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abstract: Sexual selection is a major driver of trait variation, and
the intensity of male competition for mating opportunities has been
linked with sperm size across diverse taxa. Mating competition
among females may also shape the evolution of sperm traits, but
the effect of the interplay between female-female competition and
male-male competition on spermmorphology is not well understood.
We evaluated variation in sperm morphology in two species with so-
cially polyandrousmating systems, in which females compete tomate
with multiple males. Northern jacanas ( Jacana spinosa) and wattled
jacanas ( J. jacana) vary in their degree of social polyandry and sexual
dimorphism, suggesting species differences in the intensity of sexual
selection. We compared mean and variance in sperm head, midpiece,
and tail length between species and breeding stages because these
measures have been associated with the intensity of sperm competi-
tion. We found that the species with greater polyandry, northern ja-
cana, has sperm with longer midpieces and tails as well as marginally
lower intraejaculate variation in tail length. Intraejaculate variation
was also significantly lower in copulating males than in incubating
males, suggesting flexibility in sperm production as males cycle be-
tween breeding stages. Our results indicate that stronger female-
female competition formating opportunitiesmay also shapemore in-
tense male-male competition by selecting for longer and less variable
sperm traits. These findings extend frameworks developed in socially
monogamous species to reveal that sperm competitionmay be an im-
portant evolutionary force layered atop female-female competition
for mates.
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Introduction

Multiple mating by female animals has the potential to
shape the evolution of male traits, including sperm mor-
phology (Darwin 1871; Parker 1970; Eberhard 1996).
Many socially monogamous mating systems feature some
form of polyandrous behavior, in which females maintain
a social bond with one male but reproduce with multiple
males that compete for paternity (i.e., extrapair paternity;
DeWoody and Avise 2001; Griffith et al. 2002; Cohas and
Allainé 2009). A distinct contrast is the socially polyan-
drous mating system, wherein a female pair-bonds simul-
taneously with multiple males (i.e., resource defense poly-
andry, sensu Emlen and Oring 1977) and males provide
substantial direct benefits, including the bulk of parental
care (Butchart-Stuart 1999; Emlen andWrege 2004a; Kvar-
nemo and Simmons 2013). These systems are sometimes
referred to as “sex role reversed” because female-female
competition for access to multiple males is the dominant
force of sexual selection (see also Ah-King and Ahnesjö
2013). Species with socially polyandrous mating systems
have been important for testing ideas in sexual selection
and showcasing female perspectives of evolution (e.g.,
Rissman and Wingfield 1984; Emlen and Wrege 2004b;
Goymann et al. 2004; Hare and Simmons 2019; Lipshutz
and Rosvall 2020a; reviewed in Fritzsche et al. 2021).
Whereas multiple mating can shift Bateman gradients as
females acquire more mates (Parker and Birkhead 2013),
this is potentially more extreme in socially polyandrous fe-
males, which can increase their capacity for offspring pro-
duction with each additional caring male (Kvarnemo and
Simmons 2013). However, the influence of social polyandry
Chicago. All rights reserved. Published by The University of Chicago Press for

mailto:slipshutz@luc.edu
https://orcid.org/0000-0002-9816-2977
https://doi.org/0000-0003-3766-9624
https://doi.org/0000-0003-3766-9624


000 The American Naturalist
on sperm morphology is conspicuously understudied in
these systems. An open question, therefore, is how female-
female competition influences the evolution of traits in-
volved in male-male competition.
When females mate with multiple males, different ejac-

ulates compete to fertilize a given set of ova (Parker 1970).
For species with internal fertilization, sperm morphology
consists of a flagellar tail, which propels the sperm cell
(Turner 2003); the midpiece, which contains the mito-
chondrial load (Cardullo and Baltz 1991) and may influ-
ence sperm swimming speed (Froman and Kirby 2005;
Lüpold et al. 2009); and the head, which contains the nu-
cleus. The intensity of postcopulatory sexual selection shapes
the evolution of spermmorphology both within and across
species (Sivinski 1980; Hogner et al. 2013; Rowe et al.
2015). Elevated sperm competition tends to act as a direc-
tional selective force on sperm size, resulting in a longer
tail, midpiece, and head length (Lüpold et al. 2020), al-
though selection for more abundant sperm may also lead
to smaller sperm (Snook 2005; Parker et al. 2010). Com-
pared with the morphological diversification of tail and
midpiece length across species, head length is more con-
served (Rowe et al. 2015), potentially because of natural
selection on the head’s functional interaction with ova at
fertilization (Karr et al. 2009). Overall, evidence from a
wide variety of taxa suggests that more intense sperm com-
petition is associated with longer sperm across species.
Following this trend, we might expect that in socially poly-
androus species, stronger competition among females in-
troduces stronger competition among males, favoring lon-
ger sperm traits.
These interspecific patterns may also apply within spe-

