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Abstract 
Good genes theories of sexual selection predict that polygamy will be associated with more efficient removal of deleterious alleles (purifying 
selection), due to the alignment of sexual selection with natural selection. On the other hand, runaway selection theories expect no such align-
ment of natural and sexual selection, and may instead predict less efficient purifying selection in polygamous species due to higher reproductive 
variance. In an analysis of polymorphism data extracted from 150-bird genome assemblies, we show that polygamous species carry significantly 
fewer nonsynonymous polymorphisms, relative to synonymous polymorphisms, than monogamous bird species (p = .0005). We also show that 
this effect is independent of effective population size, consistent with the alignment of natural selection with sexual selection and “good genes” 
theories of sexual selection. Further analyses found no impact of polygamy on genetic diversity, while polygamy in females (polyandry) had a 
marginally significant impact (p = .045). We also recapitulate previous findings that smaller body mass and greater geographic range size are 
associated with more efficient purifying selection, more intense GC-biased gene conversion, and greater genetic diversity.
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Graphical abstract 
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Birds exhibit a broad range of mating systems, including mo-
nogamous, polyandrous, and polygynous strategies, making 
them an ideal system to study the evolutionary consequences 
of mating system (Pitelka et al., 1974). Polygamy has been 
predicted to influence evolution in a number of ways, primar-
ily due to the association between greater levels of polygamy 
and more intense sexual selection. In particular, the extent 
to which sexual selection aligns or interferes with natural se-
lection has been the subject of much debate and remains a 
controversial area of evolutionary biology (Rowe & Rundle, 
2021; Whitlock & Agrawal, 2009).

Elaborate morphological characteristics associated with 
polygamous mating systems, such as the peacock’s tail feath-
ers, are clearly detrimental to individual survival. If the action 
of sexual selection is restricted to the small subset of genes 
directly associated with such morphological characteristics, 
as predicted by runaway selection theories of sexual selection, 
it will act in opposition to natural selection (Arnold, 1985; 
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Fisher, 1958; Kirkpatrick & Ryan, 1991). On the other hand, 
if sexual selection favors individuals that are healthier in gen-
eral, as predicted by “good genes” theories of sexual selection, 
it may act in concert with natural selection to remove harmful 
alleles and promote adaptation (Agrawal, 2001; Andersson, 
1982; Jennions et al., 2001; Siller, 2001; Whitlock & Agrawal, 
2009). Sexual selection may also result in an increased muta-
tion rate, due to a trade-off between investment in DNA 
repair and investment in reproduction (Dowling & Simmons, 
2009), selection for rare beneficial mutations when variance 
in reproductive success is high (Bartosch-Harlid et al., 2003; 
Petrie, 2021; Petrie & Roberts, 2007), and/or as a result of 
post-copulatory sperm competition, as greater sperm pro-
duction requires additional rounds of replication in the male 
germline (Møller & Cuervo, 2003). Aside from the processes 
underlying sexual selection, the greater reproductive variance 
associated with polygamy is expected to reduce the effective 
size of a polygamous population (Nunney, 1993). Polygamous 
species are therefore expected to be more affected by genetic 
drift, which results in less stringent purifying natural selection 
and reduced genetic diversity (Charlesworth, 2001, 2009; 
Kimura, 1969a; Wright, 1931). Polygamy is also associated 
with greater sexual dimorphism, increasing the possibility 
that alleles harmful to one sex are maintained through their 
benefit to the other sex (Arnqvist & Rowe, 2013). Finally, 
recent comparative work in plovers has suggested that polyg-
amous species may exhibit greater gene flow between popula-
tions, which could result in an increase in the effective size of 
a given population (D’Urban Jackson et al., 2017).

Empirical studies of laboratory invertebrate populations 
have provided evidence for some of these theories, e.g., that 
the combination of sexual selection and the natural selection 

improves population fitness relative to natural selection 
alone (Baur & Berger, 2020; Cally et al., 2019; Jarzebowska 
& Radwan, 2010; Lumley et al., 2015), and that increas-
ing mate competition can increase mutation rates (Baur & 
Berger, 2020). However, the question of which processes 
are most influential remains contentious (Rowe & Rundle, 
2021; Whitlock & Agrawal, 2009). Comparative analyses of 
non-model species can provide insight into this question, and 
here we analyze the consequences of polygamy on molecular 
evolution in birds using the largest dataset to date, including 
single nucleotide polymorphism (SNP) data from 150 species 
with sequenced genomes. We focus on four hypotheses that 
make clear predictions for genome-wide signatures of molec-
ular evolution (summarized in Table 1): (1) sexual selection 
acts in concert with natural selection, by ensuring only the 
healthiest individuals breed (“good genes” theory of sexual 
selection), (2) sexual selection is limited to a small number 
of genes associated with secondary sexual characteristics and 
preferences and is unrelated to the efficacy of natural selec-
tion (“runaway” theory of sexual selection), (3) polygamy 
acts against natural selection, by lowering the effective popu-
lation size of a population and thereby increasing the impact 
of genetic drift, and (4) greater levels of polygamy are asso-
ciated with a higher mutation rate, either due to a trade-off 
against DNA repair, selection for a higher mutation rate, or 
post-copulatory sperm competition. To tease apart the predic-
tions of these hypotheses, we make use of three independent 
genomic signatures, which reflect the efficiency of purifying 
selection, the level of genetic diversity, and the intensity of 
GC-biased gene conversion (gBGC, a fixation bias thought to 
affect the majority of eukaryotes (Bolívar et al., 2016; Duret 
& Galtier, 2009; Pessia et al., 2012), although perhaps not 

Table 1. Summary of hypotheses linking polygamy and genome-wide molecular evolution, with predictions for the signatures of three evolutionary 
processes.

