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Abstract

Sperm morphology varies considerably among species. Sperm traits may contribute to speciation if they diverge fast in allopatry and cause
conspecific sperm precedence upon secondary contact. However, their role in driving prezygotic isolation has been poorly investigated. Here
we test the hypothesis that, early in the speciation process, female promiscuity promotes a reduction in overlap in sperm length distributions
among songbird populations. We assembled a data set of 20 pairs of populations with known sperm length distributions, a published estimate
of divergence time, and an index of female promiscuity derived from extrapair paternity rates or relative testis size. We found that sperm length
distributions diverged more rapidly in more promiscuous species. Faster divergence between sperm length distributions was caused by the
lower variance in the trait in more promiscuous species, and not by faster divergence of the mean sperm lengths. The reduced variance is pre-
sumably due to stronger stabilizing selection on sperm length mediated by sperm competition. If divergent sperm length optima in allopatry
causes conspecific sperm precedence in sympatry, which remains to be shown empirically, female promiscuity may promote prezygotic isola-

tion, and rapid speciation in songbirds.
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Introduction

Recently diverged species often differ in multiple phenotypic
traits. While some of these traits may have diverged after spe-
ciation was completed, others may have arisen early in the
speciation process. If such rapid divergences also affect mat-
ing or fertilization patterns, they may lead to reproductive
isolation and thus speciation (Coyne & Orr, 2004; Howard,
1999; Manier et al., 2013; Marshall et al., 2002). Traits
“whose divergence contributes, directly or indirectly, to a
reduction of gene flow during speciation” have been termed
speciation phenotypes (Shaw & Mullen, 2011). Identifying
such traits responsible for reproductive isolation is a central
goal in speciation research (Coyne & Orr, 2004; Marie Curie
Speciation Network, 2012; Price, 2008).

Inferring speciation phenotypes from multiple post-
speciation trait divergences is not an easy task because diver-
gence may arise via different processes and at different stages
of the speciation process. Speciation phenotypes must, by
definition, arise early in the speciation process, before repro-
ductive isolation is complete, i.e., between populations of
the same species or between related species with gene flow.
Speciation phenotypes are also more likely to evolve by
selection than drift because reproductive isolation requires
selection against hybridization to counteract the homogeniz-
ing effects of gene flow upon secondary contact (Servedio et
al., 2011; Thibert-Plante & Gavrilets, 2013). The traits that
constitute the speciation phenotype may not be obvious after

speciation is complete, for example, if other traits diverge
more substantially at a later stage (Garlovsky et al., 2024;
Marie Curie Speciation Network, 2012; Shaw & Mullen,
2011). It is therefore important to know how fast potential
speciation phenotypes evolve and diverge at the initial stages
of the speciation process.

It is common to study phenotypic divergence among taxa by
assessing differences in trait means, but the trait variance may
also be important to consider in the context of speciation phe-
notypes. Divergence increases, and overlap is reduced, when
the distance between means increases and when the variance
in the trait becomes smaller (Figure 1). Trait variance may
vary considerably among species and populations, depending
on the strength of selection acting on the trait. For example,
the population variance in sperm length is commonly reduced
at higher levels of sperm competition (Fitzpatrick & Baer,
2011; Kleven et al., 2008; Varea-Sanchez et al., 2014). For
a speciation phenotype, trait overlap is essential because it
determines how well the trait can separate members of each
group in a mating or fertilization context. The importance of
reduced overlap between distributions has long been appreci-
ated in studies on ecological speciation and the importance of
niche breadth (Weissing et al., 2011) but has been relatively
neglected in studies of sexually selected speciation pheno-
types.