cies to shape microevolutionary trajectories. For instance,
increased postcopulatory sexual selection also reduces in-
termale variation in sperm traits (i.e., intraspecific varia-
tion), suggesting stabilizing selection toward an optimal
sperm phenotype (Calhim et al. 2007). Sexual selection may
also drive patterns of phenotypic variation within an indi-
vidual in cases where sibling sperm from the same ejaculate
compete to fertilize an ovum (i.e., intraejaculate variation;
Immler 2008). Intraejaculate variability sets the stage for in-
termale competition, but its causes and consequences are
less well explored than variation among individuals or spe-
cies (Sutter and Immler 2020; Magris 2021). There is some
evidence that higher intermale sperm competition reduces
intraejaculate variation in sperm length (Immler et al. 2008;
Lifjeld et al. 2010). However, high levels of intraejaculate
variation among sibling sperm may persist for multiple
reasons, including bet hedging, conflict between diploid
and haploid gametic control, and production errors (Parker
and Begon 1993; Sutter and Immler 2020). One adaptive
hypothesis for the persistence of intraejaculate variation is
that males strategically adjust the number and quality of
sperm on the basis of temporal factors (Lüpold et al. 2012;
Cramer et al. 2013; Schmoll et al. 2018), social factors
(Cornwallis and Birkhead 2007; Immler et al. 2010; Rojas
Mora et al. 2017), or other environmental factors (Magris
2021). Although we lack a general predictive framework
for how intraejaculate variation is shaped by these multi-
variate processes, we might expect that intraejaculate vari-
ation is reduced during the copulatory phase, in alignment
with temporal variation in the intensity of sexual selection.
These processes should be particularly relevant for species
with uniparental male care, like those in socially polyan-
drous systems in which males experience distinct shifts be-
tween caring and courting, but this is not known.
Here, we address these key ideas in sperm competition

using the unique perspective of social polyandry. Spe-
cifically, we assess the degree to which sperm traits differ
between two socially polyandrous shorebird species—
northern jacanas ( Jacana spinosa) and wattled jacanas
( J. jacana). In both species, polyandrous females copulate
with multiple males simultaneously and then lay eggs se-
quentially for one or more of these males, which incubate
their nests in a smaller territory within their female mate’s
larger “superterritory” (Jenni and Collier 1972; Emlen and
Oring 1977; Emlen et al. 1998). The opportunity for sperm
competition is high, consistent with observations that a
single female may copulate with three different males within
one 20-min period (Jenni and Collier 1972), and that fe-
males copulate an average of 1.3 times per hour, for an es-
timated 65 times per clutch (Emlen et al. 1998). The risk of
sperm competition also increaseswith the number ofmales
in a female’s territory, andup to 74%of broods contain extra-
pair young sired by a comate competitor rather than themale
caring for those offspring (Emlen et al. 1998). Several lines of
evidence suggest that sexual selection is stronger in northern
jacanas than in wattled jacanas, although the two species are
closely related and diverged 700,000 years ago (Miller et al.
2014). For instance, at any one time the female northern ja-
cana defendsmoremates than the female wattled jacana. On
average, females defend 2.2–2.5 males in northern jacanas
(Jenni and Collier 1972; Jenni and Betts 1978) and 1.6–
1.7 mates in wattled jacanas (Emlen et al. 1998; Emlen and
Wrege 2004b). Furthermore, northern jacanas have greater
sexual dimorphism in body mass and weaponry than wat-
tled jacanas, and they are also more aggressive (Lipshutz
2017). Although these jacana species represent two classic
cases of social polyandry, no study has yet assessed their
postcopulatory traits.
Our primary goal was to assess how species divergence

in the degree of polyandry shapes postcopulatory traits,
including the length of the sperm tail, midpiece, and head.
As a secondary goal, we compared sperm traits between
two key breeding stages. Social polyandry involves breed-
ing asynchrony—different males within a female’s group
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are either courting, by seeking copulations, or conducting
parental care, by incubating eggs and caring for chicks.
Incubating males may still be capable of fertilizing a clutch
ultimately cared for by anothermale (Safari et al. 2019), but
copulation is rare during the parental stage in jacanas
(Emlen et al. 1998). In northern jacanas, levels of testoster-
one in circulation are higher for copulating males than for
incubating males (Lipshutz and Rosvall 2020b), so we hy-
pothesized that sperm traitsmay also change between these
two breeding stages. For both goals, we assessed variation
at multiple levels, including intraspecific and intraejaculate
variation in sperm traits. Given species differences in the
degree of polyandry, morphology, and behavior, we pre-
dicted that northern jacanas will have longer sperm and
lower intraspecific and intraejaculate variability than wat-
tled jacanas. We also predicted that males seeking copu-
lations would have longer and less variable sperm, in com-
parison to males conducting parental care. By testing these
predictions in socially polyandrous jacanas, we aim to un-
derstand how traits involved in male-male competition
may have evolved differently in response to female-female
competition for mating opportunities.
Material and Methods

