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ABSTRACT

Question: Do elaborate ornaments expressed in both sexes show patterns of phenotypic
variation consistent with selection via mutual mate choice?

Data description: Detailed morphometric data on the striking leg ‘paddle’ ornament of
the sabethine mosquito Sabethes cyaneus: ornament size and shape and size of general
morphological traits. Data derive from 80 males and 80 females from a wild-type laboratory
colony established with individuals collected in Panama.

Search method: Shape variation was analysed using geometric morphometric methods
(elliptic Fourier analyses). We investigated sex differences in the relationships between body size
on the one hand and leg length, ornament size, and ornament shape on the other, using general
linear models. We also explored morphological variation in asymmetry, allometry, and in the
magnitude of phenotypic variation across traits.

Conclusions: These ornaments showed many of the classic hallmarks of a sexually selected
and condition-dependent ornament: (i) phenotypic variation in size was much greater than for
any other trait; (ii) the size of the major part of the paddle showed positive allometry; and
(iii) the degree of fluctuating asymmetry in one component of the shape of the leg paddles
decreased with body size. Remarkably, these patterns were more pronounced in females and
sexual dimorphism in size and shape of the leg paddle ornament was slight. Although data on
the current pattern of morphological variation alone does not allow firm conclusions about
past selection, our results are consistent with the maintenance of these ornaments in both sexes
by sexual selection via mutual mate choice.
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INTRODUCTION

The strikingly elaborate ornaments (defined as exaggerated or novel structures used to
visually attract mates) possessed by many animal species have inspired much research into
the evolution of signals via sexual selection. Most of these studies have been conducted
in avian taxa with a particular focus on the elongated, curled, and often brightly coloured
tail feathers (Darwin, 1871; Jennions, 1993; Andersson, 1994; Cuervo and Møller, 1999). Factors that affect the
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intensity of sexual selection include gamete investment, mating investment, parental
investment, and variance in mate quality (see Andersson, 1994; Shuster and Wade, 2003). In the majority
of avian species, females invest a relatively higher amount into gamete production (Trivers,

1972). Moreover, both females and males are known to mate multiply and seek extra-pair
copulations, further increasing the variance in male fitness and intensifying the strength
of sexual selection (Ligon, 1999). This characterizes the common scenario of relatively
indiscriminate males competing for mating opportunities with choosy females, which forms
the general basis for our understanding of the evolution of ornaments in males by female
mate choice (Ligon, 1999; Dunn et al., 2001).

Our understanding of ornament evolution in insects is much more restricted. There are
many descriptions of exaggerated male structures that represent putative ornaments, as they
are displayed during courtship (see Thornhill and Alcock, 1983; Sivinski, 1997). However, it generally
remains unknown which factors have contributed to the evolution of these ornaments.
One notable exception is the evolution of antlers and eye stalks in flies. Although female
preference for these ornaments has been demonstrated (Burkhardt and de la Motte, 1988; Wilkinson and

Reillo, 1994; Hingle et al., 2001; Cotton et al., 2006), they are employed in male–male competition and
intrasexual selection clearly plays a key role in their evolution (Wilkinson and Dodson, 1997). In
general, scramble competition polygyny is considered to be widespread in many insect taxa
(Thornhill and Alcock, 1983). This has contributed to the widely held view that there is little
opportunity for female mate assessment and direct female choice in insects (Alexander et al.,

1997), although indirect female choice (sensu Wiley and Poston, 1996) is common. Yet, there is
growing evidence that female insects indeed assess males and show direct mate choice [e.g.
burying beetles (Beeler et al., 2002), stalk-eyed flies (Burkhardt and de la Motte, 1988), wax moths (Jang and

Greenfield, 1996, 1998), and field crickets (Simmons, 1986)]. In most insects, both males and females
mate multiply and exhibit no parental care (Thornhill and Alcock, 1983; Arnqvist and Nilsson, 2000).
Here, the selective pressures acting upon ornaments may be largely understood in terms of
differential investment into gamete production. However, in other insects the mating system
and pattern of ornamentation is more atypical, and these systems can provide valuable
insights into ornament evolution by sexual selection.

Our study organism, the sabethine mosquito Sabethes cyaneus (Diptera: Culicidae),
possesses elaborate paddle-like ornaments consisting of elongated and iridescent scales on
the mid-leg tarsus and tibia (Fig. 1). Four facts point to a central role for sexual selection
in the evolution of these visually striking paddles. First, unlike most mosquitoes, sabethine

Fig. 1. The leg paddle of Sabethes cyaneus. The tibial (right) and tarsal (left) component of this
ornament are separated by a small indentation.
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mosquitoes are diurnal and show unique visual adaptations in the optical structure of their
eyes (Land et al., 1999). The fact that their visual ornaments are also unique among culicid
mosquitoes (Sivinski, 1997) is therefore consistent with a signal function. Second, there is large
variation in paddle number, shape, and coloration, but not in general morphological traits,
across closely related sympatric sabethine species (Harbach and Petersen, 1992; Judd, 1996). Such a
pattern of rapid morphological divergence is a general hallmark of sexual selection (Coyne and

Orr, 2004). Third, complex male courtship behaviours, during which these mid-leg ornaments
are prominently displayed in front of the female, have been described in all four species of
sabethines studied to date, including our study system, S. cyaneus (Okazawa et al., 1986; Hancock et

al., 1990a; Philips et al., 1996; Zsemlye et al., 2005). Fourth, direct phenotypic engineering experiments
(i.e. removal of the ornaments) have shown that this ornament affects mating success
in S. cyaneus, yet flight and oviposition behaviours remain unaffected (Hancock et al., 1990b).
Notably, this effect was stronger, and only statistically significant, in females.

