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Abstract

         Conspicuous sex differences in size, shape, color and behavior are pervasive 
throughout both the animal and plant kingdoms. Although previous work 
has shown that sexual dimorphism can evolve purely as the result of either 
natural (intersexual resource competition) or sexual selection (fecundity 
selection, male-male combat), a handful of studies have also shown that these 
mechanisms need not be mutually exclusive and may even act synergistically 
to enhance dimorphisms. More recent studies have focused on the factors 
that act to constrain the evolution of sexual dimorphism. For example, a high 
genetic covariance among traits between the sexes is thought to retard adaptive 
sexual differentiation or place an upper limit on the degree of intersexual 
divergence. However, high genetic correlations themselves are often the 
result of selection for functional coherence amongst traits (integration), and 
thus divergent selection between the sexes could theoretically drive sexual 
dimorphism in the genetic variance-covariance matrix (G). To address this 
issue, we consider the phenotypic variance-covariance matrix (P), within 
the context of the evolution of sexual dimorphism in the eastern lubber 
grasshopper (Romalea microptera). We show that: 1) adult female lubbers 
have relatively wider heads than adult males; 2) most morphological traits 
show significant integration with one another, but males show a higher 
degree of integration than females; 3) P in lubbers is not strongly correlated 
across the sexes. These results suggest that phenotypic integration does not 
constrain the evolution of sexual dimorphism in R. microptera. Hence, sex-
related traits can evolve separately from other traits.
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Introduction

     The concept of adaptation as a multivariate phenomenon was 
only recently formalized by Lande (1979), but biologists have long 
realized that organismal traits seldom evolve in isolation, and that 
selection on a given phenotype frequently results in correlated 
changes in others (e.g., Simpson 1953). The pattern of functional, 
genetic or developmental correlations among different traits within 
an organism (likely facilitated by pleiotropy or linkage disequi-
librium among suites of genes: Falconer 1989, Schluter 2000) is 
broadly defined as phenotypic integration (Pigliucci 2003), and 
is thought to arise initially as a result of selection for functional 
coherence among traits. 
     Although phenotypic integration may theoretically enhance the 
adaptive process (Berg 1960, Wagner 1988), tight functional inter-
relationships among traits might also bias or constrain phenotypic 
evolution (Arnold 1992, Wagner & Schwenk 2000). For example, 
Schluter (2000) showed that a high degree of phenotypic or genetic 
covariation amongst traits can bias evolutionary transformations 