Hypothesis Prediction for 
purifying selection 
efficiency 

Prediction for 
neutral genetic 
diversity 

Prediction for 
GC-biased gene 
conversion intensity 

(Pn/Ps)
† (Heterozygosity)§ (PSW+WS/PSS+WW)‡

(1) Polygamy enhances natural selection via sexual selection 
(Agrawal, 2001; Andersson, 1982; Jennions et al., 2001; 
Siller, 2001; Whitlock & Agrawal, 2009)

Polygamous species 
have more efficient 
purifying selection 
(lower Pn/Ps)

No predicted 
effect

No predicted effect

(2) Polygamy does not enhance natural selection, being 
limited to the evolution of secondary sexual characteristics 
and preferences (Arnold, 1985; Fisher, 1958; Kirkpatrick & 
Ryan, 1991)

No predicted effect No predicted 
effect

No predicted effect

(3) Polygamy reduces effective population size 
(Charlesworth, 2009; Nunney, 1993)

Polygamous species 
have less efficient 
purifying selection 
(higher Pn/Ps)

Polygamous 
species show 
reduced hetero-
zygosity

Polygamous species 
have less intense GC- 
biased gene conversion 
(higher P

SW+WS/PSS+WW)

(4a) Polygamy increases mutation rate via selection for rare 
beneficial mutations (Bartosch-Harlid et al., 2003; Petrie, 
2021; Petrie & Roberts, 2007) or via a trade-off between 
reproduction and DNA repair (Dowling & Simmons, 2009)

No predicted effect Polygamous spe-
cies show greater 
heterozygosity

No predicted effect

(4b) Polyandry increases mutation rate via sperm competi-
tion (Møller & Cuervo, 2003)

No predicted effect Polyandrous spe-
cies show greater 
heterozygosity

No predicted effect

†	  Pn/Ps = Ratio of GC-conservative nonsynonymous SNPs to GC-conservative synonymous SNPs.
§	  Heterozygosity = Proportion of intergenic loci that contain a GC-conservative SNP in a single genome.
‡	  PSW+WS/PSS+WW = Ratio of intergenic SNPs affected by GC-biased gene conversion to intergenic SNPs unaffected by GC-biased gene conversion.
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Drosophila (Robinson et al., 2014)). The predictions of each 
hypothesis for these separate genomic measures are summa-
rized in Table 1.

Materials and methods
Overview of the genomic dataset
Single whole genomes for a total of 150 species were used 
in this study, including 144 collated as part of the 10,000 
bird genomes project (B10k; Feng et al., 2020), and six newly 
sequenced Arctic shorebird species (Charadrius hiaticula, 
Pluvialis squatarola, Calidris alpina, Calidris temmincki, 
Calidris minutus, and Phalaropus lobatus). Species were 
selected based on the availability of genomes and the relevant 
life history variables, after excluding flightless birds on the 
basis that the relationship between geographic range size and 
body mass and effective population size may be very different 
in flightless birds, due to reduced constraints on body mass 
and reduced dispersal ability. The B10k project has deliber-
ately set out to sequence examples from each avian family, 
and the set of genomes, therefore, includes some particularly 
long branches leading to families with only one sequenced 
individual. Long branch lengths cause issues for comparative 
analyses based on substitutions, such as dN/dS (the ratio of 
nonsynonymous to synonymous substitutions) and GC4 (the 
GC proportion at fourfold degenerate sites), as differences 
between species are accumulated along evolutionary periods 
that might not reflect current phenotypes. This is particu-
larly problematic for fast-evolving behavioral traits such as 
mating system, for which the entire spectrum of phenotypes 
can be identified among species of a single family (Pitelka 
et al., 1974). To avoid these issues, we detect evolutionary 
signatures in the pattern of polymorphisms, as these reflect 
more recent evolutionary pressures (McDonald & Kreitman, 
1991; Müller et al., 2022). Signatures of genetic diversity and 
purifying selection efficiency have previously been analyzed 
using polymorphism data from single genomes (e.g., Figuet et 
al., 2016), and our analyses of these traits follow established 
methods: GC-conservative Pn/Ps (the ratio of nonsynonymous 
to synonymous SNPs) was used for analyzing purifying selec-
tion, and intergenic GC-conservative heterozygosity was used 
for analyzing genetic diversity. In contrast, to our knowledge, 
previous analyses of gBGC have either relied on substitution 
data (e.g., Romiguier et al., 2010) or have required multiple 
genomes with polymorphism data (e.g., Glémin et al., 2015; 
Muyle et al., 2011; Robinson et al., 2014). Here we present a 
novel measure of the intensity of gBGC, which makes use of 
polymorphism data from a single genome: the PSW+WS/PSS+WW 
ratio. This can be defined as the ratio of intergenic heterozy-
gous sites affected by gBGC to intergenic heterozygous sites 
unaffected by gBGC.

