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Abstract

Divergent phenotypes between lineages in the early stages of
speciation can promote or impede reproductive isolation.
Although divergence in male competitive morphology and
behavior has been explored for many hybridizing lineages, it
is less known how divergence between females influences
hybridization. Here, I compare competitive phenotypes be-
tween females of two hybridizing, sex-role-reversed jacana
species in Panama. Previous work suggests Jacana spinosa
females monopolize mating in the hybrid zone, potentially
through a competitive advantage. I tested whether J. spinosa
females have a more competitive phenotype than Jacana
Jjacana females. 1 compared morphological traits related to
territoriality and measured aggressive behavior using territo-
rial intrusion simulations: the first aggression assay in a shore-
bird. I also quantified these traits in males, to confirm previous
studies reporting males as smaller and less aggressive than
females in both species. As predicted, J. spinosa females
had larger body mass and longer wing spurs than J. jacana
females. J. spinosa females were also more aggressive than J.
Jjacana females. Male J. spinosa had longer wing spurs than
male J. jacana, but there was no difference in male body mass
between the species, and J. spinosa males were more aggres-
sive than J. jacana males. Additionally, male J. spinosa was
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more aggressive than female J. spinosa, suggesting mixed
support for females as competitively dominant to males and
indicating the need for additional experimental work on sex
differences in Jacana.

Significance statement

Historically, research on the role of mating behavior in hybrid-
ization has focused on competitive males and choosy females.
Although female-female competition is widespread and has
important fitness consequences for many species across nu-
merous taxa, little is known about the role of female compe-
tition in mediating hybridization between closely related line-
ages. I compare morphological and behavioral traits related to
competition between two hybridizing species of jacanas, trop-
ical shorebirds with sex-role reversal. I find that J. spinosa
females have a more competitive morphological phenotype
and higher aggression than J. jacana females, which may
allow them a competitive advantage in obtaining and
defending territories and mates in the hybrid zone. These pat-
terns align with a pattern of asymmetrical introgression of J.
spinosa mitochondrial DNA previously described in the hy-
brid zone, as well as findings from other hybrid zones in
which male-male competition can potentially explain asym-
metric patterns of gene flow from the more dominant species
into the less dominant species.

Keywords Aggression - Female competition - Territorial
intrusion - Sex-role reversal - Jacana - Shorebird
Introduction

For closely related lineages with similar life histories, diver-

gent phenotypes may either promote or hinder reproductive
isolation (Safran et al. 2013). Recently diverged species
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provide good opportunities to investigate the function of di-
vergent phenotypes in reproductive isolation, especially in the
context of hybridization. The impact of divergent and sexually
selected traits and preferences on reproductive isolation has
been studied extensively in the context of mate choice be-
tween heterospecifics (Satre et al. 1997; Wirtz 1999; Stein
and Uy 2006; Baldassarre and Webster 2013) and is consid-
ered a signature of speciation by sexual selection (Safran et al.
2013). In addition to mate choice, divergent phenotypes are
also important in mediating interspecific competition over ter-
ritories, mates, and resources (Andersson 1994; Irwin and
Price 1999; Grether et al. 2013). For example, differential
aggression between hybridizing lineages can lead to displace-
ment of the less aggressive species from breeding territories
(Pearson and Rohwer 2000; Jankowski et al. 2010). This com-
petitive exclusion can reduce gene flow, particularly when
compounded with reproductive interference (Kishi et al.
2009; Drury and Grether 2014; but see Vallin et al. 2012).
Alternatively, differential aggression can facilitate hybridiza-
tion, for example, by driving genetic and/or phenotypic intro-
gression into the less aggressive lineage (e.g., Mcdonald et al.
2001; Rosenfield and Kodric-Brown 2003; Grava et al. 2012;
Robbins et al. 2014; While et al. 2015). Differential aggres-
sion between hybridizing species has been typically examined
in males, leaving open the question of whether differential
aggression in females may also affect hybridization.

