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Abstract

Sexual size dimorphism (SSD) is widespread and variable in nature.

Although female-biased SSD predominates among insects, the proximate

ecological and evolutionary factors promoting this phenomenon remain lar-

gely unstudied. Here, we employ modern phylogenetic comparative meth-

ods on eight subfamilies of Iberian grasshoppers (85 species) to examine the

validity of different models of evolution of body size and SSD and explore

how they are shaped by a suite of ecological variables (habitat specialization,

substrate use, altitude) and/or constrained by different evolutionary pres-

sures (female fecundity, strength of sexual selection, length of the breeding

season). Body size disparity primarily accumulated late in the history of the

group and did not follow a Brownian motion pattern, indicating the exis-

tence of directional evolution for this trait. We found support for the con-

verse of Rensch’s rule (i.e. females are proportionally bigger than males in

large species) across all taxa but not within the two most speciose subfami-

lies (Gomphocerinae and Oedipodinae), which showed an isometric pattern.

Our results do not provide support for the fecundity or sexual selection

hypotheses, and we did not find evidence for significant effects of habitat

use. Contrary to that expected, we found that species with narrower repro-

ductive window are less dimorphic in size than those that exhibit a longer

breeding cycle, suggesting that male protandry cannot solely account for the

evolution of female-biased SSD in Orthoptera. Our study highlights the need

to consider alternatives to the classical evolutionary hypotheses when trying

to explain why in certain insect groups males remain small.

Introduction

Body size is a key trait in any organism, as it influences

fitness through its effects on reproduction and survival

(Fairbairn et al., 2007). Body size can respond to differ-

ent evolutionary forces in a sex-specific manner and, as

a result, this trait often differs between males and

females in many taxa (Darwin, 1871). Although male-

biased sexual size dimorphism (SSD) is the common

rule among endotherms (mammals and birds), female-

biased SSD predominates among insects (e.g. Elgar,

1991; Hochkirch & Gr€oning, 2008; Cheng & Kuntner,

2014; Bidau et al., 2016). In those species in which

females are larger than males, it is assumed that natural

selection on female body size (via increased fecundity)

overrides sexual selection (through competition advan-

tages during mate acquisition) on male body size. How-

ever, many other ecological pressures (e.g. habitat,

substrate use, length of life cycle) can determine body

size evolution in one or both sexes and contribute to

shape observed patterns of SSD (Blanckenhorn et al.,

2007a; Fairbairn et al., 2007; Fairbairn, 2013).

Body size variation among related species often fol-

lows evolutionary patterns that are remarkably consis-

tent across taxa. According to Rensch’s rule, SSD

increases with body size when males are the larger sex

and decreases with size when females are larger (Ren-

sch, 1950; Abouheif & Fairbairn, 1997; Fairbairn, 1997).

In contrast, if selection pressures on females are the
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main driver of SSD evolution, then SSD should increase

with average body size in female-biased SSD species

(the converse of Rensch’s rule; Webb & Freckleton

2007). Finally, SSD can remain isometric when body

size changes in males and females at the same rate, a

plausible scenario when multiple evolutionary forces

(e.g. sexual selection and fecundity selection) act syner-

gically with no overall general trend. Another broad-

scale pattern of body size variation is the Bergmann’s

rule, which posits the existence of a positive relationship

between body size and latitude and altitude, with smal-

ler individuals being found at lower latitudes/altitudes

where temperatures are generally higher (Mayr, 1956).

However, ectotherms often follow the converse of Berg-

mann’s rule with larger individuals and species at lower

latitudes and altitudes (reviewed in Shelomi, 2012). The

most likely explanation for this inverted cline is the

interaction between the length of the growing season

(which decreases as latitude and altitude increase) and

the time available to complete development (Mousseau,

1997). Slowly developing insects may compensate for a

short season by decreasing development time, that is, by

reaching the adult stage at a smaller size (e.g. reducing

the number of larval instars; Blanckenhorn & Demont,

2004; Esperk et al., 2007). However, some species do

not exhibit protandry and both sexes reach adulthood at

about the same time but at different sizes (Blancken-

horn et al., 2007b).

In Orthoptera, females are usually larger than males.

Hochkirch & Gr€oning (2008) reported that virtually all of

the 1106 Caelifera species analysed showed female-

biased SSD (see also Bidau et al., 2016 for a review).

From the female perspective, it seems to be clear that a

large body size may confer an advantage in terms of

increased fecundity (e.g. Cueva del Castillo & N�u~nez-
Farf�an, 1999; Whitman, 2008). In addition, males may

also benefit from mating with large, fecund females

(Gwynne, 1981; Kvarnemo & Simmons, 1999). Con-

versely, small males may benefit from early maturity

(protandry), greater agility or lower predation rates (see

Whitman, 2008 and references therein; see also Blanck-

enhorn, 2000). When the evolution of male and female

body size follows divergent evolutionary trajectories, it

can lead to a decoupling of male and female size evolu-

tion. However, absolute decoupling is rather unlikely

because genetic correlations between males and females

will tend to constrain independent size evolution of both

sexes. Body size decoupling has been suggested as the

main cause for the existence of extremely female-biased

SSD in spiders, a taxonomic group that has dominated

studies on arthropods in this respect (Hormiga et al.,

2000; Kuntner & Coddington, 2009; Kuntner & Elgar,

2014). On the contrary, there is a paucity of interspecific

studies on SSD in Orthopterans even though they are

fairly abundant, easy to collect, and have large geo-

graphic distributions, which makes them an ideal model

system to address these questions.

In this study, we employ phylogenetic comparative

methods to examine the evolution of body size in short-

horned grasshoppers (Orthoptera: Caelifera: Acrididae)

and test how this trait co-varies with SSD through evo-

lutionary time. To this end, we constructed a phylogeny

comprising a representative sample (n = 85 taxa) of all

extant species present in the Iberian Peninsula (Presa

et al., 2007), including slant-faced grasshoppers (sub-

family Gomphocerinae, 48 spp.), band-winged grasshop-

pers (Oedipodinae, 19 spp.), spur-throated grasshoppers

(Catantopinae, 6 spp.) and other minoritary groups (e.g.

silent slant-faced grasshoppers, Acridinae). Specifically,

we first assessed the tempo and mode of evolution of

body size and SSD, which allowed us to infer whether

neutral or selective forces drove the evolution of these

traits. Second, we examined patterns of body size evolu-

tion, including altitudinal clines of body size (Berg-

mann’s rule) and allometric scalings of male and female

body size (Rensch’s rule). Finally, we analysed the prox-

imate ecological factors (habitat specialization, substrate

type, altitude) and evolutionary constraints (female

fecundity, strength of sexual selection, length of the

breeding season) that may underlie the evolution of

male and female body size in these large-bodied insects.

