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ABSTRACT

The Darwin–Bateman paradigm predicts that females enhance their fitness by being choosy and mating with high-
quality males, while males should compete to mate with as many females as possible. In many species, males enhance
their fitness by defending females and/or resources used by females. That is, males directly defend access to mating
opportunities. However, paternity analyses have repeatedly shown that females in most species mate polyandrously,
which contradicts traditional expectations that male defensive behaviours lead to monandry. Here, in an extensive
meta-analysis, encompassing 109 species and 1026 effect sizes from across the animal kingdom, we tested if the occur-
rence of defensive behaviours modulates sexual selection on females and males. If so, we can illuminate the extent to
which males really succeed in defending access to mating and fertilisation opportunities. We used four different indices
of the opportunity for sexual selection that comprise pre-mating and/or post-mating episodes of selection. We found, for
both sexes, that the occurrence of defensive behaviours does not modulate the potential strength of sexual selection. This
implies that male defensive behaviours do not predict the true intensity of sexual selection. While the most extreme levels
of sexual selection on males are in species with male defensive behaviours, which indicates that males do sometimes suc-
ceed in restricting females’ re-mating ability (e.g. elephant seals,Mirounga leonina), estimates of the opportunity for sexual
selection vary greatly across species, regardless of whether or not defensive behaviours occur. Indeed, widespread polyandry
shows that females are usually not restricted bymale defensive behaviours. In addition, our results indicate that post-mating
episodes of selection, such as cryptic female choice and sperm competition, might be important factors modulating the
opportunity for sexual selection. We discuss: (i) why male defensive behaviours fail to lower the opportunity for sexual selec-
tion among females or fail to elevate it for males; (ii) how post-mating events might influence sexual selection; and (iii) the
role of females as active participants in sexual selection. We also highlight that inadequate data reporting in the literature
prevented us from extracting effect sizes from many studies that had presumably collected the relevant data.
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selection, polyandry, polygyny, reproductive success, sperm competition.

CONTENTS

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
II. Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

(1) Literature search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

* Author for correspondence (Tel.: +551130917600; E-mail: rcmacedorego@gmail.com).

Biological Reviews (2024) 000–000 © 2024 Cambridge Philosophical Society.

Biol. Rev. (2024), pp. 000–000. 1
doi: 10.1111/brv.13078

https://orcid.org/0000-0002-2973-9912
https://orcid.org/0000-0001-9221-2788
https://orcid.org/0000-0002-0434-3655
mailto:rcmacedorego@gmail.com


(2) Screening studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
(3) Effect sizes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
(4) The key moderator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
(5) Additional moderators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
(6) Hypotheses and predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
(7) Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

III. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
(1) Data collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
(2) Opportunity for pre-mating sexual selection (Is) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
(3) Opportunity for pre-fertilisation sexual selection (Ifss) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
(4) Opportunity for selection (I) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
(5) Bateman gradients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
(6) Jones index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

IV. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
(1) Opportunity for pre-mating sexual selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
(2) Opportunity for pre-fertilisation sexual selection and net selection . . . . . . . . . . . . . . . . . . . . . . . . . . 12
(3) Bateman gradients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
(4) Publication bias and the scientific literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

V. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
VI. Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
VII. Data availability statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
VIII. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
IX. Supporting information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

I. INTRODUCTION

The Darwin–Bateman paradigm predicts that males maxi-
mise their reproductive success by mating with as many
females as possible because each additional mating increases
male fitness (Darwin, 1871; Bateman, 1948; Dewsbury,
2005). Female fitness, on the other hand, is thought to
depend more heavily on the quality of her sexual partners,
meaning that females should benefit more from being choosy
rather than simply seeking out multiple sexual partners
(Darwin, 1871; Bateman, 1948; Dewsbury, 2005). This ratio-
nale was first introduced by Darwin (1871), and later empir-
ically tested by Bateman (1948) in a series of experiments
with fruit flies (Drosophila melanogaster). Bateman (1948)
showed that multiple mating results in a negligible increase
in reproductive success for females, but in a high increase
for males, which supported the claim that choosiness will
evolve more frequently among females than among males
(although Bateman’s results were later questioned; Gowaty,
Kim&Anderson, 2012). In the following decades, Bateman’s
approach of relating the number of mates to reproductive
success was replicated for numerous species in many taxa:
e.g. Actinopterygii (Wacker et al., 2014), Amphibia (Mangold
et al., 2015), Coleoptera (Fritzsche&Arnqvist, 2013),Drosophila
melanogaster (Bjork & Pitnick, 2006), Gastropoda (Johannesson
et al., 2016), Hemiptera (Gagnon, Duchesne & Turgeon,
2012), Mammalia (Wells et al., 2017), Passeriformes
(Apakupakul & Rubenstein, 2015), Pycnogonida (Barreto &
Avise, 2010), and Reptilia (Halliwell et al., 2017). Finally, a
comprehensive meta-analysis has shown that the pattern
found for fruit flies occurs across the animal kingdom
(Janicke et al., 2016), with males having a steeper relationship

between mating and reproductive success than females, giving
strong support to the Darwin–Bateman paradigm. It should
be noted, however, that the mean relationship is also positive
in females, which could be taken to imply that females benefit
frommatingmultiply [Fromonteil et al., 2023; but seeKokko&
Jennions (2023) for alternative explanations].
In an effort to understand the uneven distribution of mat-

ing opportunities among individuals of a species, Emlen &
Oring (1977) presented a classification of ecological mating
systems that has guided research in the field ever since. In
many species, males try to monopolise access to sexual part-
ners by defending a resource used by females [i.e. resource
defence polygyny (e.g. Noble et al., 2013; York &
Baird, 2015)] or by directly defending females [i.e. female
defence polygyny or harems (Macedo-Rego & Santos,
2021; e.g. Tentelier et al., 2016)]. In other systems, males
do not directly defend access to mating opportunities. For
instance, males may display ornaments to potential sexual
partners and outcompete rivals on leks (Broquet, Jaquiéry &
Perrin, 2009; Sardell & DuVal, 2013). In other species, males
maximise their reproductive success by investing in finding as
manymates as possible and/or findingmates faster than their
rivals, under ‘scramble competition’ (Herberstein, Painting
& Holwell, 2017; e.g. Prosser et al., 2002). The theoretical
expectation is that the intensity of sexual selection (i.e. non-
random variance in mating and/or reproductive success) will
be higher among males in species in which male defensive
behaviours occur than in species lacking such behaviours
(Emlen & Oring, 1977), because these males try directly to
prevent competitors from mating. As males directly defend
females they reduce mating opportunities for rivals, and
the potential for females to mate multiply may be restricted.

Biological Reviews (2024) 000–000 © 2024 Cambridge Philosophical Society.

2 Renato C. Macedo-Rego and others



This leads to the complementary prediction that the intensity
of sexual selection among females will be lower in species in
which male defensive behaviours occur than in species
without such behaviours (partially following the rationale
presented by the constrained female hypothesis: see
Gowaty, 2006).

In many species it was traditionally assumed that domi-
nant males fathered the offspring born in their territories
and/or harems. However, with genetic parentage analyses,
this assumption has been challenged. We now know that
males that succeed in securing territories and/or harems
frequently lose paternity to subordinate males and/or
neighbours (e.g. Dixson, Bossi & Wickings, 1993; Ellis &
Bercovitch, 2011). This could be the direct result of female
mate choice, because there is increasing evidence that
females benefit from multiple matings (Jennions & Petrie,
2000; Slatyer et al., 2012; Kvarnemo & Simmons, 2013; see
also Fromonteil et al., 2023; but see Kokko & Jennions,
2023) and that females mate polyandrously in many species
(Gowaty, 2006; Taylor, Price & Wedell, 2014). Consequently,
if some males try to prevent their rivals from accessing fertile
females but (partially) fail, then the social (ecological) mating
system can differ from the genetic mating system (Møller &
Birkhead, 1994). This means that social mating systems do
not tell us the whole story, despite their unquestionable util-
ity. First, for many species, more individuals achieve matings
than are documented in the field, which may severely bias
our estimates of the distribution of matings and offspring
among females and males (i.e. the intensity of sexual selec-
tion). Second, it is usually more difficult to study post-mating
than pre-mating episodes of sexual selection, and social mat-
ing systems are descriptors of pre-mating events. This is par-
ticularly important because sperm competition [i.e. the
competition among sperm from different males that mated
with the same female (Parker, 1970a,b)] and cryptic female
choice (i.e. female post-mating choice of male sperm;
Thornhill, 1983) seem to play a major role in sexual selection
(Turnell & Shaw, 2015; Devost & Turgeon, 2016; Firman
et al., 2017; Parker, 2020). Consequently, the distribution of
matings and offspring in nature may differ from expectations
based solely on the described mating system, justifying fur-
ther investigation of the relative strength of different episodes
of sexual selection.

