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abstract: Evolutionary theory predicts that positive assortative mat-
ing—the tendency of similar individuals to mate with each other—
plays a key role for speciation by generating reproductive isolation
between diverging populations. However, comprehensive tests for an ef-
fect of assortative mating on species richness at the macroevolution-
ary scale are lacking. We used a meta-analytic approach to test the hy-
pothesis that the strength of assortative mating within populations is
positively related to species richness across a broad range of animal
taxa. Specifically, we ran a phylogenetically independent meta-analysis
using an extensive database of 1,447 effect sizes for the strength of
assortative mating, encompassing 307 species from 130 families and
14 classes. Our results suggest that there is no relationship between
the strength of assortative mating and species richness across and
within major taxonomic groups and trait categories. Moreover, our
analysis confirms an earlier finding that animals typically mate assor-
tatively (global Pearson correlation coefficient: r p 0:36; 95% con-
fidence interval: 0.19–0.52) when accounting for phylogenetic non-
independence. We argue that future advances will rely on a better
understanding of the evolutionary causes and consequences of the ob-
served intra- and interspecific variation in the strength of assortative
mating.

Keywords: assortative mating, reproductive isolation, speciation, sex-
ual selection.

Introduction

Since Darwin’s (1859) pioneering work, the study of speci-
ation—the process by which new species arise—has been at
the heart of evolutionary biology. Traditionally, allopatric
speciation (i.e., divergence in the presence of an extrinsic
barrier that prevents genetic interchange) is often consid-
ered as the prevalent mode of speciation (Wagner 1889;
Jordan 1905; Mayr 1942; reviewed in Coyne and Orr 2004).
More recent work suggests that complete geographic isola-
tion is rare, so that new species arise mainly in the presence
of gene flow (Endler 1977; Gavrilets 2004) along a continuum
between parapatric speciation (i.e., speciation with moderate
geographic isolation and intermediate levels of gene flow) and
sympatric speciation (i.e., speciation with no geographic iso-
lation and high levels of gene flow; Butlin et al. 2008). Until
now, such emergence of new species in the presence of gene
flow remained a puzzling andhighly controversial theme (Via
2001; Coyne and Orr 2004; Gavrilets 2014). This is because
geneflowamongdivergingpopulations andassociated recom-
bination counteract divergent selection by breaking up evolv-
ing gene complexes (Felsenstein 1981). Crucially, speciation
with gene flow requires a mechanism that limits recombina-
tion. Apart from the fundamental role of geographical sepa-
ration, the most prominent proposed mechanism for repro-
ductive isolation is assortative mating, which is often defined
as the tendency that individuals of similar phenotypes are
more likely tomatewith each other than expected under ran-
dommating (Maynard Smith 1966; Kirkpatrick and Ravigné
2002).
Assortative mating has been argued to play an important

role during secondary contact by promoting reproductive
isolation of populations that have previously diverged in
allopatry (Coyne and Orr 2004; Servedio 2016). However, a
large part of theoretical work focuses on the role of assortative
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mating for speciation in sympatry or, to a lesser degree,
parapatry. In a landmark review article, Kirkpatrick and
Ravigné (2002) synthesized the enormous body of theoret-
ical work on prezygotic isolation by providing a framework
of five major elements that contribute to speciation. These
include the source of disruptive selection, the prezygotic
isolating mechanism, the way to transmit the disruptive
selection to the isolating mechanism, the genetic basis
of increased isolation, and the initial condition. Together
with more recent work (e.g., Doebeli and Dieckmann 2003;
Bolnick 2006; Kopp and Hermisson 2008; Otto et al. 2008;
Thibert-Plante and Hendry 2011), it becomes evident that
mostmodels identify assortativemating as an inevitable factor
for speciation in sympatry and parapatry. For a comprehen-
sive overview of the existing literature, we refer to review
articles (e.g., Weissing et al. 2011; Servedio and Boughman
2017; Kopp et al. 2018), but as a general pattern most models
predict assortative mating to be a potent force generating re-
productive isolation between already-diverged populations.
However, for a complete understanding of the role of assor-
tative mating for species diversity, it is also key to study
whether preexisting assortative mating within genetically
homogenous populations contributes to divergence. For
such a scenario, most recent theoretical work amounts to
the general conclusion that speciation with gene flow re-
quires joint effects of assortative mating and disruptive se-
lection and possibly a strong association of the loci under-
lying both processes (Kondrashov andMina 1986; Gavrilets
2003, 2014; Arnegard and Kondrashov 2004; Bolnick and
Fitzpatrick 2007; Servedio and Kopp 2012; Servedio 2016).
Such an association can arise if there are pleiotropic effects
or genetic linkage of corresponding loci (Udovic 1980) or if
the trait under disruptive selection also serves as a mating
signal—a phenomenon that gives rise to so-called magic
traits (Gavrilets 2004; Servedio et al. 2011). Moreover, some
forms ofmate preferences (i.e., homotypic preferences) gen-
erate positive frequency-dependent sexual selection, mean-
ing that individuals carrying a rare phenotype are less likely
to find a (matching) mate, which then generates divergent
sexual selection and favors the buildup of further assorta-
tive mating (Kirkpatrick and Nuismer 2004; Otto et al. 2008;
Pennings et al. 2008).