Explanation and modeling of the PSW+WS/PSS+WW ratio
GC-biased gene conversion (gBGC) results from a meiotic 
repair bias that favors G and C nucleotides over A and T 
nucleotides and acts to increase the frequency of “strong” 
alleles (“S”, e.g., G:C) and reduce the frequency of “weak” 
alleles (“W”, e.g., A:T) in a population (Duret & Galtier, 
2009; Webster & Hurst, 2012). When a new mutation occurs 
that introduces a “weak” nucleotide pair in the place of 
an existing “strong” nucleotide pair (S→W mutation, e.g., 
G:C→A:T), gBGC reduces the chance of this mutation spread-
ing through the population, analogous to how selection acts 

on a weakly deleterious allele (Capra et al., 2013; Nagylaki, 
1983). However, when a mutation occurs in the oppo-
site direction (W→S, e.g., A:T→G:C), gBGC increases the 
chance of this mutation spreading through the population, 
analogous to the effect of selection on a weakly beneficial 
allele. In contrast, gBGC has no effect on GC conservative 
mutations, which are rarer mutations that replace “strong” 
alleles with other “strong” alleles (S→S, e.g., G:C→C:G), or 
replace “weak” alleles with other “weak” alleles (W→W, e.g., 
A:T→T:A). GC-biased gene conversion (gBGC) acts in a con-
sistent direction and is expected to be more intense in larger 
populations (Nagylaki, 1983; Wright, 1931). The effects of 
gBGC are more pronounced in areas of the genome with high 
recombination, where the intensity of gBGC is greatest, but 
nevertheless, they have a significant effect on overall SNP 
frequencies and genomic GC content (Bolívar et al., 2016). 
Previous research comparing GC content within the avian 
clade has found evidence of stronger gBGC in larger popu-
lations (Weber et al., 2014), although evidence for this rela-
tionship is more mixed in mammals (Kessler & Dean, 2014; 
Romiguier et al., 2010), and no such relationship has been 
found across more distantly related animal groups or plants 
(Clément et al., 2017; Galtier et al., 2018).

Typically, when gBGC strength is measured using 
polymorphism data, the frequency spectrum of W→S 
polymorphisms is compared to the frequency of S→W 
polymorphisms (e.g., Glémin et al., 2015; Muyle et al., 
2011; Robinson et al., 2014). However, here we use sin-
gle whole genomes in a dataset where divergence times 
between species are often very long, ancestral states cannot 
be reliably inferred (Hernandez et al., 2007), and S→W and 
W→S polymorphisms cannot be separated. By modeling the 
expected heterozygosity levels for the four different SNP 
categories (S→W, W→S, S→S, and W→W), we show that as 
long as W→S SNPs are generated more frequently than the 
reverse, gBGC reduces the total combined number of W→S 
and S→W SNPs (these can be described as SNPs affected by 
gBGC). Research into germline mutation rates in eukary-
otes has shown consistently that S→W mutations occur 
more often than the reverse (Bolívar et al., 2016; Hwang & 
Green, 2004; Lynch, 2010; Ossowski et al., 2010; Smeds et 
al., 2016; Zhang & Gerstein, 2003) and so the overall fre-
quency of SNPs affected by gBGC is reduced by the action 
of gBGC. To control for mutation rate differences between 
species, we divide the total number of S→W and W→S 
intergenic heterozygous sites with the total number of S→S 
and W→W intergenic heterozygous sites, to create a mea-
sure of gBGC intensity: P

SW+WS/PSS+WW. As with all genomic 
correlates of gBGC intensity, this measure is affected by 
variation in recombination rates and mutation biases and 
assumes that such variation is not correlated with the life 
history traits being compared.

The effect of gBGC on the frequency of W→S and S→W 
mutations is typically modeled by noting that the rate of gene 
conversion b is equivalent to a selection coefficient promoting 
the “strong” allele (e.g., Bólivar et al., 2016; Lartillot, 2013; 
Mugal et al., 2013). In this approach, W→S mutations are 
considered weakly beneficial and S→W mutations are con-
sidered weakly deleterious, while GC-conservative mutations 
are neutral. Kimura (1969b) provided equations for estimat-
ing the expected amount of heterozygosity in an individual 
genome for sites under selection (formula 1a), and for selec-
tively neutral sites (formula 1b).
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H ( p) =
4Nevm
Nes

Ç
1− e−2Nesp

1− e−2Nes
− p

å

(1a)

H ( p) = 4Nevmp(1− p) (1b)

Where H ( p) = the number of heterozygous sites (per indi-
vidual), N= the total population size, Ne = the variance effec-
tive population size, s = the selection coefficient, vm = the total 
number of mutations appearing in the population each gener-
ation, and p = 1�2N.

By substituting the selection coefficient and mutation rate 
parameters used by Kimura (1969b) with parameters rele-
vant to S→W, W→S, S→S, and W→W mutations, the effect 
of population size on the relative proportions of different cat-
egories of heterozygous sites can be modeled. These substitu-
tions are summarized in formulas 2a and 2b, where formula 
2a applies to mutations affected by gBGC (S→W and W→S) 
and formula 2b applies to mutations unaffected by gBGC 
(S→S and W→W). The ratio of polymorphisms affected by 
gBGC to those unaffected by gBGC (PSW+WS/PSS+WW) is then 
provided by formula 3.

Hx→y =
8Ne

2µx→ygx
Nebx→y

Ç
1− e−2Nebx→yp

1− e−2Nebx→y
− p

å

(2a)

Hx→x = 8Ne
2µx→xgxp(1− p) (2b)

Where x = ancestral nucleotide type (strong or weak), y = 
derived nucleotide type (strong or weak), µ = mutation rate 
per site (dependent on x and y), b = gBGC selection coeffi-
cient (dependent on x and y), and g  = number of sites avail-
able for mutation per haploid genome (dependent on x).

