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Abstract

Darwin and Bateman suggested that precopulatory sexual selection is more intense on males than females, and that this difference
is due to anisogamy (i.e., dimorphism in gamete size and number). While a recent paper apparently presents empirical support for
this hypothesis, another appears at first sight to present evidence against it. We argue that this is partly due to lack of transparent
theoretical predictions, and discuss and analyze sexual selection theory in relation to anisogamy evolution. On one hand, we find
that there exists relatively little theory that can directly address all the tested predictions; on the other, the picture painted by current
theory indicates that both sets of empirical results broadly match predictions about the causal link between anisogamy and sexual
selection, thus reconciling the two apparently opposing claims. We also discuss in a very broad, general sense how anisogamy is
expected to affect sexual selection.
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Lay Summary

One hundred and fifty years ago Darwin proposed that sexual selection, with rather rare exceptions, is more intense on males than
females, typically causing males to be the sex that competes more intensely for matings. Defining males and females by anisogamy,
that is, sperm and ova, an influential paper has shown Darwin’s prediction to be true. However, a more recent paper on the same
theme has shown that the degree of anisogamy fails to correlate with the intensity of sexual selection, casting doubt that anisog-
amy is responsible for the prevalence of male competitiveness for matings. Although at first sight this result seems to contradict
long-standing theory, by analyzing existing theory we argue that in fact both findings are entirely compatible with theoretical expec-
tations: while anisogamy is predicted to establish a general binary trend toward higher sexual selection intensity on males, the degree
of anisogamy (across the typical range, where sperm vastly outnumber ova) is not predicted to be correlated with sexual selection
intensity. Rather, though anisogamy should set a binary trend as Darwin predicted, the degree of anisogamy and variation in the
intensity of sexual selection will be established by ecological, social, and other factors relevant to each taxon.

Why do the two sexes have a mainstream tendency to evolve in
different directions, creating asymmetric “sex roles,” particularly
in terms of reproductive traits? While the question dates back
to the writings of Darwin (1871), Bateman (1948) later explicitly
claimed that the difference in the strength of sexual selection
is ultimately caused by the difference in gamete number: males
make more gametes than females, typically by a very large mar-
gin (e.g., LUpold & Fitzpatrick, 2015; Parker, 1982). Though this
question has since been investigated by many others, it remains
controversial and debated.

Following Darwin and Bateman’s claims, most measures of
“the intensity of sexual selection” relate to preejaculatory sexual
selection (competition for matings and mate choice), which is our
main focus here, rather than postejaculatory sexual selection
(competition among gametes for fertilizations and mate choice
by gamete selection). Our article is motivated by what we see as
a gap in the theoretical literature and in its interpretation, and

by two important recent analyses of empirical evidence with
seemingly contradictory outcomes. Defining the two sexes by
their gamete size, Janicke et al. (2016) show that precopulatory
sexual selection is stronger in males than in females across the
animal kingdom—in other words, in anisogamous organisms,
the strength of sexual selection tends to be stronger in the type
making smaller gametes. Mokos et al. (2021), however, found no
relationship between the degree of gamete size difference (ani-
sogamy) and the intensity of sexual selection. The former is
described as a confirmation of the “Darwin-Bateman paradigm”
while the latter is claimed to question it (see also Szekely, 2023).
Here we clarify the relevant theoretical predictions and explain
why there is no conflict between these results when considered
through the lens of current theoretical understanding.

How can we characterize the nature of the theory being tested by
Janicke et al. (2016) and Mokos et al. (2021)? Firstly, the conclusion of
Mokos et al. is predicated on the idea that a detectable relationship
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between the degree of anisogamy (in the range found in metazo-
ans) and the intensity of sexual selection is implied by sexual selec-
tion theory. Conversely, if theory does not entail such a prediction,
the results of Mokos et al. do not contradict the Darwin-Bateman
paradigm. Second, these empirical tests are quantitative in nature,
and thus should ideally be founded in mathematical, evolutionary
models rather than verbal predictions. Note that the majority of
published mathematical theory in precopulatory sexual selection
is largely irrelevant to this question: a recent survey of sexual selec-
tion theory by de Vries and Lehtonen (2023) found that most theo-
retical models in precopulatory sexual selection neither explicitly
define the sexes in the first place, nor provide any causal link from
gamete dimorphism to sexual selection. This does not imply that
these models are wrong, but it does mean they are silent regarding
the nature of the correlation between anisogamy and sexual selec-
tion. Evron (2023) similarly observed that many models in sexual
selection do not make use of definitional properties of the sexes.
However, these two studies came to very different conclusions and
recommendations: de Vries and Lehtonen advocated development
of new theory to stand alongside and complement existing work,
while Evron suggested that sexual selection theory should dispense
with the notion of the sexes altogether. We take the former position.