Sabethes cyaneus provides a particularly intriguing model system. This is not only
because the ornaments are extraordinarily striking (Shannon, 1931), but also because the
ornaments appear to be sexually monomorphic to the naked human eye and because
females are strictly monandrous while males are polygynous (South and Arnqvist, 2008; S.H. South

et al., submitted). In addition, males and females adopt traditional sex roles, with males searching
for females perched on horizontal branches before aligning to perform a highly stereotyped
and vigorous courtship dance in which the ornaments are displayed in front of the female
(Hancock et al., 1990a). Furthermore, females are generally reluctant to mate, there is no parental
care by either sex, and there is no evidence of nutritional gifts being transferred to females
with the male seminal fluid. Given the mating system of S. cyaneus, the occurrence of male
ornaments (henceforth referred to as ‘leg paddles’) is entirely consistent with evolutionary
theory. However, it is unclear why we should see the expression of ornamental leg paddles in
females.

There are two main classes of hypotheses that aim to explain the expression of elaborate
ornaments in both sexes (for a review, see Kraaijeveld et al., 2007). The first posits that male and female
expression of the ornament is due to direct selection on the ornament in both sexes. Direct
selection may result from (i) selection for sexual ambiguity in females (Burley, 1981; Langmore and

Bennett, 1999), (ii) female contest competition (West-Eberhard, 1983; Gwynne, 1991), and/or (iii) mutual
mate choice (Huxley, 1914; Kraaijeveld et al., 2004). The second group of hypotheses suggests that
the expression of the trait in females is a non-adaptive result of an intersexual genetic
correlation, such that the female ornament is merely a correlated response to selection for
the ornament in males (Darwin, 1871; Lande, 1980, 1987; Lande and Arnold, 1985). By simply considering
what is already known of the morphology and mating system of our model system, several
of these hypotheses can be rejected.

Selection for sexual ambiguity could occur when being male brings social benefits (Burley,

1981) or reduces sexual harassment of females (Cook et al., 1994; Forbes et al., 1997; Van Gossum et al., 2007).
It is highly unlikely that there are any social benefits such as access to food sites that could
select for sexual ambiguity in S. cyaneus, simply because mosquitoes do not exhibit social
behaviour. A reduction in the amount of sexual harassment is also unlikely, as males of
S. cyaneus court males as eagerly as females (Hancock et al., 1990a; personal observation), as do males
of many insect species,. More importantly, experimental removal of the leg paddles in
females actually led to a reduction in courtship by males (Hancock et al., 1990b). These facts
strongly suggest that the maintenance of these ornaments in females cannot be accounted
for by selection for sexual ambiguity. Furthermore, no aspect of the ecology of this species
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could generate female contest competition. Sites for oviposition (plant-held waters),
mating (horizontal branches), and feeding (primate hosts, flowers) are abundant in natural
populations, females do not actively seek males, and females have never been observed to
engage in contests. Thus, female contest competition is very unlikely to contribute to the
elaboration of these ornaments in females.

The remaining applicable hypotheses that may account for the maintenance of these
ornaments in females are direct selection via mutual mate choice or non-adaptive expres-
sion due to an intersexual genetic correlation. Theory has shown that mutual mate choice
can evolve under a range of conditions and studies of monogamous birds support the
presence of selection by mutual mate choice (Jones and Hunter, 1993, 1999; Kraaijeveld et al., 2004; Hooper

and Miller, 2008). However, S. cyaneus adopts ‘traditional’ sex roles: male polygyny/female
monandry, in combination with male mate searching and male courtship/female mate
rejection. Nonetheless, there is growing empirical support for male/mutual mate choice also
in polygynous systems (for reviews, see Amundsen, 2000; Bonduriansky, 2001; Kraaijeveld et al., 2007), which has
sparked recent theoretical interest in this area (Servedio and Lande, 2006; Servedio, 2007). It is also
possible that the occurrence of female paddles in S. cyaneus is due solely to a correlated
expression in females of sexual selection for paddles in males. To our knowledge, there are
no known cases of non-adaptive expression of elaborate ornaments to the extent that they
are basically sexually monomorphic. This fact has been accredited to the costs associated
with ornament expression in females, such as increased conspicuousness to predators (Godin

and McDonough, 2003), impaired ability and energetic costs during flight (Evans, 2004; Allen and Levinton,

2007), and production costs during ontogeny (Munoz et al., 2008). However, it remains possible
that the costs associated with expression of these paddles in S. cyaneus females are low
enough to permit such an extreme and intriguing case of non-adaptive expression. We note,
however, that female paddles do affect female attractiveness to and/or recognition by males,
as their removal results in a drastic reduction in female mating rate and courtship attempts
by males (Hancock et al., 1990b).