Study Species and Sample Collection

Northern jacanas are found throughout Central America,
from Mexico to Panama, and wattled jacanas are found
from Panama to South America.We collected samples from
a population of northern jacanas in La Barqueta, Chiriqui
(8.207N, 82.579W), and a population of wattled jacanas
near Chepo (9.166N, 79.122W). These allopatric popula-
tions are outside the hybrid zone where these species some-
times interbreed (Lipshutz et al. 2019). Jacanas have the po-
tential to breed year-round (Emlen and Wrege 2004a),
although breeding at our study sites in Panama is most
prevalent during the rainy season, from around May to
October (S. E. Lipshutz, personal observation), and we
collected these samples fromMay 16 to July 1, 2018. Male
jacanas breed asynchronously within a female’s group,
and we sampled males during breeding stages of either
copulation or incubation, which we confirmed with be-
havioral observations and the presence of brood patches
under each wing. Copulatory behavior is conspicuous in
jacanas (Emlen et al. 1998), and nests are constructed on
floating vegetation above water (Jenni 1996), making them
relatively easy to find.
We sampled 11 northern jacana males (five copulating,

six incubating) and seven wattled jacana males (four cop-
ulating, three incubating). These sample sizes are limited,
stemming in part from the logistical challenges of re-
search on these tropical birds in their wetland habitats.
Adding the additional category of breeding stage to these
species comparisons reduced the power of some analyses,
but we believe this division is necessary because of likely
biological changes in the testes from copulation to incu-
bation (Lipshutz and Rosvall 2020b). These individuals
were sampled from an ongoing study of the neurogenomic
mechanisms of territorial competition that involved termi-
nal collection of brain tissue. Birds were euthanizedwith an
air rifle followed by an overdose of isoflurane anaesthetic,
at which point we dissected out the brain and a subset of
peripheral tissues, including the ductus deferens, extending
from the testes to the seminal glomus (male sperm storage
organ). Ductus deferens were preserved in a 5% formalde-
hyde solution in phosphate-buffered saline in the field. An
analysis of testosterone in circulation and testes mass has
been published for these same northern jacana individuals
(Lipshutz and Rosvall 2020b), and a comparison of com-
petitive traits including aggression, wing spur length, and
body mass has been published for different individuals of
both species (Lipshutz 2017).
We also measured testes mass and volume. Using digital

scales, we measured total body mass to the nearest 0.1 g
and testesmass to the nearest 0.01mg.We then calculated so-
matic body mass (total body mass minus testes mass; sensu
Tomkins and Simmons 2002). We note that male northern
and wattled jacanas do not differ in body mass—this differ-
ence is present only between females of the two species
(Lipshutz 2017). We measured testes length and width us-
ing calipers (0.1 mm) and then calculated testes volume on
the basis of the equation 4/3#3.14#length#width2, fol-
lowing Møller (1991). Some sample sizes are reduced for
these traits because of inadvertent variation in field collec-
tion (e.g., testes lost structure during dissection).
Scientific collection in Panama is done with permission

from landowners and prior approval of MiAmbiente,
Panama’s environmental authority (permit SE/A-17-18),
and the Institutional Animal Care and Use Committee
(IACUC) of the Smithsonian Tropical Research Institute
(IACUC permit 2018-0116- 2021) and the University of
Tennessee (IACUC permit 2573). Voucher specimens
were deposited into the Smithsonian Tropical Research
Institute’s Bird Collection. Jacanas are not considered
threatened or endangered in any part of their range (Jenni
and Mace 2020).
Analysis of Sperm Morphology