While more modeling work regarding the relationship between
anisogamy and sexual selection is needed (de Vries & Lehtonen,
2023), a natural question is: where do the theoretical predictions
underlying the studies of Janicke et al. (2016) and Mokos et al.
(2021) come from, if most models cannot address them? If they
do arise from existing mathematical theory of precopulatory sex-
ual selection, they can only come from a small subset of such
theory where gamete size is explicitly included. Here, we examine
two types of models that explicitly address sexual selection and
gamete size. One analyses directly the causal link from gamete
size to precopulatory traits as the gametic system transitions
from isogamy to anisogamy. The other type of model we exam-
ine is concerned with the evolution of gamete size when strong
anisogamy has already evolved, and the intensity of pre- and
postcopulatory sexual selection vary. Both could, at least in prin-
ciple, predict a correlation between the anisogamy ratio and the
intensity of precopulatory sexual selection.

We find that an overall result of these types of models is that
the strength of sexual selection should indeed be correlated with
the extent of anisogamy under weak anisogamy ratios. However,
under strong anisogamy (typical across Metazoa), there is no obvi-
ous prediction of a sustained correlation between the anisogamy
ratio and the intensity of sexual selection. The overall prediction
across multicellular animals, then, is a positive but near-binary
correlation between anisogamy and precopulatory sexual selec-
tion, and this prediction is fully compatible with the results of
both Janicke et al. (2016) and Mokos et al. (2021)—thus the results
of both articles provide valuable and consistent empirical evi-
dence on the nature of sexual selection.

To reiterate, the two claims we wish to analyze are as below:

Claim 1) A difference in gamete size and number leads to dif-
ferent evolutionary trajectories between the sexes,
with males generally experiencing more intense sex-
ual selection. Janicke et al. (2016) test this claim and
find support for it.

Claim 2) The degree of gamete size difference should be corre-
lated with the degree of sexual selection across typi-
cally observed gamete size ratios. Mokos et al. (2021)
test this claim and do not find support for it.

Claim 1 was initially articulated by Bateman (1948) and has
been repeatedly emphasized as a central aspect of the “sexual
cascade” (Parker, 2014) and in theoretical models (e.g., Lehtonen
et al.,, 2016b). However, we are not aware of theory that predicts
a sustained correlation between anisogamy and sexual selection,
as in Claim 2.

The underlying reasoning for Claim 1 is simple: Once one gam-
ete type outnumbers the other, with a unity adult sex ratio only
one sex can in principle have all its gametes fuse with a gamete of
opposite sex in a single mating, while the other will have surplus
gametes, enabling resources to be reallocated into precopulatory
sexual competition (Lehtonen et al., 2016b; Parker, 2014). In the
simplest scenarios, this is a binary condition (all gametes can or
cannot be fused in a single mating), and we explain below in more
detail why it alters selection on the sexes.

Why the correlation of Claim 2 is likely undetectable in nature:
A simple reason is that the great majority of anisogamous organ-
isms have a vast difference in the size and number of female and
male gametes (Liipold & Fitzpatrick, 2015; Parker, 1982), that is,
female:male gamete size and number ratios are typically many
orders of magnitude different from unity. The binary condition
of Claim 1 is fulfilled as gametes begin to diverge, and according
to recent models spanning the isogamy-anisogamy continuum
(Lehtonen, 2022; Lehtonen et al,, 2016b) the system “saturates”
relatively quickly, so that further divergence in gamete size and
number does not directly cause further divergence in sexual
selection. In other words, the anisogamy ratio in most multicel-
lular animals is so high that we should not expect a sustained
correlation between anisogamy ratio and sexual selection. Only
in the highly aberrant case of extremely low sperm/ova number
ratios would we expect to see this correlation; exactly this was
found in Bjork & Pitnick’s study involving giant sperm Drosophila
species (Bjork & Pitnick, 2006). In short, male gamete size is
typically so small and hence their number so high that further
variation in the anisogamy ratio does not result in any detecta-
ble signal on the relation between anisogamy and sexual selec-
tion. However, aside from this simple “saturation” argument, the
intensity of sexual selection could in principle influence the evo-
lution of gamete size under high anisogamy ratios which could
make a correlation reappear, and thus we must consider these
models too.