One potentially useful route to gain insights into the evolution of ornaments in any taxa
is to study the pattern of ornament expression. Here, studies comparing the variability of
ornaments and other body parts are valuable (e.g. Schluter and Price, 1993), as are studies of static
allometry of ornaments (e.g. Kodric-Brown et al., 2006). This approach is particularly suitable for
adult holometabolous insects, because they grow solely during egg, larval, and pupal stages
(Klingenberg and Zimmermann, 1992; Emlen, 1994; Kemp and Rutowski, 2007). In this study, we explore the
pattern of phenotypic variation of the leg paddle ornament in S. cyaneus by assessing
variability as well as the relationships between ornaments and size in both sexes. We employ
geometric morphometric methods, which allow for powerful analyses of variation in size
and shape (Klingenberg, 1996).

One of our goals is to assess those facets of morphological variation and allometry that
may help discriminate between direct selection via mutual mate choice and an intersexual
genetic correlation. We begin by exploring sexual dimorphism in general body measures as
well as ornament shape and size. Under mutual mate choice, we expect directional selection
(see below) in both sexes to lead to similar expression in males and females, even if
sex-specific factors are likely to affect expression to some extent (Kimball and Ligon, 1999). As
discussed above, however, a non-adaptive genetic correlation may also lead to similar
expression in males and females, provided that there are no costs of expressing the
ornament in females. We then proceed to explore the following three classic hallmarks of
sexual selection. First, sexual ornaments are expected to be more phenotypically variable
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than non-sexual traits (Schluter and Price, 1993; Rowe and Houle, 1996; Cuervo and Møller, 1999; Badyaev,

2004). Second, the degree of bilateral asymmetry in sexual ornaments may decrease with
body size, as a result of condition-dependent expression (e.g. Swaddle, 2003; but see Cotton et al., 2004).
Third, sexual ornaments often, but not always (Bonduriansky, 2007), show positive static
allometry (i.e. increase with overall body size at a rate > 1.0) presumably as a reflection of
differential trade-offs in resource allocation during ontogeny (Grafen, 1990a, 1990b; Green, 1992;

Petrie, 1992; Emlen and Nijhout, 2000; Knell et al., 2004; Kodric-Brown et al., 2006).
Although several models have suggested that sexually selected traits should show positive

allometry (see references above), the generality of this prediction was critically appraised by
Bonduriansky and Day (2003). They showed that the classic sexual selection scenario does
not necessarily result in positive allometry. A recent reappraisal by Bonduriansky (2007)

delineated the conditions that should lead to positive allometry and we suggest that those
conditions are met in S. cyaneus. First, the ornament is truly a ‘dedicated’ secondary sexual
character that does not have any known viability-related function (see above). Second,
there is no known alternative male mating tactic that may favour small ornaments and
result in disruptive selection. Third, paddle expression does not appear to affect flight ability
or oviposition behaviour (see above; Hancock et al., 1990b) and it thus is unlikely that intermediate
trait sizes are favoured for such reasons. Fourth, it is very reasonable to assume that
the relative viability costs of expressing this ornament diminishes with body size (see
Discussion).

MATERIALS AND METHODS

We used a strain of S. cyaneus established by R.G. Hancock and W.A. Foster in December
1988 from a sample of mated females collected at the Isla de Maje, Lago Bayano, Panama,
Republic of Panama. This colony was maintained at Ohio State University, USA at a
population size of approximately 200–300 individuals. Our colony has been housed
at Uppsala University, Sweden since April 2006 at 26 ± 1�C, 78–82% relative humidity, and
a 12L:12D photoperiod, at a population size of approximately 400 individuals. Larvae
were reared in plastic trays (21.5 × 14.5 × 5 cm) filled to 2.5 cm with deionized water, which
was changed weekly. They were fed an ad libitum diet of crushed fish flake food. Pupae were
collected in small dishes (diameter 8 cm; height 2.5 cm) and these were placed in terraria
(29 × 17.5 × 18 cm). An ad libitum supply of honey-soaked sponges and deionized water
wicks was provided in these terraria.

We collected and froze adults within 24 h of emergence to avoid variation in leg paddles
that is due to wear and/or damage. Individuals were sampled across three generations
all raised under the rearing regime described above. We then collected morphometric
information using a digitizing tablet (Summasketch® III) placed under a side-mounted
camera lucida attached to a dissecting microscope (Leica® MZ8). The following traits
were measured in a sample of 80 females and 80 males on the left side of the body: wing
length; thorax width; proboscis length; antenna length; fore-leg femur, tibia, and tarsus
length; mid-leg femur, tibia, and tarsus length; hind-leg femur, tibia, and tarsus length.
Wing length was used as an integrative measure of body size (Siegel et al., 1992; Armbruster and

Hutchinson, 2002). We also captured the outline of both the left and right leg paddles in two
separate segments: tibial paddle and tarsal paddle. All measurements were taken twice to
enable an estimation of the repeatability of our measures in a subset of 30 males and
30 females.
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All length measurements were converted to millimetres before analysis. The leg paddle
outlines were analysed using elliptic Fourier analysis (EFA) (Ferson et al., 1985; Rohlf, 1992). The
outlines of all paddles for all individuals were included in a common EFA, using the
software Morpheus et al. (Slice, 2002), which was also used to extract the area of all paddles.
The EFA itself was made invariant of size, position, and rotation, and used 12 harmonics
(yielding 48 Fourier coefficients). These functions provided a near perfect fit to all paddle
outlines. To reduce the dimensionality of our shape descriptors, the 48 Fourier coefficients
for each leg paddle segment were treated as variables in principal component analyses
performed on the covariance matrix (Rohlf and Archie, 1984). The first five principal components
(PCs) from each leg paddle were retained for subsequent analyses. These five PCs
collectively described 88.79% and 87.53% of the shape variation in tibial and tarsal paddles
respectively (see Appendix 1).