A brief summary of the different hypotheses examined

in this work along with their main predictions in pre-

sented in Table 1. Our study constitutes the first to pro-

vide a comprehensive view about the factors promoting

body size evolution and size dimorphism at the inter-

specific level in Orthopterans.

Materials and methods

Sampling

Grasshoppers were collected during several field cam-

paigns carried out throughout the Iberian Peninsula (see,

e.g. Ortego et al., 2010, 2015). Specimens were identified

using current identification keys for Palearctic gompho-

cerine species (Harz, 1975; Pascual, 1978; Pardo et al.,

1991; Lluci�a-Pomares, 2002) and preserved in 96% etha-

nol. Our sample (n = 85 taxa) accounted for three quar-

ters of all extant Acrididae species present in the Iberian

Peninsula (83% and 66% of all Gomphocerinae and

Oedipodinae species, respectively; Presa et al., 2007).

Thus, our sample is representative of the natural varia-

tion in this region (580 000 km2), including eight of the

nine families into which Iberian short-horned grasshop-

pers have been grouped (Presa et al., 2007). More than

half of the species (56%) included in this study are ende-

mic to the Iberian Peninsula or have a distribution

restricted to Iberia, France and North Africa.

Molecular data

Genomic DNA was extracted from the hind femur of

the specimens using a salt-extraction protocol (Aljanabi
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& Mart�ınez, 1997). Four mitochondrial gene fragments

– (1) cytochrome c oxidase subunit 1 (COI), (2) NADH

dehydrogenase subunit 5 (ND5), (3) 12S rRNA (12S)

and (4) a fragment containing parts of 16S rRNA (16S)

– were amplified by polymerase chain reaction and

sequenced. Two nuclear genes were also tested (elonga-

tion factor 1 a EF-1 and 28S ribosome unit), but these

were discarded because their analysis yielded uninfor-

mative topologies with poor resolution (see also Song

et al., 2015). For some taxa, we failed to obtain reliable

sequences, so we complemented our data set with addi-

tional sequences retrieved from GenBank. We mainly

relied on sequences from two previously published

phylogenies: Contreras & Chapco (2006) and Nattier

et al. (2011).

Phylogenetic analyses

Sequences were aligned in MAFFT online version 7

(http://mafft.cbrc.jp/alignment/server/; Katoh & Stand-

ley, 2013) using a L-INS-i strategy. The alignments of

the ribosomal genes (12S, 16S) contained highly

unequal distribution of indels and thus were edited by

hand to eliminate divergent regions of the alignment

and poorly aligned positions. Protein-coding genes

(COI, ND5) were checked for stop codons and their cor-

rect translation to amino acids in Geneious 8.1.7. The

sequences of the four genes (12S, 16S, COI and ND5)

were trimmed to 380, 469, 568 and 635 base pairs (bp),

respectively, to reduce the proportion of missing data.

We used Sequencematrix 1.7.8. (Vaidya et al., 2011) to

concatenate single alignment fragments, resulting in a

concatenated matrix for a total length of 2055 bp. We

were not able to obtain reliable sequences from all four

markers for some taxa. However, we opted for adding

taxa with missing data as this generally increases phylo-

genetic accuracy (see Hughes & Vogler, 2004). The

number of sequences per locus obtained was as follows:

79 for COI, 67 for ND5, 80 for 12S and 78 for 16S. Pyr-

gomorpha conica (Acridoidea) was included as out-group

in all phylogenetic analyses (Chapco & Contreras,

2011).

We performed phylogenetic inference and assessed

the support of the clades following two methods: maxi-

mum likelihood (ML) and Bayesian inference (BI). We

calculated the best-fit models of nucleotide substitution

for each of the four genes according to the weighted

Akaike Information Criterion (AIC) using jModelTest

0.1.1 (Posada, 2008). The TIM2+I+Γ substitution model

was selected for 12S, GTR+I+ Γ for 16S, TrN+I+ Γ model

for ND5 and TPM3uf+I+ Γ was selected for COI. Maxi-

mum-likelihood analyses were conducted using GARLI

version 2.0 (Zwickl, 2006) and PHYML (Guindon &

Gascuel, 2006). A ML bootstrapping procedure was run

in GARLI with two search replicates and 1000 bootstrap

replicates. The best-fit substitution model for each parti-

tion (gene) was assigned by setting the rate matrix,

nucleotide state frequencies and proportion of invari-

able sites. We selected the best (optimal) tree and

obtained support for the clades from a majority-rule

(50%) consensus tree computed in PAUP* version 4

(Swofford, 2002).

Bayesian analyses were conducted using MrBayes 3.2

(Ronquist et al., 2012) applying a nucleotide substitu-

tion model specific to each partition (gene): HKY+I+ Γ
for 12S and COI, and GTR +I+ Γ for 16S and ND5. We

performed two independent runs with four simultane-

ous Markov chain Monte Carlo (MCMC) chains,

Table 1 Hypotheses tested in this study for elucidating the possible influence of different evolutionary forces and ecological factors in

explaining the evolution of body size and sexual size dimorphism (SSD) in short-horned grasshoppers.

(i) Hypothesis and rationale (ii) Trait (iii) Prediction

Fecundity selection Ovariole number Ovariole number correlates with

female body sizeFecundity selection favours the evolution of large female body size

Sexual selection Relative length of the stridulatory file The length of the stridulatory file predicts

the level of SSDSexual selection favours the evolution of large male body size

Intrasexual competition for resources Degree of habitat specialization (PDI) Higher levels of SSD in generalist species

Selection for larger male size is expected to be greater in

species with a narrow ecological niche (specialist species)

Substrate type (‘gravity’ hypothesis) Substrate type (ground; plant) Higher levels of SSD in plant-perching

speciesSelective advantages for small individuals in vertical habitats

Seasonality (protandry) Length of the breeding season Smaller body sizes (and higher SSD) in

species with a short reproductive windowA shorter growing season should select for earlier maturation

and smaller body size

Altitudal cline (Bergmann’s rule) Altitude (low; medium; high) Smaller body sizes (and higher SSD) at

higher altitudesShorter growing seasons at higher elevations limit the body size

organisms can achieve

Isometric scaling of male and female size (converse of Rench’s rule) Female vs. male body size SSD increases with average body

size (b < 1)Selection pressures on females are the main driver of SSD evolution

in female-biased species
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running for a total of 10 million generations and sam-

pled every 1000th generation. The first 25% of samples

were discarded as burn-in and a consensus tree from

the remaining 7501 trees was built using the ‘sumt’

command before visualization in FigTree v.1.3.1 (Ram-

baut, 2009) (see Supporting Information). A second

Bayesian analysis was run with BEAST 1.8.0 (Drum-

mond et al., 2012) to estimate the relative time of

divergence of the studied taxa. Runs were carried out

under an uncorrelated lognormal relaxed-clock model

and applying a Yule process as tree prior. Two calibra-

tion points were used to impose age constraints on

some nodes of the tree allowing us to translate the rel-

ative divergence times into absolute ones. We

employed as a first calibration point the split between

Gomphocerinae and Oedipodinae, estimated to have

occurred ~100 Mya ago. This estimate is based on

dated ancient cockroach fossils (Gaunt & Miles, 2002;

Fries et al., 2007). As a second calibration point, we

used the divergence between Sphingonotus azurescens

(mainland species) and S. guanchus (endemic to La

Gomera Island, Canary Islands), whose estimated age

is around 3.5 Mya (Husemann et al., 2014). Sphingono-

tus guanchus was only included in the BEAST analysis

for calibration purposes. Substitution parameters were

based on analyses previously conducted in jModeltest.