in wild populations, due to a lack of additive genetic variation 
for individual traits (also see Schluter 1996); this is so especially 
during the early stages of diversification, although this bias should 
decay over time. Despite this work, relatively few empirical studies 
have examined integration as either a form of adaptation or as a 
constraint (but see e.g., Vincent et al. 2006).      
     The sexes of numerous animal species differ dramatically in their 
external phenotype (Blankenhorn 2005, Butler et al. 2007), and 
recent studies have begun to test whether phenotypic integration 
can constrain the degree of sexual dimorphism within a species 
(Parker & Garant 2004, Delph 2005, Fedorka et al. 2007, Foerster 
et al. 2007). Surprisingly however, researchers have generally failed 
to find compelling evidence that genetic correlations between the 
sexes hinder the evolution of sexual dimorphism (Slatkin 1984, 
Fedorka et al. 2007, Foerster et al. 2007, but see Jensen et al. 2003) 
— though this may depend on the trait in question (Parker & Garant 
2004). Instead these few studies have found evidence that genetic 
correlations among traits within one sex (but not the other) may 
facilitate the evolution of dimorphism (e.g., Reusch & Blanckenhorn 
1998). Simply put, natural or sexual selection can act differently 
between the sexes on suites of functionally interdependent traits, 
leading to stronger patterns of integration in one sex compared 
to the other for a given set of traits. This is likely to be especially 
true for sexually selected traits such as ornaments or armaments 
which are typically greatly exaggerated in males relative to females 
(Andersson 1992). Divergent selection between the sexes would 
therefore be expected to result in distinct genetic and phenotypic 
variance-covariance matrices (G & P respectively) within each sex, 
although much work remains to be done to test this possibility. 
     Here we consider the phenotypic variance-covariance matrix (P) 
within the context of the evolution of sexual size dimorphism in 
the generalist-feeding grasshopper Romalea microptera. In particular, 
we examine the differences in P for several ecologically important 
morphological traits in adult male and female R. microptera to test 
the hypothesis that phenotypic integration constrains the evolution 
of sexual size dimorphism in this species. For example, the trophic 
apparatus of numerous animal species has proven to be a model 
system for testing hypotheses relating to ecological dimorphisms, 
due to the highly integrated and specialized nature of most feed-
ing systems, particularly those of snakes (Shine 1989, Vincent & 
Herrel 2007). In this respect, lubbers are ideal for the current study 
because previous work has shown that adult males and females 
differ both in trophic morphology and in the type and thickness 
of plants consumed (Vincent 2006). Specifically, Vincent (2006) 
showed that adult females have relatively wider heads than their 
(smaller) males and consume thicker grasses as well. Additionally, 
preliminary field work suggests that male kicking performance is a 
sexually-selected trait in lubbers (Vincent & Lailvaux unpub.), allow-
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ing us to examine patterns of integration in hindlimb morphology 
(particularly hindlimb length) in males in comparison to females. 
Such a comparison is particularly meaningful in R. microptera because 
jumping performance is unlikely to be under strong natural selec-
tion in this chemically defended, slow-moving grasshopper (Jones 
et al. 1989, Hatle & Faragher 1998, Vincent & Lailvaux unpub.).   
     Although studies of genetic constraints should ideally consider 
the additive genetic variance-covariance matrix (G), estimating G 
can be problematic for most species. In these cases, P is often used 
as a proxy for G (see Revell et al. 2007 for a recent example). Al-
though the circumstances under which G and P will resemble each 
other are the subject of some debate, empirical evidence suggests 
that they are often highly correlated, particularly for morphological 
traits (Cheverud 1988, Roff 1995, Reusch & Blanckenhorn 1998). 
Furthermore previous authors have shown that phenotype is cana-
lized in the final instar within lubbers (Hatle et al. 2003, Juliano 
et al. 2004) and hence, P should be a strong surrogate for G in this 
species.

Methods

Grasshopper sampling and morphometrics.—We collected 150 adult 
eastern lubber grasshoppers from a brackish marsh in St. Charles 
Parish, Louisiana, on July 7th, 2007. To test for sexual dimorphism 
and phenotypic integration in lubbers, we used only a subset of 
this larger sample, consisting of the individuals in the best physical 
condition (i.e., elytra fully grown and intact; all legs present, etc.) 
(Table 1). For each individual in this subset, we recorded ten linear 
morphological measurements using Mitutoyo digital calipers (± 0.01 
mm): head length (HL), maximum head width (HW), pronotum 
length (PL) and (maximum) pronotum width (PW), metapleuron 
length (ML) and (maximum) metapleuron width (MW), length 
of the femur (FL) and tibia of the right hindlimb (TL), and elytra 
length (EL) and maximum width (EW) (Table 1). Each measure-
ment was recorded 3× and the average of these measurements used 
in the analysis in order to minimize measurement error. 

Statistical analysis.—We used SPSS (version 11.5, SPSS Inc.) for all 
statistical analyses. We  log10 transformed all morphological variables 
to meet the assumption of normality for regression analyses (Sokal 
& Rohlf 1981, Kachigan 1991) and verified these transformations 
using Lillifors tests. To examine whether males and females are 
morphologically distinct, we performed a discriminant function 
analysis using the log10 -transformed morphological variables as 
the dependent variables and sex as the grouping variable. To test 
for morphological integration within each sex in head/body size, we 

calculated Pearson correlation matrices for the log10 -transformed 
morphological variables. Additionally, we tested for morphologi-
cal integration within each sex in head/body shape. To do so, we 
regressed all morphological variables against protonum length for 
each sex separately, using ordinary least-squares regression to gen-
erate ‘size-adjusted’ residual values. These size-adjusted variables 
were subsequently, used to calculate a shape correlation matrix for 
each sex. Finally, we applied a matrix-wide Bonferonni correction 
factor to adjust for multiple comparisons for both the size and 
shape matrices, respectively.  
     To examine whether the nonsize-adjusted p-matrix is signifi-
cantly correlated across the sexes, we first calculated P for each sex 
separately, using common principle components analysis (CPC). 
These variance-covariance matrices were subsequently exported and 
compared using Mantel’s tests with 9999 permutations (Manly 
1991). Finally, we also compared the size-adjusted p-matrices us-
ing the residual morphological variables in the same manner as the 
nonsize-adjusted variables. 