The relationship between paddle area and length measurements within and between the
sexes was investigated using full analyses of covariance (ANCOVAs) with sex as a fixed
factor and length measurements as a continuous covariate. Analogously, paddle shape was
investigated using multivariate analyses of covariance (MANCOVAs) with the five PCs as
dependent variables, sex as a fixed effect factor, and body size as a covariate.

We compared the magnitude of phenotypic variation in traits presumed to be under
sexual selection (leg paddle area and the length of the leg segments the paddles are located
on – mid-leg tarsus and tibia) and other representative body traits (thorax, wing, fore-leg
femur, tibia, and tarsus) in two different ways. First, we compared the coefficients of
variation across traits. Second, following a transformation where all values were divided by
the trait mean, we compared the proportional variances across traits. We note that the latter
method gives all traits a mean value of one and a variance that is proportional across traits
(Sokal and Rohlf, 1995).

We calculated leg paddle asymmetry simply by subtracting the left-hand paddle
value from the right-hand paddle value for each individual and for all measures of paddle
morphology, in both tibial and tarsal paddles. We assessed whether the pattern of
asymmetry for all leg paddle variables was consistent with directional asymmetry
[as opposed to fluctuating asymmetry (Swaddle, 2003)] by conducting t-tests of H0: µ = 0 (where
µ is the mean signed asymmetry), both for the entire sample and for males and females
separately. The relationship between body size and unsigned asymmetry was then assessed
by Spearman rank correlations between the absolute value of asymmetry and body
size. Any unsigned asymmetry variables with a significant correlation were then further
investigated using ANCOVAs with sex as a fixed factor and body size as a covariate.

The allometric slopes were estimated using Reduced Major Axis regression [RMA,
Model II regression or Geometric Mean regression (Ricker, 1984; McKinney and McNamara, 1991)] of
body size against the paddle size and leg measurements, using the software MODEL II
(Sawada, 1999). For paddles, the area measurements were first linearized using an ellipse
transformation as the paddle resembles an ellipse. We used the equation describing the area
of an ellipse (A = π × a × b, where a and b are the lengths of the ellipse’s semi-major and
semi-minor axes). We approximated a to be 2 × b and used this to solve for the length of the
major axis. We henceforth denote this linearized measure of paddle area as ‘paddle size’.
This linearized value of paddle area was then converted to millimetres to make it directly
comparable to other length measurements. Before the RMA regressions, all data were log
(1 + x) transformed.
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RESULTS

Most of our measurements were highly repeatable (r > 0.70; Appendix 2). It is noteworthy
that this was also true for our multivariate measures of paddle shape and for measures of
asymmetry. Thorax width, proboscis length, and antennal length measurements showed a
slightly lower repeatability than wing length and will not be used in the subsequent analyses.
We note that females were larger than males (t 144 = 9.353, P < 0.001, based on separate
variances).

We investigated the relationship between tibial paddle size and body size within and
between the sexes. Tibial paddle size increased with body size in both sexes (F1,156 = 35.3,
P < 0.001) (Fig. 2a), but there was no main effect of sex (F1,156 = 0.6, P = 0.442) and no
significant interaction between tibial paddle size and body size (F1,156 = 0.7, P = 0.421). In
contrast, the relationship between body size and tarsal paddle size differed significantly
between the sexes (Fig. 2b). As for tibial paddle size, tarsal paddle size increased with body
size (F1,156 = 16.7, P < 0.001), but there was also a main effect of sex (F1,156 = 4.4, P = 0.039)
and, most importantly, an interaction between tarsal paddle size and body size (F1,156 = 5.6,
P = 0.019). This relationship was steeper in females than males, revealing that paddles were
proportionately larger in females (Fig. 2b).

The relationship between body size and mid-leg tibia and tarsus length was similar to that
observed with the part of the paddles situated on each corresponding segment. That is, the
relationship between body size and mid-leg tibia did not differ between the sexes, whereas
that between body size and mid-leg tarsus did (Table 1), with females having proportionately
longer tarsi. The fore-leg tibia and tarsus length showed a similar pattern to the mid-leg
tibia and tarsus: female fore-leg segments were proportionately longer than those of males
(Table 1). Notably, the hind-leg tibia and tarsus length differed from this pattern of
proportionately larger female paddles: although the relationship differed between the sexes
(Table 1), both male hind-leg tibia and tarsus length were proportionately longer than for
females.