Conversely, assortative mating has also been argued
to hamper speciation. In particular, positive frequency-
dependent sexual selection associated with assortative mat-
ing may impede sympatric speciation by generating stabiliz-
ing selection, which eliminates polymorphism and prevents
divergence (Kirkpatrick and Nuismer 2004). In a recent re-
view, Kopp et al. (2018) highlight the importance of the un-
derlying mating rule that gives rise to assortative mating.
They argue that speciation is less likely to occur if assorta-
tive mating is associated with a “preference/trait rule” (i.e.,
preferences for specific traits used as mating signals) com-

pared to a scenario under amatching rule (i.e., preference for
matching mates). The establishment of assortative mating
under a preference/trait rule requires not only the buildup
of strong linkage disequilibrium between the mating signal
and a diverging ecological trait but also the emergence of
polymorphism at the preference locus (the so-called two-
allelesmechanism; Felsenstein 1981). Unfortunately, very little
is known on the type of mating rules underlying the observed
assortative mating in nature (reviewed in Kopp et al. 2018).
Some of the most convincing examples for speciation

with gene flow in animals come from studies on Heliconius
butterflies (Insecta; Jiggins et al. 2001; Chamberlain et al.
2009; Rosser et al. 2015) and cichlid fishes (Actinopterygii;
e.g., Schliewen et al. 2001; Barluenga et al. 2006). In both
model systems, loci encoding for an ecological trait under
disruptive selection are at least partially in physical linkage
with loci serving as a mating signal, which promotes assor-
tative mating and thereby reproductive isolation among
taxa (e.g., Seehausen et al. 2008; Elmer et al. 2009; Mer-
rill et al. 2011, 2012, 2019). Of course, speciation with gene
flow often involves other isolating dimensions, such as de-
creased hybrid fertility, microspatial partitioning, and di-
vergence in other ecological traits (Nosil et al. 2009; Merot
et al. 2017). Yet it still raises the question of the overall con-
tribution of assortative mating for generating the variation
in species richness across the animal tree of life. If assor-
tative mating is a precursor for speciation with gene flow
to occur, we might expect a positive correlation between
within-population assortative mating and species richness.
However, large-scale comparative studies testing this pre-
diction are virtually lacking to date.
In a comprehensive meta-analysis, Jiang et al. (2013)

compiled more than 1,100 estimates for the strength of
within-population assortative mating from a broad range
of animal taxa, including 256 species from five phyla. They
detected considerable variation in the strength of assorta-
tive mating among taxa and trait categories. The main out-
come of this study was that animals tend to mate assorta-
tively, based on a global effect size (measured as Pearson
correlation coefficient) of r p 0:28 that differs significantly
from zero (Jiang et al. 2013). Since its publication, this study
has served as a key reference for the claim that positive as-
sortative mating is ubiquitous in the animal kingdom. Un-
fortunately, despite significant differences in the strength of
assortative mating among phyla and lower taxa, Jiang et al.
(2013) did not account for any source of phylogenetic non-
independence, as all sampled species were considered as
independent data points. However, incorporating phyloge-
netic structure inmeta-analyses has been demonstrated to be
essential to obtain unbiased results (Lajeunesse 2009; Cham-
berlain et al. 2012; Lajeunesse et al. 2013a).
The aim of our study is therefore twofold. First, we per-

form a phylogenetically informed meta-analysis to assess
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the robustness of themain conclusion by Jiang et al. (2013)—
namely, that animals typically mate assortatively. To this
end, we take stock of a database combining data sets of pre-
viously published meta-analyses with additional, more re-
cently published estimates of assortative mating spanning
a broad range of animal taxa. Second andmost importantly,
we provide what is to our knowledge the first test of the hy-
pothesis that within-population assortative mating predicts
species richness at the macroevolutionary scale. Our find-
ings (i) confirm that animals show on average positive as-
sortative mating and (ii) suggest that the strength of assor-
tative mating is not significantly associated with species
richness across and within the sampled taxa.

