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ABSTRACT Sexually selected traits are often assumed to convey information to conspeciÞcs about
the condition and genetic quality of an individual. However, sexually selected traits also are hypothesized to be among the most rapidly evolving and phenotypically plastic traits in natural populations.
When found, such variability can bring into question the reliability of these traits as sexually-selected
signals. Here, we examine the expression of a male weapon over multiple spatial and temporal scales
in the wild. SpeciÞcally, we measured the expression of enlarged hind femora across and within
populations of the Neotropical bug Leptoscelis tricolor Westwood (Hemiptera: Coreidae). We found
signiÞcant variation in the size of this trait across populations and even within a population according
to the plant species where adult males were collected. We also found differences in the intercept of
the scaling relationship with body size; for a given body size, males in some populations express larger
sexually selected traits than males in other populations. These results support the hypothesis that the
expression of sexually selected traits is dynamic over space and perhaps time. Such patterns suggest
that environmental variation or small amounts of movement across genetically differentiated populations may confound the reliability of information contained in the expression of these traits.
KEY WORDS allometry, sexual selection, phenotypic plasticity, microevolution, genetic differentiation

Sexual selection has resulted in some of natureÕs most
spectacular traits, including large horns, bright coloration, and elaborate songs and dances. Allocation to
these weapons and ornaments may offer strong Þtness
beneÞts in terms of reproductive success (Andersson
1994). However, elaborate trait expression often
comes at a cost to survivorship (Fisher 1958, Lande
1980, Jennions et al. 2001). Thus, individuals are expected to express sexually-selected traits at a balance
between natural and sexual-selection pressures
(McAlpine 1979, Andersson 1982, Nur and Hasson
1984). As natural and sexual selection pressures vary
across space and time, sexually selected traits are expected to evolve in their level of expression (Zuk et al.
1993, 2006; Simmons and Tomkins 1996). In fact, sexually selected traits are expected to be some of the
most rapidly evolving traits in nature (Kinnison and
Hendry 2001, Coltman et al. 2003, Zuk et al. 2006,
Svensson and Gosden 2007).
Although genetic change (microevolution) is often
assumed to be responsible for variation in sexually
selected trait expression, both within and across population differences may be due to phenotypic plastic1 Corresponding author: Department of Entomology and Nematology Department, University of Florida, Gainesville, FL 32605 (email: cwmiller@uß.edu).
2 Division of Biological Sciences, University of Montana, Missoula,
MT 59812.

ity. Sexually selected traits are often extremely environmentally sensitive (Solberg and S¾ther 1994,
GrifÞth et al. 1999, Moczek and Emlen 1999, Post et al.
1999, Qvarnström 1999, Miller and Emlen 2010). Dissimilarity in the spatial and temporal quality of resources or access to those resources may result in
differences in the expression of these traits. The combination and possible interaction of microevolutionary changes and phenotypic plasticity should result in
highly variable patterns of sexually selected trait expression over space and time. High lability in sexually
selected traits brings into question long-held assumptions about their information content (Qvarnström
2001, GreenÞeld and Rodriguez 2004, Higginson and
Reader 2009). Males with especially elaborate traits
are often assumed to be of higher phenotypic condition and genetic quality. However, when sexually selected traits vary over space and/or time, the males
expressing the most exaggerated traits may simply be,
for example, those that emigrated from another population or those that experienced favorable environments within a single population. Such variation in
expression may reduce the reliability of sexually selected signals and may have other important implications, including providing a resolution to the lek paradox (Miller and Moore 2007, Kokko and Heubel 2008,
Radwan 2008).
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Fig. 1. Adult insects were sampled from the following plant species at the Þve sites. Drawings by David Tuss.