We now address these claims in more detail. Why should sur-
plus unfused gametes translate into increased sexual selection
intensity on males? There is a very simple and intuitive rea-
son: they generate potential for further fitness gains by achiev-
ing fusions with these excess gametes via additional matings
(Lehtonen et al., 2016b; Parker, 2014), and this typically results in
steeper Bateman gradients for males (the Bateman gradient is the
slope of reproductive success on the number of mates (Henshaw
& Jones, 2019); see Lehtonen (2022) for a biophysical explana-
tion of the link between gamete numbers and the asymmetry in
sex-specific Bateman gradients). We first consider a very simple
case, in which both sexes have the same amount of resources
for gametes, whatever the degree of anisogamy. Thus, with a
size-number trade-off, gamete number ratios remain inversely
proportional to gamete size ratios whatever the degree of anisog-
amy. Under efficient fertilization this potential for further fitness
gains saturates quickly (see figures 1-3 in Lehtonen, 2022): once
the characteristic Bateman gradient shape emerges, there is lit-
tle further change with increases in anisogamy. Figure 1 demon-
strates this with two simple heuristic models. Equal gametic
expenditure is often seen in weakly mobile broadcast spawners,
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Figure 1. Two very simple heuristic examples of the saturation effect (for further examples, see Lehtonen, 2022; Lehtonen et al., 2016b). Both panels
assume a 1:1 sex ratio, and that the number of gametes each female makes is 10, while the number of male gametes per individual varies in the
range [10,1000]. When each sex has equal resources for gametes, gamete number ratios match inversely the anisogamy (gamete size) ratios. (A) An
example showing the fraction of unused male gametes. Fertilization is assumed to be very efficient, so that all gametes of the less numerous type
(female) are fertilized. Since each female makes nx = 10 gametes and each male makes ny gametes, the fraction of fused male gametes is thus nx / 1y
and that of unfused male gametes is 1 — nx / ny. With this simple model, across typical anisogamy ratios the unfused fraction would be virtually 1 for
males, and 0 for females. This represents untapped reproductive capacity in males which creates the potential for stronger sexual selection in males
than in females. (B) A simple model of the Bateman gradient for females (solid lower curve) and males (dashed upper curve), using the Bateman
function of Model 1 in Lehtonen (2022) with parameter a = 0.1, indicating how much each sex benefits from one additional mating in an initially
monogamous population (see Supplementary Material 1). The Bateman gradient for females quickly drops to near zero, while that for males rapidly
increases to its maximum value. Here this maximum value is 1 because the gradient has been standardized, but more generally it need not be 1: the
crucial point is that in a simple model this measure eventually saturates to some value as the anisogamy ratio increases.

representing an early stage in sexual selection evolution (Parker,
2014). Figure 1A demonstrates how the fraction of unfused male
gametes quickly approaches 1, while Figure 1B links gamete
numbers to the Bateman gradient in a simple model in which an
extra mating can be gained in an initially monogamous popula-
tion (for details see Supplementary Material 1). Typical metazoan
anisogamy ratios, and hence the difference in sperm and ovum
numbers, are vastly higher than shown in Figure 1, and therefore
for this simple case, we should not expect to see a correlation
between anisogamy ratio and sexual selection intensity in most
across-species comparisons. Overall, Figure 1 indicates that sex-
ual selection intensity should be associated with anisogamy in
a near-binary way, with males typically under stronger sexual
selection. Thus here, Claim 1 above is supported by theory but
Claim 2 is not.

While Figure 1 and the figures in Lehtonen (2022) show sim-
ple examples of how sexual selection intensity depends on ani-
sogamy, Lehtonen et al. (2016b) and Figure 1 therein show more
specifically how anisogamy causes divergent selection on two
sexually competitive traits: selection initially drives males to
invest heavily in these traits as the anisogamy ratio increases, but
under conditions of efficient fertilization the effect rapidly satu-
rates. To be clear, the issue is not that the two studies (Janicke et
al., 2016; Mokos et al., 2021) study organisms in different parts of
the curve. Instead, itis an issue of interpretation of (in this regard,
admittedly unclear) theory.