Methods

General Approach

We conducted a meta-analysis to test (i) whether animals
show an overall positive assortative mating and (ii) whether
the strength of assortative mating predicts species richness
in animal taxa. In particular, we extracted estimates of the
strength of assortative mating and of species richness from
published data, reconstructed the phylogeny of the sampled
taxa, and ran a phylogenetically independent meta-analysis.

Literature Search

We compiled estimates of within-population assortative
mating from three previously publishedmeta-analyses (Jiang
et al. 2013; Graham et al. 2015; Stulp et al. 2017) and com-
plemented this database by an additional literature screen.
The vast majority of all effect sizes (1,107 estimates; 76%)
were obtained from the published database by Jiang et al.
(2013), who provided the hitherto most comprehensive
meta-analysis of assortative mating in animals. Graham et al.
(2015) studied size-assortativemating in simultaneously her-
maphroditic animals, providing 33 estimates, and Stulp et al.
(2017) tested for assortative mating on height in humans,
providing 154 estimates. Our own additional literature search
(yielding 160 estimates) followed the protocol by Jiang et al.
(2013). In particular, we ran keyword searches on June 28,
2017, using the Institute for Scientific Information Web of
Knowledge (Web of Science Core Collection) and Google
Scholar with search terms defined as “*assortative mating,”
which by syntax extends the search to disassortative mat-
ing. Given that the data set by Jiang et al. (2013) spans stud-
ies published from 1923 to 2011, we screened only for studies
that were published after 2011. We note that the published
data set by Jiang et al. (2013) included 251 species instead of
256 as mentioned in the article. In particular, the published
data file encompasses 254 species entries, of which two are
erroneously listed as separate species due to inconsistent

syntax (Gammarus pulex and Stercorarius parasiticus) and
one due to using synonymous species names (Parus caeru-
leus and Cyanistes caeruleus). Furthermore, the published
data set by Jiang et al. (2013) contained five effect sizes of
the species Paramecium caudatum, which belongs to the
Alveolata and therefore not to the animal kingdom (e.g.,
Adl et al. 2012; Burki 2014). Given that here we are focusing
on assortative mating in animals, we excluded the family
Parameciidae from our analysis. Finally, when screening the
published effect sizes from the study by Jiang et al. (2013),
wenoticed that one effect size of the family Silphidae (Insecta)
was assigned a value of one, even though the correspond-
ing primary study does not provide any data in support of
such perfect assortative mating (Knox and Scott 2006). We
therefore also excluded this effect size from all analyses.
The myriad of published studies testing for assortative

mating makes it virtually impossible to conduct an exhaus-
tive literature search (already acknowledged by Jiang et al.
2013). Thus, our aim here was not to provide a complete
synthesis of all published data but rather to test theory based
on awide-ranging unbiased subset of estimates for the strength
of assortative mating across the animal kingdom.

Data Collection

The strength of assortative mating is typically quantified as
a Pearson correlation coefficient r, which can be used di-
rectly as an effect size in meta-analyses (Borenstein et al.
2009). We did not transform r values into Fisher’s z scores,
as this can lead to inaccuracies in random effects meta-
analysis models (reviewed in Schmidt and Hunter 2015).
The sampling variance of correlation coefficients was esti-
mated following Lajeunesse et al. (2013b). For each obtained
estimate, we also recorded the reference, species, taxonomic
family, and trait category for which assortative mating was
tested. Specifically, traits were assigned to eight categories:
age, behavior (e.g., feeding rate, dispersal, aggression), chem-
ical compound (e.g., testosterone, pheromone), condition
(e.g., residual weight for given size), genotype (e.g., hetero-
zygosity, major histocompatibility complex alleles), orna-
ment (e.g., color, brightness, hue), size, or structural charac-
ters (e.g., wing length, thorax length, head width).
Importantly, our study focuses exclusively on the strength

of assortative mating within populations. Our database does
not include experimental tests of hybridization among pop-
ulations or closely related species (e.g., Culumber et al. 2014).
These studies typically infer assortativemating by comparing
the observed frequencies of conspecific andheterospecificmat-
ings with those expected under random mating and there-
fore assess whether and how strong populations are sexually
isolated from one another. By excluding these data, we focus
exclusively on testingwhether assortativematingwithin pop-
ulations predicts species richness within taxonomic families.