Data on temporal changes in the expression of sexually selected traits within natural populations are
relatively scarce (Solberg and S¾ther 1994, Coltman
et al. 2003, Garant et al. 2004, Møller and Szép 2005,
Hegyi et al. 2006), and remarkably few studies have
investigated natural variation in sexually selected trait
expression over multiple spatial and temporal time
scales. Here, we examined variation in patterns of
sexually selected trait expression both across and
within populations of the bug Leptoscelis tricolor
Westwood (Hemiptera: Coreidae). We not only measured the absolute expression of a sexually selected
trait but also examined the scaling relationship of this
trait relative to body size. Recent work suggests that
scaling relationships may evolve quickly in response to
selection pressures (Wilkinson 1993, Emlen 1996,
Moczek et al. 2002, Moczek and Nijhout 2003,
Frankino et al. 2005). In addition, scaling relationships
are now suggested to be highly phenotypically plastic
(Bonduriansky and Rowe 2003, Shingleton et al. 2009,
Miller and Emlen 2010), with individuals in good condition often able to express relatively larger sexually
selected traits for a given body size (Cotton et al. 2004;
a shift in scaling intercept). This allocation to sexually
selected traits relative to body size has been suggested
as a particularly potent signal to conspeciÞc males and
females of an individualÕs physical condition and genetic quality (Cotton et al. 2004). Thus, phenotypic
variation in the sexually selected trait and/or associated body size may alter the information conveyed to
others.
We measured male L. tricolor and estimated sexually selected scaling relationships with body size at Þve
sites in Costa Rica and Panama. We also sampled one
of these populations for four consecutive years to look
for temporal changes in size and scaling. Finally, we
performed an in-depth analysis at males from this
population over a consecutive 4-mo period to deter-

mine whether size and scaling vary over short periods
of time or according to the plant species where adult
males were captured.
Methods
Study Species. L. tricolor has been collected from
Costa Rica and Panama. Male L. tricolor commonly
establish territories on the inßorescences of heliconia
plants (Zinzerberales: Heliconiae). Males use enlarged, spiny hind femora in competition for these
territories. When two males encounter one another,
they often turn around, wrap their hind legs around
the abdomen of the other male, and squeeze. Competitively successful males remain on a heliconia inßorescence, and unsuccessful males may hide or leave
the area. Competitive behaviors such as these are
common in this family of insects (Miyatake 1997, 2002,
Eberhard 1998), and males with larger hind femora
may be more likely to win competitions and may be
more likely to mate with females present (Mitchell
1980; Fujisaki 1981; Miyatake 1993; C.W.M., unpublished data). Thus, we considered male hind femora to
be sexually-selected weapons based on their involvement in maleÐmale competitions.
Females feed and lay eggs on heliconia inßorescences and often mate with the territory-holding
male. Females mate multiply and have been observed
occasionally mating with small males. They lay eggs
singly and may lay ⱖ200 eggs and continue to lay for
ⱖ80 d (Miller 2008). Total developmental time from
egg to adult is ⬇40 d (C.W.M., unpublished data).
Generations are overlapping, and nymphs of all stages
are commonly found sharing heliconia inßorescences
with adults.
Throughout the range of L. tricolor, and across sampling locations, diverse assemblages of heliconia plant
species exist (Fig. 1). Females oviposit on many, if not
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Fig. 2. Locations where insects were sampled in Panama
and Costa Rica.