Recent empirical and theoretical studies suggest that
female-female competition is more widespread than previous-
ly thought (Rosvall 2011; Stockley and Bro-Jergensen
2011; Tobias et al. 2012; Stockley and Campbell 2013).
Intraspecific resource and mate defense by females has been
demonstrated in numerous taxa (e.g., antelopes, Roberts and
Dunbar 2000; birds, Rosvall 2008; lizards, While et al. 2009;
and frogs, Meuche et al. 2011). However, a strong understand-
ing of the ecological and evolutionary mechanisms that drive
variation in female-female competition across closely related
species is still lacking (Cain and Rosvall 2014). Excellent
systems in which to examine this question are species for
which traditional sex-roles are reversed. Differences in female
competitive traits have known fitness consequences in sex-
role-reversed species (Andersson 1995; Butchart 2000;
Goymann et al. 2008), in contrast to species with traditional
sex-roles, in which female competition is less well-studied. In
comparison to males, females in role-reversed species are larg-
er, often more brightly colored, and show higher levels of
resource defense aggression (Cockburn 2006)—attributes typ-
ical of males in other species. In understanding the role that
interspecific female competition plays in promoting or imped-
ing speciation, a first step is to understand how female com-
petitive traits vary among closely related species.

Several species of tropical shorebirds in the family
Jacanidae exhibit classic examples of sex-role reversal, in-
cluding female-biased size dimorphism (Jenni and Collier
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1972; Butchart et al. 1999; Emlen and Wrege 2004a).
Wattled jacana (Jacana jacana) females have a more compet-
itive morphological phenotype than males—they are heavier
and show greater proportionate development of weaponry rel-
ative to body size (Emlen and Wrege 2004b). In J. jacana and
a closely related species, the Northern jacana (Jacana
spinosa), both sexes have keratinized spurs used as weapons
in aggressive interactions (Osbome and Bourne 1977; Emlen
and Wrege 2004b). Body mass and tarsus length are strong
predictors of female mating success in J. jacana, and only the
largest females control access to mates by defending territories
(Emlen and Wrege 2004a, b). Aggressive behavior in female
jacanas has been observed in the context of acquisition and
maintenance of male territories—males compete over territo-
rial boundaries first, and female territories then encompass
male territories (Emlen et al. 1989). Although some observa-
tional studies suggest that female jacanas are more aggressive
than males because of their competitive dominance over ter-
ritories (Jenni and Collier 1972; Stephens 1984), this has not
been tested experimentally.

As female competition has consequences for reproductive
success within jacana species, variation in competitive traits
between females of sympatric jacana species may have
implications for reproductive isolation between them.
Two closely related jacana species, the Northern jacana
and the wattled jacana, are known to hybridize in Panama
(Miller et al. 2014). There is some evidence of asymmetrical
introgression—nhybrids shared mitochondrial DNA (mtDNA)
haplotypes with J. spinosa, but not J. jacana (Miller et al.
2014). Because mtDNA is inherited maternally, one hypothe-
sis to explain this asymmetrical introgression is that J. spinosa
females monopolize mating in the hybrid zone (Miller et al.
2014). A behavioral mechanism by which J. spinosa females
could monopolize successful matings is by having a more
competitive phenotype that allows them to outcompete J.
Jjacana females for territories. Here, I define the competitive
phenotype as the covariance of competitive traits, in this case
morphological and behavioral traits, involved in competition
over mates and territories (West-Eberhard 1983; Andersson
1994; Cain and Ketterson 2012). Although a direct compari-
son of competitive morphology has not been made between
the two species, sexual dimorphism is greater in J. spinosa
(female to male mass ratio 1.67:1, Jenni and Collier 1972),
than inJ. jacana (mass ratio 1.48:1, Emlen and Wrege 2004a).
It is unknown whether females of the two species are also
different in behavioral characteristics of the competitive phe-
notype, for instance, their aggression levels.