PSW+WS/PSS+WW =
HS→W +HW→S

HS→S +HW→W (3)

Values for the parameters in formulas 2a and 2b were taken 
from the literature where possible, so that the impact of vary-
ing Ne could be modeled in a plausible setting (parameter val-
ues summarized in Table 2). Kessler and Dean (2014) noted 
that Ne estimates in mammals have varied from ~10,000 in 

humans to ~780,000 in rabbits. Assuming a similar amount 
of variation in birds, the impact of a 100-fold change in Ne 
(from 2,000 to 200,000) was modeled, and showed a neg-
ative relationship between Ne and PSW+WS/PSS+WW for the 
full range of intergenic GC content in the genomic dataset 
(Figure 1). Consistent with these predictions, phylogenetic 
generalized least squares (PGLS) analysis showed a signifi-
cant negative correlation between PSW+WS/PSS+WW and inter-
genic heterozygosity (Table 3). It should be noted that if GC 
content is sufficiently low, or the mutation rate bias toward 
S→W is sufficiently weak, so that more W→S mutations are 
generated than S→W mutations, the predictions of the model 
are reversed and increasing Ne will increase the predicted 
PSW+WS/PSS+WW ratio. This switch occurs at GC = ~0.35 for the 
parameters defined in Table 2.

Figure 1 also highlights a further complexity to the rela-
tionship between GC content, Neand PSW+WS/PSS+WW: when 
Ne is low and gBGC intensity is therefore very weak, both 
S→W and W→S mutation contribute approximately equally 
to heterozygosity, and so the greater rate of S→W mutations 
leads to PSW+WS/PSS+WW increasing in line with the proportion 
of GC sites. In contrast, when Ne is high and gBGC is having 
a meaningful impact, S→W mutations are quickly removed 
and W→S mutations contribute more to heterozygosity, and 
so an increase in GC sites reduces PSW+WS/PSS+WW. Such an 
effect did not appear to influence the current analysis, as 
PGLS models found no interaction between intergenic GC 
content and heterozygosity, as well as no main effect of 
intergenic GC content (Table 3). This may reflect the lack of 
variation in intergenic GC content between species (ranging 
from 0.4 to 0.44, variance = 3.3e−5), especially relative to 
the potentially 100-fold range in effective population size. 
The complexity of the relationship between PSW+WS/PSS+WW, 
Ne, and GC content are a limitation of the PSW+WS/PSS+WW 
measure and may make it unsuitable for certain datasets. 
Nevertheless, for the current analysis, predictions for the 
impact of Ne on PSW+WS/PSS+WW are clear, and the measure can 
provide some insight into the effect of polygamy on molec-
ular evolution.

Table 2. Parameter values used in modeling the formulas 2a and 2b.

Parameter Value Justification 

gS 4.14e8 1Gb = approx. size of a typical bird genome
Average intergenic GC content = 0.414

gW 5.86e8 1Gb − gS

Ne 50,000 Ne arbitrarily estimated as 50,000
This is smaller than Ne estimated for the mouse, and greater than Ne estimated for the chimp†

N 50,000 Equal to Ne to simplify analysis

µS→W 2.51e−9 Estimated germline mutation rate in the flycatcher§

µW→S 1.42e−9 (as above)

µW→W 2.51e−10 (as above)

µS→S 4.18e−10 (as above)

bS→W
−5e−6 In mammals, average strength of gBGC 4Neb =∼ 1‡

b estimated as 1/4Ne where Ne = 50,000

bW→S 5e−6 (as above)

†	  Geraldes et al. (2011); Won and Hey (2005).
§	  Smeds et al. (2016).
‡	  Lartillot (2013).
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Genomic variables
Single nucleotide polymorphisms (SNPs) were called using 
GATK (version 3.4-46-gbc02625) (DePristo et al., 2011), and 
filtered to include only those meeting the following quality 
criteria: SNPs must be more than 10  bp (base pairs) from 
another SNP, SNP coverage must be more than one-third 
mean coverage and less than 2× mean coverage, SNP root-
mean-square mapping quality must be at least 25 (as in 
Nadachowska-Brzyska et al., 2015).

SNPs located within regions of tandem repeats and trans-
posable elements were excluded to avoid the inclusion of 
spurious SNPs from such regions. Tandem repeats were 
identified using Tandem Repeats Finder v4.07b41 (Benson, 
1999). Transposable elements were identified through homol-
ogy-based annotation by RepeatMasker (open-4.0.7) with 
parameters “-nolow -no_is -norna -engine ncbi -parallel 1”) at 
the DNA level based on the Repbase library (v20170127). De 
novo repeat annotation was completed using RepeatModeler 
(open-1-0-8) with default parameters to build a de novo repeat 
library for each assembly (Smit et al., 2015), and this library 
was also used with RepeatMasker (open-4.0.7) to predict 
repeats for each species (as in Feng et al., 2020). SNPs located 

on sex chromosomes were also removed to reduce the noise 
generated by including a mixture of male and female sam-
ples (these SNPs were identified by alignment to chicken sex 
chromosomes, given the high conservation of synteny among 
avian species; Ellegren, 2010; Griffin et al., 2007). Locations 
of SNPs (exonic, intronic, or intergenic), were detected using 
the protein-coding gene annotation for each species.

The total number of GC-conservative autosomal SNPs 
passing these quality criteria and located in exons were then 
identified as synonymous or nonsynonymous, and extracted 
for analysis of P

n/Ps. Only GC-conservative polymorphisms 
were included, as gBGC can interfere with signatures of selec-
tion (Bolívar et al., 2018). A total of 156 species were initially 
identified for use in the study, however, three were removed 
due to a low number of GC-conservative exonic SNPs passing 
quality control criteria (<200), resulting in a final dataset of 
153 species with suitable genomic data. Pn/Ps was calculated 
by summing the number of GC-conservative nonsynonymous 
heterozygous sites and dividing this number by 3 times the 
number of GC-conservative synonymous heterozygous sites 
(this approximately controls for the greater frequency of new 
nonsynonymous mutations, as in Figuet et al., 2016). Pn/Ps 
ratios were natural log (Ln)-transformed prior to statistical 
analysis to reduce the impact of extreme values.