The relationship between leg paddle shape and leg paddle size differed between the sexes
(see Table 2) and, in this sense, this ornament is sexually dimorphic. These effects were
larger for the tarsal components of the leg paddles, and a closer analysis using univariate
F-tests of each of the tarsal paddle shape PCs showed that the main difference between the
sexes falls on the first principal component, PC1 (sex: F1,156 = 8.4, P = 0.004; tarsal paddle
area: F1,156 = 242.2, P < 0.001; sex × tarsal paddle area: F1,156 = 32.6, P < 0.001). Visualiza-
tions of this result showed that paddles change shape more rapidly with paddle size in males
than in females (Fig. 3a). For the first PC of tarsal paddle shape, male paddles tend to be
slightly broader at the widest point than do female paddles and the breadth of the paddle
increases with paddle area (Fig. 3b). In summary, although these analyses show that paddle
shape differs significantly between the sexes, the differences are very slight in absolute
magnitude.

We tested for equality of variances across all traits (using variables transformed to show
proportional variances – see Methods) and found significant differences in variability across
traits (Bartlett’s test: χ2 = 1259.3, P < 0.001). Visual examination of the data showed that
paddle size was more variable than any other trait (Fig. 4). Interestingly, although the
variation in the leg segments that carry the paddles is also relatively high, they do not
show the same strikingly high levels of variation as the ornaments themselves (see Fig. 4).
Additionally, for many traits females showed significantly higher phenotypic variation than
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Fig. 2. The relationship between body size and (a) tibial paddle area and (b) tarsal paddle area. Lines
(solid: females; dotted: males) represent ordinary linear regressions.
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Table 1. Analyses of covariance of the relationship
between body size and leg segment lengths in the two
sexes

F d.f P

Mid tibia length
Sex 3.841 1, 156 0.052
Body size 61.953 1, 156 0.000
Sex × body size 3.914 1, 156 0.050

Mid tarsus length
Sex 5.466 1, 155 0.020
Body size 36.942 1, 155 0.000
Sex × body size 9.171 1, 155 0.003

Fore tibia length
Sex 15.923 1, 156 0.000
Body size 111.077 1, 156 0.000
Sex × body size 14.334 1, 156 0.000

Fore tarsus length
Sex 5.356 1, 156 0.022
Body size 62.873 1, 156 0.000
Sex × body size 5.307 1, 156 0.023

Hind tibia length
Sex 11.852 1, 156 0.001
Body size 112.720 1, 156 0.000
Sex × body size 8.862 1, 156 0.003

Hind tarsus length
Sex 9.475 1, 156 0.002
Body size 75.339 1, 156 0.000
Sex × body size 8.638 1, 156 0.004

Table 2. Multivariate analyses of covariance of paddle shape

Wilks’ λ F d.f P

Tibial paddle
Sex 0.889 1.842 10, 147 0.058
Tibial paddle area 44.519 44.519 10, 147 0.000
Sex × tibial paddle area 0.794 3.804 10, 147 0.000

Tarsal paddle
Sex 0.873 2.144 10, 147 0.024
Tarsal paddle area 0.297 34.767 10, 147 0.000
Sex × tarsal paddle area 0.774 4.287 10, 147 0.000

Allometry of an ornament expressed in both sexes 9



males. These patterns were very similar whether variability was measured as proportional
variance or as the coefficient of variation (see Fig. 4). We note (i) that the elevated variation
seen in paddle size was clearly not due to inflated measurement error, as the repeatabilities

Fig. 3. (a) The relationship between tarsal paddle area and shape, represented by the first principal
component of variation in tarsal paddle shape. Lines represent ordinary linear regressions. (b) The
upper and lower extremes of the first principal component of tarsal paddle shape. For further details,
see text.
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for ornament size (range: 0.90–0.98) were actually higher than for most other traits
(see Appendix 2), and that (ii) the exact same pattern is seen when analysing phenotypic
variation in paddle area rather than paddle size.

The only measure of asymmetry of leg paddle morphology that showed a significant
relationship with body size was PC2 of tarsal paddle shape [rs = −0.253, P < 0.05, using false
discovery rate compensation (Storey, 2003)]. An ANCOVA confirmed the negative relationship
between the unsigned asymmetry of PC2 and body size (F1,156 = 7.6, P = 0.007), and showed
that the sexes did not differ significantly in this respect (sex: F1,156 = 1.5, P = 0.217;
sex × body size: F1,156 = 1.5, P = 0.223). Hence, although no other measure of paddle
shape and size showed a significant correlation with body size, these analyses show that
paddles do grow slightly more symmetrical with size. We also note that the pattern
of asymmetry in leg paddles was consistent with fluctuating, rather than directional,
asymmetry (Appendix 3).

We found positive allometry for tibial paddle size in both males and females (see Table 3).
There was, however, no significant difference from isometry for tarsal paddle size. Notably,
tarsal leg segment length (carrying the tarsal component of the paddle) did show positive
allometry in both sexes. In contrast, there was little evidence for deviations from isometry
for fore- and hind-leg segments.