We prepared sperm samples for visualization with bright-
field microscopy. Using a dissection microscope at#10
magnification, we used forceps to make an incision in the
seminal glomus and squeezed out the fixed ejaculate onto
a microscope slide in 15–20 mL of 5% formaldehyde. We
then pipetted the ejaculate-formaldehyde mixture into a
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microcentrifuge tube, mixed it with a pipette, and pipetted
it onto a fresh slide with a slipcover. We photographed
samples immediately after slide preparation to avoid crys-
tallization of the buffer. We identified at least 10 intact
sperm cells per male and photographed them using an
EVOS FL fluorescence microscope at#600 magnification.
To compare sperm morphology between the two spe-

cies, we focused on the length of three sperm traits: tail,
midpiece, and head length (fig. 1). We measured the
length of each trait using the segment line tool in ImageJ
(ver. 1.8). We measured the tail on the basis of the end
of the midpiece to the terminal end of the flagellum. We
distinguished the head from the midpiece by a change in
transparency and tapering shape, based on guidelines for
Charadriiform sperm morphology (Jamieson 2007). To
prevent interobserver biases, one person (S. J. Torneo),
who wasmasked to breeding stage and naive to predictions
at the time of data collection, conducted all measurements.
Data Analyses

Technical Analysis and Results. We are aware of only one
other study measuring sperm morphology in the family
Jacanidae—a comparison of shorebird sperm that reported
average total length and tail length from three wattled ja-
cana individuals or fewer and could not differentiate be-
tween the boundaries of the head and midpiece (Johnson
and Briskie 1999). Because our study is otherwise the first
to examine differences in jacana sperm morphology, we
evaluated our morphometric approaches in two ways.
First, we assessed whether 10 sperm cells sufficiently rep-
resent the extent of intraejaculate variation in jacanas, as
has been demonstrated in passerine species (Calhim et al.
2007). For one incubating individual of each species, we
imaged and measured an additional 50 sperm cells. Total
sperm length did not significantly differ between 10 and
50 samples for either species (linear mixed model: F1, 115 p
1:52, P p :22). Second, we tested the technical repeatability
of sperm measurements. We randomly selected 20 sperm
cells from different males representing both species for
S. J. Torneo to remeasure, masked to individual identifiers.
We assessed intraobserver repeatability using the R pack-
age rpt (Stoffel et al. 2017) based on the linearmixedmodel
method and 1,000 bootstrap samples for each of the three
measured sperm components (i.e., tail, midpiece, and head).
The technical repeatability estimates (with 95% confidence
intervals) were 0.85 (0.67–0.94) for tail, 0.80 (0.57–0.92)
for midpiece, and 0.92 (0.82–0.97) for head. Collectively,
these analyses suggest that our measurements sufficiently
represent intraejaculate variation in jacanas, and intra-
observer repeatability is high, so we proceeded to address
our two main goals using measurements of 10 cells per
individual.

Species and Breeding Stage Comparisons in Sperm Mor-
phology. To evaluate differences in sperm morphology
between species and across breeding stages, we compared
sperm traits including tail, midpiece, and head length.
Because of the nonindependence of these measurements
from the same sperm and unbalanced design, we used a
MANOVA with a Pillai’s trace test statistic. Because of lim-
ited sample sizes, we ran two different one-way MANOVAs
to separately test the fixed effects of species and breeding
stage on sperm traits. We followed each MANOVA with
Figure 1: Jacana sperm morphology. Left, Wattled jacana sperm cell photographed at#600 magnification. Right, Cartoon image of left
panel traced using ImageJ, with labels for tail, midpiece, and head. Photograph by S. J. Torneo.
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univariate one-way ANOVAs for each trait and applied
Bonferroni multiple testing corrections to P values.
Species and Breeding Stage Comparisons in Testes Mor-
phology. We also evaluated species differences in testes
mass and volume. For testes mass, following Tomkins and
Simmons (2002) we ran an ANCOVA with somatic body
mass as a covariate. Given small sample sizes, we ran sep-
aratemodels with either species or breeding stage as a fixed
effect. The interactions between the covariate and fixed
factors were not significant (P 1 :2), so we did not include
these terms in the models. For testes volume, we used a
two-way ANOVA with species and breeding stage as fixed
effects. The interaction between species and breeding stage
was not significant, so we removed this term from our
model.
Assessing Intraspecific and Intraejaculate Variation. We
calculated the coefficient of variation (CV) for each of
these sperm traits using the equation 100#standard de-
viation/mean.We quantified intraspecific CV for each spe-
cies at each breeding stage using the average trait value for
each individual bird. To compare differences in intraspe-
cific CV for each sperm trait, we used a modified signed-
likelihood ratio test (MSLRT) with the function mslr_test
in the R package cvequality (ver. 0.2.0; Marwick and Krish-
namoorthy 2019). We ran models for each sperm trait and
each fixed effect separately to evaluate whether one species
or breeding stage is characterized by more variation. We
then applied Bonferroni multiple testing corrections to
P values.
Additionally, we calculated intraejaculate CV to assess

within-individual variation in sperm morphology, based
on 10 spermcells.We evaluatedwhether species andbreed-
ing stages differed in intraejaculate CV using a two-way
ANOVA with individual CV for each sperm trait as the
response variable and species and breeding stage (copu-
lating vs. incubating) as fixed effects. The interaction be-
tween species and breeding stage was not significant for
any sperm trait, so we removed this term from our models.
This comparison evaluates morphological variability among
sibling sperm within a single ejaculate and how it varies by
species and breeding stage.
Results

Sperm Morphology Differs between Species
but Not Breeding Stages

We found a significant difference between the species in
overall sperm morphology (MANOVA: Pillai’s trace p
0:84, F3, 14 p 24:0, P ! :0001). Northern jacana sperm
are of significantly longer tail length (F1, 16 p 48:1, P !