Results

     The discriminant function analysis was highly significant (Wilks’ 
Lambda = 0.11, df = 10, 79, p < 0.0001) and correctly classified 
100% of the individuals as being either male or female based on 
their external morphology. Inspection of the variable loadings on 
canonical variate 1 (CV1) showed that maximum head width was 
the variable that loaded most highly (Table 2) and female lubbers 
had higher loadings than males. Hence, absolute head width is 
larger in females than males, enabling clear differentiation between 
the sexes in lubber grasshoppers. 
     The nonsize-adjusted correlation matrix for male lubbers showed 
that morphological traits across the matrix are significantly integrated 
with one another after Bonferonni correction (Bartlett Chi-square 
statistic = 426.5, df = 45, p < 0.0001; Table 3). However, head length 
and pronotum width exhibited the least amount of integration with 
other morphological traits (Table 3, Fig. 1a). In a similar manner, 
the nonsize-adjusted morphological traits for female lubbers also 
exhibited significant integration across the matrix after Bonferonni 
correction (Bartlett Chi-square statistic = 298.7, df = 45, p < 0.0001; 
Table 3). Even so, most female morphological traits tended to be 
correlated with substantially fewer traits than those of male lubbers 
(Table 3, Fig. 1b).  
     Male size-adjusted morphological traits were once again sig-
nificantly correlated across the matrix (Bartlett Chi-square statistic 
= 240.1, df = 36, p < 0.0001; Table 4). Even so, inspection of the 
columns revealed that far fewer male traits were correlated with one 
another after size adjustment (Table 4). For example, pronotum 

Size (mm)
Variable Males (n = 42) Females (n = 47)
HL 6.60 ± 0.08 7.20 ± 0.08
HW 8.00 ± 0.06 9.30 ± 0.08
PL 17.7 ± 0.24 20.2 ± 0.19
PW 10.4 ± 0.13 12.8 ± 0.13
ML 15.6 ± 0.21 17.7 ± 0.19
MW 12.4 ± 0.27 17.2 ± 0.33
FL 29.2 ± 0.62 31.7 ± 0.29
TL 30.1 ± 0.61 31.9 ± 0.35
EL 27.1 ± 0.30 27.9 ± 0.25
EW 9.40 ± 0.14 10.5 ± 0.14

Table 1. Means ± 1 s x of morphological variables for adult male 
and female lubber grasshoppers (R. microptera) sampled in this 
study. See Methods section for explanation of variables.

Table 2. Loadings of morphological variables on the canonical 
discriminant function. High loadings (>0.70) are indicated in bold. 
See Methods section for explanation of variables.