We performed two independent runs of 100 9 105

generations, sampled every 1000 generations. We then

used Tracer 1.4.1. (Rambaut & Drummond 2009) to

examine convergence, determine the effective sample

sizes (EES) for each parameter and compute the mean

and 95% highest posterior density (HPD) interval for

divergence times. We confirmed EES > 200 was

achieved for all parameters after the analyses. Tree and

log files (9500 trees after a 5% burn-in) of the two

runs were combined with LogCombiner 1.4.7 (Drum-

mond et al., 2012), and the maximum clade credibility

(MCC) tree was compiled with TreeAnnotator 1.4.7.

The obtained phylogenies were robust and largely con-

sistent with previous studies (Nattier et al., 2011).

Morphological data

Adult size was characterized from the length of the left

hind femur. We used femur length as an indicator of

body size as the total length of females varies substan-

tially with the oviposition cycle (Chapman & Joern

1990; Hochkirch & Gr€oning, 2008). Femur length was

strongly correlated with structural body length exclud-

ing the abdomen (i.e. head + thorax) in both sexes

(males: R2 = 0.70, P < 0.001; females: R2 = 0.65,

P < 0.001). Femur length scales isometrically with body

length (bmales = 0.964, bfemales = 1.048) and thus consti-

tutes a good proxy for adult body size (see also Laiolo

et al., 2013; Anichini et al., 2016; Bidau et al., 2016).

Hind legs were carefully removed from the body of

adults in the laboratory under a ZEISS stereomicroscope

(SteREO Discovery V.8; Carl Zeiss Microscopy GmbH,

Germany) and photographed using ZEISS image analy-

sis software (ZEN2). Measurements of femur length

were made on a total of 720 individuals, 365 males and

355 females (4–5 individuals of each sex per species).

Because SSD is practically always female sex-biased in

most orthopteroids, we quantified sexual size dimor-

phism as the ratio of female to male femur length (the

simplest SSD estimator; see Lovich & Gibbons, 1992). In

addition, we quantified the relative length of the stridu-

latory file (i.e. length of the stridulatory file/femur

length*100) for Gomphocerinae species. The stridula-

tory file consists of a row of pegs located on the inner

side of the femur of each hind leg (e.g. Jago, 1971).

Gomphocerine grasshoppers produce acoustic signals

(songs) by rubbing this structure against the forewings.

Calling songs are used to search for conspecific mates

and, thus, the evolution of the stridulatory apparatus is

expected to be subject to sexual selection (von Hel-

versen & von Helversen, 1994; Mayer et al., 2010; Nat-

tier et al., 2011). Males with larger sound-generating

organs are able to produce low-frequency sound, which

is associated with larger male body size (see Anichini

et al., 2016 and references therein) and under direc-

tional selection due to female mate preference (Klappert

& Reinhold, 2003). For example, in a comparative study

of 58 bushcricket species, Montealegre-Z (2009) showed

that the length of the stridulatory file correlated posi-

tively with male body size and pulse duration. In this

sense, there is evidence that grasshopper females are

able to judge a male’ condition and health from the

acoustic signals he produces (e.g. Stange & Ronacher,

2012). Hence, we used the relative length of the stridu-

latory file as a proxy for the strength of precopulatory

sexual selection in this subfamily.

Life history and ecological data

Fecundity
Given that large females can generally allocate more

resources and energy to reproduction resulting in more

offspring and/or higher-quality offspring, fecundity

selection usually favours larger body size in females (re-

viewed in Pincheira-Donoso & Hunt, 2017). We tested

for fecundity selection using mean ovariole number

(which reflects the number of eggs produced in a dis-

crete time interval) as an index of a species’ potential

fecundity. Ovariole number is a strong determinant of

fecundity and therefore fitness because it sets the upper

limit for reproductive potential (i.e. females with more

ovarioles can produce more eggs in a discrete time

interval) (Bellinger & Pienkowski, 1985; Stauffer &

Whitman, 1997; Taylor & Whitman, 2010). This param-

eter was extracted from different sources (Ingrisch &

K€ohler, 1998; Reinhardt et al., 2005; Schultner et al.,

2012) for a subset of species (n = 20; see Supporting

Information).
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Substrate use
The substrate or structure on which a species rests can

have major implications for the evolution of body size

and SSD. For example, Moya-Lara~no et al. (2002) pro-

posed the so-called gravity hypothesis to explain pat-

terns of SSD in spiders whereby species building webs

high in the vegetation are predicted to show greater

SSD than those that build lower down. However,

Brandt & Andrade (2007) proposed that the prevalence

of female-biased SSD in species that occupy elevated

substrates may be explained by selective advantages for

small males in vertical habitats and for large males of

low-dwelling species to run faster on the ground. In

this sense, a previous study has shown that life form

(substrate type use) correlated with individual size in

grasshoppers from Inner Mongolia (Yan & Chen, 1997);

larger species were typically terricoles, whereas the

smaller ones were typically planticoles. Here, we tested

if ground-dwelling grasshoppers exhibit a lower level of

SSD than those species that perch on plants after cor-

recting for phylogeny. To that end, each species was

assigned to one of the two categories (ground vs. plant-

perching) based on the literature (e.g. Defaut & Mori-

chon, 2015), personal observations and a survey of

photographs available in open-access online repositories

(http://www.biodiversidadvirtual.org; http://www.pyr

gus.de; http://www.orthoptera.ch).