:0001) and midpiece length (F1, 16 p 24:0, P p :00049)
than wattled jacana sperm (fig. 2). In contrast, sperm
head length did not significantly differ between the spe-
cies (F1, 16 p 0:20, P p 1:0). Data underlying figure 2 have
been deposited in the Dryad Digital Repository (https://
doi.org/10.5061/dryad.zcrjdfndh; Lipshutz et al. 2022).
Overall, sperm traits did not differ with breeding stage

(MANOVA: Pillai’s trace p 0:12, F3, 14 p 0:64, P p :6).
Neither tail length (F1, 16 p 0:033, P p 1:0), midpiece
length (F1, 16 p 0:42, P p 1:0), nor head length (F1, 16 p
1:37, P p :78) differed between copulation and incubation
(fig. 2).
Testes Mass and Size Do Not Differ
between Species or Breeding Stages

Northern and wattled jacanas did not differ significantly
in testes mass (ANCOVA: F1, 15 p 0:20, P p :66) or so-
matic body mass (F1, 15 p 0:32, P p :58). Likewise, testes
mass did not differ between breeding stages (ANCOVA:
F1, 15p1:27,Pp :28), nor did somatic body mass (F1, 15 p
0:012, P p :92). The species also did not differ significantly
in testes volume (ANOVA: F1, 11 p 0:38, P p :55), and
there was no effect of breeding stage on testes volume
(F1, 11 p 0:65, P p :44).
Intraspecific CV Does Not Differ
between Breeding Stages

or Species

Among-individual variation accounts for 3.7%–9.7% of
the variation in sperm morphology. Intraspecific CV of
tail and midpiece length were qualitatively lower during
copulation compared with incubation, but these differ-
ences were not significant after correction for multiple
testing (MSLRT: P 1 :15; table 1). This is likely due to
reduced power from limited sample sizes per group. In-
traspecific CV did not differ significantly between spe-
cies for any of the sperm traits measured here (MSLRT:
P p 1:0; table 2).
Intraejaculate CV in Tail Length Changes
with Breeding Stage

Intraejaculate CV for sperm tail length was significantly
lower in copulating males than in incubating males
(ANOVA: F1, 15 p 12:37, P p :0031; fig. 3a), indicating
reduced variation among sibling sperm during the period of
most intense sperm competition, when sperm production
and sperm use are predicted to be highest. Intraejaculate

https://doi.org/10.5061/dryad.zcrjdfndh
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CV for tail length was marginally lower in the northern ja-
cana than in the wattled jacana (F1, 15 p 4:42, P p :053),
indicating marginally reduced variability in the species
for which sperm competition is expected to be stronger.
Data underlying figure 3 have been deposited in the Dryad
Digital Repository (https://doi.org/10.5061/dryad.zcrjdfndh;
Lipshutz et al. 2022).
Intraejaculate CV for midpiece length did not differ by

breeding stage (ANOVA: F1, 15 p 2:01, P p :18) or by
species (F1, 15 p 1:82, P p :20; fig. 3b). Likewise, intra-
ejaculate CV for head length did not differ by breeding
stage (F1, 15p 0:21, P p :65) or by species (F1, 15 p 0:46,
P p :51; fig. 3c).
Discussion