Variable CV 1
HL 0.54
HW 0.92
PL -0.21
PW 0.14
ML 0.20
MW 0.54
FL 0.28
TL -0.65
EL -0.72
EW -0.02
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that males and females differ clearly in all morphological variables 
studied, with trophic and limb morphology correctly classifying 
individuals to sex in every case. Consistent with previous work 
(Vincent 2006), males and females differed significantly in overall 
head shape, with females exhibiting relatively wider heads than 
males. Moreover, examination of P matrices within each sex shows 
that males exhibit an overall higher degree of phenotypic integra-
tion for both absolute (Fig. 1) and size-corrected morphological 
variables (Fig. 2). Furthermore, the lack of a significant correlation 
between male and female size-corrected P matrices (and the gen-
erally weak correlation between the absolute matrices), strongly 
suggests a similar lack of correlation between the G matrices, given 
the previously demonstrated high correlation between P and G for 
morphological traits (Roff 1996). Even in the absence of genetics 
data, however, our findings here suggest that phenotypic integra-
tion does not act as a current constraint on the evolution of sexual 
size dimorphism in R. microptera; indeed, the stronger patterns of 
integration within males compared to females may even facilitate 
intersexual morphological divergence (Lande & Arnold 1983).    
     The fact that phenotypic and genetic covariances evolve is well 
established (Roff 2000, Steppan et al. 2002), but the nature of the 
variation in P and G matrices is less well understood. Our findings 
here that phenotypic integration is apparently stronger in males 
relative to females, is therefore an important counterpoint to stud-
ies examining interpopulational variation in P, because it suggests 
that divergent selection on the sexes can affect phenotypic variation 
to different degrees in males and females (Cheverud 1985, Jensen 
et al. 2003, Fedorka et al. 2007). In this respect, our findings are 
at least qualitatively in accord with those of Roff and Mousseau 
(2005), who showed that P matrix variation within species can be 
even greater than that among species in the grasshopper genus Mela-
noplus, as well as with those of Reusch and Blanckenhorn (1998), 
who showed that the sexes differed in degree of genetic variation 
in the dung fly Sepsis cynipsea. Thus, while several studies to date 
have demonstrated differential variation in P and/or G matrices 
between males and females (see also Guntrip et al. 1997, Coltman 
et al. 2001, Fedorka et al. 2007), whether such variation is a general 
feature of sexual dimorphism is an open issue. 
     Previous authors have hypothesized that the lengths of the 
hindlimb elements in orthopterans should be under selection as 
defensive adaptations against potential predators (e.g., Burrows & 
Morris 2002, 2003). Specifically, longer hindlimbs should enable 
grasshoppers to either rapidly escape predation via jumping or aid 
in warding off an attack by kicking at the predator with its spiked 
hindlimbs. Indeed, many grasshopper species are superb jumpers 
(Bennet-Clark 1990), and some, such as the powerful Brachystola 
magna, can kick with enough force to draw blood in human fingers 
(D. Whitman, pers. comm.). We suggest that the ecological and 
evolutionary significance of hindlimb elements in eastern lubber 
grasshoppers are categorically different from other grasshoppers, 
however. Specifically, previous work has shown that lubbers do 
not employ jumping as their primary antipredator behavior, but 
instead use slow movements, coupled with toxic secretions, to avoid 
predation (Yosef & Whitman 1992, Hatle & Faragher 1998). As a 
result, hindlimb length in lubbers should not be under mortality 
selection as is believed to be the case for many other grasshopper 
species. 
     Lubber grasshoppers typically exist at high densities (up to 9/m2) 
(Lamb et al. 1999), which fosters strong male-male competition for 
females. After copulation, males mate-guard inseminated females 
by riding on their backs for many days, until the female oviposits 
(D. Whitman, pers. comm.). Males defend access to females by 

and metapleuron widths showed no correlation with other traits 
after size-adjustment. Interesting, however, the lengths of the tibia 
and femur in males still exhibited a near perfect correlation (0.97) 
with one another after size adjustment (Fig. 2a). 
     Female size-adjusted morphological traits were also correlated 
across the matrix (Bartlett Chi-square statistic = 75.8, df = 36, p < 
0.0001; Table 4). However, inspection of the columns in the matrix 
showed that only head width and metapleuron length exhibited 
significant correlations (albeit weakly) with any other traits after 
size adjustment. Therefore, male lubbers exhibit stronger patterns 
of integration in both nonsize and size-adjusted morphology com-
pared to females.
     Mantel’s tests showed that the nonsize-adjusted p-matrices are 
only weakly correlated across the sexes (r

m
 = 0.43, p < 0.05), whereas 

the size-adjusted p-matrices are not significantly correlated between 
the sexes in lubbers (r

m
 = 0.17, p < 0.20). The p-matrix between the 

sexes in lubbers specifically, and phenotypic integration in general, 
therefore do not appear to be a modern-day constraint on the evolu-
tion of sexual dimorphism.

Discussion

     Identification of constraints on the potential for males and 
females of the same species to respond to divergent selection pres-
sures is an important step in understanding the evolution of sexual 
size dimorphism and other ecological dimorphisms. We tested the 
hypothesis that phenotypic integration constrains the evolution 
of sexual size dimorphism by comparing P matrices for males and 
females in the final instar of lubber grasshoppers. Our data show 

Table 3. Pearson correlation matrix, adult male (above the diago-
nal) and female (below the diagonal) lubber nonsize-adjusted 
morphological traits. Significant correlations after matrix-wide 
Bonferonni correction are indicated in bold. See Methods section 
for explanation of variables.