In passerine birds (order Passeriformes), the most speciose
order of birds, between-species divergence in multiple traits
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Figure 1. A graphical model of the rate of trait divergence as a function of trait variance. Two species with unequal trait variances split after time 7 and
diverge at the same rate in trait means as indicated by the length of arrowed lines above curves at two different time points, T, and T,. The low-variance
species reaches nonoverlap between daughter populations (at divergence time T,) before the high-variance species (at divergence time T,). The model

assumes no change in trait variance over time within each population.

often confounds attempts to discern the traits that were the
driving force of speciation. Passerine birds are highly dif-
ferentiated in morphology, ecology and behavior, and have
radiated into a wide range of niches and habitats (Fjeldsa et
al., 2020b). They also show striking diversity in sexual traits,
like plumage color, behavioral displays, and song (Schmitt &
Edwards, 2022). The latter traits are often involved in mate
choice and could potentially be drivers of premating isola-
tion (Price, 2008), though there is no firm empirical evidence
for causality (Fjeldsa et al., 2020b). Less attention has been
devoted to gametic traits, which in theory could affect fer-
tilization patterns after mating and thus drive speciation
through postcopulatory prezygotic isolation (Coyne & Orr,
2004; Garlovsky et al., 2024; Griffith, 2010; Manier et al.,
2013; Wade et al., 1994). Passerine birds have filiform sperm
but with distinct differences in shape and ultrastructure
among the major clades (Jamieson, 2007; McFarlane, 1963).
The infraorder Passerides is characterized by an elongated
midpiece that is coiled around the flagellum and species-
specific sperm lengths that span a much broader range than
in other passerine clades (Durrant et al., 2020; Lifjeld, 2019;
Omotoriogun et al., 2020). Christidis et al. (2020) hypoth-
esized that the high diversification rate in the Passerides
radiation, and especially the “higher songbirds” (parvorder
Passerida), is linked to sperm differentiation and a socially
monogamous mating system with high levels of sperm com-
petition. The hypothesis is supported by a comparative study
showing that passerine species with higher sperm competi-
tion diverge faster in mean sperm length (Rowe et al., 2015a).
Note that sperm competition is a consequence of female mat-
ing with multiple males, and we, therefore, prefer to use the
term “female promiscuity” to characterize the behavior.
Here, we explore the idea that sperm length may act as
a speciation phenotype in songbird species with high female

promiscuity. Some recent studies of promiscuous songbirds
have suggested that divergent sperm lengths may cause prezy-
gotic isolation in hybrid zones (Albrecht et al., 2019; Cramer
et al., 2021; Poignet et al., 2022), though conspecific sperm
precedence (Howard, 1999) has not yet been demonstrated
based on this trait. As required for a speciation phenotype,
there is evidence for selection on sperm length in song-
birds, particularly in species with high female promiscuity.
Comparative studies show that the among-male variation
in mean sperm length decreases when female promiscuity
increases, which is interpreted as a consequence of increased
stabilizing selection for an optimal sperm length (Calhim et
al., 2007; Kleven et al., 2008; Lifjeld et al., 2019). In addi-
tion, sperm length shows strong coevolution with the length
of female sperm storage tubules in songbirds (Briskie et al.,
1997; Kleven et al., 2009), which is part of the selective
environment shaping sperm traits in internal fertilizers. This
coevolutionary pattern suggests that the fit between the sperm
and the female sperm storage tubules impacts paternity suc-
cess (Cramer et al., 2023; Higginson et al., 2012; Liipold &
Pitnick, 2018; Miller & Pitnick, 2002). If sperm length and
female sperm storage tubule length codiverge in allopatry,
it might lead to conspecific sperm precedence in sympatry.
Higher female promiscuity is expected to enhance such a con-
specific sperm precedence pattern by allowing more females
access to sperm from conspecific males.