In the simple model in Figure 1, we do not explicitly con-
sider any trade-off between investment in preejaculatory sex-
ual competition and male gamete numbers. In many models,
resources for reproduction are considered fixed so that preejac-
ulatory sexual competition investment trades off against male
gametic expenditure, as has often been assumed and argued
theoretically (e.g., Parker (2014); see Lehtonen et al. (2016b)

for theoretical framework). Under such a trade-off, in nature a
number of selective forces prevent male gamete numbers drop-
ping towards female gamete numbers; that is, sperm limitation,
sperm competition and variation in male mating opportunities.
Lehtonen et al. (2016b) models a trade-off between gametic
investment and investment into sexually selected traits along
the isogamy-anisogamy continuum, again finding a saturating
effect of anisogamy. In the sexual selection/behavioral ecology
tradition a more common way of representing this trade-off in
relation to the intensity of sexual selection is by the “time in”
ratios of the sexes (Figure 2), that is, a measure of the relative
density of males to females that are available for mating. Thus
gamete replenishment, parental care, etc. determines “time out”
(time unavailable for matings), so that the relative “time in”
(time available for acquiring matings) is typically smaller for the
sex with more extensive parental care (Clutton-Brock & Parker,
1992); the sex with the greater “time in” therefore experiences
more intense sexual selection (Figure 3). This approach is closely
related to others such as relative parental investment (Trivers,
1972), operational sex ratio (Emlen & Oring, 1977) and potential
reproductive rates (Clutton-Brock & Vincent, 1991). It can also be
related to commonly used sexual selection measures based on
variance in mating opportunities, which is likely to increase with
male time in.

Can the anisogamy ratio affect the intensity of sexual selec-
tion (or vice-versa) under this trade-off? For example, suppose
that the optimal sperm size reduces to a half of its former value,
doubling the anisogamy ratio. The proportion of unfused gametes
then increases. Does this then permit increased expenditure on
precopulatory competition, reducing male time out and increas-
ing male time in (Figure 2). Can this increase the intensity of sex-
ual selection? We argue that it will not do so noticeably, for two
reasons.
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Figure 2. The intensity of sexual selection as represented by the ratio of male/female times in the mating pool (shown as white blocks). This
example is constructed with a mobile internal fertilizer in mind, and the adult sex ratio is unity, hence the cycle time (= female time in plus female
time out) for both sexes is equal. (A) There is no parental care. Time out of the mating pool (i.e., when an individual is unavailable for matings; gray
blocks) is generally high for females, dominated by time gaining the resources required to produce a given clutch. Male time out is generally much
less, and includes time gaining resources required to produce the mean number of ejaculates that a female receives per clutch. (B) The effect of
adding advanced maternal care (black block). This is likely to dominate female time out, hence greatly increasing the intensity of sexual selection as
measured by increase in male time in relative to female time in. Parental care in either sex tends to exert a much greater effect on times out than
clutch or ejaculate costs, causing sex role reversal in advanced male-only care.
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Figure 3. The “Darwin-Bateman paradigm,” after Janicke et al. (2016)
and Mokos et al. (2021). While Janicke et al. (2016) found support for
all pathways, Mokos et al. (2021) only found support for pathway 2. We
have shown that the combined results of both studies are consistent
with mathematical predictions.

First, even where males become highly mobile and invest
less into gametes, their gamete number remains typically vastly
greater than females (Liupold & Fitzpatrick, 2015), maintained
by the dual selective forces of sperm competition and sperm
limitation (Parker & Lehtonen, 2014). Note that the saturation
effect in Figure 1A is not strictly dependent on the assumption
of equal gametic expenditures, but only on the divergence in
gamete numbers: provided that sperm numbers greatly outweigh
ovum numbers, the saturation effect on the Bateman gradients
noted in Figure 1B still holds. Consider first the hypothetical
case where there is no sperm competition or sperm limitation.
At typical high anisogamy ratios, the proportion of unused male
gametes approaches 1, so that male time in is near maximal (i.e.,
approaching the female clutch cycle time). Any increase in the
ratio due to the halving of sperm size therefore has an undiscern-
ible effect on the intensity of sexual selection. Because of sperm
competition and/or sperm limitation, male gametic investment