Assortative Mating and Species Richness 867



We believe that testing this premise will inform whether as-
sortative mating within populations promotes assortative
mating among already-diverged populations and ultimately
speciation. However, our study cannot inform about the
relative importance of assortative mating among popula-
tions in speciation processes (Turissini et al. 2015).

There are several proposed proximate mechanisms lead-
ing to assortative mating, including sexual selection, habitat
choice, host choice, and temporal/spatial covariation (Crespi
1989). Unfortunately, the vast majority of all primary studies
do not provide any information about the underlying mech-
anism driving assortative mating in the tested model species.
Therefore, we could not explore whether the effect of assor-
tativemating on species richness depends on themechanism
responsible for assortment.

Reconstruction of Phylogeny and Assessment
of Species Richness

The extracted estimates of assortativemating were obtained
from a broad range of animal taxa, with the majority of ef-
fect sizes coming from amphibians, birds, insects, crusta-
ceans, and mammals (table 1). To account for this source
of statistical nonindependence (Chamberlain et al. 2012),
we ran phylogenetically independent meta-analyses. We first
reconstructed the phylogeny of all sampled families based on
published times of divergence that were retrieved from the
TimeTree database (http://www.timetree.org; Hedges et al.
2006; fig. A1; figs. A1–A4 are available online). Undated
nodeswere aged on the basis of the divergence times of neigh-
boring nodes using the branch length adjuster (BLADJ) algo-

rithm (Webb et al. 2008). The obtained pairwise distances
were then used to compute a phylogeny using the unweighted
pair groupmethodwith arithmeticmean (UPGMA) inMEGA
(Kumar et al. 2018) and transformed into Newick format for
further analysis (see below).
Species richness was measured as the number of known

species within each of the 131 sampled families.We extracted
the number of species from the Catalogue of Life database
(http://www.catalogueoflife.org) on August 8, 2017. As is true
for all higher taxonomic levels, family is arguably an arbi-
trary unit, as families may differ in the time window during
which speciation could occur and older taxonomic families
may containmore species. This is supported by comparative
studies demonstrating that clade age rather than speciation
rate predicts species richness (e.g.,McPeek and Brown 2007).
Therefore, the number of species may often but not always
constitute a good proxy for the actual speciation rate in a
given taxonomic group (Scholl and Wiens 2016). We tried
to account for this potentially confounding effect by obtain-
ing estimates of the crown age (i.e., the age of themost recent
common ancestor of the extant members of the clade) for
the sampled families from the TimeTree database and cor-
rected for it statistically (see below). Estimates of crown age
were available only for 103 families, which reduced the statis-
tical power in models accounting for it.

Statistical Analyses

We studied assortative mating and its link to species rich-
ness at the family level. Therefore, we converted all individ-
ual effect sizes obtained from the same taxonomic family

Table 1: Overview of final sample sizes for the strength of assortative
mating obtained per taxonomic class after excluding effect sizes from
Parameciidae (Alveolata), Passerellidae (Aves), and Silphidae (Insecta)

Class Effect sizes Species Families

Actinopteri 66 31 9
Amphibia 192 51 14
Arachnida 10 2 2
Aves 456 91 41
Branchiopoda 5 2 2
Clitellata 3 2 1
Gastropoda 32 23 13
Insecta 348 57 23
Malacostraca 156 37 16
Mammalia 158 4 4
Merostomata 7 1 1
Reptilia 10 5 3