As outlined above, another requirement for speciation
phenotypes is that they diverge rapidly, early in the specia-
tion process. This idea has not been tested for sperm length
in songbirds. However, some evidence of population diver-
gence in sperm length is already known from songbirds. In
barn swallows Hirundo rustica (Laskemoen et al., 2013),
bluethroats Luscinia svecica (Hogner et al., 2013), long-tailed
finches Poephila acuticauda (Rowe et al., 2015b), and African
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Periparus ater GER (0.312)
Periparus ater NOR (0.312)
Cyanistes t. teneriffae (0.153)
Cyanistes t. hedwigae (0.153)
Cyanistes c. caeruleus (0.138)
Cyanistes c. ogliastrae (0.138)
Phylloscopus ibericus (0.271)
Phylloscopus collybita (0.271)
Hirundo r. rustica (0.198)
Hirundo r. transitiva (0.153)
Hirundo r. erythrogaster (0.288)
Hirundo r. gutturalis (0.027)
Erithacus r. rubecula (0.040)
Erithacus r. superbus (0.040)
Ficedula hypoleuca (0.037)
Ficedula albicollis (0.264)

9. Luscinia luscinia (0.215)

9. Luscinia megarhynchos (0.215)
10. Luscinia s. svecica (0.263)

10. Luscinia s. azuricollis (0.275)
11. Prunella collaris MOR (0.492)
11. Prunella collaris ESP (0.492)
12. Poephila a. hecki (0.128)

12. Poephila a. acuticauda (0.128)
13. Passer domesticus (0.158)

13. Passer hispaniolensis (0.158)
14. Passer montanus BAI (0.091)
14. Passer montanus LIU (0.091)
15. Ammospiza nelsoni (0.466)
15. Ammospiza caudacuta (0.466)
. Pyrrhula pyrrhula (0.029)

. Pyrrhula murina (0.029)

17. Fringilla teydea (0.170)

17. Fringilla polatzeki (0.170)

18. Fringilla spodiogenys (0.170)
18. Fringilla coelebs (0.170)

19. Fringilla c. ombriosa (0.170)
19. Fringilla c. palmae (0.170)

20. Fringilla c. canariensis GOM (0.170)
20. Fringilla c. canariensis TEN (0.170)
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Figure 2. Overview of the 20 population pairs with their dated phylogenetic relatedness and their sperm lengths (mean = 1 SD). Female promiscuity
estimates (proportion of extrapair young) are given in brackets behind each taxon name. Capital letters behind species names indicate country or
locality. The population data with source references are given in Supplementary Table S1.

blue tits Cyanistes teneriffae (Gohli et al., 2015), sperm length
varies significantly among subspecies. Even within the same
subspecies, there can be substantial geographic variation in
sperm length (Lifjeld et al., 2023; Schmoll & Kleven, 2011;
Yang et al., 2020).

Here we present a comparative analysis of Passerida song-
birds to examine the rate of divergence in sperm length dis-
tributions between populations and how it is influenced by
female promiscuity. We assembled a data set of 20 popula-
tion pairs, spanning the speciation continuum from recently
diverged allopatric populations of the same subspecies to
closely related species that maintain some gene flow in hybrid
zones. For all 20 pairs, we had estimates of their sperm length
distributions, their divergence time, and a score of female pro-
miscuity.

Materials and methods

Selection of population pairs

Populations were selected for analysis based on the follow-
ing four criteria: (a) taxonomic rank, i.e., we considered only
populations and/or subspecies of the same species, species
that have recently been elevated from subspecies to species
rank, or congeneric species with known hybrid zones, (b)
presence of data on sperm length, requiring a minimum of six
males per population; (c) availability of a published estimate
of divergence time based on a molecular clock model, and (d)

availability of an estimate of female promiscuity in the focal
study populations or for the species complex.

Our final data set contained 20 pairs of populations, rang-
ing from geographically isolated populations of the same sub-
species (i.e., where genetic dating estimates imply that there
has been some reduction in gene flow among the populations)
to hybridizing congeneric species. In cases where multiple
populations within one species met our criteria, we chose the
population with the largest sample size of sperm measure-
ments. An overview of the data set of the 20 population pairs
is illustrated in Figure 2, with their phylogenetic relatedness,
divergence time, sperm length distributions and the index of
female promiscuity indicated. The data for each population
are summarized in Supplementary Table S1 with their refer-
ences. Taxonomy follows the IOC World Bird List ver 14.1
(Gill et al., 2024).