DISCUSSION

Studies of the pattern of morphological variation of sexual ornaments have a long history
(Huxley, 1932), and many authors have suggested that one can gain insights into development,

Fig. 4. Phenotypic variation of morphological traits, shown both as proportional variances and
coefficients of variation (see text). Traits for which the proportional variance differed significantly
between the sexes (P < 0.005) are indicated with a star.
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past selection, and evolutionary history from the extant pattern of trait variation alone
(see McKinney and McNamara, 1991). However, it is now clear that the strength of such inferences
is somewhat limited. For example, several models have predicted that ornaments should
often show positive allometry (Grafen, 1990a, 1990b; Kodric-Brown et al., 2006). Yet, as outlined in the
Introduction, Bonduriansky and Day (2003) clearly showed that the classic sexual selection
scenario does not necessarily result in positive allometry. Nevertheless, positive allometry is
a characteristic of ornamental traits used to visually attract mates in many taxa (see Kodric-

Brown et al., 2006) and a number of important insights have been gained from studies of
phenotypic variation of ornamental traits. In insects, studies of variation and allometry
have been key in understanding the evolution and maintenance of sexually selected
‘ornamental’ traits in, for example, stalk-eyed flies (Wilkinson and Dodson, 1997), horned beetles
(Emlen et al., 2007), earwigs (Simmons and Tomkins, 1996), and butterflies (Kemp, 2006). Below, we first
ask whether the pattern of trait variation in the leg paddles of both sexes of S. cyaneus
conforms to the predictions under mutual mate choice. We then discuss how compatible our
results are with the possibility that ornament expression in females is the result of an

Table 3. Estimates of allometric scaling coefficients of leg paddles and leg segment lengths in the
two sexes

Trait Sex Slope SE rp t

Tibial paddle size Female 1.931 0.183 0.528 5.080
Male 2.164 0.226 0.360 5.155

Tarsal paddle size Female 0.890 0.087 0.494 1.270
Male 0.931 0.103 0.136 0.674

Fore femur Female 0.992 0.068 0.791 0.110
Male 0.820 0.072 0.624 2.512

Fore tibia Female 1.125 0.076 0.800 1.661
Male 0.919 0.092 0.445 0.874

Fore tarsus Female 1.219 0.105 0.637 2.087
Male 0.933 0.094 0.443 0.717

Hind femur Female 1.067 0.076 0.768 0.880
Male 0.913 0.088 0.511 0.997

Hind tibia Female 1.107 0.077 0.782 1.388
Male 0.915 0.088 0.504 0.960

Hind tarsus Female 1.786 0.149 0.666 5.276
Male 1.223 0.121 0.470 1.845

Mid femur Female 1.078 0.072 0.801 1.085
Male 0.889 0.081 0.579 1.363

Mid tibia Female 1.110 0.094 0.653 1.172
Male 0.982 0.099 0.435 0.187

Mid tarsus Female 1.469 0.135 0.573 3.485
Male 1.700 0.189 0.088 3.697

Note: Traits that show significant allometry (i.e. β ≠ 1; t-test of H0: β = 1) are indicated in bold. SE = standard error.
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intersexual genetic correlation, and finish with what we consider to be the most important
implications of our findings.

The ornamental leg paddles of S. cyaneus showed many of the classic hallmarks of a
condition-dependent (sensu Rowe and Houle, 1996) ornament under directional sexual selection in
both sexes. First, variation in the size of the leg paddles was much greater than in general
traits. While the latter showed a degree of phenotypic variation typical for morphological
traits (CV: 2–7%), the leg paddles showed a variation (CV: 12–17%) that was even greater
than the typical ornament in birds (Cuervo and Møller, 1999). Second, the degree of fluctuating
asymmetry of one aspect of the shape of the tarsal paddle was negatively related to size, as
might be expected for condition-dependent ornaments (Watson and Thornhill, 1994; Swaddle, 2003; Polak

and Starmer, 2005). Third, in contrast to most general traits, the major part of the ornamental
leg paddles showed a strongly positive allometric scaling coefficient (∼2).

However, we note that our results are not fully in accordance with the predicted patterns
for a sexually selected ornament. First, the smaller of the two leg paddle components, the
tarsal paddle, did not show positive allometry. However, the length of the tarsal segment
upon which this ornament component is situated did show positive allometry. As this
segment is itself an integrated part of the ornament (see Fig. 1), it is reasonable to never-
theless conclude that the ornament as an integrated structure showed positive allometry.
Second, a trait that we do not consider to be under sexual selection, the length of the hind
tarsus in females, also showed positive allometry. It is worth noting that this pattern was
again seen on the tarsus, albeit of a leg that does not carry the ornament. We suggest that
this may result from developmental integration of tarsi across legs. Indeed, regulation
of tarsal development in Drosophila has been shown to be dependent on a molecular
mechanism that is distinct to the other leg segments (Campbell and Tomlinson, 1998; Rauskolb, 2001).
Third, as mentioned in the previous paragraph, only the tarsal paddle showed a significant
negative relationship between fluctuating asymmetry and size and this was only true for
an aspect of paddle shape that describes a sub-dominant form of paddle shape variation
(i.e. PC2). Unfortunately, we did not explore environmental effects on trait expression and
thus we are restricted in our ability to draw detailed inferences as to the presence or lack of
fluctuating asymmetry in particular aspects of ornament morphology (Polak and Starmer, 2005).
We note, however, that no aspect of fluctuating asymmetry of the ornament showed a
positive relationship with size.

