabrood competition are worked out in some cases for the
sex ratio at the level of the population (Godfray, 1986;
West et al, 1999; Werren and Hatcher, 2000), it is not
known how intersexual intrabrood competition would
affect sex ratio adaptation at the level of individuals in
response to environmental variation, particularly since
the effects of competition between the sexes might be
strongly context-dependent.
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Conclusions
We have suggested that a major problem remaining for
research into sex ratios and sex allocation is explaining
why different organisms show so much variation in the
amount and precision with which they adjust their offspring sex ratios. In order to address this problem we
need to improve our understanding of constraints that
may prevent ‘perfect’ behaviour, and to incorporate them
into theory. This will require work from diverse areas –
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for example, behavioural ecology, physiology, mechanisms of sex determination, genetics (eg, what is the
importance of pleiotropy or mutation). Clearly this will
not be a trivial undertaking.
However, this work is also important more generally
because sex allocation theory offers some of the best
opportunities for studying the nature of constraints on
adaptation and evolution by natural selection (Herre,
1987; Bull and Charnov, 1988; Seger and Stubblefield,
1996; West et al, 2000a; Herre et al, 2001; West and Herre,
in press). Although it is widely acknowledged that constraints are important in evolution (Gould and Lewontin,
1979; Maynard Smith et al, 1985; Partridge and Sibley,
1991; Orzack and Sober, 2001), little progress has been
made outside of sex allocation theory in quantifying
exactly why, when and to what extent constraints are
important (Bull and Charnov, 1988). Work on sex allocation, and especially sex ratios, is useful in this respect
because it is one of the few areas in life history theory
(Stearns, 1992) where we can hope for a reasonably quantitative fit between empirical data and the predictions of
simple theoretical models. Put simply, if we cannot
understand sex ratios, we cannot hope to understand
most other life history traits, whose evolution usually
depend upon far more complex trade-offs.
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