The picture now emerging is that: (i) from Darwin (1871)
until Parker (1970a,b), researchers focused on what happens
before mating, which distorted our perception of the relative
roles played by pre- and post-mating events; (ii) sometimes
females mate multiply, which increases the opportunity for
post-mating sexual selection through sperm competition
and cryptic female choice (Kvarnemo & Simmons, 2013);
and (iii) some non-dominant males that achieve low mat-
ing success are effective post-mating competitors, who
can therefore still achieve high reproductive success
(e.g. Fu, Ne & Gross, 2001; Buzatto, Tomkins &
Simmons, 2014). Together these phenomena raise ques-
tions about the validity of parsimonious predictions about
variation in male reproductive success that are based on

social mating systems. Given this scenario, one may ask
how effective dominant males are in defending their access
to mating opportunities. How do defensive behaviours
influence the intensity of sexual selection on males, and,
for that matter, on females?

Defensive behaviours by males should restrict female re-
mating potential and thereby reduce the variance in female
mating, fertilisation and reproductive success. Here we test
the hypothesis that females have a lower opportunity for sex-
ual selection (i.e. an upper limit for sexual selection intensity;
Klug et al., 2010a) in species in which defensive behaviours
occur than in those lacking such behaviours. Complementa-
rily, if defensive behaviours by males increase the variance
in male mating, fertilisation and reproductive success, then
males have a higher opportunity for sexual selection in
species in which defensive behaviours occur than in those
lacking such behaviours. To test these hypotheses, we
conducted an extensive meta-analysis across the animal
kingdom, extracting more than a thousand effect sizes esti-
mates and using four different indices of the opportunity
for selection that focus on three different episodes of selec-
tion (i.e. mating, fertilisation, and reproduction). In so
doing, we use the theoretical bases of sexual selection
research established by Darwin (1871), and test if it with-
stands the new information arising from modern tech-
niques of paternity analysis.

II. METHODS

(1) Literature search

We conducted an extensive and systematic search of the liter-
ature for studies that quantified variation in mating, fertilisa-
tion and reproductive success among individuals in animal
species. We searched for articles using the following combi-
nation of key words: ‘reproductive success’ AND ‘mating
success’ OR ‘fitness’ AND ‘mating success’ OR ‘paternity’
AND ‘mating success’OR ‘offspring’ AND ‘mating success’
OR ‘litter’ AND ‘mating success’ OR ‘fertilization success’
AND ‘mating success’ OR ‘breeding success’ AND ‘mating
success’ OR ‘fecundity’ AND ‘mating success’ OR ‘repro-
ductive rate’ AND ‘mating success’OR ‘post-mating sexual
selection’ OR ‘post-mating selection’ OR ‘Bateman*’ OR
‘opportunit* for selection’OR ‘opportunit* for sexual selec-
tion’ OR ‘selection gradient*’ OR ‘Morisita index’ OR
‘monopolization index for reproductive success’ OR ‘Jones
index’OR ‘copulation success’OR ‘opportunit* for natural
selection’OR ‘intensit* of sexual selection’OR ‘mating suc-
cess’ AND ‘survival rate’ OR ‘reproductive success’ AND
‘number of mat*’ OR ‘mixed paternity’ OR ‘mating and
reproductive success’ OR ‘opportunit* for natural selection
and sexual’ OR ‘natural and sexual selection’ OR ‘sexual
and natural selection’. The search was performed on ISI

Web of Science (all databases) and Scopus, and was last updated
on 28th May 2017.
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(2) Screening studies

By reading titles and abstracts, we selected articles that
seemed to quantify the mating and reproductive success of
females and/or males in non-human animals. These
included studies that calculated the opportunity for pre-
mating sexual selection (Is), the opportunity for selection (I ),
and the Bateman gradient. We excluded experimental stud-
ies that did not allow mating success to vary (e.g. when indi-
viduals could only mate with one partner). We then read all
studies selected at this first step to check their eligibility and
extract data. Again, we excluded studies that did not allow
mating success to vary. Finally, we excluded data from stud-
ies with experimental groups in which individuals faced a
treatment that changed their reproductive performance.
The number of studies retained at each stage is presented
in Section III.1.

(3) Effect sizes

We extracted data to calculate effect sizes (i.e. standardized
ways of estimating the strength of a phenomenon that can
then be compared across studies) that are proxies of the
strength of sexual selection. We used five indices of selection
as effect sizes because it is important to assess sexual
selection at the successive stages between obtaining mates
and fertilising eggs [i.e. pre-mating, post-mating and total
selection (Fitze & Le Galliard, 2011; Kvarnemo &
Simmons, 2013)]. These indices require simple data to be
calculated (Henshaw, Kahn & Fritzsche, 2016) and are
widely used in sexual selection studies (but see below for more
on Ifss). The five indices that we used as effect sizes are: Is, the
opportunity for pre-mating sexual selection – the variance in
mating success divided by the squared mean mating success
(Crow, 1958); Ifss, the opportunity for pre-fertilisation sexual
selection – the variance in fertilisation success divided by the
squared mean fertilisation success (Macedo-Rego, 2020); I,
the opportunity for selection – the variance in reproductive
success divided by the squared mean reproductive success
(Wade, 1979); the Bateman gradient – the slope of the least
squares regression of reproductive success on mating success
(Bateman, 1948; Arnold & Duvall, 1994); and the Jones
index smax

0ð Þ – the upper limit for the intensity of sexual
selection upon a specific trait correlated with mate acquisi-
tion [= the square root of Is multiplied by the respective Bate-
man gradient (Jones, 2009; Henshaw et al., 2016)].

We estimated these indices for both females and males.
For a focal individual, mating success is either the number
of times they were observed mating, or the number of dif-
ferent sexual partners. fertilisation success is the number of
individuals that fertilised or were fertilised by the focal
individual. Reproductive success is the number of off-
spring produced, which is based on a range of taxon-
specific measures (e.g. number of embryos in a pouch,
number of eggs in a nest, brood size). Means and variances
are calculated among individuals of the same sex in the
study population.

Several studies originally calculate Is by inferring mating
success from genetic analyses (i.e. female mating success
was the number of males that fertilised her eggs, and male
mating success was the number of females fertilised; see
Parker & Tang-Martinez, 2005). However, Is estimates cal-
culated from genetic analyses differ from Is estimates from
observing and recording mating events as genetics underesti-
mates the true number of mating partners (Cramer
et al., 2020; Macedo-Rego, 2020). Because genetic analyses
reveal fertilisation rather than mating success (not all matings
lead to fertilisation and reproduction), we use an additional
index of sexual selection, analogous to Is and I: the opportu-
nity for pre-fertilisation sexual selection, Ifss. It equates to the
standardized variance in fertilisation success among
individuals of the same sex. Although other indices exist to
estimate post-mating sexual selection (e.g. Shuster, Briggs &
Dennis, 2013), we opted to use Ifss as it allows us to compare
three indices that are calculated in the same manner, namely
Is, Ifss, and I, but provide different information. In summary,
Is reveals the opportunity for sexual selection due to variance
in mating success, and is our proxy for pre-mating sexual
selection; Ifss reveals the opportunity for sexual selection from
variance in fertilisation success, and is our proxy for the influ-
ence of post-mating sexual selection; and I reflects the oppor-
tunity for selection due to variance in reproductive success
and is our proxy for total selection (Fig. 1). Being standard-
ized and dimensionless, Is, Ifss and I allow for the comparison
of data from different studies (Moura & Peixoto, 2013). A
study was only included in our meta-analysis if it provided
at least one measure of I and one of Is or Ifss for at least one
sex to allow us to investigate different selection episodes
(pre-mating, post-mating, and total selection) within a sex.
For each effect size, we recorded the sex of the individuals
sampled and the sample size. Finally, we excluded potential
effect sizes from studies in which the authors somehow influ-
enced the mating success of (some) individuals (e.g. an exper-
imental design where some individuals had fewer potential
sexual partners available).
The Bateman gradient is traditionally calculated as the