In this study, I test the hypothesis that competitive morpho-
logical traits and aggressive behaviors are divergent between
J. spinosa and J. jacana females and males. I predict that J.
spinosa females have more competitive morphological traits
than J. jacana females and will be more aggressive to territo-
rial intruders. I also describe the first aggression assay using
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simulated territorial intrusion in shorebirds. I quantify the
same morphological traits and aggressive behaviors in fe-
males and males of both species, to place the female compet-
itive phenotype in context and to examine a long-standing
assumption that female jacanas are generally more aggressive
than males in territory defense (e.g., Stephens 1984; Betts and
Jenni 1991). Comparing competitive morphological traits and
aggressive behaviors between the two species and sexes ex-
pands our knowledge of variation in the Jacana competitive
phenotype and provides a first step towards understanding the
potential role of female competition in hybridization.

Methods
Morphological measurements

Birds were captured with mist nets from April to May in 2012,
June to September 2014, and May to August 2015, from Costa
Rica to Panama (Fig. 1; Online Resource 1). I measured mor-
phological traits from 165 individual adult jacanas (80 J.
Jjacana and 85 J. spinosa). Individuals were aged based on
plumage (Jenni 1996). I measured left and right keratinous
wing spurs and tarsi to the nearest tenth of a millimeter with
Avinet dial plastic calipers and then averaged for each indi-
vidual. To obtain a combined metric of the competitive mor-
phological phenotype for jacanas, I summarized body mass,
tarsus length, and spur length using a principal component
analysis (PCA) in R 3.2.2 (R Core Team 2015). Prior to the
PCA, I log transformed behavioral responses to fulfill as-
sumptions of multi-normality. I retained one PC score with
an eigenvalue greater than 1 (hereafter morphological PC1),
which explained 79.1% of the variation in competitive mor-
phology (Table 1). I also calculated female to male mass ratios
to compare measurements with other published studies (Jenni
and Collier 1972; Emlen and Wrege 2004a).

Sex determination

Individuals were sexed based on mass (Wrege and Emlen
2005) and the presence of brood patches underneath the
wings, in the case of males. I measured body mass to the
nearest tenth of a gram with a Pesola® spring scale. While
Wrege and Emlen (2005) identify a 100—108-g range where
male and female masses may overlap, there exists a female J.
Jjacana museum specimen with a body mass of 106.7 g (LSU
164012) and a male J. spinosa specimen in my dataset with a
mass of 117 g (SL 188), suggesting that the range of mass
overlap may be greater between the sexes. To confirm the sex
of'46 jacanas with body masses ranging from 100 to 130 g and
no brood patches, I used molecular techniques. I collected
blood samples with brachial venipuncture and stored them in
Queen’s lysis buffer (Seutin et al. 1991). I extracted genomic

DNA with a DNeasy extraction kit (Qiagen) following the
manufacturer’s protocol. I amplified the CHD1Z gene using
the primers 2550F/2718R (Fridolfsson and Ellegren 1999) in
a polymerase chain reaction (PCR). For each 10-pL reaction, I
used 5 pL of Qiagen Multiplex PCR Master Mix containing
3 mM MgCl, (Valencia, CA), 2 uL. of molecular-grade water,
and 1 pL of a 2 uM primer mix. I used the following cycling
parameters: 1 cycle of 15 min at 95 °C; 35 cycles of 30 s at
94 °C,90s at 52 °C, and 60 s at 72 °C, followed by 1 cycle of
30 min at 60 °C; and 1 cycle of 1 min at 25 °C. I ran the PCR
products for 60 min on a 2% agarose gel stained with
SYBR™ Safe (Invitrogen) and assigned sex based on differ-
ences in banding patterns between males and females. There
were 16 males sampled from across both species with a body
mass higher than 108 g, including two males at 124 g, which I
would have misidentified if sexed based on mass alone.