Despite these departures from ideal conformity with predictions, the results are generally
consistent with the hypothesis that the leg paddles of both males and females are sexually
selected. This is further supported by the fact that the ornament varied little in size and
shape between the sexes and had similar allometric scaling coefficients in males and females.
If anything, leg paddles tended to be proportionally larger and more variable in females and
leg paddle area increased more rapidly with body size in females than in males. We stress
that the pattern we document here is strikingly different from that of most other taxa, and
we know of no comparable findings in any taxa. In birds with some female expression of
male ornaments that are assumed to be under sexual selection only in males, females show
less variation and a much lower allometric scaling coefficient than do males (see Cuervo and

Møller, 1999). Thus, our results suggest that the expression of this ornament is at least as
condition dependent in females as it is in males. Unfortunately, we know of no other
detailed morphometric analyses of ornaments expressed in both sexes that are thought to
be used in mutual mate choice.

Two facets of our results are particularly difficult to reconcile with the hypothesis that the
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expression of leg paddles in S. cyaneus females represents a non-adaptive correlated
response to sexual selection in males only. First, the pattern of ornament variation in
females showed the classic hallmarks of directional sexual selection to a greater, rather than
lesser, extent compared with males. This is in stark contrast to bird systems where female
ornament expression is thought to be a non-adaptive correlated response to sexual selection
in males (Cuervo and Møller, 1999). Second, the fact that the leg paddle ornament was basically
sexually monomorphic would only be predicted if trait expression was cost-free in females.
However, there should be at least some size-dependent viability costs of this ornament,
because both costs of growth (allocation of cuticular material during metamorphosis) and
maintenance [much time is spent grooming (personal observation)] of leg paddles should be
condition dependent to some extent. In addition to the present results, the fact that experi-
mental removal of the paddles has a larger, rather than smaller, effect on mating rate in
females than males (Hancock et al., 1990b) is clearly not expected if the ornament is only under
sexual selection in males. Although these considerations imply that it is very unlikely that an
intersexual genetic correlation is responsible for ornament expression in female S. cyaneus,
it remains theoretically possible that this is the case. If, for example, the costs of ornament
expression are much lower in females, sex-specific natural selection could interact with a
correlated response and result in proportionately larger and more variable leg paddles
in females. However, if this was true, our model system would provide the most extreme
case of an ornament being expressed in females that was primarily under selection in males
and would challenge current intra-locus sexual conflict theory (Fisher, 1930; Lande, 1980, 1987;

Bonduriansky and Rowe, 2005), considering that ornament expression is certainly associated with at
least some costs in females.

Although there is growing empirical evidence for male mate choice in polygynous species
(for reviews, see Amundsen, 2000; Bonduriansky, 2001; Kraaijeveld et al., 2007), the theoretical basis for this
phenomenon is not trivial because the operational sex ratio is often likely to be male biased
and females are likely to have an equal mating success in such systems. South and colleagues
(submitted) explored the possibility that male S. cyaneus may be investing heavily into court-
ship and mating and thus be expected to be choosy (Gwynne, 1991, 1993; Johnson and Burley, 1997).
They found longevity costs due to courtship and copulation that would decrease a male’s
future mating success, but whether these costs are large enough to maintain male mate
choice in this system is unclear. Servedio and Lande (2006) recently showed that male choosi-
ness can be maintained under polygyny even with modest male mating investment. This can
occur when, for example, female signals are not arbitrary but correlate with fecundity or
genetic quality. In S. cyaneus, there is a positive relationship between female paddle area
and body size, which is generally correlated with fecundity in insects (Bonduriansky, 2001). In
addition, paddle size may signal female age and mating status. Paddle size decreases
markedly with age as a result of wear (personal observation) and female lifespan is remarkably
long both in the laboratory (South and Arnqvist, 2008) and in the field (Dégallier et al., 1998).
Young, and thus also virgin, females should therefore have on average larger paddles. An
additional possibility is that males are under selection to direct courtship towards con-
specifics to avoid costly heterospecific matings (Servedio, 2007). Sabethes cyaneus is sympatric
with several congeners throughout most of its distribution, and there is striking variation
across species in the number of legs that carry ornaments as well as in their size and
coloration (Lane and Cerqueira, 1942). Thus, males that direct their courtship efforts towards
females with large paddles are not only likely to court more fecund females, but also
unmated (i.e. receptive) females of the right species.
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We acknowledge that mutual mate choice should, ideally, be demonstrated by detailed
experimental studies of the role of paddle size during interactions between the sexes. Such
studies are underway in this system and may provide direct behavioural evidence for mutual
mate choice. Nonetheless, by applying geometric morphometrics to explore patterns of
variation and sexual dimorphism in S. cyaneus, we have gained valuable insights into the
likely selective pressures that act upon the leg paddle ornament in this insect species.
Although the data presented here are not entirely conclusive (cf. Bonduriansky and Day, 2003), they
present a rare and important case in a comparative sense and provide a benchmark for
future research on systems with sexually monomorphic ornaments.
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APPENDICES

Appendix 1. The percentage of variance explained by each of the 10 first
principal components of variation in leg paddle shape

Principal component Percentage of variance explained

Tibial paddle 1 57.610
2 13.015
3 9.145
4 4.806
5 4.210
6 2.809
7 2.481
8 1.619
9 1.047

10 0.616

Tarsal paddle 1 52.278
2 16.107
3 9.584
4 5.421
5 4.139
6 2.255
7 1.914
8 1.627
9 1.290

10 0.884
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Appendix 2. Repeatabilities, estimated as Pearson’s correlation coefficients, of all measurements taken