Sperm length divergence

Sperm length data were extracted from raw data in published
studies or from the database of the Avian Sperm Collection
at the Natural History Museum, University of Oslo (Lifjeld,
2019). In some cases, data from published studies were
extended with additional unpublished data from the same
study populations available in the museum’s database. As
a standard, ten or more sperm cells were measured by light
microscopy from formalin-fixed ejaculates collected via cloa-
cal massage to calculate the mean sperm length for each male
(Gronstel et al., 2023). Mean values were log-transformed
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(natural logarithms) to make downstream analyses scale-
independent. From these log-transformed means, we cal-
culated the population mean and standard deviation. Since
the standard deviation tends to be underestimated at small
sample sizes (N), we adjusted the standard deviation with the
correction factor (1 + 1/4N), following Sokal & Rohlf (1981).

Divergence in sperm length was quantified using Hedges’ g
(Hedges, 1981). This metric expresses the difference between
means divided by the pooled standard deviation of the two
populations. The pooled standard deviation was calculated
by the formula:

(Na—1)-S3+(Ng—1)-S3
Na+Ng —2

where S, and S, denote standard deviation in population A
and population B, respectively, and N, and N, their sample
sizes. Hedges’ g thus increases when the population means are
farther apart and when the variance in the trait is reduced.
A potential source of bias in this metric is that unequal vari-
ances and unequal sample sizes may affect the pooled stan-
dard deviation estimate (Safran et al., 2012). We consider
this potential error rather small and negligible in compari-
son to the large differences in sperm length variance that we
observed among species pairs in our data set. Nonetheless,
we also calculated the overlap coefficient for two normal dis-
tributions with unequal variances (Inman & Bradley, 1989),
using the mean and adjusted standard deviation for each pop-
ulation only. This coefficient ranges between 0 (no overlap)
and 1 (complete overlap) and expresses the area under both
curves as a proportion of the sum of areas under each of the
two curves.

Pooled standard deviation =

Divergence time

For each population pair, we used a published estimate of
divergence time that was based on a time-calibrated phylog-
eny of either mitochondrial DNA, nuclear DNA, or both,
and scaled in years or number of generations. For transla-
tion between the two-time units, we used a recent genera-
tion length database for all bird species (Bird et al., 2020).
Maximum divergence time among the 20 population pairs
was 2.41 million years ago (mya). We used the number of
generations as our measure of divergence time since a genera-
tional time scale is more appropriate for the comparison of an
evolutionary process among species with different generation
lengths (Gingerich, 2001).

Female promiscuity

Most songbird females are socially mated to one male during
a breeding event, but there is much variation among species in
their tendency to copulate with extrapair mates. This behav-
ior can be verified by molecular paternity analysis of off-
spring, and in more promiscuous species males also typically
have larger testes (Moller & Briskie, 1995). Here we use the
proportion of extrapair young (EPY) in the population as our
index for female promiscuity. We preferentially used paternity
studies from the same study population from which the sperm
length data originated. In the case of multiple paternity stud-
ies from the same population, we calculated the proportion
of EPY from the total number of offspring genotyped. When
no paternity data were available from the same population,
we used the species-level estimate of EPY recommended by
Brouwer & Griffith (2019: Table S5). Two species pairs in our
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data set do not have regular monandrous pair bonds and thus
“EPY” is ambiguous. For the highly promiscuous Ammospiza
sparrows with no obvious pair bonds, we conservatively con-
sidered the male who sired most offspring in a brood to be
the pair male, and offspring not sired by him to be EPY. For
the polygynandrous Prunella collaris, we assigned offspring
not sired by the alpha (dominant) male as EPY (Lifjeld et al.,
2023).