Aggression assay experimental design

I measured aggression experimentally by simulating territorial
intrusion with a taxidermic mount and auditory stimulus.
Similar assays of aggression have been conducted on both
males and females in a number of avian taxa, primarily in
songbirds (Aves: Passeriformes) (Pearson and Rohwer 2000;
Uy et al. 2009; Greig et al. 2015). To assay aggression in
jacanas, I modified these standard methods using a moving
visual stimulus to help the territory holder locate the simulated
intruder (Online Resource 2).

Four female taxidermic mounts were prepared per species
(eight in total), collected outside of the hybrid zone. Mounts
were positioned in an identical aggressive stance, with their
wings raised upwards, spurs exposed, and necks forward. To
facilitate movement, I fixed mounts to a rotating wheel with
strings and pulled them from 20 m away behind a blind, where
I and another observer conducted behavioral observations.
Because the natural coloration of the facial shield and wattles
fades when dried, I painted the fleshy bare red ornaments of J.
jacana with “Deep Red” paint and the bare yellow facial
ornament of J. spinosa with “Brilliant Yellow” paint from a
Crayola six-color acrylic paint set (manufacturer number
201997). There are no known visual signals in jacana facial
ornaments that are not visible to the human eye, such as UV
signaling. No changes were made to the green wing primary
feathers of either species, which contain turacoverdin pigment
(Bleiweiss 2015).

I used two types of auditory stimuli in the aggression as-
say—a lure to attract a territorial pair to the mount and a vocal
stimulus played during the assay. The lure was a 10-s record-
ing of a pair raucously calling in unison (e.g., Amy et al. 2010;
Anderson et al. 2013). Vocal stimuli consisted of repeated-
note calls (Mace 1981) of single females responding
to conspecific playback. Vocalizations were recorded
using a Sennheiser ME67 shotgun microphone and a
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Fig. 1 Sampling map of Costa Rica and Panama. Circle size refers to number of individuals with morphological measurements, ranging from four to 24
individuals, and fill represents J. spinosa (black) and J. jacana (white). Stars represent sites that were locations of aggression assays

Marantz PMD661 MKII compact flash recorder (Saul
Mineroff Electronics). Recordings were made at a 44.1-kHz
sampling rate with 16-bit precision as .wav files. I also used
two recordings of J. spinosa calls from Costa Rica
(XC140613, XC72325) and one of J. jacana from Peru
(XC47715) downloaded from Xeno Canto (www.xeno-
canto.com), for which sex was unknown. I chose 5 s of
high-quality calls from each recording, a typical duration for
a repeated-note call bout (Jenni et al. 1974; Mace 1981; SEL
unpublished data). The natural rate of call bouts for both spe-
cies ranges from two to nine bouts/min (SEL unpublished
data). Background noise was minimized using a band filter
in Raven Pro 1.4 (Bioacoustics Research Program 2011) and
noise reduction in Audacity® 2.1.0. Call bouts were alternated
with 5 s of silence to create 9-min tracks of six call bouts/min,

with four different tracks per species (eight in total). Vocal
tracks were played at 83-85 dB SPL 1 m from a Bluetooth
speaker (Bose Mini SoundLink). I used both conspecific lures
and vocal stimuli for each species, and all vocalizations were
recorded outside of the hybrid zone.

Aggression assay protocol

From June to August 2015, I conducted aggression assays on
33 mated pairs of J. jacana and 28 mated pairs of J. spinosa
(Fig. 1). These assayed individuals were different from those
for which I took morphological measurements—thus, I do not
have a direct comparison of aggressive responses and mor-
phological measurements for each individual. I observed focal
pairs over a 2-day period prior to the trial, to determine