Length of the breeding season
Season length has been postulated as another important

factor in driving body size evolution (see, e.g. Gotthard,

2001). Individuals can become larger by lengthening

the growth period but at the expense of a high cost:

they may die before reproducing. In contrast, for exam-

ple in ephemeral habitats, an individual can rush

through its development to reach adulthood faster and

reproduce (Roff, 1980; Blanckenhorn & Demont,

2004). Thus, protandry (faster development of males

with respect to females) should be favoured by sexual

selection in highly seasonal habitats (Morbey & Yden-

berg, 2001; Esperk et al., 2007; Lehmann & Lehmann,

2008). In this sense, the length of the breeding season

in conjunction with ambient temperature has been pos-

tulated as the main cause for the existence of altitudi-

nal phenotypic clines in many ectothermic species with

short generation times (Masaki, 1967; Chown & Klok,

2003). In Orthopterans, several studies have reported a

reduction in body size with altitude (e.g. Berner &

Blanckenhorn, 2006; Bidau & Mart�ı, 2007a; Eweleit &

Reinhold, 2014; but see also Sanabria-Urb�an et al.,

2015). Accordingly, we would expect small adult size in

species with a short lifespan and/or species inhabiting

higher altitudes (supposedly more seasonal habitats)

because a shorter growing season should select for ear-

lier maturation and smaller body size. To test such a

hypothesis, we compiled information on the length (in

months) of the life cycle of each species from the

available literature (e.g. Lluci�a-Pomares, 2002) and our

own field observations. The length of the breeding sea-

son oscillated between 2 and 12 months, that is, from

species only present as adults during the summer per-

iod to those present all year round. Species that have

adults present year round likely have more than one

generation each year (e.g. bivoltine species) and thus a

period of sexual diapause. Because it might compromise

the reliability of our results, we repeated our analyses

after excluding such species (five excluded species). In

addition, a subset of species was classified into three

categories (low altitude, medium altitude, high altitude)

according to the altitudinal range in which these spe-

cies can be found (e.g. Pardo & G�omez, 1995; Lluci�a-
Pomares, 2002; Olmo-Vidal 2006; authors, pers. obs.).

Those species (n = 16) with a broad altitudinal range

(e.g. from 0 to 2000 m; see Supporting Information)

were discarded from this analysis.

Habitat specialization
The level of ecological specialization of an organism,

that is, its variance in performance across a range of

environmental conditions or resources, has implications

in terms of population density and local competition

(e.g. Devictor et al., 2010; Parent et al., 2013), two fac-

tors often associated with the extent of sexual dimor-

phism. Selection for larger male size is expected to be

greater in species with a narrow ecological niche (i.e.

specialist species) and/or limited dispersal ability due to

strong intrasexual competition for resources. Accord-

ingly, we predict higher levels of SSD in generalist spe-

cies. To obtain a measure of ecological specialization,

we calculated the so-called ‘Paired Difference Index’

(PDI) (Poisot et al., 2011, 2012) from a species-habitat

matrix in which we rated the level of association of

each species (from complete generalist, 0, to complete

specialist, 3) with the nine most common habitats in

which these species can be found (see Supporting Infor-

mation). The PDI is a robust specialization index which

takes into account not only the number of resources

used by a species, but also the strength of the associa-

tion between the species and its resources (Poisot et al.,

2012). Scores of species-habitat association were

obtained directly from the literature (research articles,

monographs and field guides) and our own personal

observations (Table S3). PDI values were computed

using the BIPARTITE package in R (Dormann et al., 2016).

Phylogenetic comparative analyses

For each studied variable (male size, female size, SSD,

length of the breeding season, length of the stridulatory

file, ovariole number, PDI), we assessed the amount of

phylogenetic signal, a measure of how similar closely

related species are to one another for a given trait. To

assess phylogenetic signal, we used Pagel’s lambda (k;
Pagel, 1999) and Blomberg’s K (Blomberg et al., 2003)
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computed using the ‘phylosig’ function in the R package

PHYTOOLS (Revell, 2011). To visualize substrate (binary

variable; ground: 0; plant-perching: 1) variation among

species on the phylogentic tree, we used maximum-

likelihood reconstruction in MESQUITE v. 3.04 (Maddison

& Maddison, 2015). We also reconstructed ancestral

states for our focal trait, SSD, in MESQUITE.

We tested for departure from a null model of con-

stant rate of diversification using the c statistic as imple-

mented in ape (Paradis et al., 2014). A significantly

negative value of c indicates a deccelerating rate of

cladogenesis through time. The c statistic is biased by

incomplete taxon sampling, because the number of

divergence events tends to be increasingly underesti-

mated towards the present (favouring negative values

for the c). Therefore, we corrected for undersampling

using the Markov chain constant-rates (MCCR) test

(Pybus & Harvey, 2000) as implemented in the LASER

package (Rabosky, 2006). Recent MEDUSA analyses

performed by Song et al. (2015) indicate that the lin-

eage leading up to Acrididae has undergone a signifi-

cant increase in diversification rate with little or no

extinction. Thus, values of c are unlikely to be biased

by extinction rates.

We investigated the mode of male and female body

size evolution by comparing fits of these traits to four

different models of evolution using the Akaike informa-

tion criterion (Akaike weights, AICw, and size-corrected

Akaike values, AICc): (i) pure Brownian Motion (null)

model (BM), (ii) Ornstein-Uhlenbeck (OU), (iii) ‘early-

burst’ (EB) and iv) time-variant rate (TVR) model.

Under BM, traits evolve along a random walk whereby

each change is independent of the previous change

(morphological drift; Felsenstein, 1985). The OU model

describes a random walk with a single stationary peak,

such that trait values have a tendency to return to an

optimal value (h) (Hansen, 1997; Butler & King, 2004).

Under an EB model, the net rate of evolution slows

exponentially through time as the radiation proceeds

(Blomberg et al., 2003), whereas the TVR model is simi-

lar to an EB model but also allows an exponential

increase of evolutionary rates through time (Pagel,

1999). The TVR model can be used to evaluate the

nonconstant rate of evolution through time using the

path-length scaling parameter Pagel’s delta, d. This

parameter detects differential rates of evolution over

time (i.e. d = 1 means gradual evolution). If d < 1,

shorter paths contribute disproportionately to trait evo-

lution (decelerating evolution), whereas if d > 1 is the

signature of accelerating evolution as time progresses

(see Hern�andez et al., 2013). Specifically, we expected

female size to show a trend towards larger sizes (i.e.