HL HW PL PW ML MW FL TL EL EW
HL - 0.54 0.39 0.19 0.41 0.27 0.67 0.71 0.53 0.33
HW 0.01 - 0.64 0.56 0.70 0.67 0.63 0.61 0.66 0.55
PL 0.09 0.61 - 0.73 0.80 0.78 0.60 0.58 0.42 0.71
PW -0.14 0.69 0.77 - 0.79 0.77 0.47 0.45 0.28 0.56
ML -0.03 0.26 0.65 0.56 - 0.84 0.69 0.68 0.50 0.71
MW -0.11 0.42 0.74 0.71 0.69 - 0.58 0.56 0.47 0.68
FL -0.21 0.43 0.55 0.52 0.33 0.44 - 0.98 0.55 0.69
TL 0.00 0.43 0.78 0.58 0.72 0.71 0.43 - 0.56 0.71
EL 0.17 0.46 0.62 0.53 0.27 0.42 0.51 0.32 - 0.69
EW -0.11 0.57 0.71 0.62 0.29 0.47 0.43 0.53 0.53 -

Table 4. Pearson correlation matrix, adult male (above the di-
agonal) and female (below the diagonal) lubber size-adjusted 
morphological traits. Significant correlations after matrix-wide 
Bonferonni correction are indicated in bold. See Methods section 
for explanation of variables.

HL HW PW ML MW FL TL EL EW
HL - 0.45 -0.17 0.26 -0.05 0.62 0.65 0.49 0.30
HW 0.03 - 0.15 0.44 0.35 0.42 0.40 0.58 0.35
PW -0.33 0.47 - 0.44 0.46 0.02 0.02 0.04 0.20
ML -0.11 -0.05 0.17 - 0.55 0.46 0.47 0.30 0.40
MW -0.26 0.06 0.36 0.43 - 0.22 0.21 0.27 0.35
FL -0.32 0.05 0.10 -0.10 -0.02 - 0.97 0.42 0.57
TL -0.10 0.03 0.01 0.48 0.36 -0.08 - 0.45 0.62
EL 0.23 0.17 0.17 -0.05 0.05 0.16 -0.16 - 0.62
EW -0.13 0.26 0.19 -0.08 0.02 -0.04 0.08 0.18 -
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Fig. 1. Histograms and scatterplots, Pearson correla-
tion matrix for the nonsize-adjusted a) male and b) 
female, morphological traits. See Methods section 
for explanation of variables.

a) Males

b) Females
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Fig. 2.  Histograms and scatterplots, Pearson cor-
relation matrix for size-adjusted a) male and b) 
female, morphological traits. See Methods section 
for explanation of variables.

b) Females

a) Males
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first conspicuously displaying their hind legs above their head, and 
then vigorously kicking at rival males. In our study population in 
Southeastern Louisiana, adult male lubbers set up territories around 
gravid females (resource defense polygyny) and then defended ac-
cess by vigorously kicking at intruding males (Vincent & Lailvaux 
unpub.). Hence we predicted in the introduction to this paper that 
males should exhibit stronger patterns of hind-limb integration 
compared to females and the phenotypic integration analysis clearly 
supports this prediction: males showed a near perfect correlation 
between the tibia and femur in both the nonsize and size-adjusted 
matrices, whereas the hind limb elements were uncorrelated with 
one another in both matrices for females (Tables 3, 4). Further 
work is thus needed to directly test if hind-limb length provides a 
significant kicking performance advantage in lubbers and whether 
it influences the outcome of male contests. 
     More generally, the nature of variance-covariance relationships 
within complexes of sexually selected traits such as armaments has, 
to our knowledge, received little attention in any animal species 
(but see Blows et al. 2004). The present study strongly suggests that 
sexually selected traits could potentially shed significant light on 
how phenotypic integration evolves in general, and how exagger-
ated male morphologies evolve in particular.
     In conclusion, our findings suggest that phenotypic integration 
does not constrain the evolution of sexual size dimorphism in the 
grasshopper R. microptera. Furthermore, morphology in general 
appears to be more integrated in males compared with females. 
These results, coupled with significant sex differences in feeding 
morphology and diet (Vincent 2006), suggest that selection has been 
important in the evolution of the P matrix in males and females in 
this species. 
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