For three pairs in which no paternity studies were avail-
able from either population or species (i.e., blue chaffinches
Fringilla teydea and E polatzeki, chiffchaffs Phylloscopus
collybita and P. ibericus, and bullfinches Pyrrbula pyrrbula
and P. murina), we estimated an EPY rate from relative testes
mass. These estimates were derived from a linear regression
between EPY rates and relative testes mass for 66 Passerides
songbird species (F, , = 12.3, R*=0.16, p <.001). Relative
testes mass was here expressed as the residual from a regres-
sion line between the combined testes mass and body mass
(logged [In] values in g) calculated from 160 Passerida song-
bird species, using a Phylogenetic Generalized Least Squares
(PGLS) model. The testes and body mass data for the 160 spe-
cies were compiled and averaged from three published data
sets (Calhim & Birkhead, 2007; Calhim & Montgomerie,
2015; Rowe et al., 2015a). Their phylogenetic relationships
were taken from a consensus tree derived from BirdTree.org
(Jetz et al., 2012). Testes mass data were not available for all
20 population pairs, so using this metric for all pairs was not
possible.

Data analysis

We used PGLS regression to investigate the effects of diver-
gence time and the level of female promiscuity on the pairwise
divergence in sperm length (Hedges’ g). A time-calibrated
phylogeny of the 20 population pairs (considering each pair
as a tip) was constructed by using the topology and node ages
for species given in the OneZoom bird tree at BirdTree.org
(Jetz et al., 2012). For intraspecific nodes and certain shal-
low intrageneric nodes, we used node ages estimated in more
detailed studies, viz. Lombardo et al. (2022) for the split
between the two Hirundo rustica pairs, Valente et al. (2020)
for the split between the two Cyanistes pairs and the split
between blue chaffinches and the three other Fringilla pairs,
and Recuerda et al. (2021) for the nodes among the three
Fringilla pairs. Variables were log, - or logit-transformed to
achieve normality of residuals.

All statistical analyses were carried out using R v 4.4.1
(R Core Team, 2024). The R packages tidyverse v 2.0.0
(Wickham et al., 2019), ape v 5.0 (Paradis & Schliep, 2019),
nlme v 3.1.164 (Pinheiro et al., 2023), AICcmodavg v 2.3.3
(Mazerolle, 2023), and ggpubr v 0.6.0 (Kassambara, 2023),
were used for general data processing, phylogeny construc-
tion, PGLS regressions, model selection and result visualiza-
tions. Raw data and R scripts used in the analyses can be
accessed through Dryad at https:/doi.org./doi:10.5061/
dryad.wOvt4b8zd.

Results

Across the 20 population pairs, sperm length divergence
spanned from almost zero in the Pyrrbula bullfinches
(Hedges’ g = 0.09, overlap coefficient = 0.952) to virtually
nonoverlapping distributions between the two Luscinia
nightingales (Hedges’ g = 6.11, overlap coefficient = 0.003;
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Figure 3). Hedges’ g and the overlap coefficient were strongly
correlated, but Hedges’ g gives a better representation of the
distance between distributions when the overlap coefficient
approaches zero (Figure 3).

Sperm length divergence (Hedges’ g) would in general be
expected to increase with divergence time under a Brownian
motion model. We also predicted that sperm length should
diverge faster in species with higher female promiscuity. We
therefore tested for the effect of female promiscuity in a PGLS
with divergence time as a copredictor. We found that female
promiscuity had a significant and independent effect on sperm
length divergence, whereas the effect of divergence time was
not significant (Table 1: Model 1). Female promiscuity also
had a statistically significant effect in a univariate PGLS model,
whereas divergence time did not (Table 1: models 2 and 3; see
also Figure 4A and B for visualization of the relationships).
The phylogenetic signal was weak in all models (Pagel’s A close
to zero). A model selection approach of the three regression
models using the AICc criterion revealed that the model with
female promiscuity as the sole predictor (model 3) provided
the best model fit (lowest AICc; Table 1). Results were almost
identical when divergence time was expressed in years instead
of generations (Supplementary Table S2).