least squares regression of reproductive success on mating
success. There can be a positive relationship even when mat-
ing success does not cause variation in reproductive success.
For instance, if some individuals in a population are inher-
ently more fecund/fertile, and thereby more attractive
(Parker & Tang-Martinez, 2005; Gerlach et al., 2012; Anthes
et al., 2016; Kokko & Jennions, 2023), they might tend to
have higher mating success than less-fecund/fertile individ-
uals. Given this, we therefore calculated the Bateman
gradient as the r correlation between relative mating success
and relative reproductive success (Jones, 2009; Anthes
et al., 2016). We calculated relative mating, fertilisation or
reproductive success by dividing every individual measure
of success by the mean success in the study population. As
many studies infer mating success from fertilisation success
(i.e. information on actual mating success is lacking), we also
calculated the correlation between relative fertilisation suc-
cess and the relative reproductive success as a proxy for the
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Bateman gradient. Our results did not differ for Bateman
gradients based on mating or fertilisation success (see
Section III.5).

For the Jones index, which defines the upper limit of the
intensity of sexual selection upon a specific trait correlated
with mate acquisition (Jones, 2009; Henshaw et al., 2016),
we calculated the Bateman gradient as the slope of the least
squares regression of standardized reproductive success on
standardized mating success. Here, we did not calculate the
Bateman gradient as a correlation because this selection
index is based on the premise that variance in mating success
promotes sexual selection because mating success influences
reproductive success (see Jones, 2009; Henshaw et al., 2016).

Importantly, for all the selection indices mentioned here,
‘population’ refers to animal groups for which variance in
mating, fertilisation or reproductive success could be mea-
sured in each study. Thus, populations may refer to groups
of individuals that live in different localities (e.g. LaBarbera,
Lovette & Llambías, 2012; Nakadera et al., 2017), but it
may also refer to different experimental trials/groups in a
field or laboratory experiment (e.g. Gauthey et al., 2016;
Morimoto, Pizzari & Wigby, 2016; Sundin et al., 2017). In
addition, some studies sampled individuals for more than
one year or breeding season (e.g. Kraaijeveld-Smit, Ward &
Temple-Smith, 2003; Serbezov et al., 2010) and, because
populations may change from one year/season to the next,
whenever possible we calculated selection estimates for each
season/year. Therefore, some screened studies provided
more than one estimate of the same selection index for a
given sex.

We calculated as many as possible of the five types of effect
size from information provided in the main text or tables of
each article and/or their supplementary material. We also
extracted data from figures using the programWebPlotDigitizer

(Rohatgi, 2015). For many studies, we were unable to extract
data from the information available in the main sources. In
such cases we searched for the necessary data on two reposito-
ries: Dryad and Figshare. After this step, there were more than
450 studies where the authors appeared to have collected
the relevant data, but we could not extract it from the
published material. Of these studies, we identified
152 studies where it was feasible to contact the authors
to ask for data. We first tried to contact the corre-
sponding author. If necessary, or suggested by the
corresponding author, we then contacted an additional
author.

(4) The key moderator

To test hypotheses about causes of variation in sexual selec-
tion we classified studies based on several moderators. The
key moderator we were interested in was the presence or
absence of defensive behaviours in each species. We prefer-
entially used information on defensive behaviours from the
primary study used to extract the selection indices estimates.
If necessary, we used additional information from the
literature (for the search protocol, see the online Supporting
Information, Appendix S1). As both females and males can
display defensive behaviours, we extracted data from species
in which females are the sex that mainly shows defensive

Fig. 1. The standard reproductive sequence in sexually reproducing, dioecious species. Pre-mating competition over mating is
followed by post-mating competition for fertilisation. Together they determine reproductive success. Two key processes
characterise pre-mating competition: (i) direct competition between individuals of one sex for access to mates of the other sex;
(ii) mate choice. Two key processes also characterise post-mating competition: (i) competition between sperm of different males
that mated with the same female; (ii) post-mating female choice of sperm. We therefore looked at the opportunity for pre-mating
sexual selection [standardized variance in mating success (Is)], the opportunity for pre-fertilisation sexual selection [standardized
variance in fertilisation success (Ifss)], and the opportunity for selection [standardized variance in reproductive success (I)].
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behaviours, species in which males are the sex that mainly
shows defensive behaviours, and species in which neither
sex defends access to mating opportunities. Henceforth, we
use ‘guardians’ to refer to females and males that defend
access to mating opportunities. Complementarily, we use
‘guarded individuals’ to refer to females and males that are
targets of defensive attempts. Because male defensive behav-
iours are far more common than female defensive behaviours
(at least in the data set we constructed), most guarded individ-
uals are females and most guardians are males.

We defined individuals as defending access to mating
opportunities when: (i) they defend access to at least one adult
of the opposite sex; and/or (ii) they defend access to a
resource (including territories) used by the opposite sex,
thereby defending access to potential mates. It is possible that
defence of sexual partners and resources needed by them co-
occur (Emlen & Oring, 1977), and we clump both types of
defensive systems together. We defined individuals as not
defending access to mating opportunities if: (i) the literature
reported that neither sex defends access to mature individ-
uals of the opposite sex (either by defending resources/
territories or via direct defence); (ii) the mating system is
described as ‘scramble competition’ or a lek. On leks some
males achieve far higher mating success than others
(Emlen & Oring, 1977; Mackenzie et al., 1995), but males
do not directly defend resources or sexual partners
(Emlen & Oring, 1977; Thornhill & Alcock, 1983). Thus,
males do not directly preclude competitors from seeking
mates. Instead, female choice appears to drive variation in
male mating success (see Queller, 1987; Kirkpatrick &
Ryan, 1991; Höglund & Alatalo, 1995).

Importantly, categorisation of social mating systems and
other social patterns are useful, but they simplify diverse,
complex, and often continuous distributions. There is almost
certainly a gradient in the intensity of defensive behaviours,
ranging from species with no defensive behaviours to those
with striking/intense defensive behaviours. Social mating
systems are distributed unevenly along this gradient, with
some showing more intense/aggressive defensive behaviours
than others. So why use a categorical classification? First, we
are testing established hypotheses that are based on categor-
ical classifications of mating systems (Emlen & Oring, 1977).
Second, there is no universal way to quantify the degree of
defensive behaviours across very different species (e.g. bees
versus elephants). Third, even if there was a way to do this,
most studies lack the necessary information on the studied
species. In fact, from 153 studies where we extracted effect
sizes, only 2.6% directly assessed a behaviour related to intra-
sexual combats/fights (Noble et al., 2013; Huyghe et al., 2014;
York & Baird, 2015; Devost & Turgeon, 2016). We thus
compared mating systems according to the presence and
absence of defensive behaviours. We provide more details
on how we classified mating systems in Appendix S2.

Finally, we included in our data set hermaphroditic species
because some of them show defensive behaviours
(Oliver, 1997; Dillen, Jordaens & Backeljau, 2009) and it is
possible to calculate fitness for individuals acting as females

or males (Janicke, David & Chapuis, 2015; Marie-Orleach
et al., 2016).

(5) Additional moderators

We recorded additional variables that we felt might influence
selection estimates.