Jacanas and other socially polyandrous species have been
key for testing hypotheses in sexual selection theory
(Liker et al. 2013; D’Urban Jackson et al. 2017; reviewed
in Fritzsche et al. 2021). In contrast to socially monoga-
mous systems, however, socially polyandrous species
have been understudied in terms of how postcopulatory
sexual selection relates to sperm morphology. We com-
pared sperm traits in two species of closely related poly-
androus shorebirds and found that the species with greater
social polyandry has spermwith longer tails andmidpieces.
These results are consistent with the hypothesis that the
intensity of sexual selection shapes the evolution of sperm
morphology (Lüpold et al. 2020), and we show here that
this hypothesis also applies when females actively compete
formating opportunities in the context of social polyandry.
In contrast, head length did not significantly differ between
the species, suggesting that this trait is conserved (Rowe
et al. 2015). We also examined intraspecific and intraejacu-
late variation in sperm morphology from individuals sam-
pled at one of two different breeding stages. We did not
find species differences in intraspecific variation among
males, although intraejaculate variation in tail length was
marginally lower in northern jacanas. These results may
stem from our limited sample sizes. Nevertheless, we found
that intraejaculate variation in tail length was significantly
lower during copulation than incubation, indicating a shift
in the uniformity of spermmorphology among stages. This
aligns with the idea that intense postcopulatory sexual se-
lection is associated with reduced variation in sperm mor-
phology (Calhim et al. 2007; Immler et al. 2008; Kleven
et al. 2008) but extends this phenomenon to the breeding
stage during which sexual selection is most active. Below,
we discuss this first characterization of spermmorphology
in socially polyandrous species and its implications for the
relationship between sexual selection in females and sexual
selection in males.
Figure 2: Species comparisons of sperm tail length (a), midpiece
length (b), and head length (c). Boxplots representmedians and upper
and lower quartiles. Each point represents an average of 10 sperm
from a single male. Copulating males are in white, and incubating
males are in black. Asterisks represent significant differences between
species (P ≤ :0005). Illustrations by Stephanie McClelland.

https://doi.org/10.5061/dryad.zcrjdfndh
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Strong Female Competition for Mates Influences
the Evolution of Sperm Length

Our primary goal was to assess how female-female com-
petition for mates, inferred by the degree of social poly-
andry, influences the evolution of sperm traits. In socially
polyandrous jacanas, females defend multiple male mates,
and the rate of mixed paternity in a given clutch increases
with group size (Emlen et al. 1998), suggesting greater po-
tential for sperm competition when groups are larger. We
found that northern jacanas, which on average defend
more mates than wattled jacanas (Jenni and Collier 1972;
Emlen et al. 1998), also have sperm with greater tail and
midpiece length. Our findings align with a general pattern
in birds that stronger postcopulatory sexual selection re-
sults in longer sperm traits (Briskie et al. 1997; Lüpold
et al. 2020), indicating directional selection. In zebra finches
(Taeniopygia guttata) sperm tail length predicts fertili-
zation success (Bennison et al. 2015), and in red-winged
blackbirds (Agelaius phoeniceus) both tail length and mid-
piece length are associated with number of female mates
(Lüpold et al. 2012). However, longer sperm traits do not
necessarily lead to greater fertilization success (Stockley
et al. 1997; Snook 2005; Immler and Birkhead 2007; Firman
and Simmons 2008), and additional functional experi-
ments are needed to connect longer sperm traits with pa-
ternity, via mechanisms including longevity, viability, and/
or motility (Birkhead et al. 1999; Simmons and Fitzpatrick
2012; Hook and Fisher 2020). The effects of behavioral
polyandry in shaping sperm traits have been especially well
studied in socially monogamous passerine birds, the sub-
ject of roughly half of all avian sperm competition research
(Birkhead andMontgomerie 2020), and less well studied in
shorebirds (but see Johnson and Briskie 1999; Krietsch et al.
2022). Our findings in jacanas indicate that sperm compe-
tition in socially polyandrous species operates similarly to
sperm competition in socially monogamous species; how-
ever, we also anticipate that when female-female competi-
tion is more intense, postcopulatory male-male competi-
tion may be stronger as well.
Females control much of mating, from fertility period

to copulation frequency to sperm selection via cryptic fe-
male choice (Eberhard 1996). Female control of repro-
duction is potentially magnified in socially polyandrous
systems, in which females mate multiply with the benefits
of additional male parental care. Sperm morphology tells
us only one part of postcopulatory selection (Orr et al.
2020), however, and fertilization potential may vary inde-
pendently ofmorphology to some degree (Hook and Fisher
2020). Evidence from other species suggest that sperm
length is shaped by coevolution with the female reproduc-
tive tract (Higginson et al. 2012; Lüpold et al. 2016; Firman
Table 1: Intraspecific coefficient of variation (CV) for sperm traits by breeding stage
Species, sperm trait
 Copulation CV
 Incubation CV
 MSLRT
 P
Northern jacana:

Tail
 3.68
 5.03
 5.27
 .15

Midpiece
 7.5
 9.71
 3.44
 .38

Head
 8.79
 7.77
 .80
 1.0
Wattled jacana:

Tail
 4.44
 6.43
 4.52
 .20

Midpiece
 6.63
 9.63
 4.57
 .19

Head
 9.34
 9.37
 .001
 1.0
Note: Statistical comparisons using a modified signed-likelihood ratio test (MSLRT) indicate that sperm traits
do not differ between breeding stages, after correction for multiple testing.
Table 2: Intraspecific coefficient of variation (CV) for sperm traits by species
Breeding stage, sperm trait
 Northern jacana
 Wattled jacana
 MSLRT
 P
Copulation:

Tail
 3.68
 4.44
 .44
 1.0

Midpiece
 7.5
 6.63
 .02
 1.0

Head
 8.79
 9.34
 .27
 1.0
Incubation:

Tail
 5.03
 6.43
 .8
 1.0

Midpiece
 9.71
 9.63
 .41
 1.0

Head
 7.77
 9.37
 1.44
 1.0
Note: Statistical comparisons using a modified signed-likelihood ratio test (MSLRT) indicate that sperm traits do not differ
between species.
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et al. 2017). In passerine birds, sperm length correlates with
the length of female sperm storage tubules (Briskie and
Montgomerie 1993), and in the spotted sandpiper, another
socially polyandrous shorebird, females may store sperm
for several weeks (Oring et al. 1992; but see Krietsch et al.
2022). Although we have yet to examine sperm storage
tubules in jacanas, the pattern of longer sperm in northern
jacanas could relate to females of this species having longer
sperm storage tubules, as they have a larger body size (but
see Briskie and Montgomerie 1993). Given that male
northern and wattled jacanas do not differ in body size
(Lipshutz 2017), our finding that these species differ in
sperm size aligns with previous research in shorebirds that
increased sperm size is not an allometric response to in-
creased male body size (Johnson and Briskie 1999).
Intraspecific Variation in Sperm Morphology Is
Maintained despite Interspecific Differences

in the Intensity of Social Polyandry

Phenotypic variation is the raw material for evolutionary
change, but identifying the drivers of this variation can
be challenging. For postcopulatory sexual selection, there
is strong evidence that more intense competition shapes
longer sperm traits across species (Lüpold et al. 2020)
and reduces variation in spermmorphology amongmales
(Calhim et al. 2007; Laskemoen et al. 2010). However, the
relationship between sperm competition andmorpholog-
ical variation within a single male’s ejaculate is less clear.
Sibling sperm share roughly half of their genomes with
one another; however, only one will succeed in fertiliza-
tion, and sibling sperm do differ in gene regulation and
other phenotypic qualities that may shape sperm hetero-
geneity and affect fertilization success (Sutter and Immler
2020). We hypothesized that a higher degree of social
polyandry would lead to reduced variation in sperm traits
among males and among sibling sperm (Calhim et al.
2007; Kleven et al. 2008; Fitzpatrick and Baer 2011). We
found limited support for these predictions: the species
withmore male mates, northern jacana, did not have lower
intraspecific variation in sperm traits, although intra-
ejaculate variation in tail length was marginally lower
than in the wattled jacana. Considering limited sample
sizes and the potential for type II error, we view these anal-
yses as preliminary but important steps toward under-
standing the evolution of sperm morphology in socially
polyandrous species. Some of the variation in sperm traits
within and/or between speciesmay relate to individual var-
iation in the number of mates each female defended, which
we were not able to directly measure for this study. Nota-
bly, these findings raise the possibility that the processes
shaping patterns within a species—both among males
and among sibling sperm—may differ from the processes
acting across species.
Breeding Stage Shapes Variation in Sperm Morphology
among Males and among Sibling Sperm

As a secondary goal, we evaluated variation in sperm mor-
phology between two key breeding stages, as a window into
the natural changes occurring in free-living males. In so-
cially polyandrous species like jacanas, male reproductive
phenology is asynchronous, and males repeatedly cycle be-
tween copulation and incubation and back again through-
out the breeding season (Oring et al. 1992; Emlen and
Wrege 2004b; Lipshutz and Rosvall 2020b). We found that
sperm tail length showed less intraejaculate variability
among sibling sperm during periods of copulation com-
pared with periods of incubation. Although we do not
know how sperm traits change from incubation to copu-
lating within the same individual jacana, our results sug-
gest that sperm variation across breeding stages is dy-
namic (Lüpold et al. 2012; Cramer et al. 2013; Schmoll
et al. 2018). During copulation, sperm use increases and
sperm are replenished daily (Birkhead et al. 1994). Given
that copulations are rare for incubating jacanas (Emlen
et al. 1998), unused sperm may deteriorate, generating the
additional variation we observed. Increased uniformity of
sperm size during the period when sperm competition is
greatest may also relate to stabilizing selection acting on
sperm length (sensu Calhim et al. 2007), potentially medi-
ated by increased investment in ejaculate production. In the
northern jacana, testosterone also increases during copu-
lation (Lipshutz and Rosvall 2020b), suggesting that re-
duced variation in sperm traits is linked with broader phys-
iological changes during this stage. These results add to a
growing body of evidence that males adjust sperm traits
in response to competitive social environments, stress, and
sex hormone levels (Cornwallis and Birkhead 2007; Immler
et al. 2010; Firman et al. 2013; Magris 2021). These obser-
vations are also a first step in assessing the functional rele-
vance of reduced variation in sperm traits, whichmay have
implications for sperm motility or longevity (Bakker et al.
2014; Bennison et al. 2016).
Implications for Concurrent Sexual Selection
Acting in Both Sexes