Heterozygosity was calculated for each genome as the num-
ber of GC-conservative intergenic SNPs passing quality con-
trol criteria, divided by the number of intergenic sites meeting 
quality control criteria in that genome (as in Figuet et al., 
2016). This measure can be defined as the proportion of inter-
genic sites in a single genome containing GC-conservative 
SNPs. Heterozygosity was square root transformed before 
analysis to reduce the impact of extreme values. PGLS anal-
ysis revealed no effect of intergenic GC content on heterozy-
gosity (p > .5).

To calculate PSW+WS/PSS+WW, autosomal SNPs passing quality 
criteria and located in intergenic regions were extracted, and 
the number of SNPs identified as G:T, T:G, G:A, A:G, C:T, 
T:C, C:A, or A:C was simply divided by the number of SNPs 

Figure 1. Predicting the impact of Ne (effective population size) on PSW+WS/PSS+WW under plausible parameter values. Predictions are based on 
calculations using formulas 2a, 2b, and 3, and Table 2 for parameter values.

Table 3. PSW+WS/PSS+WW vs. GC-conservative intergenic heterozygosity 
+ intergenic GC content + genome quality (L50), in a phylogenetic 
generalized least squares (PGLS) model.†

Model term β (SE) ‡ t-value N p-value 

Heterozygosity: GC content 0.046 (0.045) 1.01 150 .31

Heterozygosity −0.16 (0.042) −3.82 150 .0002

GC content −0.031 (0.047) 0.65 150 .51

Genome quality (L50) 0.082 (0.042) 1.93 150 .056

†	  PGLS was implemented using Pagel’s correlation structure, Pagel’s λ = 
0.93.
‡	  β = slope (coefficient), t-value = slope/standard error, N = number of 
species.
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identified as A:T, T:A, C:G, or G:C. No transformation was 
required for this variable.

Life history data
Effective population size is predicted to have a large impact 
on all the genomic measures analyzed, as purifying selection, 
gBGC, and genetic diversity are all affected by genetic drift 
(Charlesworth, 2009). Body mass and geographic range size 
were therefore included in all models to reduce the unex-
plained variance, as these variables have previously been 
found to correlate with population size, and thus may also 
correlate with effective population size (Damuth, 1981; 
Gaston & Blackburn, 1996; Greenwood et al., 1996). Body 
mass estimates were initially collated from the literature by 
Székely et al. (2022). Where possible, average estimates for 
males and females were used, but if data was available for just 
one sex, this was included without adjustment. Body mass 
was Ln-transformed to reduce the impact of extreme values. 
Distribution ranges were downloaded for all study species 
as shapefiles from Birdlife.org. Polygons of wintering ranges 
were then excluded, as these are unrelated to population size 
when breeding ranges are accounted for. Breeding ranges and 
year-round resident ranges were retained, and the total geo-
graphic range size was calculated using the “areaPolygon” 
function in the R package “geosphere” (Hijmans, 2012). 
For all analyses geographic range size was Box-Cox trans-
formed ([geographic range size (km2)^0.2 − 1]/0.2) to reduce 
the impact of extreme values. Three of the 153 species with 
suitable genomic data exhibited outlying phenotypes for geo-
graphic range size or body mass (leverage > 2 × [number of 
variables]/N), and these species were excluded from the anal-
ysis to avoid spurious associations (as in Thomas, 2015). The 
final sample size for analyses was therefore 150 species.

For 149 of 150 species, estimates of the extent of polyg-
amy were available from the literature for both sexes, and 
for the remaining one species Cuculus canorus, the extent 
of polygamy was known for females only (collated by 
Székely et al., 2022). For the majority of hypotheses out-
lined in Table 1, the predicted impacts of polygamy in males 
(polygyny) and polygamy in females (polyandry) are alike, 
as polygamy in either sex increases the variance in repro-
ductive success and the intensity of sexual selection. Data 
on the extent of polygyny and polyandry were, therefore, 
combined for most analyses in order to increase statistical 
power: species, where >5% of breeding individuals from 
the more polygamous sex mated multiple times in a season, 
were considered polygamous (N = 29 species), with the rest 
considered monogamous (N = 121 species) (as in D’Urban 
Jackson et al., 2017). In contrast, the hypothesis that sperm 
competition increases germline mutation rates predicts an 

impact of polyandry specifically, as sperm competition is 
linked to polygamy in females (Cally et al., 2019; Møller, 
1991). To test for an effect of sperm competition, hetero-
zygosity was also analyzed in a model comparing polyan-
drous species (species where >5% of breeding females mate 
multiple times in a season, N = 11) with all other species (N 
= 139 species).

PGLS models showed that there was no significant association 
between any of the explanatory variables of polygamy, body mass, 
and geographic range size (Table 4). A separate PGLS model for 
the 78 species with available census population estimates found 
that smaller body mass and greater geographic range size were sig-
nificantly associated with larger census population size (see online 
supplementary material, Table 1). The lack of a significant correla-
tion between polygamy and census population size suggests there 
is no severe confounding effect on the dataset, however, only 12 
polygamous species had census data available, and so the power 
to detect an association in this analysis was low. Census popula-
tion size estimates were taken from three sources—IUCN (2020), 
BirdlifeInt (2020), and Birds of the World (Billerman et al., 2020), 
and averages of the extremes were taken when estimates were 
given as a likely range. This measure was Ln-transformed before 
analysis, to reduce the impact of extreme values (averages of cen-
sus minimum and maximum estimates were taken after natural 
log transformation, as these estimates generally followed a loga-
rithmic scale, e.g., “10,000–100,000 individuals”).