(1) ‘Mating success measure’: authors either counted the
number of mating events or the number of mating partners
per individual.
(2) ‘fertilisation success measure’: authors either counted the
number of fertilisation events [<0.01% of all cases in our
data set (e.g. Nishida, 1987; Böll & Linsenmair, 1998)] or
they counted how many individuals the focal individual pro-
duced at least one offspring with.
(3) ‘Inclusion of zeros’: whether the data included individ-
uals with no mating success. Their inclusion or exclusion
leads to different estimates of selection (Klug, Lindström &
Kokko, 2010b; Arnqvist, 2013; Anthes et al., 2016).
(4) ‘Intrasexual competition occurrence’: if the authors
prevented intrasexual competition among individuals of
the focal sex, individuals may still vary in their ability to
court potential mates successfully and to be fertilised
by/fertilise them, which will generate non-random vari-
ance in fitness.
(5) Offspring age: when reproductive success was measured.
We created four classes: eggs/embryos, newborn, juveniles,
and adults. The older the age at sampling the greater the like-
lihood of natural selection affecting the index of sexual selec-
tion intensity/opportunity (Bergeron et al., 2013; Anthes
et al., 2016).
(6) Whether or not the mating system is a lek.
(7) Study type. We created three classes of studies: in the
field, run under semi-natural conditions (such as mesocosms),
and under laboratory conditions.

When possible, these additional variables were included in
the statistical analyses (see Section II.7).

(6) Hypotheses and predictions

We tested the following predictions.

(1A) The opportunity for pre-mating sexual selection (Is) on
females is lower when male defensive behaviours occur
because it tends to prevent some females from mating
multiply.
(1B) The opportunity for pre-mating sexual selection (Is) on
males is higher when male defensive behaviours occur
because it tends to prevent some males from mating.
(2A) The opportunity for pre-fertilisation sexual selection
(Ifss) on females is lower when male defensive behaviours
occur because it tends to prevent females from mating multi-
ply, which lowers the probability that they sire offspring from
multiple males.
(2B) The opportunity for pre-fertilisation sexual selection (Ifss)
on males is higher when male defensive behaviours occur
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because it tends to prevent some males from mating, and
fewer mating opportunities should reduce the number of
eggs these males fertilise.
(3A) The opportunity for selection (I) is lower for females
when male defensive behaviours occur because it tends to pre-
vent females from mating multiply, and females with more
mates often have higher reproductive success (Jennions &
Petrie, 2000; Slatyer et al., 2012; Janicke et al., 2016; Fromonteil
et al., 2023).
(3B) The opportunity for selection (I) is higher for males when
male defensive behaviours occur because it tends to prevent
some males from mating which lowers their offspring
production.
(4) The Bateman gradient is steeper for males when male
defensive behaviours occur if they reduce the number of mat-
ing partners per female, which then increases the number of
offspring produced by a male per mating event (i.e. there is
less shared paternity). It is, however, more difficult to predict
how the occurrence of male defensive behaviours will affect
the Bateman gradient of females. Multiple mating provides
an opportunity for females to bias paternity towards more
genetically compatible males (or to avoid only mating with
a male who is sterile or sperm depleted), which increases
the total number of viable offspring produced. This opportu-
nity does not exist when females mate with a single male
(i.e. if male defensive behaviour is highly effective). How-
ever, a difference in the distribution of the number of
mates per female need not change the relationship
between the number of mates and offspring production.
For example, it will change the range over which the rela-
tionship is measured (e.g. 0 to 2 mates per female versus 3 to
6 mates per female), but this will not change the estimated
gradient if the relationship is linear. However, as the rela-
tionship is likely to be non-linear and decrease with each
successive mating, we tentatively predict that it will be
steeper when male defensive behaviour leads to fewer mat-
ings per female.

For guarded individuals, the predictions are the same as
those made for females. For guardians, the predictions are
the same as those made for males. Due to the small sample
sizes, we did not test any hypotheses for the Jones index. All
predictions are summarised in Table 1.

(7) Statistical analysis

To analyse the effect of defensive behaviours on sexual selec-
tion, we used multilevel (hierarchical) meta-regression
models that allow for the inclusion of random effects and
do not assume independence among effect sizes (Nakagawa
et al., 2017). Models were run separately for each selection
index. In all models, the response variable was the
selection index. Is, Ifss and I are all effect sizes based on ratios.
While ratios are easy to calculate, they often have challenging
statistical properties, such as skewed distributions
(Rosenberg, Rothstein & Gurevitch, 2013; Cleophas &
Zwinderman, 2017). To circumvent this problem and obtain

a distribution that ranges from −∞ to +∞, with zero as the
null value, it is recommended to log-transform estimates
based on ratios (Rosenberg et al., 2013; Khan, 2020; Schmid,
Stijnen & White, 2021), a method employed in numerous
meta-analyses (e.g. Chen et al., 2020; Nessel et al., 2021; Yang
et al., 2021), including a meta-analysis on the opportunity for
sexual selection (Moura & Peixoto, 2013). We thus log-
transformed Is, Ifss and I estimates (Kraaijeveld,
Kraaijeveld-Smit & Maan, 2011; Moura & Peixoto, 2013).
For the Bateman gradient estimates (which were
correlations) we used the Fisher z-transformation (following
Rosenberg et al., 2013). In all cases, after analyses, results
were back-transformed to aid interpretation. The sampling
variance used depended on the sexual selection index.
Because the Bateman gradient was z-transformed, the sam-
pling variance was 1/(N − 3) (Lajeunesse, Rosenberg &
Jennions, 2013). For Is, Ifss and I, we used the sample size (fol-
lowing Kraaijeveld et al., 2011; Moura & Peixoto, 2013). All
meta-regression models were fit using the function ‘rma.mv’
from the metafor package (Viechtbauer, 2010; R Core
Team, 2017).

Models testing our hypotheses included the occurrence of
defensive behaviours as a moderator because our main aim
was to evaluate if and how defensive behaviours influence
the strength of sexual selection. In these models, the occur-
rence of defensive behaviours was coded as a categorical var-
iable with two levels (present/absent). For models on females
and models on males, occurrence of defensive behaviours
only refers to male defensive behaviours. However, we also
calculated effect sizes for two pipefish species in which
females defend access to mating opportunities. Because these
types of species are rare in our data set, we could not run
models exclusively focusing on female defensive behaviours.
We thus ran additional models that included these effect
sizes. Models on guardians included females and males that
defend access to mating opportunities, and males from spe-
cies with no defensive behaviours. Complementarily, models
on guarded individuals included females and males that are
targets of defensive attempts, and females from species with
no defensive behaviours. These two latter types of models
also compare presence and absence of defensive behaviours,

Table 1. Predictions about differences in the opportunities for
sexual selection between mating systems in which defensive
behaviours are present (DB) and mating systems in which defen-
sive behaviours are absent (NDB). Separate predictions are
made for females and males for four selection indices: the oppor-
tunity for pre-mating sexual selection (Is), the opportunity for
pre-fertilisation sexual selection (Ifss), the opportunity for selec-
tion (I), and the Bateman gradient.

Selection index Females Males

Is NDB > DB DB > NDB
Ifss NDB > DB DB > NDB
I NDB > DB DB > NDB
Bateman gradient DB > NDB DB > NDB
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but the occurrence of defensive behaviours means that either
females or males defend mating opportunities. For all four
types of models (i.e. models on females, males, guarded indi-
viduals, and guardians), we excluded studies if we could not
determine if defensive behaviours were present or absent
based on the criteria described above. Additionally, as leks
seemed to have higher estimates of Ifss and I than other
mating systems lacking defensive behaviours, we ran com-
plementary analyses comparing Ifss and I estimates for mat-
ing systems in which defensive behaviours are absent
including a categorical moderator with two levels
(lekking/non-lekking).

We took into account non-independence of data (to lower
type I error; Nakagawa et al., 2017) by including random
effects: the effect size identity (an individual code is
assigned for each effect size), species identity, and the phy-
logeny. We obtained the phylogeny from the TimeTree

Database (Hedges, Dudley & Kumar, 2006). Using the soft-
ware Mesquite (Maddison & Maddison, 2019) and Phylocon

(Webb, Ackerly & Kembel, 2008), we then included in
the phylogeny species whose times of divergence were
not in the TimeTree Database. We pruned the phylogeny
according to the species included in each model. To
explain variation better in the data, when it was feasible,
we also included as random variables: mating success mea-
sure, fertilisation success measure, inclusion of zeros,
intrasexual competition occurrence, and offspring age.
We also performed several sensitivity tests to investigate
the consistency of the results (Appendix S3). In summary,
we tested whether results changed when particular sets of
effect sizes were excluded (e.g. when excluding effect sizes
based on older offspring).