How sexual selection shapes females and males has been
a rich area of study formany decades, but these efforts have
primarily focused on how female mate choice shapes the
evolution of male traits (Andersson 1994). As studies of fe-
male competition continue to accumulate (Rosvall 2011;
Stockley and Bro-Jørgensen 2011; Cain and Ketterson
2012; Tobias et al. 2012; Stockley and Campbell 2013), it
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is clear that sexual selection for mating opportunities
operates in both sexes (West-Eberhard 1983; Clutton-
Brock 2007; Hare and Simmons 2019). Still poorly under-
stood, though, is how female-female competition influ-
ences the evolution of male traits (but see Kvarnemo
and Simmons 2013; Lipshutz 2018). Our comparison of
sperm morphology in two socially polyandrous species
demonstrates that a higher degree of polyandry is associ-
ated with longer sperm, and we find reduced intraspecific
and intraejaculate variability during periods associated
with courtship and copulation. In short, more intense
competition among females is associated with signatures
of elevated sperm competition in males, revealing that
sexual selection acts on both sexes simultaneously.
Where do we go from here? It is clear that social poly-

andry still has an important role to play in understanding
the power of sexual selection in nature. We invite future
research that considers the interplay between female-
female and male-male competition in socially polyan-
drous species. Importantly, sperm traits are shaped by co-
evolution with the female reproductive tract (Higginson
et al. 2012; Lüpold et al. 2016; Firman et al. 2017). Future
work in socially polyandrous species should examine how
female morphology may select for sperm traits that ulti-
mately influence paternity. Our results may also have im-
plications for the speciation process. Northern and wat-
tled jacanas hybridize where their ranges overlap (Lipshutz
et al. 2019), and differentiation in sperm morphology may
influence reproductive isolation between these species. We
are curious as to the relative influences of pre- and postmat-
ing traits on reproductive isolation in this system. Although
our study focused on comparison between species, there is
exciting potential for studies evaluating how female compe-
tition influence sperm traits within a species. For instance,
the number of mates each female defends is often shaped
by geographically varying ecological factors, suggesting that
ecology should influence among-individual and intraejaculate
variation in sperm traits. Given that male jacanas breed
asynchronously and repeatedly cycle between stages of
courtship and parental care, this system may also feature
temporal variability in sexual selection. We wonder, how
does sexual selection shape trait evolution when pressures
are temporally variable within an individual’s lifetime (or
even one breeding season)? How do systems exposed to
such temporally varying selective pressures differ pheno-
typically from those that are exposed to more uniform se-
lective pressures? We welcome future studies that follow
the same individuals over time to investigate how sperm
morphology changes across these stages. Testing these var-
ious questions will deepen our understanding of the inter-
action between sexual selection in female and male animals.
Applying these ideas more broadly, we can extend our

findings to a diversity of mating systems. Given that strong
Figure 3: Intraejaculate coefficient of variation (CV) of sperm tail
length (a), midpiece length (b), and head length (c). Copulating
males are in white, and incubating males are in black. Each point
represents the CV for 10 sibling sperm from one ejaculate from
one unique male. Asterisks represent significant differences be-
tween breeding stages (P ≤ :005). Illustrations by Mae Berlow.
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sexual selection (e.g., competition over mating opportuni-
ties) in socially polyandrous females influences sexual se-
lection in males, it is logical to assume that the reverse
may also hold for socially monogamous systems—namely,
that strong sexual selection acting in males should create
some sexual selection acting in females. We encourage fu-
ture lines of research that consider coevolutionary dynam-
ics acting both between and within the sexes. Although we
highlight some commonalities in the consequences of sex-
ual selection under social monogamy versus polyandry,
there is still work to be done to understand how and why
sexual selection impacts certain traits in some systems
and other traits in another system. Finally, we encourage
efforts that span across multiple mating systems to better
understand the evolution of sexual selection in females.
Despite decades of research on socially polyandrous spe-
cies, an outstanding question remains:What are the condi-
tions that lead to stronger sexual selection in females? We
imagine that diverse physiological, ecological, and evolu-
tionary factors influence this process, and we encourage
greater attention to contrasts between sexual selection in
females and males across mating systems.
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