directional selection for increased female size), whereas

males would likely be maintained at optimal values

(i.e. directional selection for the maintenance of small

male size according to an OU model). From these mod-

els, we calculated the evolutionary rate (r2) for each

sex to determine whether body size evolution of males

was faster or slower than body size evolution of

females. Evolutionary models were run using the

R package GEIGER (Harmon et al., 2008). Additionally, we

applied two complementary methods: the morphologi-

cal diversity index (MDI, Harmon et al., 2003) and the

node-height test (Freckleton & Harvey, 2006) to anal-

yse patterns of evolution. Both methods test for depar-

ture from Brownian motion but differ in the approach

used to test for this departure. First, we calculated dis-

parity through time (DTT) plots using the ‘dtt’ function

in the GEIGER package. DTT analyses compare pheno-

typic diversity simulated under a Brownian Motion

model with observed phenotypic diversity among and

within subclades relative to total disparity at all time

steps in a time-calibrated phylogeny. Low (i.e. nega-

tive) values of relative disparity indicate that most mor-

phological disparity originated early in the history of

the group (early divergence), whereas high (positive)

values indicate that most morphological disparity origi-

nated more recently compared to a random walk pat-

tern (recent phenotypic divergence). Values near 0

indicate that evolution has followed BM. The MDI was

calculated as the sum of the areas between the curve

describing the morphological disparity of the trait and

the curve describing the disparity under the null

hypothesis of BM (1 000 simulations). Finally, we used

the node-height test (Freckleton & Harvey, 2006) to

test whether grasshopper body size evolution has slo-

wed over time. We computed the absolute value of

standardized independent contrasts for body size on our

MCC tree and correlated them with the height of the

node at which they are generated. A significant nega-

tive relationship between absolute contrast value and

node age implies that rates of body size evolution slow

down over time according to a niche-filling model

(‘early-burst’ of trait evolution).

Ecological correlates of body size and SSD

To explore the association between SSD-body size and

our continuous ecological (habitat specialization, breed-

ing season length) and reproductive (fecundity, length

of the stridulatory file) variables, we used phylogenetic

generalized least squares (PGLSk). Maximum-likelihood

estimates of the branch length parameters delta (a mea-

sure of disparity of rates of evolution through time, see

above), lambda (a measure of phylogenetic signal) and

kappa (which contrasts punctuational vs. gradual trait

evolution, see Hern�andez et al., 2013) were obtained to

optimize the error structure of the residuals in each

comparison as recommended by Revell (2010). PGLS

regression analyses were performed using the R package

CAPER (Orme, 2013) and graphically visualized by means

of phylogenetically independent contrasts (PIC) com-

puted using the PDAP:PDTREE module in MESQUITE

(Midford et al., 2005). To test the influence of
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categorical variables (substrate, altitude class) on our

focal traits independently from the phylogeny, we

employed phylANOVA (10 000 simulations) as imple-

mented in the R package PHYTOOLS (Revell, 2011).

We tested for greater evolutionary divergence in male

size compared with female size (Rensch’s rule test) by

regressing log-transformed male body size against log

female body size using phylogenetic major axis regres-

sions (PRMA; Revell, 2011), a method that accounts for

the shared evolutionary history of species. This analysis

was performed at two taxonomic levels, across our

entire phylogeny and within the two largest subfamilies

(Gomphocerinae, Oedipodinae) because Rensch’s rule

was originally proposed for ‘closely related species’

(Rensch, 1950). We tested if the slope (b) of the regres-

sion of body size of males on females was larger than 1

(as predicted by Rensch’s rule), smaller than 1 (converse

of Rensch’ rule) or not different from 1 (i.e. b = 1; iso-

metric pattern) (see Ceballos et al., 2013 for more details

about the possible scenarios for the relationship

between SSD and body size of males and females). Sta-

tistical significance of the allometric pattern was deter-

mined based on the 95% confidence intervals (CI) of b
using the SMATR R package (Warton et al., 2012).

Results

Phylogenetic signal

Both male and female body size exhibited a strong phy-

logenetic signal (male body size: k = 0.955, P < 0.01;

K = 0.267, P = 0.016; female body size: k = 0.956,

P < 0.001; K = 0.213, P = 0.03), which indicates that

the body size of related species is more similar than

expected under Brownian Motion. Accordingly, we also

found a strong phylogenetic signal for SSD (k = 0.904,

P = 0.03; K = 0.225, P < 0.01; Fig. 1). The relative

length of the stridulatory file showed a moderate phy-

logenetic signal (k = 0.589, P = 0.09; K = 0.114,

P = 0.02), whereas the level of ecological specialization

(PDI) (k ~ 0, P = 1; K = 0.06, P = 0.36) and the length

of the breeding season (k = 0.627, P = 0.01; K = 0.107,

P = 0.08; Fig. 1) did not show phylogenetic inertia.

Ovariole number showed a strong phylogenetic signal

(k ~ 1, P < 0.001; K = 1.987, P < 0.001). Substrate type

(ground vs. plant-perching) seems to be a conservative

trait in short-horned grasshoppers; ground-species are

predominant in the Oedipodinae subfamily, whereas

plant-perching species are more abundant within the

Gomphocerinae subfamily (see Fig. 1).

Tempo and mode of body size evolution

The rate of diversification accelerated with time

(c = 1.68) indicating that rapid diversification occurred

late in the evolutionary history of the group. When com-

paring alternative models of evolution across the entire

data set, the OU model (Brownian Motion with selective

constraint) exhibited the best fit for the evolution of

male body size, whereas the OU and the TVR models

were equally supported for female body size (DAICc < 2)

(Table 2). When restricting our analyses to the Gompho-

cerinae subfamily, we found that the best-supported

model for the evolution of both male and female body

size was TVR (Table 2), suggesting that trait evolution is

nonconstant through time. In Oedipodinae, the BM

model provided a better fit than the other models for the

evolution of male body size, whereas BM and the two

nonconstant models (EB and TVR) were similarly sup-

ported (DAICc < 2) in females (Table 2). The comparison

of evolutionary rates between sexes indicated that body

size evolved at a similar pace (Table 2).

Maximum-likelihood estimates of d computed for all

taxa and for each of the two subfamilies were high (d
values: all clades; male body size: 2.45, female body size:

3.00; Gomphocerinae; male body size: 2.53, female body

size: 3.00; Oedipodinae; male body size: 3.00, female

body size: 3.00) suggesting that longer paths (i.e. later

evolution of the trait in the phylogeny) contribute dis-

proportionately to trait evolution (‘late-burst’).

DTT plots showed that phenotypic disparity within

lineages is greater than expected under a BM model

late in the diversification of Acrididae (Fig. 2). We

obtained positive MDI statistics, indicating that the pro-

portion of total morphological disparity within clades

was less than expected by a Brownian Motion model

for all taxa and each of the two subfamilies (average

MDI values: all clades; male body size: 0.138, female

body size: 0.101; Gomphocerinae; male body size: 0.342,

female body size: 0.212; Oedipodinae; male body size:

0.088, female body size: 0.357).