We assessed heterogeneity among effect sizes using I2 (note
that here I2 is not the squared version of the metric oppor-
tunity for selection, but rather a standard metric of hetero-
geneity; Higgins & Thompson, 2002). We then calculated
the proportion of variance explained by each random vari-
able. Whenever the phylogeny was responsible for moder-
ate or high heterogeneity (50% and 75%, respectively;
Nakagawa & Santos, 2012), we ran analyses to test whether
animal taxa had different levels of sexual selection based on
the indices. These analyses followed the same procedure
described above, but with taxon as the moderator. We used
six taxa: Amphibia, Aves, Fish, Invertebrates, Mammalia,
and Reptilia. Additionally, we used Egger’s regression as
an indirect measure of publication bias (Rosenthal
et al., 2017). It should be noted, however, that asymmetric
funnel plots may occur for reasons unrelated to publication
bias. This is likely to be the case here as there is no obvious
reason to expect publication decisions to depend on the
value of the index of selection. Furthermore, there is no
P value directly associated with the index in the primary
studies, and P values are thought to be the main drivers of
publication bias.

Finally, for each sex, we calculated average effect sizes for
all selection indices (including here the Jones index). These
models included all data available and all relevant random

variables, but without occurrence of defensive behaviours
as a moderator.

III. RESULTS

(1) Data collection

After removing duplicates, our initial search resulted in
7624 unique studies (Web of Science: 6414 studies; Scopus:
5288 studies). After reading their titles and abstracts, we
retained 1580 studies to read in full and rejected the
remainder (see Table S1 in Appendix S4). From the
rejected studies, we identified 79 studies that seemed likely
to have cited potentially useful publications not included
in our initial list. We read the references of those 79 studies,
and thereby located 181 additional studies to read. While
contacting authors to ask for more data, we also received
suggestions to inspect another four potential useful studies.
In total, we read 1844 studies to check for data availability
and the possibility of extracting effect sizes (see Fig. S1 in
Appendix S4).
We extracted at least one measure of I, and onemeasure of

Is or Ifss for at least one sex from 142 studies. In addition, we
contacted 121 authors to ask for additional data that were
missing from their paper.We received 20 positive and 55 neg-
ative replies. From the positive responses, we extracted
41 effect size estimates for females (Is: 8, Ifss: 8, I: 13, Bateman
gradient: 12) and 63 for males (Is: 7, Ifss: 17, I: 19, Bateman
gradient: 20) from 11 different studies. In total we extracted
effect sizes from 153 of 1844 studies. From the 1691 rejected
studies, 454 studies had methods and/or results that implied
that the authors had collected data relevant for our meta-
analysis, but did not report it in a way that allowed us to
extract effect sizes. Details as to why we excluded studies
are provided in Table S2 in Appendix S4. Altogether, we
extracted 1219 effect sizes from 127 species that provided
at least one measure of I, and one measure of Is or Ifss for at
least one sex. From the available literature we identified if
defensive behaviours occur in 109 species (Fig. 2): 61 with
defensive behaviours, 46 with no defensive behaviours, and
two with varying defensive behaviours among populations
whose effect sizes we classified according to the information
in the original study (Murie, 1995; Jones et al., 2001a,b; Jones,
Van Zant & Dobson, 2012). Altogether, these species pro-
vided 1026 effect sizes (see Appendix S5 for a complete list
of effect sizes).
The 1026 effect sizes used in our analyses come from

137 studies. More specifically, we provide data from 89 field
studies (e.g. Nishida, 1987; Grunst et al., 2017), 17 studies in
mesocosms/seminatural conditions (e.g. Keogh et al., 2013;
Turnell & Shaw, 2015), and 31 laboratory studies. Laboratory
studies were mainly based on animals difficult to observe
and/or sample in field conditions that were kept in cages or
aquaria. These include some flying invertebrates (e.g. Pitnick &
García-Gonz�alez, 2002; Morimoto et al., 2016), other small
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invertebrates (e.g. Fritzsche & Arnqvist, 2013; Marie-Orleach
et al., 2016), and aquatic organisms (e.g. Devost &
Turgeon, 2016; Vega-Trejo et al., 2017).

(2) Opportunity for pre-mating sexual selection (Is)

Among females, the opportunity for pre-mating sexual selec-
tion was not modulated by the occurrence of male defensive
behaviours (present: Is = 0.209, 95% CI = 0.104 to 0.423;
absent: Is = 0.174, 95% CI = 0.087 to 0.350; P = 0.718).
The same result was replicated in all our sensitivity analyses
(Fig. 3A; see Table S4 in Appendix S6). The 95% CI for
the average Is estimate for females was 0.117 to 0.311.
Publication bias was not detected (Egger’s regression:
Is intercept = −0.642 ± 0.335 SE, t = −1.913, P = 0.062).
Data heterogeneity was high (I2 = 98.98%), and species
identity explained most of the variation (species identity:
96.24%; effect size identity: 2.74%).

Among males, the opportunity for pre-mating sexual
selection was also not modulated by the occurrence of male
defensive behaviours (present: Is = 0.503, 95% CI = 0.111
to 2.282; absent: Is = 0.314, 95% CI = 0.066 to 1.489;
P = 0.396). The same result was replicated in all our sensitiv-
ity analyses (Fig. 3E; Table S5 in Appendix S6). The 95% CI
for the average male Is estimate was 0.096 to 1.749. There
was some evidence for a publication bias (Egger’s regression:
Is intercept = −1.068 ± 0.387 SE, t = −2.763, P = 0.008),
with fewer than expected studies with low precision and high
Is estimates. Data heterogeneity was high (I2 = 83.25%), and
species identity explained most of the variation (species iden-
tity: 62.61%; mating success measure: 17.06%; study type:
16.08%; effect size identity: 3.58%).

We did not obtain Is estimates for species in which females
defend access to mates, so we did not run models on guarded
individuals or guardians.

(3) Opportunity for pre-fertilisation sexual
selection (Ifss)

Among females, the opportunity for pre-fertilisation sexual
selection was not modulated by the occurrence of male
defensive behaviours (present: Ifss = 0.280, 95% CI = 0.054
to 1.461; absent: Ifss = 0.265, 95% CI = 0.050 to 1.407;
P = 0.854). The same result was replicated in all our sensitiv-
ity analyses (Fig. 3B; Table S6 in Appendix S7). The 95% CI
for the average Ifss estimate for females was 0.053 to 1.410.
Publication bias was not detected (Egger’s regression:
Ifss intercept = −0.004 ± 0.141 SE, t = −0.029, P = 0.977),
with fewer than expected studies with low precision and high
Ifss estimates. Data heterogeneity was high (I2 = 99.13%),
and data variation was moderately explained by species iden-
tity (36.53%) and inclusion of zeros (35.56%) while other var-
iables explained some of the remaining variability (effect size
identity: 9.70%; study type: 8.93%; offspring age: 8.41%).
Models on guarded individuals (i.e. including cases in which
females guard males) did not change the findings (Tables S7
and S8 in Appendix S7).