Table 1 Mean and standard error

for morphological traits related to Trait PC1 Jacana spinosa Jacana jacana

aggression of adult male and

female Jacana spinosa and J. F M F M

Jacana
Eigenvalue 1.78
Percent variation 79.2
Body mass (g) 0.61 172727 103.2+1.0 159.0 £2.7 1059+1.2
Average spur (mm) 0.56 141+0.5 9.6+0.2 11.2+04 83+0.2
Tarsus length (mm) 0.56 61.8+04 56.3+0.2 60.9 £0.5 553+04
Sample size 35 50 28 52
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territorial status, pair status, reproductive status, and territory
boundaries (Emlen and Wrege 2004a). Because I identified
distinct pairs by their territory locations, I avoided testing ad-
jacent territories for which I could not distinguish the territory
holders. This ensured that I did not assay the same individuals
twice. In the case of a female with multiple male mates, I
tested only the male whose territory was occupied by the
female at the time of the assay. I also avoided testing pairs
for which a male was incubating a nest or there were chicks
present, as that could influence aggression levels. I tested pairs
using a randomized combination of four conspecific taxider-
mic female mounts and four conspecific vocalizations per
species. Mount and stimulus combinations were presented in
a randomized order across pairs.

Prior to beginning each trial, I placed a mount and speaker
in the center of each territory and green flags at distances of 2
and 8 m from the mount. I positioned the mount on a 15-cm-
high platform and elevated the speaker at 1 m to project above
tall vegetation. At the start of an assay, I played the lure until
both focal individuals approached within 20 m of the mount.
All pairs responded within eight plays of the lure. Once both
individuals were within 20 m of the mount, I waited 1 min and
then started the trial with the 9-min recording of conspecific
vocalizations. For the first 30 s of vocalizations, I rotated the
mount (Online Resource 2).

I and an assistant observed each focal individual and re-
corded behavioral observations using handheld recorders. It
was not possible to record data blind because this study in-
volved focal animals in the field. Observers continuously re-
corded aggressive behaviors towards the mount, including
pecks, flyovers, wing raises, threats, and hoverflights accord-
ing to ethograms developed for J. jacana (Altmann 1974;
Emlen and Wrege 2004b) and J. spinosa (Jenni and Betts
1978; Stephens 1984) (all responses listed in Table 2). We
split each trial into 10-s intervals based on the start of the
repeated vocal stimulus. For each 10-s interval, we scored a
focal individual as vocalizing if it called any number of times
within the interval. We also measured distance to the mount at
each 10-s interval in three distance categories: 0-2, 2—8, or 8—
20 m. To calculate average distance to the mount, I counted
the number of instances an individual was in each distance
category for all 10-s intervals, multiplied this count by the
midpoint of these distance categories, and divided by the num-
ber of 10-s intervals for the entire trial. We also recorded
latency to approach within 0-2 m, latency to approach within
2-8 m, and the proportion of time spent within 0-2 m. I ex-
cluded from analyses the 10-s intervals for which an individ-
ual was not observed, including when it was greater than 20 m
from the mount, because visibility was sometimes reduced in
tall grass. For this reason, continuous behaviors and vocaliza-
tions are presented as proportions of the total 10-s intervals for
which individual location was known. I calculated this as fre-
quency divided by the number of 10-s intervals, and the rate of

vocalization as the number of 10-s intervals for which an
individual was calling.

To compare aggression between the species, I summarized
the behavioral responses using a PCA in R; I log trans-
formed behavioral responses to fulfill assumptions of
multi-normality. I retained three PC scores (eigenvalues >1)
that explained 61.4% of the variation among territory holders
in their response to a simulated intruder (Table 2). I used each
PC score (hereafter “aggressions PC1, PC2, and PC3”) as a
dependent variable in subsequent comparisons of sex and
species.

Model formation and selection

I ran linear mixed effects models using the /me4 package
(Bates et al. 2015) in R. I visually inspected residual plots to
ensure that they did not deviate from normality and used the
varldent function to account for heteroscedasticity in both
species and sexes to meet model assumptions. I compared
models using a type-IIIl ANOVA and AIC, to account for
low sample sizes using the A/Ccmodavg package in R
(Mazerolle 2016) (Online Resources 3 and 4). I used a type-
I ANOVA to determine which fixed effects were significant
predictors of response variables and a Tukey’s post hoc test to
compare within and between the sexes and species using the
multcomp package in R (Hothorn et al. 2008).