Concordant with late shifts in the acceleration of the

net diversification rate, the node-height test resulted in

a positive but nonsignificant relationship between the

absolute values of standardized length contrasts and

node age in both sexes (males: t = 1.01, d.f. = 83,

P = 0.32; females: t = 0.72, d.f. = 83, P = 0.47) across all

taxa. For the Gomphocerinae subset, we found a posi-

tive and significant relationship between the absolute

value of independent contrasts and the height of the

node from which they were generated (males: t = 2.46,

d.f. = 45, P = 0.02; females: t = 3.11, d.f. = 45,

P = 0.003), indicating that body size evolution has

increased through time. When restricting our analyses

to the Oedipodinae subfamily, the node-height test

yielded a negative and nonsignificant relationship for

the evolution of male and female body size (male body

size: t = �0.60, d.f. = 18, P = 0.55; female body size:

t = �1.02, d.f. = 18, P = 0.32).

Ecological correlates of body size and SSD

We found a negative significant association between

SSD and female body size (PGLS; estimate:
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Fig. 1 Variation in degree of sexual size dimorphism (SSD) and length of the breeding season (LBS, in months) among the studied

Acrididae species (in the SSD scatterplot species belonging to the same subfamily are indicated with the same colour). Colour of dots next

to tips in the tree denotes the main substrate used by each species (black dots: ground; white dots: plant).
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�0.444 � 0.102, t = �4.34, P < 0.001) but not such

association between SSD and male body size (PGLS;

t = 1.05, P = 0.30) across taxa. A similar result was

found for the Gomphocerinae subset (PGLS, female size:

estimate: �0.458 � 0.101, t = 4.492, P < 0.001; male

size: t = 0.52, P = 0.60). In contrast, in Oedipodinae, we

obtained the opposite pattern: a significant association

between SSD and male body size (PGLS; estimate:

0.666 � 0.138, t = 4.82, P < 0.001) but not between

SSD and female body size (PGLS; t = 0.054, P = 0.95).

Overall, the emerging picture was that both sexes tend

to be progressively more similar as size increases. When

size decreases within one lineage through evolutionary

time, then male size decrease disproportionately with

respect to female body size.

When testing for fecundity selection, we failed to find

a significant relationship between ovariole number (a

good proxy for the reproductive potential of a given

species) and female body size (PGLS; n = 20, t = 0.067,

P = 0.947). When only considering gomphocerine

grasshoppers, no significant association was found

between the size-corrected length of the stridulatory

file and SSD (PGLS; n = 48, t = 0.12, P = 0.90) (Fig. 3).

Short-lived species did not show either a greater degree

Table 2 Relative support for alternative evolutionary models of male and female body size in short-horned grasshoppers. BM: Brownian

Motion; OU: Ornstein-Uhlenbeck; EB: early-burst; TVR: time-variant rate model. r2 denotes the estimated reproductive rate for each sex.

AICc, corrected Akaike’s information criterion (AIC) value; AICw, AICc weight. The best-fit model/s is/are highlighted in bold type.

Sex

BM OU EB TVR

AICc AICw r2 AICc AICw r2 AICc AICw r2 AICc AICw r2

All taxa Male �152.94 0.135 0.240 �156.01 0.627 0.264 �150.79 0.191 0.240 �153.63 0.191 0.159

Female �134.22 0.109 0.299 �136.82 0.398 0.332 �132.07 0.037 0.299 �137.08 0.455 0.191

Gomphocerinae Male �102.20 0.097 0.323 �102.24 0.099 0.334 �99.92 0.031 0.323 �106.33 0.771 0.220

Female �91.85 0.002 0.400 �92.15 0.002 0.413 �89.57 0.001 0.400 �104.56 0.995 0.233

Oedipodinae Male �33.43 0.603 0.003 �30.73 0.156 0.003 �30.74 0.144 0.001 �30.76 0.095 0.004

Female �32.33 0.439 0.001 �29.62 0.113 0.001 �31.38 0.274 0.002 �30.46 0.172 0.006

Fig. 2 Relative disparity plots for short-

horned grasshoppers compared with

expected disparity based on

phylogenetic simulations. The

continuous line shows the actual

pattern of phenotypic disparity (graphs

are colour-coded according to sex; pink

colour: female body size, blue colour:

male body size), and the dotted line

represents the median result of

Brownian model simulations (1000

simulations). Time is relative to

phylogenetic depth from the base of the

phylogeny on the left to the terminal

tips on the right.
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of development of the stridulatory organ as expected if

the strength of sexual selection is higher in species with

a shorter breeding period (PGLS; n = 48, t = �0.59,

P = 0.55). The degree of female-biased SSD was phylo-

genetically correlated with the length of the breeding

season; species with a long phenology are more dimor-

phic in size (i.e. females > males) than those with a

short reproductive window (PGLS; estimate:

�0.010 � 0.004, n = 85, t = �2.16, P = 0.035; Fig. 1,

see also Fig. S1 for a representation of this relationship

using data noncorrected for phylogeny, OLS regres-

sion). Such a relationship became more significant

when excluding year-round species (length of the

breeding season = 11–12 months) from the data set

(PGLS; estimate: �0.011 � 0.004, n = 80, t = �2.34,

P = 0.021; Fig. 4). Although we found that habitat spe-

cialist species (high PDI values) have a shorter breeding

cycle than more generalist species (PGLS, estimate:

�6.596 � 1.545, n = 85, t = �4.27, P < 0.001), there

was no significant relationship between the level of

SSD and the degree of ecological specialization (PDI

index) (PGLS; t = �1.16, P = 0.25).

Regarding categorical variables, we did not find sig-

nificant differences between ground and plant-perching

species in terms of SSD (PhylANOVA; F1,83 = 2.72,

P = 0.51), male body size (F1,83 = 0.69, P = 0.75) or

female body size (F1,83 = 0.02, P = 0.96) after control-

ling for the shared evolutionary history of species.

Lastly, there was a trend towards low altitude species

being larger than those inhabiting medium- and high-

altitudes, but differences were not statistically signifi-

cant after correcting for phylogeny (PhylANOVA; female

body size: F2,66 = 8.51, P = 0.13; male body size:

F2,66 = 6.38, P = 0.21) (Fig. 5). The length of the breed-

ing season, but not the level of SSD, differed signifi-

cantly among altitude categories (breeding season

length: F2,66 = 4.22, P = 0.018; SSD: F2,66 = 3.23,

P = 0.45), being shorter at higher altitudes (mean �

Fig. 3 Reconstructed evolution of sexual size dimorphism (sexual size dimorphism ratio, with lower values indicating more dimorphic

species and higher values indicating less dimorphic species, so 1 denotes monomorphism) and relative (size-corrected) length of the

stridulatory file (length of the stridulatory file/femur length*100) in the grasshopper subfamily Gomphocerinae. Colours denote size classes.
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S.D. breeding season length; low altitude: 5.83 � 1.01,

medium altitude: 5.36 � 2.46, high altitude:

4.07 � 2.70 months).