Fig. 2. Phylogeny for all species included in analyses. Species
are labelled according to the presence or absence of defensive
behaviours: black = species with female defensive behaviours;
blue = species with no defensive behaviours; red = species
with male defensive behaviours.
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Among males, the opportunity for pre-fertilisation sexual
selection was not modulated by the occurrence of male
defensive behaviours (present: Ifss = 0.222, 95% CI = 0.028
to 1.792; absent: Ifss = 0.278, 95% CI = 0.035 to 2.208;
P = 0.416). The same result was replicated in all our sensitiv-
ity analyses (Fig. 3F; Table S9 in Appendix S7), with a lower
upper bound of the confidence interval for mating systems
without male defensive behaviours after excluding data from
leks (Table S9 in Appendix S7). However, leks do not have
significantly higher Ifss estimates than other mating systems

that lack male defensive behaviours, although there is a ten-
dency is this direction (leks: Ifss = 0.513, 95% CI = 0.059 to
4.436; non-leks: Ifss = 0.224, 95% CI = 0.030 to 1.665;
P = 0.071). Considering all mating systems, the 95% CI of
the average Ifss estimate for males was 0.034 to 1.941.
There was a possible publication bias (Egger’s regression:
Ifss intercept = 0.919 ± 0.140 SE, t = 6.564, P < 0.001), with
fewer than expected studies with low precision that provide low
Ifss estimates. Data heterogeneity was high (I2 = 99.36%), inclu-
sion of zeros moderately explained data variation (30.59%) and

Fig. 3. Estimates of sexual selection (95% confidence intervals) for females (A–D) andmales (E–H) based on four indices: opportunity
for pre-mating sexual selection (Is), opportunity for pre-fertilisation sexual selection (Ifss), opportunity for selection (I), and the Bateman
gradient. Red lines = male defensive behaviours present; blue lines = male defensive behaviours absent. Estimates are based on
several models (including sensitivity analyses). Main model: all available data. Model ‘MS measure’: excluding data in which
mating success equates to the number of mating occurrences. Model ‘FS measure’: excluding data in which fertilisation success
equates to the number of fertilisation occurrences. Model ‘Inclusion of zeros’: excluding effect sizes that (probably) do not include
individuals with zero mating success. Model ‘Intrasexual competition’: excluding data in which the focal sex faced no intrasexual
competition. Model ‘No leks’: excluding data on leks. Model ‘Offspring age’: excluding data based on juvenile or adult offspring.
Model ‘Study type’: excluding mesocosm or laboratory studies. In all scenarios, confidence intervals overlap for effect sizes when
male defensive behaviours are present or absent (P > 0.05).
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other factors contributed to explaining small amounts of the
remaining variation (species identity: 16.03%; effect size
identity: 15.26%; phylogeny: 14.16%; offspring age: 11.07%;
intrasexual competition occurrence: 7.60%; study type:
4.64%). Including cases in which females guard males did not
change the findings (Tables S10 and S11 in Appendix S7).

(4) Opportunity for selection (I)

Among females, the opportunity for selection (I) was not
modulated by the occurrence of male defensive behaviours
(present: I = 0.443, 95% CI = 0.109 to 1.800; absent:
I = 0.464, 95% CI = 0.115 to 1.876; P = 0.874). The same
result was replicated in all our sensitivity analyses (Fig. 3C;
Table S12 in Appendix S8). The 95% CI of the average
I estimate for females was 0.117 to 1.750. No publication bias
was detected (Egger’s regression: Iintercept = −0.111 ± 0.127
SE, t = −0.872, P = 0.384). Data heterogeneity was high
(I2 = 99.21%), and species identity moderately explained
data variation (species identity: 43.18%), while other factors
explained far less (inclusion of zeros: 17.64%; effect size iden-
tity: 16.35%; offspring age: 7.46%; intrasexual competition
occurrence: 6.12%; phylogeny: 4.74%; study type: 3.71%).
Including cases in which females guarded males did not
change the findings (Tables S13 and S14 in Appendix S8).

Among males, the opportunity for selection was not mod-
ulated by the occurrence of male defensive behaviours (pre-
sent: I = 0.494, 95% CI = 0.143 to 1.708; absent:
I = 0.742, 95% CI = 0.219 to 2.513; P = 0.055), but there
was a tendency for I to be higher when defensive behaviours
are absent. In our sensitivity analyses, the opportunity for
selection was still not significantly modulated by the occur-
rence of male defensive behaviours (Fig. 3G; Table S15 in
Appendix S8). As for Ifss, after excluding leks, there was a
lower upper bound of the confidence interval for mating sys-
tems without male defensive behaviours (Table S15 in
Appendix S8). However, leks do not have significantly higher
I estimates than other mating systems lacking male defensive
behaviours (leks: I = 1.091, 95% CI = 0.310 to 3.840;
others: I = 0.689, 95% CI = 0.227 to 2.090; P = 0.169).
Considering all mating systems, the 95% CI of the average
I estimate for males was 0.209 to 1.978. There was some evi-
dence for publication bias (Egger’s regression:
Iintercept = 0.563 ± 0.105 SE, t = 5.356, P < 0.001), with
fewer than expected studies with low precision and low
I estimates. Data heterogeneity was high (I2 = 98.87%),
and no single variable explained more than 30% of the vari-
ation (species identity: 28.37%; phylogeny: 26.46%; effect
size identity: 15.57%; offspring age: 11.15%; intrasexual
competition occurrence: 8.71% inclusion of zeros: 8.62%).
Including cases in which females guard males did not change
the findings (Tables S16 and S17 in Appendix S8).

(5) Bateman gradients

Among females, Bateman gradients were not modulated by
the occurrence of male defensive behaviours (present:

r = 0.363, 95% CI = −0.277 to 0.780; absent: r = 0.329,
95% CI = −0.312 to 0.764; P = 0.783). The same result
was replicated in all our sensitivity analyses (Fig. 3D;
Table S18 in Appendix S9). The 95% CI of the average
r estimate for females was −0.284 to 0.768. There was some
evidence for publication bias (Egger’s regression:
Zrintercept = 0.318 ± 0.098 SE, t = 3.257, P = 0.002), with
fewer than expected studies with low precision and negative
gradient estimates. Data heterogeneity was high
(I2 = 94.63%), but no single variable explained more than
30% of the variation (phylogeny: 26.13%; inclusion of zeros:
20.62%; mating success measure: 15.93%; effect size iden-
tity: 15.91%; species identity: 15.30%). Including cases in
which females guard males did not change the main findings
(Tables S19 and S20 in Appendix S9).

Among males, Bateman gradients were not modulated by
the occurrence of male defensive behaviours (present:
r = 0.654, 95% CI = −0.170 to 0.940; absent: r = 0.618,
95% CI = −0.213 to 0.930; P = 0.689). The same result
was replicated in all our sensitivity analyses (Fig. 3H;
Table S21 in Appendix S9) and did not change if we included
cases in which males are guarded by females (Tables S22 and
S23 in Appendix S9). The 95% CI of the average r estimate
for males was −0.190 to 0.932. There was some evidence for
publication bias (Egger’s regression: Zrintercept = 0.662 ± 0.099
SE, t = 6.713, P < 0.001), with fewer than expected studies
with low precision and negative gradient estimates. Data het-
erogeneity was high (I2 = 96.63%), and phylogeny explained
almost half the variation (phylogeny: 47.39%; mating success
measure: 21.07%; effect size identity: 8.67%; species identity:
7.56%; offspring age: 6.08%; inclusion of zeros: 5.86%). Mam-
mals had steeper Bateman gradients than other taxa
(Mammalia: 0.957, 95% CI = 0.611 to 0.996; Amphibia:
0.690, 95% CI = −0.307 to 0.965, P = 0.015; Aves: 0.679,
95% CI = −0.361 to 0.966, P = 0.013; Fish: 0.605,
95% CI = −0.438 to 0.954, P = 0.014; Invertebrates:
0.515, 95% CI = −0.347 to 0.905, P = 0.023; Reptilia:
0.792, 95% CI = −0.095 to 0.978, P = 0.043; note that these
P values refer to a test of the difference between mammals
and each of the other taxa; Table S24 in Appendix S10).

(6) Jones index

The 95% CI of the average Jones index was −0.169 to 0.543
for females, and −0.108 to 1.405 for males (Table S25 in
Appendix S11).

IV. DISCUSSION

The results of our meta-analysis have important implications
for sexual selection theory. Contrary to general expectations,
mating systems characterised by male defensive behaviours
did not show higher levels of sexual selection (based on indi-
ces of selection) than those in which defensive behaviours are
absent. This is despite the evidence that male defensive
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behaviours are often under sexual selection (Emlen &
Oring, 1977; e.g. Gullberg, Olsson & Tegelström, 1997;
Halliwell et al., 2017), because socially dominant males usually
have higher mating success than subordinates (e.g. Massen
et al., 2012;Cafazzo et al., 2014), and that they sometimes restrict
females from re-mating (e.g. Fabiani et al., 2004; Mascolino
et al., 2016). Our meta-analysis shows, however, that the pres-
ence of male defensive behaviours neither suffice to decrease
the potential strength of sexual selection among females, nor
to increase it among males. This finding appears to be robust.
We obtained the same result using four different proxies for
selection: the opportunity for pre-mating sexual selection (Is),
the opportunity for pre-fertilisation sexual selection (Ifss), the
opportunity for selection (I), and the Bateman gradient. The
robustness of our findings is strengthened by the fact that we
obtained the same results when we ran additional sensitivity
analyses.We also ran complementarymodels that included spe-
cies in which females perform defensive behaviours and guard
males (e.g. Butchart, 2000; Aronsen et al., 2013). Yet again,
the results remained the same. We conclude that there is no
widespread pattern for the existence of defensive behaviours
to modulate estimates of the potential strength of sexual selec-
tion. Below, for clarity, we focus on males defending females,
or males defending resources that promote access to females,
but our arguments generally apply to guarded individuals and
guardians, irrespective of which sex is defending the other.