(and male time out) very rarely approaches zero in nature. These
forces increase optimal male gametic expenditure, reducing male
time in and the intensity of sexual selection, an effect noted by
several authors (e.g., Parker and Birkhead (2013), Lehtonen et al.
(2016b)). However, despite this reduction in precopulatory sexual
selection intensity, under sperm competition and efficient fertili-
zation, changing the anisogamy ratio across typical ranges again
exerts little effect on the (reduced) male gametic investment level
(see the lower right panels of Fig. 1 in Lehtonen et al. (2016b)).
Second, there are good reasons to expect that variation in ani-
sogamy ratio due to optimizing the sperm or ovum sizes will not
change time in or time out if, plausibly, optimal gamete mass
(i.e., gamete size x number) acts as the variable that determines
time out cost. Under a size-number trade-off, changes in gam-
ete size will result in inverse changes in gamete number, so that
for a given amount of resources available for reproduction, their
product (gamete mass) remains constant. At high anisogamy
ratios, sperm make no significant provisioning contribution to
the zygote (Parker, 1982) and ovum size is determined by highly
variable selective forces across species relating to zygote survival
(e.g., Parker & Begon, 1986; Smith & Fretwell, 1974), generating a
wide range of ovum sizes. However, if clutch mass is optimized,
then at least simplistically, increasing ovum size decreases ovum
number but does not alter optimal clutch mass, hence female
time out remains unchanged. Similarly, sperm size is also varia-
ble depending on phylogeny and fertilization ecology, and is typi-
cally tiny compared to the ovum, but optimized quite differently,
in relation to maximizing fertilization success (e.g., Immler et al.,
2011; Parker, 1993; Parker et al., 2010). Again, under the simplest
assumptions, sperm size is optimized after Smith-Fretwell prin-
ciples (1974): in simple sperm competition game models it can
be shown that the product of sperm size and number act as a
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single variable (see Supplementary Material 2). Thus, changing
the optimal sperm size changes the sperm number, but not male
gametic expenditure, or therefore, male time out. In either sex,
adding the dominating effect of parental care can nevertheless
notably affect the asymmetry, as shown in Figure 2.

Hence although anisogamy initially determines the direction
of sexual selection, existing theory using Bateman gradients sug-
gests that the effect saturates quickly (following Figure 1) thus
predicting that any further signal quickly disappears. Under
advanced anisogamy, models that directly link anisogamy (or the
closely associated gamete number) to sexual selection (Lehtonen
et al,, 2016b; Lehtonen, 2022, and Figure 1 above) predict exactly
what the combined results of Janicke et al. (2016) and Mokos et
al. (2021) show: a difference in gamete size and number causes
stronger sexual selection in males, but that sexual selection
intensity is not obviously correlated with the anisogamy ratio in
typical anisogamous organisms.

Let us recapitulate all the pathways of the “Darwin-Bateman
paradigm” studied by Janicke et al. (2016) and Mokos et al. (2021)
(Figure 3) alongside the relevant theoretical predictions.

Pathway 1: the theoretical prediction regarding anisogamy is
that it is centrally important as a qualitative predictor of sexual

Evolution Letters (2024), Vol. XX | 5

selection intensity, but, models linking anisogamy or gamete num-
bers directly to sexual selection predict a near-binary relationship:
sexual selection should be on average stronger in microgamete
producers (males), but across organisms with typical gamete size
and number ratios, the correlation between the degree of anisog-
amy and sexual selection intensity is predicted to be so weak as to
be undetectable, exactly as the two seemingly contradictory stud-
ies of Janicke et al. (2016) and Mokos et al. (2021) found. Note that
in Figure 3 an arrow flows from anisogamy to sexual selection,
but not in the opposite direction. Theory supports this: although
anisogamy sets an ancestral binary bias in sexual selection direc-
tion that persists across most species [Janicke et al. (2016)], gamete
sizes are determined by factors largely unrelated to its intensity,
as Mokos et al. (2021) found. Thus, while both studies are valua-
ble for our understanding of sexual selection, neither causes any
controversy with the Darwin-Bateman paradigm, though they
may appear to do so at first sight. When current theory is carefully
examined, the prediction that Mokos et al. (2021) appear to falsify
turns out to not be a prediction of sexual selection theory; rather,
their study turns out to fit theoretical predictions.

Pathway 2: Both Janicke et al. (2016) and Mokos et al. (2021)
found that parental care was clearly associated with sexual

Table 1. The big picture of how gamete size evolution influences sexual selection.