To compare morphological traits used in competitive inter-
actions between both species and sexes, I used the morpho-
logical PC1 as the response variable; specified species, sex,
and the interaction between species and sexes as fixed effects;
and included site and year as random effects.

To compare aggression between both species and sexes, I
used aggression PC1, PC2, and PC3 as separate response
variables and species, sex, and the interaction between species
and sexes as fixed effects. To account for mount/vocal stimu-
lus exemplar effects, I included mount ID and vocal stimulus
as random effects nested within species. I also included pair as
a random effect nested within site, because within a pair, male
and female distances from the mount were positively correlat-
ed (Pearson correlation » = 0.655).

Results
Competitive morphology varies with species and sex

Morphological PC1 was positively associated with body mass
(0.61), tarsus length (0.56), and spur length (0.56) (Table 1).
The best-supported model for morphological PC1 included all
fixed effects and site as the sole random effect (Online
Resource 3). Species (F 145 = 14.6, P = 0.0002), sex
(F1.145 = 207.16, P < 0.0001), and their interaction
(F1.145 = 6.93, P = 0.0094) were all significant predictors of
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Table 2 Mean + SE behavioral responses to a conspecific and simulated territorial intruder and their principal component score loadings

PC1 PC2 PC3 Jacana spinosa Jacana jacana
Sex F M F M
Eigenvalue 1.84 1.21 1.14
Percent variation 33.8 14.6 13
Cumulative proportion 33.8 484 61.4
Latency 0-2 m (s) —-0.37 0.21 —-0.05 422 +£3543 343.6 +£41.13 502.86 £22.31 47433 £31.27
Latency 2-8 m (s) -0.4 0.02 -0.17 2104 £41.64 190.4 +41.43 417.86 + 38.83 375+43.58
Proportion time 0-2 m 0.44 —-0.28 0.18 0.10 £ 0.038 0.19 +0.058 0.0053 +0.0033 0.014 +0.008
Mean distance —0.46 0.17 -0.24 10.81 +0.64 9.15+0.89 13.10 £ 0.39 12.95+£0.38
Proportion hoverflights 0.26 0.49 -0.14 0.014 +£0.01 0.036 £0.01 0.013 £ 0.003 0.038 £0.01
Proportion wing spreads 0.29 0.39 —0.08 0.031 £ 0.01 0.13+0.03 0.018 +0.004 0.020 +0.01
Proportion threats 0.05 —0.13 —-0.75 0 0.010 £ 0.01 0.0007 +0.001 0.0006 + 0.001
Proportion pecks 0.18 —-0.46 -0.45 0 0.026 +0.02 0.0027 +0.002 0.0019 +0.002
Proportion flyovers 0.21 0.04 -0.24 0.026 £0.01 0.035 £ 0.08 0.014 £ 0.004 0.0093 £ 0.003
Proportion vocalizations 0.27 0.48 —-0.19 0.21 £0.04 0.40 + 0.06 0.17 £ 0.04 0.25 +0.05
Sample size 25 25 28 30

Factors that load highly onto each PC are in bold

morphological PC1. Female J. spinosa has larger values of
morphological PC1 than female J. jacana (z = 3.82,
P < 0.001), indicating overall larger competitive traits
(Table 1, Fig. 2). Comparison of individual morphological
traits (Table 1) indicates that J. spinosa females have a larger
body mass, longer keratinous wing spurs, and longer tarsi than
J. jacana females. In contrast, males of both species did not
have significantly different values of morphological PC1
(z=1.96, P =0.194). J. spinosa males have longer average
wing spurs, however (¢ = —5.01, P < 0.001).

For both species, females had significantly larger values of
morphological PC1 than males (J. spinosa, z = 17.1,
P <0.001; J. jacana, z = —14.4, P < 0.001). The differences
in body mass were more extreme in J. spinosa, which had a
female to male mass ratio of 1.67, than in J. jacana, which had
aratio of 1.5.