all, native species of heliconia, and nymphs reared on
different species of heliconia develop differences in
adult size, the scaling relationship of hind femora with
body size, and reproductive behaviors. Moreover,
these patterns differ over the course of the wet season,
apparently in concert with the phenology of host
plants (Miller 2007, 2008; Miller and Emlen 2010). This
backdrop of environmental-sensitivity led us to predict that we would Þnd differences in size and scaling
both within and across populations.
Morphological Measurements. We traveled to Þve
locations in Panama and Costa Rica during 2002Ð2005
(Fig. 2). At each location, we visited multiple stands
of heliconia and measured live L. tricolor adult males
to a maximal precision of 0.01 mm with digital calipers.
We used pronotum width as a metric of body size
because it is commonly used as a proxy for body size
in insects and because it is easy to measure accurately
due to its large size. Weapon size was measured as the
mean width of the hind femurs at the third distal spine.
This measurement includes both the width of the
femur and the length of the spine. This area commonly
contacts the abdomens of other males during malemale competitions (C.W.M., unpublished data). We
attempted to only measure mature adults by excluding
insects with soft cuticles (generally newly molted
adults). All insects were then marked on the pronotum
with nontoxic paint so as not to be resampled, and then
released. Sites and years sampled are as follows: Fort
Sherman, Panama (hereafter Sherman) 2002; Barro
Colorado Island, Panama (hereafter B.C.I.) 2002;
Gamboa, Panama (hereafter Gamboa) 2002, 2003,
2004, 2005; Isla Colon, Bocas del Toro, Panama (hereafter Bocas) 2004; and La Selva Biological Station and
Reserve, Costa Rica (hereafter La Selva) 2004 (Fig. 2).
All sites were sampled during the wet season in Costa
Rica and Panama. The Sherman, B.C.I., and La Selva
sites were sampled in the months of June and July, and
the Bocas site was sampled in October. Gamboa was
sampled in June and July for 2002 and 2003 and in July
through October in 2004 and 2005.
Statistical Analysis. We conducted separate statistical analyses to test for effects of 1) site (Þve locations; n ⫽ 314), 2) year (within Gamboa; 4 yr; n ⫽ 234),
and 3) month and plant species (within Gamboa 2005;
4 mo, JulyÐOctober; three species; n ⫽ 149) on the
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sizes and scaling relationships between body size and
male hind femur width. In addition, we tested for
differences among the subset of males collected on
Heliconia mariae Hook. f. from three sites, Sherman,
Gamboa, and Bocas (n ⫽ 121; 10 males each from
Sherman and Bocas). We did not include H. mariae
males from B.C.I. or La Selva due to the small sample
size at those sites. Analysis of variance (ANOVA) was
used to test for differences in body size and hind femur
width. We used analysis of covariance (ANCOVA) to
test for differences in scaling slope and intercept. We
Þrst performed a separate ANCOVA to test for effects
of the explanatory variable(s) on the slope of the
scaling relationship between this trait and body size,
indicated by a signiÞcant interaction with pronotum
width. Different scaling slopes can be envisioned as
nonparallel scaling relationships; one group may have
a greater increase in trait size for the same increase in
body size. If slopes did not signiÞcantly differ, we next
examined effects of the explanatory variable(s) on the
intercept of the scaling relationships (i.e., trait size
when controlling for body size). All analyses were
performed using both raw and log-transformed data,
and they gave qualitatively similar results. Thus, we
only present the analyses using the raw data. All nonsigniÞcant interactions were removed from the Þnal
models.

Results
Site. Male L. tricolor differed signiÞcantly in body
size (F4,309 ⫽ 15.31; P ⬍ 0.001; Fig. 3A) and hind femur
width (F4,309 ⫽ 7.48; P ⬍ 0.001; Fig. 3A) across sites.
Males from La Selva were on average 21% larger in
body size than males from B.C.I. The slopes of the
scaling relationship between body size and mean hind
femur width were not signiÞcantly different across
sites (F4,304 ⫽ 0.54; P ⫽ 0.703). Therefore, we proceeded to look for effects of site on scaling intercept.
We found that the males differed signiÞcantly in the
scaling intercept of hind femur width (F4,308 ⫽ 4.63;
P ⫽ 0.001; Fig. 4). For a given body size, males from
Fort Sherman had the largest hind femora, whereas
males from La Selva had the smallest hind femora.
Thus, although La Selva males were largest in overall
size across all Þve sites, when body size was held
constant, their investment in hind femur size was the
least (Fig. 4).
Separate analyses of male L. tricolor collected from
H. mariae in the Sherman, Gamboa, and Bocas sites did
not reveal differences in body size (F2,118 ⫽ 1.913; P ⫽
0.152) or hind femur width (F2,118 ⫽ 1.117; P ⫽ 0.331).
Furthermore, no signiÞcant difference was found in
scaling slope (F2,115 ⫽ 0.485; P ⫽ 0.617) or scaling
intercept (F2,117 ⫽ 1.852; P ⫽ 0.162).
Year. Within the Gamboa site, adult males differed
signiÞcantly in body size (F3,230 ⫽ 3.17; P ⫽ 0.025; Fig.
3B) but not hind femur width (F3,230 ⫽ 2.26; P ⫽ 0.082;
Fig. 3B), across the years sampled. No difference was
found in scaling slope across years (F3,226 ⫽ 0.38; P ⫽
0.767), and we did not Þnd a signiÞcant difference in
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Fig. 3. Pronotum width and hind femur width according to site (A), year (for the Gamboa population) (B), and plant
species (for Gamboa in 2005) (C). Least-squares estimates ⫾ SE.