Ancestral isogamy Very low anisogamy Overall broad-scale predictions
ratios (low female/male

gamete masses)

Organisms with
parental care

Typical very high
anisogamy ratios
(high female/male
gamete masses)

Predicted No consistent difference  Divergence of gamete

No predicted

Higher intensity 1) The isogamy-anisogamy

effect of in intensity of sexual sizes and numbers overall of sexual transition causes sexual
sexual selection between provides initial impetus  correlation selection likely  selection such that on average,
selection mating types. for mainstream flow of  between on the sex with  sexual selection is stronger on
sexual differentiation. anisogamy ratio less extensive the microgamete producer.
Theory predicts a and intensity of parental care. 2) A correlation between
clear correlation precopulatory anisogamy ratio and intensity
between anisogamy sexual selection, of precopulatory sexual
ratio and strength of because the selection is not expected under
precopulatory sexual direct effect of typical anisogamy ratios.
selection only when gamete number 3) A correlation between the
anisogamy ratio is very = asymmetry extent of parental care
low. saturates quickly and the intensity of sexual
and also gamete selection is expected, such that
sizes typically precopulatory sexual selection
optimized is generally stronger in the sex
independently of with less extensive parental
sexual selection care.
under size/number
trade-off.
Biological Found in many unicellular Such low anisogamy Found in almost all Found in General conformance with
occurrence  organisms and some ratios very rare in Metazoa, vascular ~ Metazoa, empirical findings: mobile
multicellular algae (e.g.,  Metazoa (e.g., a few plants and most several anisogamous metazoans
Lehtonen et al., 2016a). Drosophila species: Bjork multicellular algae  taxa show typically show more intense
& Pitnick, 2006); found  (e.g., Lehtonen et maternal care,  precopulatory sexual
in some algae al., 2016a) some show selection in the microgamete

(e.g., Monostroma
angicava: Togashi et al.,
2015).

paternal care.

producer, i.e., males [Janicke
et al,, (2016)], but beyond

this binary relationship

there is no sustained relation
between anisogamy ratio and
intensity of precopulatory
sexual selection across typical
anisogamy ratios [Mokos et al.,
(2021)].

Sexual selection has been found

to be more intense on the sex
providing less parental care
(Mokos et al., 2021).
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selection intensity, which was greater in males of species with
female-biased parental care. This is again consistent with previ-
ous theory on sexual selection intensity: if parental care is pro-
vided only by females, we might expect sexual selection to be
more intense in males (Figure 2B), and vice-versa. Furthermore,
recent theory shows that causality goes both ways: the sex under
more intense sexual selection is expected to evolve a lower level
of parental care (Fromhage & Jennions, 2016). Both predictions
are consistent with Janicke et al. (2016) and Mokos et al. (2021).

Regardless of the absence/presence of parental care, unless
special conditions apply, the optimal gamete sizes in either males
or females are independent of that sex’s time out of the mating
pool, typical ovum/sperm size ratios are therefore unrelated to
male/female times out ratios (Figure 2).

Pathway 3: Both studies also tested associations between var-
ious forms of sexual dimorphism and sexual selection intensity,
with only one (Janicke et al,, 2016) finding a clear association.
However, their results are not directly comparable: one (Mokos
et al,, 2021) specifically tested for an association between size
dimorphism and sexual selection, while the other (Janicke et al.,
2016) explicitly excluded size dimorphism. It is therefore perhaps
unsurprising that the latter found an association between their
measure of sexual dimorphism and sexual selection, while the
former did not: sexual selection theory certainly predicts sex-
ual dimorphism, but male body size may either decrease (e.g.,
if males compete by agility) or increase (e.g., if they compete by
combat) (Mokos et al., 2021).

A summary of how gamete size evolution is expected to influ-
ence sexual selection is given in Table 1. We see anisogamy as
having had a notable and lasting qualitative effect on sexual
selection through its evolutionary history, but it is anisogamy
per se, not its quantitative degree, that generates the widespread
difference in sexual selection between the sexes. Our view is
that while anisogamy has generated what may be termed an
“ancestral mainstream binary division of sex roles,” as detected
by Janicke et al. (2016), it is, however, not anisogamy, but ecolog-
ical, sociobiological and other factors that secondarily modify
and occasionally even reverse the sex-specific intensity of sex-
ual selection, for example, under secondary adaptations such
as paternal care. Mokos et al. (2021) offer valuable support for
this “binary” view. Thus, the important studies of Janicke et al.
and Mokos et al. both shed light on the nature of sexual selection
when interpreted in the light of sexual selection theory.

Supplementary material

Supplementary material is available online at Evolution Letters.

Data and code availability

No new data were generated or analyzed in support of this
research.

Author contributions

J.L. and G.A.P. initiated and designed the project, developed and
analyzed the models, and wrote the manuscript.

Funding

This research was funded by an Academy of Finland grant
(340130) awarded to J.L.

Conflict of interest: The authors declare no conflict of interest.

Acknowledgments

We would like to thank two anonymous reviewers for comments
and constructive criticisms that helped us improve the text.