Allometry of SSD: Do Acrididae grasshoppers
conform to Rensch’s rule?

The degree of SSD was similar across all taxa (all taxa:

0.801 � 0.076) and when considering the two most

speciose subfamilies separately (Gomphocerinae:

0.808 � 0.062; Oedipodinae: 0.817 � 0.076). Our

results supported the existence of a pattern consistent

with the converse to Rensch’s rule as the relationship

of male body size with female body size across all taxa

had a slope less than one (PRMA; b = 0.895, CI: 0.804–
0.940). However, we found an isometric pattern (i.e.

the slope did not differ significantly from 1) when data

were analysed separately for Gomphocerinae (PRMA;

b = 0.898, CI: 0.869–1.106) and Oedipodinae (PRMA;

b = 0.866, CI: 0.846–1.422).

Discussion

Evolution of body size in a recent radiation

The very short branches deep in our phylogeny suggest

recent divergence and thus rapid speciation in some

lineages. This is in agreement with the findings of Song

et al. (2015), who suggested that Acrididae may have

undergone an explosive adaptive radiation during the

Cenozoic when global climate became temperate and

grasses evolved and became dominant. The evolution

of a new niche space (grasslands) may have powered

the radiation of graminivorous species, especially strong

fliers like band-winged grasshoppers (Oedipodinae)

(Song et al., 2015). Later, climatic oscillations during

the Pleistocene led to thermophilic species (as most

Gomphocerinae are) being restricted to southern

refuges during glacial stadials. This probably resulted in

divergent evolution of allopatric populations by geo-

graphic isolation (Taberlet et al., 1998; Hewitt, 1999;

Mayer et al., 2010). This plausible scenario matches

with the notion raised by Schluter (2000) who noted

that ‘a continuous spread to new environments is the

dominant trend of adaptive radiation’. Although the

term ‘adaptive radiation’ is frequently used to describe

a slowdown in diversification and morphological evolu-

tion after an initial phase of rapid adaptation to vacant

ecological niches (‘niche filling’), recent studies stress

that the definition of adaptive radiation should not be

conditioned by the existence of early-bursts, which

indeed seem to be uncommon across the tree of life

(Harmon et al., 2010; Pincheira-Donoso et al., 2015).

Rather, an adaptive radiation should be defined as the

process in which a single lineage diversifies into a vari-

ety of species, occurring at a fast net rate, irrespective

of the timing (Harmon et al., 2010). In this study,

model comparison, maximum-likelihood values for the

d parameter (which tests for acceleration vs. decelera-

tion) and node-height tests provide no significant sup-

port for an ‘early-burst’ followed by a slowdown in

Fig. 4 Relationship between sexual size dimorphism (SSD) and

the length of the breeding season represented in the form of

standardized phylogenetic independent contrasts (PICs). Year-

round species (length of the breeding season = 11–12 months)

were excluded from this analysis. More negative values for the

SSD index indicate a higher degree of female-biased dimorphism,

whereas the difference in size between both sexes decreases

(towards sexual size monomorphism) in the opposite direction.

Thus, females became disproportionally larger than males as the

length of the breeding season increases.

Fig. 5 Differences in average male (blue dots) and female (pink

dots) body size between grasshopper species inhabiting low

(<800 m a.s.l., n = 18), medium (800–1500 m, n = 25) and high-

altitudes (> 1500 m, n = 26). Statistical significance determined by

paired t-tests is indicated (***P < 0.001).

ª 20 1 7 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I OL . 3 0 ( 2 0 17 ) 1 59 2 – 1 60 8

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

1602 V. GARC�IA-NAVAS ET AL.



morphological evolution in this taxonomic group.

Instead, we found the opposite pattern; the high values

of d indicate recent, high rates of phenotypic diver-

gence, whereas the results of the node-height tests indi-

cate that it increased as the number of taxa increased.

This pattern suggests that most divergence seems to be

concentrated later in the evolutionary history of this

group (i.e. recent and rapid diversification; see also

Boucher et al., 2012; Edwards et al., 2015).

Body size evolution in Iberian Acrididae is inconsis-

tent with a Brownian Motion process, indicating that

selection and not drift underlies body size evolution in

this group. This finding is consistent with the notion

that directional selection almost universally favours lar-

ger and heavier individuals and adds to the growing

pile of evidence showing that both natural and sexual

selection are the major evolutionary forces driving this

process in most organisms (e.g. Heim et al., 2014; Baker

et al., 2015; see also Blanckenhorn, 2000 for a review).

Our results show that body size variation is best

explained by a time-dependent model (TVR model:

Pagel, 1997, 1999), which indicates an accelerated rate

of body size evolution over time. However, across all

subfamilies the OU model provided a better fit to the

data suggesting a process of stabilizing selection in

which variation of body size revolves around stationary

optimal values. That is, deviant body sizes are ‘polished’

towards an optimum value, which was estimated to be

around 9.79 and 13.49 mm for male and female femur

length, respectively. The pattern described for the entire

family reflects the existence of scale-dependent pro-

cesses that act differentially across stages of the diversi-

fication process (see Ceballos et al., 2013). Taken

together, our results evidence that even in taxonomic

groups showing limited morphological and ecological

disparity, natural selection seems to play a more impor-

tant role than genetic drift in driving the radiation

process.

Ecological correlates of body size and SSD

Although the predominance of female-biased SSD in

Acrididae suggests that fecundity selection may be the

most important selective force acting on this family, we

failed to find support for this hypothesis as ovariole

number and female body size were not correlated.

However, this specific analysis was performed using a

reduced data set (n = 20), and thus, our results should

be interpreted cautiously. Alternatively, it is also likely

that fecundity selection acts primarily at intraspecific

level, preventing us to detect its effect through our

analyses. Regarding sexual selection, we failed to find a

significant correlation between the relative length of

the stridulatory file (our proxy to measure the strength

of sexual selection) and the level of SSD. This may indi-

cate that sexual selection is not driving SSD in Gom-

phocerinae or, alternatively, that this trait does not

accurately reflect the strength of this selective force at

interspecific level due to its strong genetic component

(Saldamando et al., 2005). The size-corrected length of

the stridulatory apparatus showed a nonphylogenetic

signal, supporting the view that in gomphocerine

grasshoppers the value of acoustic characters as an indi-

cator of phylogeny is very limited despite the fact that

they have long been used to resolve taxonomic uncer-

tainties at the species level (Ragge, 1987; Ragge & Rey-

nolds, 1988).