Trait Side Female Male Joint

Wing Left 0.87 0.70 0.87
Thorax Left 0.62 0.73 0.66
Proboscis Left 0.87 0.60 0.78
Antenna Left 0.66 0.64 0.87
Fore femur Left 0.89 0.81 0.87
Fore tibia Left 0.93 0.77 0.87
Fore tarsus Left 0.96 0.87 0.95
Hind femur Left 0.94 0.70 0.90
Hind tibia Left 0.91 0.73 0.88
Hind tarsus Left 0.99 0.74 0.94
Mid femur Left 0.96 0.76 0.92
Mid tibia Left 0.81 0.67 0.82
Mid tarsus Left 0.73 0.64 0.93

Tibial paddle
Area Left 0.98 0.97 0.98
Shape PC1 Left 0.98 0.97 0.98
Shape PC2 Left 0.76 0.92 0.85
Shape PC3 Left 0.78 0.91 0.88
Shape PC4 Left 0.80 0.66 0.78
Shape PC5 Left 0.51 0.70 0.59
Area Right 0.98 0.90 0.97
Shape PC1 Right 0.98 0.99 0.98
Shape PC2 Right 0.92 0.83 0.88
Shape PC3 Right 0.80 0.96 0.93
Shape PC4 Right 0.71 0.96 0.91
Shape PC5 Right 0.72 0.88 0.80
Asymmetry Area N/A 0.97 0.91 0.94
Asymmetry Shape PC1 N/A 0.97 0.97 0.97
Asymmetry Shape PC2 N/A 0.72 0.77 0.74
Asymmetry Shape PC3 N/A 0.82 0.94 0.89
Asymmetry Shape PC4 N/A 0.80 0.93 0.89
Asymmetry Shape PC5 N/A 0.67 0.75 0.72

Tarsal paddle
Area Left 0.94 0.92 0.96
Shape PC1 Left 0.90 0.95 0.92
Shape PC2 Left 0.70 0.88 0.84
Shape PC3 Left 0.68 0.34 0.47
Shape PC4 Left 0.58 0.59 0.62
Shape PC5 Left 0.72 0.81 0.76
Area Right 0.97 0.90 0.97
Shape PC1 Right 0.96 0.96 0.96
Shape PC2 Right 0.86 0.86 0.88
Shape PC3 Right 0.78 0.76 0.78
Shape PC4 Right 0.63 0.67 0.66
Shape PC5 Right 0.78 0.87 0.84
Asymmetry Area N/A 0.79 0.76 0.78
Asymmetry Shape PC1 N/A 0.87 0.88 0.87
Asymmetry Shape PC2 N/A 0.84 0.87 0.85
Asymmetry Shape PC3 N/A 0.59 0.48 0.51
Asymmetry Shape PC4 N/A 0.39 0.58 0.54
Asymmetry Shape PC5 N/A 0.68 0.86 0.78
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Appendix 3. Tests of directional asymmetry in components of leg paddle morphology

Trait Sex Mean t d.f. P

Tibial paddle
Area Joint 0.002 0.267 159 0.790
Shape PC1 Joint −0.002 −0.256 159 0.800
Shape PC2 Joint −0.001 −0.354 159 0.724
Shape PC3 Joint −0.004 −1.162 159 0.247
Shape PC4 Joint 0.003 1.325 159 0.187
Shape PC5 Joint 0.001 0.556 159 0.579

Tarsal paddle
Area Joint 0.004 0.859 159 0.391
Shape PC1 Joint 0.008 1.230 159 0.220
Shape PC2 Joint −0.001 −0.178 159 0.859
Shape PC3 Joint −0.001 −0.291 159 0.771
Shape PC4 Joint 0.005 2.119 159 0.036
Shape PC5 Joint −0.004 −1.765 159 0.080

Tibial paddle
Area Female −0.006 −0.463 79 0.645
Shape PC1 Female 0.015 1.195 79 0.236
Shape PC2 Female 0.001 0.116 79 0.908
Shape PC3 Female −0.007 −1.670 79 0.099
Shape PC4 Female 0.003 0.929 79 0.356
Shape PC5 Female 0.003 0.838 79 0.405

Tarsal paddle
Area Female −0.004 −0.568 79 0.571
Shape PC1 Female 0.001 0.085 79 0.933
Shape PC2 Female 0.007 1.318 79 0.191
Shape PC3 Female −0.006 −1.235 79 0.221
Shape PC4 Female 0.006 1.786 79 0.078
Shape PC5 Female −0.003 −1.165 79 0.247

Tibial paddle
Area Male 0.011 0.942 79 0.349
Shape PC1 Male −0.020 −1.699 79 0.093
Shape PC2 Male −0.003 −0.715 79 0.477
Shape PC3 Male −0.000 −0.070 79 0.945
Shape PC4 Male 0.004 0.967 79 0.337
Shape PC5 Male −0.000 −0.044 79 0.965

Tarsal paddle
Area Male 0.011 2.193 79 0.031
Shape PC1 Male 0.015 1.584 79 0.117
Shape PC2 Male −0.008 −1.157 79 0.250
Shape PC3 Male 0.004 0.741 79 0.461
Shape PC4 Male 0.004 1.243 79 0.218
Shape PC5 Male −0.005 −1.319 79 0.191

Note: Significant values (P = 0.05; no compensation for multiple tests) are highlighted in bold.
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