(1) Opportunity for pre-mating sexual selection

As noted, male defensive behaviours neither decrease the
opportunity for pre-mating sexual selection on females, nor
increase it for males. For both sexes the opportunity for
pre-mating sexual selection varies widely, regardless of
whether or not defensive behaviours occur (Fig. 3A,E). This
result is initially surprising as defensive behaviours seem to
elevate the fitness of dominant males (e.g. Paul et al., 1993;
Keogh et al., 2013). So why is the opportunity for pre-mating
sexual selection similar for species or populations where male
defensive behaviours are present or absent? We propose
three non-mutually exclusive explanations. First, females
play an active role in mating (Hrdy, 1986; Gowaty,
Steinichen & Anderson, 2003; Green & Madjidian, 2011;
Tang-Martínez, 2016; Orr & Hayssen, 2020). Males try to
preclude other males from mating, and, in so doing, some-
times reduce a females’ mating success and/or propensity
to re-mate (Perry, Sirot & Wigby, 2013; Stockley
et al., 2020). However, females are often under selection to
circumvent male defensive behaviours if they benefit from
mating multiply (Stockley, 1997) – and there are several pos-
sible benefits of polyandry (Jennions & Petrie, 2000; Slatyer
et al., 2012; Kvarnemo & Simmons, 2013). In short, although
males try to monopolise mating opportunities, females are
often not monopolised by males, hence the ubiquity of poly-
andry (e.g. Zeh & Zeh, 1996; Arnqvist & Nilsson, 2000).

Second, dominant males might have higher mating suc-
cess and sire more offspring per capita than subordinates, but
this does not mean that they are responsible for most matings

in a population. In many species, dominant males lose
mating opportunities to subordinates (Duvall, Bernstein &
Gordon, 1976; Sorin, 2004; Stapley & Keogh, 2006;
Magalhaes, Smith & Joyce, 2017). If females are active in
seeking out matings, males cannot successfully defend access
to all their potential mates across an entire breeding season as
they have competing demands on their time. For instance, in
red-winged blackbirds (Agelaius phoeniceus), territorial males
that spend more time foraging tend to guard females for
shorter periods and lose more paternity to intruders than
males that spend most time on their own territory (Westneat,
1994). Similarly, in Serracutisoma proximum, a Neotropical har-
vestman, the more females a male guards, the greater the like-
lihood that his territory will be invaded by rival males
(Munguía-Steyer, Buzatto & Machado, 2012). Across many
species, dominant males are outnumbered by subordinates,
making it unfeasible to prevent all competitors from mating
(e.g. Zamudio & Sinervo, 2000; Fabiani et al., 2004). Indeed,
dominant males in a population often fail to guard their part-
ners successfully even when subordinates are in the minority
(e.g. Muniz et al., 2015). In sum, inefficient male defensive
behaviours that allow females to mate with rivals reduce the
difference in the variance in mating success between mating
systems with and without male defensive behaviours.
Third, male dominance status often changes as it can be

costly to remain dominant for even a single breeding season,
let alone several seasons (e.g. Le Boeuf & Reiter, 1988;
Dixson et al., 1993; Oklander, Kowalewski & Corach, 2014;
Zhu et al., 2016). For instance, in reindeer (Rangifer tarandus),
guarding females is energetically demanding. One can
observe males that: (i) only sneak copulations and never
guard females; (ii) switch between guarding females and
sneaking copulations; and (iii) guard females over the entire
breeding season (Pintus et al., 2015). Males that guard females
at any point during the breeding season have higher mating
and reproductive success than non-guarders (Pintus
et al., 2015). The presence of males that can switch tactics thus
reduces the variance in male mating success compared to a
population with only guarders and non-guarders. This exam-
ple illustrates that, even if defensive behaviours are effective
and male dominance predicts male mating success, variance
in male fitness is reduced, and the potential strength of sexual
selection is lower when male status changes over time. From
a female perspective, changes in males’ status allow guarded
females greater access to males, which increases a female’s
ability to mate multiply, and can also increase their repro-
ductive success. In some species, a newly dominant male
may kill the offspring of its vanquished rival ( Jindal
et al., 2017; Teichroeb & Jack, 2017), but females sometimes
mate with the new male, lowering the risk of infanticide
(Grinnell & McComb, 1996; Teichroeb & Jack, 2017).

(2) Opportunity for pre-fertilisation sexual selection
and net selection

In addition to male defensive behaviours not influencing the
opportunity for pre-mating sexual selection, they did not
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change the opportunity for pre-fertilisation sexual selection
or the opportunity for selection in either sex. This suggests
that defensive behaviours are less relevant to determining fit-
ness than is usually assumed, even if they affect mating suc-
cess, because this does not translate into greater variance in
reproductive success, which is a good proxy for Darwinian
fitness (Jones, 2009) and critical for directional evolution
(see Henshaw et al., 2016). Given that variance in mating suc-
cess affects variance in fertilisation and reproductive success
(as mating precedes fertilisation and reproduction; Fig. 1;
see Shuster et al., 2013), the three explanations we offered
above to explain why defensive behaviours do not modulate
Is can also explain the lack of modulation of Ifss and I. We
can, however, gain additional insights by comparing the
mean estimates of Is, Ifss, and I from our various models.
The confidence intervals always overlap, but the mean Is esti-
mates for males are almost always higher when male defen-
sive behaviours occur than when they are absent. By
contrast, the mean estimates of Ifss and I are almost always
higher for males when defensive behaviours are absent. This
may indicate that deterministic factors and/or stochasticity
slightly decrease the opportunities for pre-fertilisation and
total selection in species in which defensive behaviours occur.
There is no immediately obvious reason for greater stochas-
ticity when defensive behaviours occur, so we focus on two
deterministic factors: cryptic female choice (Eberhard,
1996; Firman et al., 2017) and sperm competition (Parker &
Pizzari, 2010; Parker, 2020).

Females may circumvent the defensive attempts of socially
dominant males by selectively using sperm from rivals with
whom they have also mated (Eberhard, 1996; Firman
et al., 2017). Females gain from sperm selection if there are
genetic benefits for offspring of being sired by certain males
(Trivers, 1972; Jennions & Petrie, 2000; Mays &
Hill, 2004). In this scenario, subdominant males with low
mating success have higher fitness than expected based on
their mating success if their sperm is used disproportionate
to its availability by females, which reduces the strength of
sexual selection on males. A similar reduction in the strength
of selection can also be modulated by sperm competition.
Mating systems without male defensive behaviours often
have a high degree of polyandry, which increases sperm com-
petition (Kappeler, 1997; Holwell et al., 2016). Selection for
greater sperm competitiveness when defensive behaviours
are absent could increase variance in males’ efficiency at fer-
tilising females, thereby increasing the variance in male ferti-
lisation success and the potential strength of selection.
Importantly, in many taxa there is a trade-off between invest-
ment in pre- and post-mating competition (e.g. Fitzpatrick
et al., 2012; Ferrandiz-Rovira et al., 2014; Dines et al., 2015;
but see Chung, Jennions & Fox, 2021). In this scenario, dom-
inant males that invest heavily in defensive behaviours subse-
quently lose paternity to rivals that invest more into post-
mating sexual competition (e.g. Fu et al., 2001; Buzatto
et al., 2014). If this trade-off is stronger in species with male
defensive behaviours, then Ifss and I estimates will be lower
due to the greater post-mating investment of subordinate

males compared to species lacking male defensive
behaviours.