It should be noted that trait divergence divided by diver-
gence time is equivalent to the evolutionary rate of a trait. A
common measure of evolutionary rate is the haldane metric,
which is defined as the change in Hedges’ g per generation
(Gingerich, 2001). When we controlled for the number of gen-
erations in the PGLS regression of Hedges’ g, female promis-
cuity was a significant predictor of sperm length divergence
(Table 1: model 1). It demonstrates that female promiscuity
affects the evolutionary rate of sperm length as quantified in
haldanes. In other words, species with higher female promis-
cuity diverge faster in sperm length.

The Hedges’ g metric is a ratio, i.e., the difference between
means divided by the pooled standard deviation. It is there-
fore of interest to examine whether the significant effect of
female promiscuity on sperm length divergence is associated
with the numerator or the denominator of this ratio, or with
both. We found that female promiscuity had a significant
effect only on the denominator (Table 1: models 4 and 5; illus-
trated in Figure 4C and D). That is, more promiscuous spe-
cies had smaller standard deviations, but similar divergence in
mean values, than low-promiscuity species. Thus, populations
with high levels of female promiscuity diverge faster in sperm
length mainly because they have reduced variation in the trait.

1.00+

0.751

Overlap coefficient
2

0.251

0.00+

0150 11

Oe

Hedges' g

Figure 3. The relationship between Hedges' g (difference in means dived by the pooled standard deviation) and the overlap coefficient calculated
from sperm length distributions in 20 pairs of songbird populations. The two variables were strongly negatively correlated (Pearson r = -0.915, log, -
transformed Hedges' g). Numbers at each data point refer to the pair numbers in Figure 2.
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Table 1. Phylogenetic general least squares (PGLS) models of sperm length divergence measures in 20 population pairs of Passerida songbirds. H
= Hedges' g, SD = standard deviation. Divergence time was expressed in numbers of generations, and promiscuity as the proportions of EPY. All
variables were log, -transformed, except for promiscuity which was logit-transformed. The results of model selection using the Akaike Information
Criterion (AlCc) are indicated for models 1-3, with model 3 as the best model (lowest A/Cc and AAICc > 2 for the other models).

Model Dependent variable Predictor Coefficient SE t-Value g AlCc AAICc
1 Sperm length divergence (H) Intercept 0.738 0.518 1.425 0.172
Divergence time -0.037 0.106 -0.389 0.703
Female promiscuity 0.370 0.106 3.492 0.003
Residual SE = 0.427, total DF = 20, residual DF = 17,12 = 0.299 40.66 6.35
2 Sperm length divergence (H) Intercept 0.017 0.582 0.029 0.977
Divergence time -0.033 0.116 -0.279 0.783
Residual SE = 0.499, total DF = 20, residual DF = 18,1 =-0.185 42.67 8.36
3 Sperm length divergence (H) Intercept 0.548 0.204 2.691 0.015
Female promiscuity 0.368 0.104 3.523 0.002
Residual SE = 0.413, total DF = 20, residual DF = 18, 1 = 0.260 34.31 0.00
4 Difference in mean sperm length Intercept -1.328 0.200 -6.635 <0.001
Promiscuity 0.165 0.104 1.586 0.130
Residual SE = 0.406, total DF = 20, residual DF = 18,2 =0.231
5 Pooled SD of sperm length Intercept -1.870 0.068 -27.632 <0.001
Promiscuity -0.202 0.036 -5.672 <0.001
Residual SE = 0.137, total DF = 20, residual DF = 18,2 = 0.194
Discussion in addition to songbirds. A widely accepted explanation is that

Sperm length divergence

Our analyses confirm that sperm length diverges faster in
songbird species with higher levels of female promiscuity. The
pattern arises primarily because promiscuous species have
less variation in sperm lengths, and not because the mean
sperm lengths differentiate faster. Thus, trait variation is here
a key parameter affecting the overlap between diverging pop-
ulations. This result matches the graphical model illustrated
in Figure 1, where two species diverge at the same rate in
trait means, but the species with the lower trait variance (and
higher promiscuity) reaches nonoverlap faster.