Total 1,447 307 130

Note: See “Methods.” The number of effect size measures, species, and taxonomic
families are shown.
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into a single mean effect size. This was done in three steps
by first computing for each sampled species a mean ef-
fect size and its sampling variance for the strength of as-
sortative mating when pooling all trait categories. These
species-based effect sizes were then used to calculate amean
effect size and its sampling variance for each taxonomic ge-
nus. Finally, the same procedure was repeated for each
family using the genus data. Thereby, family-based effect
sizes were not biased toward species and genera with a high
number of independent estimates. The family-based effect
sizes were then used in the following two main analyses.
First, we ran a phylogenetic independent meta-analysis to
test the null hypothesis that phenotypic traits of mating
partners are uncorrelated (i.e., have a mean correlation co-
efficient of zero) while accounting for the phylogeny using
the rma.mv function of the metafor package (Viechtbauer
2010) in R (R Core Team 2018). In this multilevel mixed ef-
fects (intercept-only) model, the effect size r was fitted as a
response variable weighted by the inverse of its associated
sampling variance with no defined predictor variable. Phy-
logenetic nonindependence is accounted for by specifying
the phylogenetic correlation matrix of the sampled taxo-
nomic families as a random term. The model assumes that
the effect size r is normally distributed and evolves neutrally
following Brownian motion. We estimated the phylogenetic
signal as the phylogenetic heritability H 2 (i.e., proportional
variance in r explained by taxonomic family; Lynch 1991),
which is equivalent to Pagel’s l (Hansen and Orzack 2005;
de Villemereuil and Nakagawa 2014). Second, we tested for
a relationship between species number and assortative mat-
ing by defining log-transformed species numbers obtained
for each family as a response variable and family-basedmean
effect sizes as a predictor variable while including the phylo-
genetic correlationmatrix of taxonomic families as a random
term. In an additional set of analyses, we added crown age as
a covariate to all models to account for differences in the age
of the sampled families. Finally, we provide more fine-tuned
results by running both analyses separately for the major
sampled taxonomic classes (i.e., those fromwhich more than
eight families had been sampled; namely, birds, insects, crus-
taceans, fishes, amphibians, and gastropods) and for the ma-
jor trait categories (those from which more than 25 families
had been sampled; namely, age, condition, ornament, size,
and structural characters). Note that for all trait-specific tests,
we first split the entire data set according to the five trait cat-
egories and used these subsets to compute family-based effect
sizes and their sampling variance as outlined above.

The family Passerellidae (Aves) exhibited an exception-
ally low mean effect size (r p 20:85) arising from disas-
sortative mating for plumage ornamentation in the white-
throated sparrow Zonotrichia albicollis, which has been
detected in two independent field studies (Lowther 1961;
Thorneycroft 1975). A x2 test revealed that this data point

should be considered as an outlier (x2 p 21:071, P ! :001),
and it was therefore excluded from all analyses (but note
that including this outlier did not qualitatively change the
results of any presented analysis). Together with the above-
mentioned exclusion criteria, this led to a final sample size
of 1,447 effect sizes, including effect sizes from 307 species
and 130 families (table 1). In addition to these a priori out-
lier tests, we ran influence diagnostics using Cook’s distance
Di and x2 tests (Viechtbauer and Cheung 2010) for all mod-
els to identify outliers with a disproportionate impact on the
model fit. Finally, for models with species richness as the re-
sponse variable, we computed family-based effect sizes after
excluding estimates of assortative mating with respect to age
(N p 41), as this is unlikely to lead to speciation. As a conse-
quence, models testing for effects on species richness com-
prised only 127 families. We did not detect signs for publica-
tion bias based on visual inspection of the funnel plot (fig. A2)
or a regression test for funnel plot asymmetry (N p 130,
z p 21:321, P p :186).
All statistical analyses were carried out in R version 3.5.1

(R Core Team 2018). Values are given as means5SE unless
otherwise stated. All data are available in the Dryad Digital
Repository (https://doi.org/10.5061/dryad.n445r0h; Janicke
et al. 2019).

Results

We detected a phylogenetic signal for the strength of as-
sortative mating of H2 p 0:51, meaning that half of the
observed variation among families can be attributed to the
phylogeny. This highlights the necessity for phylogenetic
correction in our meta-analysis. Phylogenetically indepen-
dentmeta-analysis (excluding the family Parameciidae) con-
firmed the earlier finding of a significant overall positive as-
sortative mating within populations across animals (random
effects model: N p 130, r5SE p 0:3650:08; 95% confi-
dence interval: 0.19–0.52; z p 4:223, P ! :001; fig. 1). This
finding is also supported by the observation that 84 out of
130 sampled families (65%) showed positive assortativemat-
ing whereas only one (1%) and 45 (34%) families exhibited
negative or statistically nonsignificant assortativemating, re-
spectively. Assortative mating was found to be strongest in
crustaceans, gastropods, and fishes (fig. 1) but did not differ
significantly among trait categories, as indicated by widely
overlapping 95% confidence intervals (fig. A3).
Species richness was not significantly related to the