J. spinosa is more aggressive than J. jacana

The aggression score based on PC1, which explained 33.8%
of variation in aggressive response, included latency to ap-
proach the mount, distance to the mount, and time spent close
to the mount as important loading variables (Table 2). After
model selection, the best-supported model for aggression PC1
included pair nested within site, as the sole random effect, and
all fixed effects. Species (/1,16 = 9.86, P = 0.0063) and the
interaction between species and sexes (£ 46 = 8.16,
P = 0.0064) were significant predictors of aggression PCl,
but sex alone was not significant (¥ 46 = 2.32, P = 0.134).
J. spinosa had higher aggression PC1 score than J. jacana for
both females and males (female, z = 3.14, P = 0.008; male,
7=4.33, P <0.001) (Fig. 3). Male J. spinosa had significantly
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higher aggression PC1 scores than female J. spinosa (z =4.67,
P < 0.001), but there were no differences between male and
female J. jacana aggression PC1 scores (z =1.52, P=0.391).
No fixed effects were significant for either PC2 or PC3 (all
P > 0.09) (Online Resource 4), which only explained a small
proportion of the variation in aggressive response (Table 2).

Discussion

I found support for my prediction that J. spinosa females have
a more competitive phenotype than J. jacana females. J.
spinosa females on average had a larger body mass and longer
wing spurs than J. spinosa females, traits involved in compe-
tition over territories and mates (Emlen and Wrege 2004b).
Consistent with these differences in competitive morphologi-
cal traits, I found that J. spinosa females behaved more ag-
gressively towards a conspecific intruder in measures of dis-
tance and time spent near the mount than did J. jacana fe-
males. Male J. spinosa were also more aggressive than male J.
Jjacana and had significantly longer wing spurs. Together,
these morphological and behavioral data suggest that J.
spinosa and J. jacana have diverged in their competitive phe-
notype. Additionally, I found mixed support for a long-
standing hypothesis that females have a more competitive
phenotype than males in the sex-role-reversed Jacana genus.
As predicted, females were larger than males in both species;
however, females were not more aggressive than males in
either species. Below, I discuss the implications of these find-
ings for our understanding of these sex-role-reversed species.

Differences in the female competitive phenotype between
the species may be related to greater sexual selection on
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Fig. 2 Mean (£SE)
morphological PC1 for female
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secondary sexual traits for J. spinosa females. Some evidence
suggests stronger competition for mates and territories in J.
spinosa than in J. jacana. For instance, sexual dimorphism in
morphological traits is more pronounced in J. spinosa than in
J. jacana, as demonstrated by this and other studies (Jenni and
Collier 1972; Emlen and Wrege 2004b). Furthermore, within-
population estimates suggest that breeding J. spinosa females
have an average of 1.8-2.5 male mates in their territories
(Jenni and Collier 1972; Jenni and Betts 1978), whereas J.
Jjacana breeding females have an average of 1.6—1.7 mates
(Emlen et al. 1998; Emlen and Wrege 2004b). Given that J.

T

Jjacana J.spinosa

Species

spinosa has a higher average of male mates in a harem, and
therefore higher potential for reproductive skew (Shuster
2009; Kvarnemo and Simmons 2013), the intensity of sexual
selection may be stronger in this species. Therefore, I suggest
that differences in the female competitive phenotype between
J. spinosa and J. jacana are potentially the result of differ-
ences in sexual selection pressures. Future work to determine
the ultimate and proximate mechanisms for these differences
in competitive phenotype between closely related species
could provide valuable insight into how and why young taxa
diverge.