Rowe et al. (2015a) found that the divergence rate of mean
sperm length increased significantly with sperm competition
risk in passerines. We found little or no support for such an
effect in our data (Table 1: model 4; Figure 4C). The lack of
congruence can be due to several factors. Most species pairs
in the Rowe et al. (2015) study were older splits (*5-10 mil-
lion years), and the study included several species outside the
Passerida clade and used a different proxy for female promis-
cuity (relative testes size only). It therefore remains unclear
whether female promiscuity increases the evolutionary rate
of mean sperm length at the intraspecific level. Nevertheless,
our two studies agree that female promiscuity has an overall
accelerating effect on sperm length divergence in passerine
birds, and the present study indicates that at least the reduced
variance has a significant impact within the speciation con-
tinuum.

Selection of sperm length

Why does the variance in sperm length become reduced in more
promiscuous species? The pattern seems to be a common phe-
nomenon among internal fertilizers and is reported from vari-
ous groups like social insects (Fitzpatrick & Baer, 2011), sharks
(Rowley et al., 2019) and rodents (Varea-Sanchez et al., 2014),

sperm length is adapted to the size of sperm storage compart-
ments in females and that stabilizing selection for an optimal
length strengthens when females copulate with multiple males
(Lupold & Pitnick, 2018). The best-matching sperm length in
each female environment will have a competitive advantage
(lock-and-key principle), and the most successful males will be
those with a sperm length that has the highest overall fertil-
ization success integrated over multiple female environments.
Intraspecific variation in the length of sperm-storage tubules
is documented in several passerine birds (Briskie, 1993, 1994;
Briskie & Birkhead, 1993). A modeling approach demonstrated
how female promiscuity leads to stabilizing selection on sperm
length when females vary in the length of their sperm-storage
tubules relative to the magnitude of variation in sperm lengths
among males (Cramer et al., 2023). Any changes in the female
tubule length distribution in the population, whether caused by
random drift or selection, will then be rapidly followed by cor-
responding changes in the sperm length distribution in highly
promiscuous species. Selection of female tubule length may be
more relaxed if fertilization of the ova is not compromised by
any sperm-tubule length mismatch, and thus tubule length may
be more likely to drift. When females are sexually monogamous
or less promiscuous, selection for an optimal sperm length will
be weaker, among-male variation larger, and the response to
shifts in female tubule lengths slower. It may seem paradoxical
that female promiscuity facilitates rapid divergence in a trait
under stabilizing selection, but the essence here is that strong
selection for an optimal trait size facilitates rapid adaptation
of the trait in response to changes in its selective environment.
While this sperm-female coevolution remains to be confirmed
empirically in birds, there is experimental evidence from insects
that sperm length can evolve rapidly in response to manipula-
tions of the level of female promiscuity (Godwin et al., 2017)
and the length of female sperm storage organs (Miller &
Pitnick, 2002).
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Figure 4. Sperm length divergence (Hedges' g) in 20 population pairs of Passerida songbirds as a function of (A) divergence time in a number of
generations and (B) female promiscuity. The two bottom panels show the relationship between female promiscuity and (C) the numerator of Hedges’
g (i.e., the population difference in mean sperm length) and (D) the denominator of Hedges' g (i.e., the pooled standard deviation of sperm length).
Lines are linear regressions not corrected for phylogeny (A = 0). R*values indicate the strength of the linear relationships. Note that variables were

transformed as indicated on the axis labels.

Allopatric populations of songbirds with divergent sperm
length distributions should therefore be under selection for
different sperm length optima set by divergent female repro-
ductive environments. If the populations gain secondary con-
tact, promiscuous females may encounter and copulate with
males of both groups. Then conspecific sperm precedence
(Howard, 1999) and disruptive selection will be expected
because sperm of intermediate lengths will generally fail in
competition with sperm with a better fit to the female, i.e.,
sperm from males of her own group. The higher the level of
female promiscuity, the higher the chances that females will
receive sperm from a male of her own group that fertilizes her
eggs. In this way, sperm length divergence could lead to prezy-
gotic isolation and initiate cryptic speciation in promiscuous
songbirds (Lifjeld et al., 2023). Sperm length is therefore a
trait that may rapidly evolve in allopatry and cause assorta-
tive fertilization in sympatry. It thus meets the criteria for a
“magic trait” in speciation (Gavrilets, 2004; Servedio et al.,
2011), a concept that has been mainly used for phenotypic
traits under divergent ecological selection. The problem with
traits diverging in response to an environmental gradient is
that they would be expected to converge when populations