strength of assortative mating across all families and traits
(multilevel mixed effects model: N p 127, slope5SE p
0:2550:30, z p 0:852, P p :394; fig. 2). This lack of a sta-
tistically significant effect of assortative mating on species
richness was consistent across the major taxonomic classes
and trait categories (table 2; fig. A4). The only exception
was the Malacostraca, which showed a significant positive
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relationship between species richness and assortativemating.
However, this class included the family Inachidae, which
showed the strongest assortative mating among all families
and had a disproportionate influence on the model out-
come (Cook’s distance: Di p 0:19; x2 p 6:545, P p :011).
When excluding this family from the analysis, the positive
relationship within the Malacostraca became statistically
nonsignificant (multilevel mixed effects model: N p 15,
r5SE p 0:8650:69, QM p 1:261, P p :207). In an anal-
ysis accounting for interfamily variation in crown age includ-
ing all sampled taxa, we again found no significant relation-
ship between species number and the strength of assortative
mating (multilevel mixed effects model: N p 103; crown
age: slope5SE p 0:00350:002, z p 1:516, P p :130; as-
sortativemating: slope5SE p –0:18650:294, z p –0:634,
P p :526) and also no significant relationship within taxo-
nomic classes or trait categories (table A1, available online).

Discussion

Our results clearly demonstrate that the mean strength of
assortative mating within populations is not related to spe-
cies richness at the family level across a broad range of an-
imal taxa and therefore do not support the hypothesis that
within-population assortative mating predicts the enor-
mous variation in species richness in the animal tree of life.
Moreover, our study confirms an earlier finding of a prev-
alence of positive assortative mating in animals. Below we
discuss both of these findings as well as the limitations of
our study.

Assortative Mating and Speciation

Our study provides no support for the hypothesis that within-
population assortative mating increases the probability for
speciation. We found that half of the observed variation in
the strength of assortative mating can be attributed to the
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Figure 1: Phylogenetic tree and forest plot of mean effect sizes (filled circles with error bars) for the strength of within-population assortative
mating shown for the main taxonomic classes included in this study. Open circles indicate global effect sizes of this study and a previous
meta-analysis by Jiang et al. (2013). Error bars show 95% confidence intervals.
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phylogeny, meaning that assortative mating differed sub-
stantially among the sampled phylogenetic units. But despite
this phylogenetic signal, the observed strength of assortative
mating was unrelated to the number of described species
within families.

This lack of a relationship between assortative mating
and species richnessmay result from a relativelyminor con-
tribution of speciation with gene flow to the generation of
species richness. In an attempt to estimate the importance
of sympatric speciation over allopatric speciation, Bolnick
and Fitzpatrick (2007) found that 9.4% of 309 described
speciation events resulted in sister species with more than
90% range overlap, suggesting that sympatric speciation is
indeed rare compared to allopatric speciation. However,
the authors point to several limitations of their approach,
including problems of identifying sister species and the dif-
ficulty of quantifying the range overlap at the time of speci-
ation (Bolnick and Fitzpatrick 2007). Importantly, assorta-
tive mating not only is involved in sympatric or parapatric
speciation but has also been argued to constitute an impor-
tant mechanism in maintaining reproductive isolation after
secondary contact between allopatrically diverged popula-
tions via reinforcement (e.g., Kondrashov and Shpak 1998;
Noor 1999; Servedio and Noor 2003). Taxa showing positive
within-population assortative mating are more likely to re-
main reproductively isolated after secondary contact if they
diverged for the same trait that underlies assortative mating.
Under such a secondary-contact scenario, we would also
predict a positive relationship between assortative mating
and species richness, which we did not detect in our study.

Another reason for the absence of a link between assor-
tative mating and species richness might be that the con-
ditions under which within-population assortative mating

promotes speciation are often not fulfilled. The most prom-
inent of these conditions is strong linkage of the loci coding
for mating signals with loci under disruptive selection
(Udovic 1980; Gavrilets 2003). Unfortunately, information
regarding the prevalence of such linkage is currently un-
available for the vast majority of species covered by our
meta-analysis. Similarly, we also lack data on the prevalence
of “magic traits” (e.g., ecological adaptation traits that also
serve as mating signals; Gavrilets 2004). In general, magic
traits have been argued to be more widespread than origi-
nally thought (Servedio 2011; Servedio and Kopp 2012). In-
terestingly, Servedio et al. (2011) provide a list of putatively
good examples for magic traits that is dominated by mor-
phological traits such as body size, structural traits, and
ornaments. These are also the most frequent trait categories
in our meta-analysis. However, this concordance does not
imply that the majority of the traits included in our meta-
analysis are actually magic traits, as it may simply reflect an
overall bias toward studying these particular traits. Therefore,
it is impossible to assess whether the observed lack of a rela-
tionship between assortative mating and species richness is
the consequence of generally rare linkage between genes un-
der disruptive selection and those that encode for mating
signals.
The lack of an overall relationship between assortative