Software and analysis
All analysis was completed in R version 4.0.1 (R core team, 
2020). PGLS analyses were run using the “pgls” function 
of the caper package, with Pagel’s λ estimated by max-
imum likelihood (Orme et al., 2013). PGLS models were 
used for all species comparisons, and are a form of linear 
model that controls for phylogenetic relatedness, in order 
to avoid issues regarding the nonindependence of data from 
related species (Symonds & Blomberg, 2014). Statistical 
assumptions of the models (normality of residuals, no het-
eroscedasticity) were checked visually by plotting the data, 
and no issues were detected once variables were appropri-
ately transformed to follow normal distributions, and the 
three high-leverage species were excluded. Interactions 
between polygamy/polyandry and the model covariates 
were checked for in each model, and nonsignificant inter-
actions were removed sequentially to produce the final 
models (Engqvist, 2005). Body mass and geographic range 
size were centered and scaled, and the categorical variable 
of polygamy was also centered, so that main effects could 
be interpreted in the presence of interactions, and so that 
slope estimates were comparable among predictor variables 
(Schielzeth, 2010).

Table 4. Phylogenetic generalized least squares (PGLS) analyses showing life history variable associations. Note that the explanatory variable in each of 
these pairwise models was selected as the variable with the weakest phylogenetic signal, to avoid conflating the phylogenetic signal with correlation 
(see online supplementary material, Table 2).

Model β (SE) † t-value N p-value Pagel’s λ 

Polygamy ~ geographic range size −0.0083 (0.031) 0.27 150 .79 0.54

Body mass ~ polygamy −0.043 (0.12) −0.36 150 .72 1.00

Body mass ~ geographic range size 0.082 (0.044) 1.86 150 .064 1

†	  β = slope (coefficient), t-value = slope/standard error, N = number of species, λ = phylogenetic signal.
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Genome quality, measured by contig L50, varied widely 
across species (910–46,581), however, PGLS analysis showed 
that this measure was not significantly associated with the life 
history variables studied (see online supplementary material, 
Table 3). Since a nonsignificant trend toward higher quality 
genomes in polygamous species was found, all PGLS mod-
els involving polygamy were rerun with L50 as a covariate 
(following square root transformation of L50 to reduce the 
impact of extreme values). Interpretations from these mod-
els were unchanged, suggesting genome quality was not con-
founding results. Collinearity between independent variables 
was tested by rerunning all models using the “gls” function 
of the nlme package (Pinheiro et al., 2017), along with the 
“corPagel” function of the ape package (Fox et al., 2007), and 
then applying the “vif” function of the car package (Paradis, 
2012). Variance inflation factors for all variables in all models 
were below 1.3, suggesting a minimal impact of collinearity. 
Cohen’s D was calculated using the “cohen.d” function of the 
“effsize” R package after life history variables were split into 
binary groups (Torchiano, 2017). Polygamy and polyandry 
were already binary variables, whereas body mass and geo-
graphic range group were simply split around the mean (after 
the above-mentioned transformation to normal distributions).

Phylogeny
The fourfold-degenerate (4d) site sequences for all 469 1:1 
ortholog genes for the initially identified 156 species were 
used to infer the highest-scoring maximum likelihood tree 
using a GTRCAT substitution model by RAxML version 
8.2.4 (Stamatakis, 2014) and branch lengths were estimated 
using a GTR substitution model by the phyloFit program in 
the PHAST package (Siepel & Haussler, 2004).

Data and code availability
Genome sequencing data and genome assemblies of six newly 
sequenced species generated in this study have been deposited 
in the NCBI SRA and GenBank (accession PRJNA739535) 
and CNGBdb (accession CNP0001928). The trait and 
genomic datasets, as well as all original code, have been 
deposited at Zenodo, and are publicly available (10.5281/
zenodo.7043094). Any additional information required is 
available from the lead author upon request.

Fieldwork
Blood samples for the six newly sequenced shorebird spe-
cies (Charadrius hiaticula, Pluvialis squatarola, Calidris 
alpina, Calidris temmincki, Calidris minutus, and Phalaropus 
lobatus), were collected from Kolokolkova Bay (68°35ʹN, 
52°20ʹE) in Russia. Blood was taken from the brachial vein 
of adult breeding birds, following established methods that 
were approved by the University of Bath’s Animal Welfare 
and Ethical Review Body (Székely et al., 2008). No addi-
tional permissions were required according to §44 and §6 
of the Federal Law of the Russian Federation No. 52 from 
24.04.1995 (last update 18.02.2020).

Results and discussion
Purifying selection efficiency
Polygamy may increase purifying selection efficiency due 
to the alignment of natural and sexual selection (Agrawal, 
2001; Andersson, 1982; Jennions et al., 2001; Siller, 2001; 

Whitlock & Agrawal, 2009), or it may reduce purifying selec-
tion efficiency due to a reduction in effective population size 
(Charlesworth, 2009; Nunney, 1993). A PGLS model ana-
lyzing the effect of polygamy, body mass, and geographic 
range size on purifying selection efficiency (Pn/Ps, the ratio 
of GC-conservative nonsynonymous to synonymous SNPs), 
found that polygamous species had a significantly lower 
Pn/Ps than monogamous species, consistent with polygamy 
enhancing purifying selection through the alignment of sexual 
selection and natural selection (Table 5; Figure 2). Significant 
effects of body mass and range size were also found, which 
reflect previous studies in a range of taxa showing larger 
effective population sizes are associated with more efficient 
purifying selection (Bolívar et al., 2019; Botero-Castro et al., 
2017; Corcoran et al., 2017; Figuet et al., 2016; Kutschera et 
al., 2020; Leroy et al., 2021; Rolland et al., 2020; Romiguier 
et al., 2014). Effect sizes were calculated independently for 
each variable using Cohen’s D (Cohen, 1988). Body mass and 
polygamy both had a “large” effect size (D = 0.88 and 0.84, 
respectively), while geographic range size had a “small” effect 
size (D = 0.15). Variance inflation factor analysis suggested 
a very weak internal correlation between the covariates 
(variance inflation factor < 1.3). The relatively small effect 
of geographic range size may reflect the noise introduced 
by recent demographic changes in populations, as while 
polymorphism-based measures of effective population size 
reflect the average population size of many past generations 
(Charlesworth, 2009; Müller et al., 2022), current geographic 
range size will be more closely linked to the current effective 
population size.