meet again in the same environment unless they have already
become mating cues that ensure assortative mating and pre-
vent hybridization. Sperm traits may not fit as well with the
concept of magic traits because the female oviduct is the
selective environment for both the divergence process and for
facilitating assortative fertilization. Females of the two groups
represent two divergent environments that may drive disrup-
tive selection on sperm length in a contact zone.

Sperm and speciation in songbirds

The ultimate sign of completed speciation is that species
coexist without interbreeding, i.e., full premating isolation.
Since closely related species are often most divergent in traits
involved in sexual communication and mate choice, it is
often assumed that sexual selection is an important driver of
speciation. However, thorough scrutiny of the empirical evi-
dence has raised serious doubts about this assertion (Panhuis
et al., 2001; Ritchie, 2007; Servedio & Boughman, 2017).
There seems to be little or no evidence that sexual selection
alone can lead to speciation (Servedio & Boughman, 2017),
so it is more likely to work in combination with divergence
in ecological traits. In passerine birds, the most prominent

$20Z J18qWIBAON |.Z Uo Jasn Ajnoe [ealpa| 1o Ateiqi] Aq 161£98//+G 1 oedb/injoAs/e601 "0 /I0p/a|0NIB-80UBAPE/IN|OAS/WO0D dNO"olWapeoe.//:sdny WoJj papeojumoq



differences among closely related species are found in male
plumage traits and song. Fjeldsa et al. (2020a) reviewed the
evidence of how new passerine species evolve and found lit-
tle general support for rapid speciation based on sexually
selected traits. One contributing factor here could be that
sexually selected traits typically have higher phenotypic
variation than naturally selected traits (Alatalo et al., 1988;
Pomiankowski & Magller, 1995) and for that reason could be
expected to diverge more slowly than other morphological
traits. The same does not apply to sperm length, which has
reduced variation and diverges faster with more promiscu-
ity, as we have shown here. There is also evidence that sperm
length diverges faster in terms of reduced overlap than natu-
rally selected traits in a highly promiscuous passerine (Lifjeld
et al., 2023).

Our results suggest that sperm traits could function as spe-
ciation phenotypes in passerine lineages with high levels of
female promiscuity. This is an entirely intrinsic and cryptic
mechanism that should work independently of any ecological
or environmental segregation and that can rapidly establish as
the first step in prezygotic isolation. Premating isolation based
on phenotypic species recognition could then evolve later by
reinforcement if there are fitness costs associated with hybrid
mating (Lorch & Servedio, 2007; Marshall et al., 2002). This
hypothesis assumes that there will be conspecific sperm pre-
cedence and a pattern of assortative fertilization in areas of
secondary contact between divergent populations. The expec-
tation is that fertilizations will be biased toward conspecific
males when females have copulated with both conspecific and
heterospecific males (cf. Manier et al., 2013; Veen et al., 2001;
Wade et al., 1994). If females of the two populations differ in
the level of promiscuity, the hypothesis predicts that the more
promiscuous females will produce fewer hybrid offspring.
The assumption of conspecific sperm precedence based on
sperm length remains to be tested empirically in songbirds.
This could best be achieved under controlled conditions in an
aviary, but it might also be feasible under field conditions if
copulations can be readily observed or tracked. The hypoth-
esis further predicts that speciation rates should be higher in
more promiscuous lineages and form “gametic radiations.”
For example, Arnqvist et al. (2000) found that speciation
rates were higher in polyandrous than in monandrous insect
clades. A similar test might be conducted on songbirds by
comparing sister clades with contrasting levels of female pro-
miscuity.
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