scaling intercept according to the years sampled
(F3,229 ⫽ 1.38; P ⫽ 0.251).
Month and Plant Species. In Gamboa 2005, we did
not Þnd a signiÞcant effect of month insects were
sampled on their body size (F3,143 ⫽ 1.63; P ⫽ 0.186;
Fig. 3B), hind femur width (F3,143 ⫽ 1.90; P ⫽ 0.132;
Fig. 3B), scaling slope (F3,139 ⫽ 1.31; P ⫽ 0.277), or
scaling intercept of leg size on body size (F3,142 ⫽ 2.21;
P ⫽ 0.089; Fig. 4). Furthermore, we did not Þnd a
detectable difference in the sizes of insects on each of
the various plant species over the four month period
(F5,138 ⫽ 0.08; P ⬎ 0.50). However, the plant species
where adult insects were found did have a signiÞcant effect on body size (F2,143 ⫽ 5.27; P ⫽ 0.006; Fig.
3C) and hind femur width (F2,143 ⫽ 8.19; P ⬍ 0.001;
Fig. 3C). The scaling slope did not differ according
to plant species (F2,132 ⫽ 0.78; P ⫽ 0.461). We did
Þnd a signiÞcant difference in intercept (F2,142 ⫽
3.09; P ⫽ 0.048; Fig. 5). Adult males collected on
Heliconia latispatha Benth. had the widest hind legs
for a given body size, and males from H. mariae had
the narrowest (Fig. 5).

Discussion
Adult male L. tricolor differed in size and the scaling
of their sexually selected traits according to the population and the plant species where they were collected (Figs. 3Ð5). These patterns support the hypothesis that sexually selected traits are phenotypically
variable over multiple levels of space and time.
Across-Population Differences. Males from the
Costa Rican population, La Selva, were substantially
larger than males from other populations (Fig. 3A). In
spite of their large overall size, males from La Selva
expressed signiÞcantly narrower hind femurs at a
given body size than males from the other populations
(i.e., scaling relationships had the smallest intercept;
Fig. 4). What could be responsible for the differences
across these populations? The results shown here are
consistent with our prediction that variation in the
diversity and abundance of host plant species across
populations should result in scaling differences.
Across these Þve populations, the availability of heliconia species varied (Fig. 1) and thus may have in-
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Fig. 4. Least-squares estimate ⫾ SE of hind femur width, holding body size at the mean value across sites. Inset, predicted
scaling relationships for males collected from each site.

ßuenced the size and condition of the adults produced
across populations. In support of this possibility, males
collected solely on H. mariae across Gamboa, Fort
Sherman, and Bocas del Toro did not differ in size or
scaling relationships. However, the limited sample
sizes in this latter analysis reduce the ability to make
Þrm conclusions. Another source of variation across
populations could be phenological differences of the
host plants at the time that the populations were sampled (also see Miller and Emlen 2010). Finally, the
possibility certainly remains that the size and scaling
differences seen across populations may result at least
partially from genetic differences.
Genetic variation in morphology across populations
may be inßuenced by the costs and beneÞts of ex-

pressing large sexually selected traits. The density of
conspeciÞcs, availability of resources, predator assembly, and overall predation pressure are just a few
common factors that may shift such costs and beneÞts
and result in evolution of larger or smaller spiny femora. Such forces are likely responsible for microevolution in sexually selected characteristics in many species (Garant et al. 2004, Hegyi et al. 2006, Zuk et al.
2006). Indeed, variation in selection pressures have
likely been important in the evolution of the incredible diversity of leg sizes and shapes in this family of
insects (Coreidae), including species where males
have thin hind femora similar to the legs of females,
species where males have swollen femora with prominent hooks and spines, and those where females have