To confirm that the effect of polygamy on purifying selection 
did not reflect a correlation between polygamy and effective 
population size, intergenic GC-conservative heterozygosity 
was added as a covariate to the model (see online supple-
mentary material, Table 4). Comparison of t-values following 
the addition of the heterozygosity covariate revealed greatly 
reduced explanatory power of body mass (64% reduction in 
t-value) and geographic range size (72% reduction in t-value), 
consistent with effective population size underlying the effect 
of these variables. However, the explanatory power of polyg-
amy was mostly unaffected (11% reduction in t-value), con-
sistent with sexual selection strength underlying the impact of 
polygamy on purifying selection efficiency. Previous research 
comparing the efficiency of genome-wide purifying selection 
with mating systems failed to find this effect (Harrison et al., 
2015; Iglesias-Carrasco et al., 2019; Nadeau et al., 2007). 
The difference in results may reflect a lack of power in the 
previous studies, resulting from fewer variable genetic sites 
and/or fewer species. The largest previous study into the ques-
tion (Iglesias-Carrasco et al., 2019) also included some key 

Table 5. Purifying selection efficiency (GC-conservative Pn/Ps) vs. 
polygamy (presence/absence), geographic range size (km2), and body 
mass (g) in a phylogenetic generalized least squares (PGLS) model.

Model term β (SE) † t-value N p-value 

Polygamy −0.14 (0.038) −3.57 150 .0005

Body mass 0.10 (0.015) 6.70 150 <.0001

Geographic range size −0.039 (0.015) −2.61 150 .0099

†	  β = slope (coefficient), t-value = slope/standard error, N = number of 
species, Pagel’s λ = 0.00.
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methodological differences that may affect the results, such 
as the use of substitution data (dN/dS) to measure purifying 
selection strength, which is more influenced by positive selec-
tion than the polymorphism data used here (Smith & Eyre-
Walker, 2002), and a focus on polygyny rather than polygamy 
in general.

Genetic diversity
Various theories have suggested that polygamy, or polyandry 
specifically, may lead to increased mutation rates and greater 
genetic diversity (summarized in Table 1). In contrast, genetic 
diversity may be reduced if polygamous species have smaller 
effective population sizes (Charlesworth, 2009; Nunney, 
1993). Table 6 shows the results of PGLS models analyzing 
the effect of body mass, geographic range size, and either 
polygamy or polyandry, on the response variable genetic 
diversity (intergenic heterozygosity). Significant effects of 
body mass and geographic range size were found, consistent 
with many previous studies showing that greater population 
size is associated with greater genetic diversity (reviewed in 
Charlesworth, 2009). Body mass had a large effect on het-
erozygosity (Cohen’s D = 1.15), and geographic range size 
again had a small effect (D = 0.27) (Cohen, 1988). No effect 
of overall polygamy was found in this model; however, a 
marginally significant effect of polyandry was detected, with 
greater genetic diversity in polyandrous species (Figure 3; 
Cohen’s D = 0.67). Greater genetic diversity in polyandrous 
species is consistent with previous comparative analyses in 
birds, which have found evidence that higher rates of extra-
pair paternity are associated with a greater male mutation 

bias (Bartosch-Harlid et al., 2003), greater genetic diversity 
(Gohli et al., 2013; Møller et al., 2008; Petrie et al., 1998), 
and higher mutation rates (Møller & Cuervo, 2003, 2009), 
although this was not replicated in swallows (Anmarkrud et 
al., 2011). Overall, this result provides weak evidence in favor 
of the hypothesis that sperm competition leads to a greater 
mutation rate, although it should be treated with caution due 
to the low number of polyandrous species in the dataset (N 
= 11 species).

GC-biased gene conversion (gBGC) intensity
The process of gBGC provides an opportunity to understand 
the impact of polygamy on directional selection without the 

Figure 2. Purifying selection is more efficient in polygamous species 
(N = 29) than monogamous species (N = 121), as shown by a lower 
GC-conservative nonsynonymous to synonymous single nucleotide 
polymorphism (SNP) ratio (Pn/Ps) (p = .0005). Gray dots represent 
species, black dots represent means, and error bars represent 95% 
confidence intervals.

Table 6. GC-conservative intergenic heterozygosity vs. geographic range 
size (km2), body mass (g), and either polygamy (presence/absence) 
or polyandry (presence/absence) in a phylogenetic generalized least 
squares (PGLS) model.

Model term β (SE) † t-value N p-value 

Polygamy 0.0011 (0.0013) 0.87 150 .39

Polyandry 0.0043 (0.0021) 2.02 150 .045

Body mass‡ −0.0031 (0.00072) −4.27 150 <.0001

Geographic range size‡ 0.0014 (0.00047) 2.98 150 .0034

†	  β = slope (coefficient), t-value = slope/standard error, N = number of 
species, Pagel’s λ = 0.63.
‡	  Results for the body mass and geographic range size variables were 
almost identical for the two models, and estimates from the polyandry 
model are presented.