mating and species richness might also be explained by in-
terspecific variation in the underlying mating rule. Mating
rules (constituting either one- or two-allele mechanisms
sensu Felsenstein 1981) have been argued to differ drastically
in their likelihood of affecting speciation with gene flow (re-
viewed by Kopp et al. 2018). Under a preference/trait mating
rule, reproductive isolation requires not only strong linkage
disequilibrium between loci under disruptive selection and

Table 2: Phylogenetically independent meta-analysis testing for a relationship between
species richness and the strength of within-population assortative mating for the
major taxonomic classes and trait categories

Level and subset N Slope5 SE z P q

Class:
Birds 39 2.2515 .457 2.55 .583 .662
Insects 23 .7025 1.603 .44 .662 .662
Malacostraca 16 1.1485 .427 2.69 .007 .043
Fishes 9 .8775 1.500 .58 .559 .662
Amphibians 14 2.8605 .686 21.26 .210 .419
Gastropods 13 1.3835 .753 1.84 .066 .198

Trait category:
Condition 25 2.6595 .454 21.45 .147 .586
Ornament 31 2.1345 .435 2.31 .758 .883
Size 112 .2065 .286 .72 .472 .883
Structural trait 52 2.0625 .420 2.15 .883 .883

Note: N refers to the number of sampled families. q values refer to P values corrected for false discovery
rate following Benjamini andHochberg (1995). Boldfacing indicates statistically significant effects ata ! :05.
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those encoding for mating signals but also the evolution of
polymorphism at the preference locus (i.e., two-allele mech-
anism), which renders speciation intrinsically more difficult
compared to a matching rule scenario (often constituting a
one-allele mechanism). Given that the preference/trait mat-
ing rule is generally thought to be widespread in nature, as-
sortative mating may not necessarily be associated with in-
creased speciation rate. However, as pointed out by Kopp
et al. (2018), we currently lack estimates of the prevalence
of this mating rule, as such estimates require extensive work
in both the field and the laboratory.

An additional explanation for the absence of a relation-
ship between assortative mating and species richness is that
strong assortative mating may actually constrain rather than
promote speciation. Specifically, certain forms of assortative
mating cause stabilizing sexual selection, because rare phe-
notypes are less likely to find mating partners compared to
common phenotypes. Theoretical models demonstrate that
such underlying positively frequency-dependent selection
may erode genetic variation and weaken the linkage disequi-
librium between loci, which both underlie the genetic basis
of sympatric speciation (e.g., Kirkpatrick and Nuismer 2004).
Moreover, other theoretical work suggests that very strong as-
sortative mating may suppress trait differentiation among
populations after secondary contact (Servedio 2011; Serve-
dio and Burger 2014; reviewed in Servedio 2016). All these
arguments question the view that within-population assor-
tative mating is a factor that always favors speciation (Gav-
rilets 2003).

Methodological limitations of our study might have also
obscured the effect of assortative mating on species rich-
ness. As a general feature of almost all meta-analyses, we
may have included effect sizes that are not fully comparable.
In our particular case, the extracted estimates for the strength
of assortative mating may result from different biological
processes. There are many mechanisms that can give rise
to assortative mating, of which sexual selection involving
mating preferences is only one of them (reviewed in Crespi
1989). Notably, individuals with similar phenotypes are often
temporally or spatially clustered in terms of phenotypically
plastic responses to environmental conditions, which may
lead to assortative mating in the absence of mate choice
simply because mating pairs were sampled across the entire
population, ignoring this temporal and spatial heterogene-
ity (Fernández-Meirama et al. 2017). Even if this type of as-
sortativemating of individuals living in the samemicrohab-
itat is not based on mating preferences, it can still be critical
to speciation because it could be effective in preventing
gene flow (e.g., speciation by host choice in tephritid fruit
flies of the genus Rhagoletis; Bush 1969). We are aware of
only a few studies of assortative mating that assessed such
temporal and spatial segregation of the studied population
and accounted for it statistically. These studies suggest that