References

Bateman, A. J. (1948). Intra-sexual selection in Drosophila. Heredity,
2(Pt. 3), 349-368. https://doi.org/10.1038/hdy.1948.21

Bjork, A., & Pitnick, S. (2006). Intensity of sexual selection along the
anisogamy-isogamy continuum. Nature, 441(7094), 742-745.
https://doi.org/10.1038/nature04683

Clutton-Brock, T. H., & Parker, G. A. (1992). Potential reproductive
rates and the operation of sexual selection. The Quarterly Review
of Biology, 67(4), 437-456. https://doi.org/10.1086/417793

Clutton-Brock, T. H., & Vincent, A. C. J. (1991). Sexual selection and
the potential reproductive rates of males and females. Nature,
351, 58-60.

Darwin, C. R. (1871). The descent of man, and selection in relation to sex.
John Murray.

de Vries, C., & Lehtonen, J. (2023). Sex-specific assumptions and
their importance in models of sexual selection. Trends in
Ecology & Evolution, 38(10), 927-935. https://doi.org/10.1016/j.
tree.2023.04.013

Emlen, S. T., & Oring, L. W. (1977). Ecology, sexual selection, and the
evolution of mating systems. Science, 197(4300), 215-223. https://
doi.org/10.1126/science.327542

Evron, A. (2023). What do sexes have to do with (models of) sex-
ual selection? Philosophy of Science, 91(2), 310-328. https://doi.
0rg/10.1017/psa.2023.86

Fromhage, L., & Jennions, M. D. (2016). Coevolution of parental invest-
ment and sexually selected traits drives sex-role divergence. Nature
Communications, 7, 12517. https://doi.org/10.1038/ncomms12517

Henshaw, J. M., & Jones, A. G. (2019). Bateman gradient. In J. Vonk, & T.
Shackelford (Eds.), Encyclopedia of Animal Cognition and Behavior.
Springer. https://doi.org/10.1007/978-3-319-47829-6_312-1

Immler, S, Pitnick, S, Parker, G. A, Durrant, K. L., Lipold, S., Calhim,
S., & Birkhead, T. R. (2011). Resolving variation in the repro-
ductive tradeoff between sperm size and number. Proceedings
of the National Academy of Sciences of the United States of America,
108(13), 5325-5330. https://doi.org/10.1073/pnas. 1009059108

Janicke, T., H&derer, I. K., Lajeunesse, M. ], & Anthes, N. (2016).
Darwinian sex roles confirmed across the animal kingdom. Science
Advances, 2(2), e1500983. https://doi.org/10.1126/sciadv.1500983

Lehtonen, J. (2022). Bateman gradients from first principles.
Nature Communications, 13(1), 3591. https://doi.org/10.1038/
$41467-022-30534-x

Lehtonen, J., Kokko, H., & Parker, G. A. (2016a). What do isogamous
organisms teach us about sex and the two sexes? Philosophical
Transactions of the Royal Society B: Biological Sciences, 371(1706),
20150532. https://doi.org/10.1098/rstb.2015.0532

Lehtonen, J., Parker, G. A., & Scharer, L. (2016b). Why anisogamy
drives ancestral sex roles. Evolution, 70(5), 1129-1135. https://
doi.org/10.1111/ev0.12926

Lipold, S., & Fitzpatrick, J. L. (2015). Sperm number trumps sperm
size in mammalian ejaculate evolution. Proceedings of the Royal
Society of London B: Biological Sciences, 282(1819), 20152122. https://
doi.org/10.1098/rspb.2015.2122

Mokos, J., Scheuring, I, Liker, A., Freckleton, R. P, & Székely, T. (2021).
Degree of anisogamy is unrelated to the intensity of sexual

20z 1snBny 20 uo Jasn Ausianiun elAseAAr Aq LZLE L. //6200e1bmalAs/S601 0L /10p/a]01le-80UBAPE/IS|AS/WOD dNO DIWBpEd.//:Sd)IY Woll papeojumoq


https://doi.org/10.1038/hdy.1948.21
https://doi.org/10.1038/nature04683
https://doi.org/10.1086/417793
https://doi.org/10.1016/j.tree.2023.04.013
https://doi.org/10.1016/j.tree.2023.04.013
https://doi.org/10.1126/science.327542
https://doi.org/10.1126/science.327542
https://doi.org/10.1017/psa.2023.86
https://doi.org/10.1017/psa.2023.86
https://doi.org/10.1038/ncomms12517
https://doi.org/10.1007/978-3-319-47829-6_312-1
https://doi.org/10.1073/pnas.1009059108
https://doi.org/10.1126/sciadv.1500983
https://doi.org/10.1038/s41467-022-30534-x
https://doi.org/10.1038/s41467-022-30534-x
https://doi.org/10.1098/rstb.2015.0532
https://doi.org/10.1111/evo.12926
https://doi.org/10.1111/evo.12926
https://doi.org/10.1098/rspb.2015.2122
https://doi.org/10.1098/rspb.2015.2122

selection. Scientific Reports, 11(1), 19424. https://doi.org/10.1038/
$41598-021-98616-2