Figure 3. GC-conservative intergenic heterozygosity is higher in 
polyandrous species (N = 11) than monogamous (and polygynous) (N 
= 139) (p = .045). Gray dots represent species, black dots represent 
means, and error bars represent 95% confidence intervals.
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influence of sexual selection, which is not expected to affect 
gBGC. Polygamy is therefore hypothesized to be associated 
with reduced gBGC if polygamous species have smaller 
effective population sizes (Charlesworth, 2009; Nagylaki, 
1983; Nunney, 1993) but no other association is predicted 
(Table 1). Table 7 shows the results of a PGLS analysis 
comparing the polymorphism-based measure of gBGC, 
PSW+WS/PSS+WW, with body mass, geographic range size, and 
polygamy. In this analysis, significant main effects of both 

body mass and geographic range size were found, consistent 
with more intense gBGC in larger populations and previous 
research in birds (Weber et al., 2014). In line with the pre-
vious models of purifying selection efficiency and heterozy-
gosity, body mass had a large effect on gBGC (Cohen’s D 
= 1.59), whereas geographic range size had a small effect 
(D = 0.19) (Cohen, 1988). Whilst no main effect of polyg-
amy was found in this model, a significant interaction with 
geographic range size was found. Post-hoc PGLS analyses 
revealed that in polygamous species, gBGC was significantly 
more intense for species with greater geographic range 
sizes (p = .005), while in monogamous species, this trend 
was much weaker and failed to reach significance (p = .22) 
(Figure 4; see online supplementary material, Table 5). This 
result may reflect greater gene flow in polygamous species, 
which would connect disparate parts of a species’ range 
and result in a stronger connection between geographic 
range size and effective population size (an extension of the 
“Dispersal to Mate” hypothesis (D’Urban Jackson et al., 
2017); illustrated in online supplementary material, Figure 
1). However, greater gene flow in polygamous species should 
also moderate the impact of geographic range size on purify-
ing selection efficiency and heterozygosity, whereas no such 
interactions were detected (p > .5). It is possible that purify-
ing selection, gBGC, and genetic diversity respond differently 
to gene flow between populations, however the necessary 
modeling to make such predictions has not been completed 

Table 7. GC-biased gene conversion (gBGC) intensity (intergenic 
PSW+WS/PSS+WW) vs. polygamy (presence/absence), geographic range size 
(km2), body mass (g), in a phylogenetic generalized least squares (PGLS) 
model, retaining a significant interaction term for polygamy: geographic 
range size.

Model term β (SE) † t-value N p-value 

Polygamy: geo-
graphic range size

−0.30 (0.092) −3.20 150 .0017

Polygamy −0.021 (0.091) −0.24 150 .81

Body mass 0.26 (0.062) 4.16 150 <.0001

Geographic range 
size

−0.10 (0.035) −3.01 150 .0031

†	  β = slope (coefficient), t-value = slope/standard error, N = number of 
species, Pagel’s λ= 0.95.

Figure 4. Greater geographic range size is associated with more intense GC-biased gene conversion (gBGC) (p = .0031), measured by the ratio of SNPs 
affected by gBGC to those unaffected by gBGC (PSW+WS/PSS+WW), and this relationship is stronger for polygamous species (N = 29) than monogamous 
species (N = 121) (interaction effect: p = .0017). Dots represent species, lines represent linear regressions.

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/article/77/1/276/6873148 by C

ollege of Science Zhejiang U
niversity user on 24 January 2024

http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpac010#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpac010#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpac010#supplementary-data


285

to our knowledge. A more direct test of the “Dispersal to 
Mate” theory would compare measurements of gene flow 
between species, and the interaction between polygamy and 
geographic range size should be treated with caution until 
such research is completed.

Summary and conclusions
Polygamy was strongly associated with more efficient puri-
fying selection, whereas no direct effect of polygamy was 
detected on the signatures of genetic diversity or gBGC 
intensity (PGLS model results are summarized in online sup-
plementary material, Figure 2). This pattern contrasts with 
the effects of geographic range size and body mass, which 
were consistent across all genomic signatures and highlight 
the large impact of effective population size on genome-wide 
evolutionary processes. Referring to the predictions in Table 
1, the pattern of results for polygamy is consistent with sexual 
selection enhancing purifying selection for polygamous spe-
cies, as predicted by “good genes” theories of sexual selec-
tion. Wider implications of “good genes” theories of sexual 
selection include a reduced vulnerability to inbreeding for 
polygamous species (Jarzebowska & Radwan, 2010), and 
more efficient adaptation in polygamous species (Lorch et 
al., 2003), which may in turn underlie the link between sex-
ual selection and diversification (Cally et al., 2021; Iglesias-
Carrasco et al., 2019). Furthermore, the pattern of results 
suggests that the increased variance in reproductive success 
associated with polygamy does not have a sizeable impact on 
effective population size, at least relative to the effects of geo-
graphic range size and body mass.

A significant effect of polyandry on heterozygosity was also 
detected, consistent with a mutagenic effect of sperm com-
petition. However, more research is required to corroborate 
the link between polyandry and genetic diversity, as the cur-
rent dataset included just 11 polyandrous species. The effect 
of geographic range size on gBGC intensity was stronger in 
polygamous species, which is hypothetically consistent with 
greater gene flow between polygamous populations (D’Urban 
Jackson et al., 2017), however, the lack of such a moderating 
effect on purifying selection efficiency or heterozygosity pro-
vides evidence against this theory. It should be noted that life 
history traits and strategies vary widely in the avian class, and 
while a confounding correlation between effective population 
size and polygamy was ruled out, it is difficult to exclude the 
possibility of more complex confounds (e.g., ecological gen-
eralism; Tobias & Seddon, 2009). The theories tested in this 
paper would therefore benefit from further comparative work 
on a more closely related group of species.

Supplementary material
Supplementary material is available online at Evolution 
(https://academic.oup.com/evolut/qpac010).
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