estimates of the strength of assortative mating can largely
be driven by spatial clustering of similar phenotypes rather
than mate choice (Pal et al. 2006; Graham et al. 2015; Ng
et al. 2016).
Finally, the absence of a relationship between assorta-

tive mating and species richness may also arise if repro-
ductive isolation has only a minor effect on speciation rate
at the macroevolutionary scale. Specifically, diversification
rates might be limited primarily by ecological factors or
mechanisms that promote range expansion and the for-
mation of allopatric isolates rather than reproductive iso-
lation itself (e.g., Price 2010; Gillman and Wright 2014). In
accordance with this, Rabosky and Matute (2013) demon-
strated that the rate at which birds and fruit flies evolve
reproductive isolation is decoupled from the rate at which
they form new species.
We note that our results do not refute the view that

sexual selection affects species richness (e.g., Janicke et al.
2018; but see Kraaijeveld et al. 2011). This is because sex-
ual selection (defined as selection arising from competi-
tion for mating partners and/or for fertilizing the partner’s
gametes; Shuker 2010) can impact species richness either
by preventing species from extinction or by promoting spe-
ciation of which assortative mating is only one possible
mechanism among others (reviewed inRitchie 2007; Servedio
and Boughman 2017). Moreover, sexual selection is only one
mechanism thatmay lead to assortativemating within a pop-
ulation (Crespi 1989). Therefore, the lack of a relationship
between assortative mating and species richness does not
mean that sexual selection does not relate to species richness.

Reassessment of Assortative Mating in Animals

The second aim of our study was to provide a more robust
test of the hypothesis that assortative mating is on average
positive. Our phylogenetically informed meta-analysis re-
vealed a global effect size that is positive and statistically
different from zero, supporting the main finding of an early
meta-analysis by Jiang et al. (2013), which did not account
for phylogenetic nonindependence. However, we obtained
a larger global effect size with five times broader confidence
intervals (effect size r p 0:36; 95% confidence interval: 0.19–
0.52) compared to the study by Jiang et al. (2013; effect size
r p 0:28; 95% confidence interval: 0.25–0.31), suggesting
that assortative mating is much more variable between taxa
than previously thought. This result is in line with a pre-
viously documented higher risk of type I error in meta-
analyses that do not correct for phylogenetic nonindepen-
dence. Chamberlain et al. (2012) reanalyzed 30 published
meta-analyses to compare results obtained from traditional
(i.e., not controlling for phylogeny) and phylogenetically
independent meta-analyses. Their results indicate that ac-
counting for a phylogenetic signal leads to a heterogeneity
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that is on average nine times larger, which translates into
larger confidence limits and often affects whether the ob-
tained global effect sizes differ significantly fromzero (Cham-
berlain et al. 2012).

Statistical correction for phylogenetic relationships is
widely established in a large variety of comparative studies
to overcome problems arising from nonindependence of
data from related taxa. Nonetheless, more recently phyloge-
netic correction has been argued to be misleading, especially
when studying discrete characters that arise from singular
evolutionary events and in the absence of a phylogenetic sig-
nal in the studied trait (Uyeda et al. 2018). Given that we
were studying a continuous trait with a strong phyloge-
netic signal, we believe that our phylogenetically indepen-
dent meta-analysis is not confounded by these issues. How-
ever, our analysis may still have some limitations, as it relies
on the phylogeny used and the assumed model of evolution.
While we are confident that our phylogenetic tree of taxo-
nomic families accurately reflects phylogenetic affinities (at
least in terms of the topology), we admit that our model of
evolution (Brownianmotion)might be an oversimplification.
Bearing this in mind, we are still convinced that accounting
for the phylogenetic signal (even when based on an oversim-
plified model of evolution) is a favorable approach for meta-
analyses that cover different taxa, as is the case for classic
comparative studies.

Conclusions

We show that assortative mating within populations does
not predict species richness in animals. Empirical evidence
for often-made assertions such as that assortative mating
constitutes a “fundamental process which generates biodi-
versity on our planet” (Ingley and Rosenthal 2017) is still
lacking at a global scale. Despite methodological limitations,
our meta-analysis supports the idea that within-population
assortative mating alone does not promote speciation and/
or that the conditions under which it does are not widespread
enough to explain species richness across animals. Our study
also corroborates the view that positive assortative mating is
widespread. Future work should aim at a better understand-
ing of the evolutionary causes and consequences of the ob-
served intra- and interspecific variation in the strength of as-
sortative mating.
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