Parker, G., Immler, S., Pitnick, S., & Birkhead, T. (2010). Sperm competi-
tion games: Sperm size (mass) and number under raffle and dis-
placement, and the evolution of P2. Journal of Theoretical Biology,
264(3), 1003-1023. https://doi.org/10.1016/1.jtbi.2010.03.003

Parker, G. A. (1982). Why are there so many tiny sperm?
Sperm competition and the maintenance of two sexes.
Journal of Theoretical Biology, 96(2), 281-294. https://doi.
0rg/10.1016/0022-5193(82)90225-9

Parker, G. A. (1993). Sperm competition games: sperm size and sperm
number under adult control. Proceedings Biological Sciences,
253(1338), 245-254. https://doi.org/10.1098/rspb.1993.0110

Parker, G. A. (2014). The sexual cascade and the rise of pre-ejaculatory
(Darwinian) sexual selection, sex roles, and sexual conflict. Cold
Spring Harbor Perspectives in Biology, 6(10), a017509. https://doi.
0rg/10.1101/cshperspect.a017509

Parker, G. A., & Begon, M. (1986). Optimal egg size and clutch size:
effects of environment and maternal phenotype. The American
Naturalist, 128(4), 573-592. https://doi.org/10.1086/284589

Evolution Letters (2024), Vol. XX | 7

Parker, G. A., & Birkhead, T. R. (2013). Polyandry: the history of a rev-
olution. Philosophical Transactions of the Royal Society of London,
Series B: Biological Sciences, 368(1613), 20120335. https://doi.
0rg/10.1098/rstb.2012.0335

Parker, G. A., & Lehtonen, J. (2014). Gamete evolution and sperm numbers:
sperm competition versus sperm limitation. Proceedings Biological
Sciences, 281(1791), 20140836. https://doi.org/10.1098/rspb.2014.0836

Smith, C. C., & Fretwell, S. D. (1974). The optimal balance between
size and number of offspring. The American Naturalist, 108(962),
499-506. https://doi.org/10.1086/282929

Szekely, T. (2023). Evolution of reproductive strategies: sex roles, sex
ratios and phylogenies. Biologia Futura Published online, 74(4),
351-357. https://doi.org/10.1007/s42977-023-00177-0

Togashi, T., Horinouchi, Y., Sasaki, H., & Yoshimura, J. (2015). Evidence
for equal size cell divisions during gametogenesis in a marine
green alga Monostroma angicava. Scientific Reports, 5, 13672.
https://doi.org/10.1038/srep13672

Trivers, R. (1972). Parental investment and sexual selection. In B.
G. Campbell (Ed.), Sexual Selection and the Descent of Man: The
Darwinian Pivot (pp. 136-179). Aldine Publishing Company.

$20z 1snBny 20 uo Jasn Alsianun eiAserir Aq LZLE L2 2/6209BIbmaIne/E60 L 0 L /I0p/a[oIB-00UBAPE/IS|AS/W09 dNO"DIWLBPEI.//:SA)Y WO} PapPEojUMOQ


https://doi.org/10.1038/s41598-021-98616-2
https://doi.org/10.1038/s41598-021-98616-2
https://doi.org/10.1016/j.jtbi.2010.03.003
https://doi.org/10.1016/0022-5193(82)90225-9
https://doi.org/10.1016/0022-5193(82)90225-9
https://doi.org/10.1098/rspb.1993.0110
https://doi.org/10.1101/cshperspect.a017509
https://doi.org/10.1101/cshperspect.a017509
https://doi.org/10.1086/284589
https://doi.org/10.1098/rstb.2012.0335
https://doi.org/10.1098/rstb.2012.0335
https://doi.org/10.1098/rspb.2014.0836
https://doi.org/10.1086/282929
https://doi.org/10.1007/s42977-023-00177-0
https://doi.org/10.1038/srep13672

	The correlation between anisogamy and sexual selection intensity—the broad theoretical predictions
	Supplementary material
	Acknowledgments
	References