Fig. 5. Least-squares estimate ⫾ SE of hind femur width, holding body size at the mean value across plant species. Inset,
predicted scaling relationship for males collected from each plant species.
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enlarged tibia that they use to defend feeding or oviposition sites (Eberhard 1998, Emlen 2008).
Within-Population Differences. We found only limited changes in morphology for insects sampled over
time in the Gamboa population. We discovered
across-year differences in male body size (Fig. 3B) but
not in the size of hind femora or scaling relationships.
In addition, we found no effect of month sampled
during 2005 on adult male size and scaling. The lack of
difference across months contrasts with patterns seen
in offspring emerging from these different species of
heliconia plants during this same time period (Miller
2007; Miller and Emlen 2010; C.W.M., unpublished
data). Offspring emerging from H. latispatha and Heliconia platystachys Baker early in the season in Gamboa
consistently express larger sexually selected traits and
a greater scaling intercept between these traits and
body size. However, later in the season, insects emerge
smaller with a reduced scaling intercept. The longevity and/or frequent movement of adult insects (Miller
2007) may explain why temporal changes in offspring
morphology were not reßected in adults.
We found signiÞcant within-population differences
in size and scaling according to the plant species
where adult males were sampled (Figs. 3 and 5). Adult
males collected on H. latispatha were larger and expressed larger hind femora at the mean body size,
whereas males from H. mariae were signiÞcantly
smaller with relatively smaller hind femora. What
could be responsible for these within-population differences?
A likely cause of this variation is carry-over effects
of heliconia plant species on juveniles reared on the
plants. Offspring raised on the different host plant
species in this population differ signiÞcantly in adult
morphology in a similar fashion as found here (Miller
and Emlen 2010; C.W.M., unpublished data). The lack
of detectable monthly changes in adult morphology
combined with the plant species effect suggests that
some adults may emerge and stay within a single patch
of heliconia for multiple months. Even if a majority of
adults move away from natal host plants (Miller 2007),
the few remaining may be sufÞcient to drive the pattern observed here.
The differences in adult male size and scaling on the
different host plant species may also be explained by
territory quality. Because H. latispatha and H. platystachys seem to be higher quality resources for offspring
production early in the wet season (Miller 2007, 2008;
Miller and Emlen 2010), females may preferentially visit
these plants. Males thus could beneÞt from ßying to these
high quality host plants, and those with large, spiny hind
femora would probably be the most successful in maintaining a territory. Such a scenario may explain the prevalence of larger males on H. latispatha and H. platystachys. However, under this scenario it is surprising that
larger males were still found on H. platystachys later in
the wet season, given the substantial decline in the quality of these plants (Miller 2008).
Variation in Size and Scaling Relationships. The
relative roles of genetic differences and phenotypic
plasticity in creating the across and within-population
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patterns of differentiation seen here are unknown.
Future studies should undertake a common garden
approach with insects from multiple populations
reared on several species of heliconia to examine the
source of across population differences. An extensive
markÐrecapture study conducted in the Gamboa population would help uncover the movement patterns
and longevity of adult insects, and may help explain
the within population differences in size and scaling.
Results from this study suggest that sexually-selected trait expression and associated scaling relationships may commonly vary within and across populations. Such variation may easily confuse the reliability
of information contained in such structures, especially
when movement of animals away from natal environments is common (GreenÞeld and Rodriguez 2004,
Bussière et al. 2008, Higginson and Reader 2009). Empirical studies are needed that combine documentation of animal movement, analyses of the sources of
variation in sexually selected traits in multiple populations and/or over time, and measurement of the
strength of sexual selection pressures. The consequences of changes in information content of sexually
selected traits are virtually unexplored, and this will be
an exciting direction for future research.
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