It is important to note that the higher estimate of male Ifss
when defensive behaviours are absent seems to be driven by
high Ifss values in leks. However, this result should be treated
with caution as it is based on only six lekking species. We
obtained even fewer Is estimates for males in lekking species,
so we cannot determine if the aforementioned result is due to
pre- or post-mating events. If pre-mating events are the main
cause, our results conform to traditional expectations that
there is very high variance in male mating success on leks
(Payne, 1984; Andersson, 1994). If, however, post-mating
events are the main cause, sperm competition might emerge
as being particularly relevant: females on leks can be
extremely selective before mating, reducing selection for
the ability to exert cryptic female choice (Møller, 1998).
Sperm competition is, however, usually considered unimpor-
tant in lek mating systems (Sardell & DuVal, 2014), but this
might reflect a lack of research. For example, in a lek-forming
Drosophila species, males with larger testes sire more offspring
(Droney, 2001). In a lekking moth, males copulate for longer
when pairing with a mated than an unmated female
(Engqvist et al., 2014) and transfer more sperm when the risk
of sperm competition is higher (Jarrige et al., 2015). In a lek-
king bird, a manakin, females seem to mate multiply after
mating with inexperienced alpha males (Rivers &
DuVal, 2019) – which promotes sperm competition. Addi-
tionally, older alpha males produce less sperm, which
increases the level of multiple paternity (Sardell &
DuVal, 2014), as younger individuals fertilise more eggs.
Based on these examples and our meta-analytic results, we
encourage more studies on sperm competition in lek mating
systems.

(3) Bateman gradients

Finally, our results show that the fitness return from each
mating does not differ according to the occurrence/absence
of male defensive behaviours (i.e. Bateman gradients are
equally steep). This is true for both sexes. This finding is per-
haps unsurprising as Bateman gradients estimate the benefits
of each successive mating, and not the ease with which mat-
ing is possible (Kokko, Klug & Jennions, 2012). It is also
worth noting that Bateman gradients are almost always
based on natural variation in mating rates, and inferring cau-
sality is therefore a challenge due to potential confounding
factors (for an example, see Fromonteil et al., 2023;
Kokko & Jennions, 2023). Besides that, even if causality could
be accurately inferred, because females are not monopolised
by males (as shown here), there may be no relevant selective
pressure driving a steeper Bateman gradient when defensive
behaviours occur, regardless of the sex.

Interestingly, Bateman gradients seem to be steeper in
mammals than in the other taxa we examined. This probably
occurs because mammals usually produce fewer offspring per
mating event than the other taxa in our meta-analysis. Pro-
ducing one or few offspring per successful mating event, the
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reproductive success of male mammals can linearly increase
as mating and/or fertilisation success increases, which causes
a strong, positive correlation between mating and reproduc-
tive success. In our data set, this occurred for most mammals:
barbary macaques (Macaca sylvanus) (Brauch et al., 2008;
Modolo &Martin, 2008), black howler monkeys (Alouatta car-
aya) (Oklander et al., 2014), bushy-tailed woodrats (Neotoma
cinerea) (Topping &Millar, 1998), chimpanzees (Pan troglodytes)
(Constable et al., 2001; Klinkova et al., 2005; Newton-Fisher
et al., 2010), Columbian ground squirrels (Urocitellus columbianus)
(Jones et al., 2012), elephants (Loxodonta africana) (Ishengoma
et al., 2008), fallow deer (Dama dama) (Say, Naulty &
Hayden, 2003), mandrills (Mandrillus sphinx) (Dixson
et al., 1993), rhesus macaques (Macaca mulatta) (Duvall
et al., 1976), and white-tailed deer (Odocoileus virginianus)
(Sorin, 2004). By contrast, for taxa with many offspring per
mating event (e.g. Amphibia, fish, and invertebrates), the
association between mating success and reproductive success
varies more, and we found both negative associations [fish
(Jones et al., 2001b); invertebrates (Liewlaksaneeyanawin
et al., 2003)] and very weak positive ones [fish (Jones
et al., 2001a); invertebrates (Devost & Turgeon, 2016)].

(4) Publication bias and the scientific literature

Based purely on funnel plot asymmetry there are possible
publication biases towards reporting lower values for male
Is and female Ifss and higher values for male Ifss, male I, and
Bateman gradients (females and males). We do not think this
is source of concern for our analysis, however, because
this pattern is unlikely to affect our comparison of mating sys-
tems with and without defensive behaviours. Specifically, the
mean sample sizes did not differ between the contrasted mat-
ing systems in almost all scenarios in which potential publica-
tion bias was detected (Table S26 in Appendix S12).
Publication bias with respect to effect sizes has been widely
shown to be related to P values, and secondarily to the direc-
tion or magnitude of an effect (Møller & Jennions, 2001;
Nakagawa et al., 2022). Many of the primary studies we used
did not report strength of selection indices, and if they did
report them they were not linked to a P value. It is worth not-
ing, however, that it would be easier to test for publication
bias if results were reported in a way useable for meta-
analysis (see Haddaway, 2015; Anthes et al., 2016;
Greenacre, 2016). We found 607 studies containing relevant
data, but we succeeded in extracting effect sizes from only
153 studies, which prevented us from testing our hypotheses
for the Jones index.

Additionally, we could not find any information to confirm
or reject the occurrence of defensive behaviours for >13% of
species for which we successfully extracted effect sizes. We
recommend that, despite the usefulness of paternity analyses
and the relevance of genetic mating systems, authors con-
tinue to characterise the social/ecological mating systems of
species as those are particularly useful factors to explore as
moderators when trying to explain the role of sexual selection
in generating species and sex differences in a wide range of

traits (Emlen & Oring, 1977; Boulton, Collins &
Shuker, 2015; Klug, 2018; Hare & Simmons, 2019; Fritzsche
et al., 2021). In addition, we note that there is a gradient in the
intensity of defensive behaviours. If the literature provided
more information on this variation, we could characterise
mating systems at a finer scale than simply the presence or
absence of defensive behaviours. A more refined analysis
might then be able to identify patterns (effects) that we could
not detect in the current study.
Finally, we highlight that our data set contains only three

species in which females defend (potential or actual) partners
or mating territories. While this is consistent with such species
being uncommon in nature (as reviewed by Fritzsche
et al., 2021), it might also indicate a research bias that requires
attention in future studies.

V. CONCLUSIONS

(1) Using a meta-analytical approach we present evidence
that male defensive behaviours do not modulate estimates
of the potential strength of sexual selection on females or
males in non-human animal species. We also show that this
result persists when including species where females guard
males and treating individuals of each sex as guarded individ-
uals or guardians.
(2) Our results rely on the efforts of the many researchers
whose studies provided over a thousand effect sizes from
many animal taxa (including Actinopterygii, Amphibia,
Arachnida, Aves, Cephalopoda, Chondrichthyes, Gastro-
poda, Insecta, Mammalia, Maxillopoda, Pycnogonida, Rep-
tilia, and Turbellaria). The large taxonomic scope of the data
set and the use of four different indices covering different epi-
sodes of sexual selection bolster our findings.
(3) Our results highlight the need to better understand if
cryptic female choice and sperm competition operate differ-
ently in the presence and absence of male defensive behav-
iours. Data from lekking species would be especially useful.
(4) It is important to note that non-random variance in fit-
ness relies on it being causally related to behavioural, mor-
phological, and/or physiological attributes of individuals.
Thus, the questions we answered here should also be tackled
by focusing on specific traits that might affect an individual’s
mating or reproductive success (R.C. Macedo-Rego,
M.D. Jennions & E.S.A. Santos, in preparation). Crucially,
variance-based indices that measure the opportunity for selec-
tion might only be weakly correlated, or even uncorrelated,
with the true level of sexual selection (Klug et al., 2010a;
Jennions, Kokko &Klug, 2012; but see Henshaw et al., 2016).
(5) Finally, our results emphasise the notion that females are
active players in sexual selection processes. To avoid gender
bias in studies of animal behaviour and sexual selection
(Gowaty, 1997; Ah-King & Nylin, 2010; Ah-King,
Barron &Herberstein, 2014), it is important that future stud-
ies are more attentive to sexual selection on females [see
Hare & Simmons (2019) for a review].
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