Fig. 3 Response by territory
holders to simulated territorial
intrusion of a conspecific. Mean
(£SE) aggression scores
(principal component 1) for J.
spinosa (females N = 25; males
N = 25) and J. jacana (females
N =28; males N = 30). J. spinosa 1
males (dark gray) and females
(light gray) responded more
strongly than J. jacana males and
females

Aggression PC1

1

J. jacana J. spinosa

Species
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This study represents the first experimental measure of ag-
gression in jacanas. Contrary to previous studies, female ja-
canas were not more aggressive than male jacanas. J. spinosa
males responded more aggressively than J. spinosa females
towards a female conspecific intruder, but there were no dif-
ferences in aggression between male and female J. jacana.
Observational studies of aggression in J. spinosa (Stephens
1984) and in J. jacana (Emlen and Wrege 2004a, b) have
suggested that female jacanas are dominant to males in terri-
torial interactions because of their larger body size and there-
fore stronger resource-holding potential. In both species, fe-
male territories are larger and may encompass multiple male
territories (Jenni and Collier 1972; Emlen et al. 1998). In a
related species, the bronze-winged jacana (Metopidius
indicus) males are less successful at evicting female intruders
(Butchart et al. 1999). However, my results are somewhat
consistent with the finding from observational studies that
male jacanas are more responsive towards territorial intruders
than females. For example, J. jacana males are more likely
than females to respond first to both male and female conspe-
cific intruders (Emlen and Wrege 2004a), and male J. spinosa
are more responsive overall to non-jacana heterospecifics than
are females (Stephens 1984). Male bronze-winged jacanas
were more active than females in multiple measures of terri-
tory defense, including time spent alert, frequency of territory
patrol, and hoverflights (Butchart et al. 1999). Although fe-
male jacanas in both species may be physically larger and
dominant to males in resource-holding potential, males may
be more responsive in aggressive territorial interactions.

Differences in morphology and aggression could allow J.
spinosa females and males a competitive advantage over J.
Jjacana in obtaining and defending territories where they come
into contact in the hybrid zone. These morphological and be-
havioral results can be used to make predictions about the
potential introgression of competitive traits and aggression
across the hybrid zone. Evidence from other hybrid zones in
species with male-dominant mating systems suggests that
male aggression drives genetic introgression into the less ag-
gressive species (Mcdonald et al. 2001; Grava et al. 2012;
While et al. 2015). However, these studies did not specifically
assay female aggression, and while there may be many sys-
tems in which differential female aggression acts in parallel or
in opposition to differential male aggression, this has not been
empirically investigated. Given that females in a diverse range
of mating systems do compete for resources (see Rosvall
2011), this is an important avenue of future research. The
current study indicates that both sexes can demonstrate differ-
ential aggression in secondary contact. Future work should
investigate whether this drives introgression or reduces gene
flow in the jacana hybrid zone. As jacanas are role-reversed
and polyandrous, we might expect that higher aggression in
both sexes of J. spinosa has different outcomes for hybrid
zone dynamics. For example, J. spinosa females could
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outcompete J. jacana females for territories encompassing
potential mates irrespective of whether they are conspecific
or heterospecific males, which could promote hybridization.
In contrast, competition between males of the two species,
especially the exclusion of J. spinosa by J. jacana, could
reduce gene flow.

Interspecific divergence in the female competitive pheno-
type is one behavioral hypothesis that could explain the asym-
metrical pattern of J. spinosa mtDNA introgression in the
hybrid zone. However, divergence in male aggression would
not explain this pattern. Future work should examine evidence
for Haldane’s rule, another hypothesis regarding asymmetric
introgression of mtDNA whereby viability and/or fertility is
reduced in the heterogametic sex, which in birds are females
(e.g., Carling and Brumfield 2008). Additional work on the
Jacana hybrid zone should also investigate character displace-
ment in competitive morphology and aggressive behavior, as
well as discriminatory behavior between the species.
Increased divergence in sympatry could promote reproductive
isolation and/or reduce competition between the species
(Pfennig and Pfennig 2009). Character displacement could
also be asymmetric, in which the species differ in the extent
of their divergence in sympatry versus allopatry (Cooley
2007; Dingle et al. 2010; Pfennig and Stewart 2011), which
could facilitate asymmetric introgression. The findings pre-
sented here provide insight into variation in the competitive
phenotype in both sexes and open up new avenues of inquiry
about the role that male and female competitions play in re-
productive isolation between closely related lineages.
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