Substrate use (ground or plant-perching) may be

expected to affect body size as different functional

demands between the two types are expected to gener-

ate different selective peaks. However, we did not find

evidence for the gravity hypothesis; ground-dwelling

species did not show a significantly larger size than

plant-perching species as expected if climbing ability

selects for reduced body size (Moya-Lara~no et al.,

2002). Thus, we failed to detect strong selection for

increased female size (fecundity selection) or for the

maintenance of small male size (agility hypothesis) in

these insects. Regarding the other ecological variable,

habitat specialization (PDI index), we did not find a

higher level of SSD in generalist species in which selec-

tion for large male body size should be smaller in com-

parison with species with specific habitat requirements

and whose populations may be affected by higher intra-

sexual competition. A plausible explanation for this

result is that male–male competition for food resources

may not be intense enough to boost the evolution of

male body size as most species depend on food

resources that are rarely limited (e.g. gramineous). This

finding thus reinforces the view that both inter- and

intrasexual competition for food is unlikely in small

herbivorous organisms and that these play a subsidiary

role in the evolution of SSD (Fairbairn et al., 2007).

Larger-bodied and slower developing arthropods like

Orthoptera are expected to be more affected by sea-

sonal limitations than faster developing insects. Shorter

breeding season lengths should promote life history

adaptations leading to smaller body size to facilitate the

completion of the life cycle within the reduced time

available for development. When the developmental

time window is short, individuals reach maturity at

smaller sizes and develop faster. When the length of

the breeding season is longer, more time is available to

reach the reproductive stage at a larger size (Berner &

Blanckenhorn, 2006). Contrary to our initial expecta-

tion, we found a lower level of SSD in species with a

short phenology. SSD was more pronounced in species

with longer breeding seasons, an effect that seemed to

be caused by a larger difference in size between sexes.

It suggests that selection pressure for large body size in

males may be stronger in ephemeral or more seasonal

environments (i.e. in species with a short reproductive

window). Alternatively, this result may be due to the

fact that in most grasshopper species the females are
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more variable in size than males (e.g. female size varia-

tion is exceptionally high in Calliptamus species), and

that unfavourable environmental conditions may com-

promise body size (Teder & Tammaru, 2005). This indi-

cates that time constraints do not seem to impose limits

for the evolution of male body size (rather the con-

trary, it seems to be favoured) and that female body

size is more sensitive to environment than male size.

On the other hand, our results are consistent with the

converse Bergmann’s rule; grasshopper body size

tended to decrease with elevation but the differences

were not statistically significant after correcting for phy-

logeny. This pattern is normally explained by the exis-

tence of gradients of precipitation and sun exposure,

which are likely indicators of other ecological factors

that exert control on body growth, such as resource

availability and conditions for effective thermoregula-

tion (Laiolo et al., 2013). Although most evidence

comes from single-species studies (Blanckenhorn et al.,

2006; Bidau & Mart�ı, 2007b, 2008), our study is one of

the first to test for altitudinal clines in body size at the

interspecific level (i.e. across species) in Orthoptera.

Rensch’s rule

We found evidence that SSD and body size in short-

horned grasshoppers fitted a converse Rensch’s rule:

females are proportionally bigger than males in large

species. This result is in agreement with previous stud-

ies carried out on a smaller scale (Bidau et al., 2013;

Laiolo et al., 2013) and reinforces the view that Ren-

sch’s rule is infrequent in taxononomic groups exhibit-

ing female-biased SSD. Likewise, when performing our

analyses within subfamilies, we did not find a pattern

consistent with Rensch’s rule: sizes of males and

females scaled isometrically. A plausible explanation for

these results is that if females are more sensitive to

environmental conditions than males, they could

achieve a better body size development under more

benign conditions leading to an increase in SSD (Shine,

1990; Stilwell et al., 2010). Thereby, Rensch’s rule and

its converse would mirror sex-specific environmental

sensibility, and thus, these patterns may be considered

subproducts of body size variations in relation to eco-

logical conditions. Thereby, our study supports the idea

that the so-called Rensch’s rule probably does not

deserve the attribute ‘rule’ at least in arthropods,

wherein support for this pattern remains rather mixed

(reviewed in Blanckenhorn et al., 2007a).

Conclusions

Different and complex evolutionary pressures can affect

body size evolution in Orthoptera. Fecundity, sexual

selection and predictable, long breeding season environ-

ments are thought to select for larger size, whereas

time constraints, predators and unpredictable and

poor-resource habitats are thought to select for small

body size. Here, we found no support for either the

fecundity or the sexual selection hypothesis, the two

primary adaptive forces traditionally invoked to explain

SSD. Nor did we find an effect of substrate – ground vs.

plant – on body size evolution, a factor (agility) that

has been suggested to explain why males of certain

insect groups remain small. Our results also reinforce

the idea that Rench’s rule is probably not a rule at all

but a limited pattern only found in a few taxonomic

groups and more frequently, at the intraspecific level

(e.g. De Lisle & Rowe, 2013; Liao et al., 2013; Bidau

et al., 2016). Finally, and contrary to expected, we

found a higher level of SSD in species with a long

reproductive window, which is counter to the idea that

SSD is favoured in short-season habitats due to the fact

that males have no time to fully develop (resulting in

small adult sizes). These findings support laboratory

studies at the intraspecific level showing that under

poor conditions female Orthoptera are more strongly

affected than males, reducing SSD (Teder & Tammaru,

2005). We conclude that it is unlikely that protandry

constitutes the main factor determining the existence of

female-biased SSD in this insect radiation.

Acknowledgments

We thank Paola Laiolo (UMIB, Oviedo) for providing

us morphological data of Chorthippus yersini. We also

greatly acknowledge Conchi C�aliz and Amparo Hidalgo

for their help with the laboratory work. Nathan Bailey

and two anonymous reviewers provided valuable com-

ments that improved an earlier version of the manu-

script. Specimens were collected under licence from

Spanish regional authorities. VGN was supported by a

‘Juan de la Cierva’ Fellowship (FPDI-2013-16828). VN

was supported by a FPI PhD Studentship (BES-2012-

053741). JO was supported by ‘Severo Ochoa’ (SEV-

2012-0262) and ‘Ram�on y Cajal’ (RYC-2013-12501)

research fellowships. This work received financial sup-

port from the Spanish Ministry of Economy and Com-

petitiveness (CGL2014-54671-P).

References

Abouheif, E. & Fairbairn, D.J. 1997. A comparative analysis of

allometry for sexual dimorphism: assessing Rensch’s Rule.

Am. Nat. 149: 540–562.
Aljanabi, S.M. & Mart�ınez, I. 1997. Universal and rapid salt-

extraction of high quality genomic DNA for PCR-based tech-

niques. Nucleic Acids Res. 25: 4692–4693.
Anichini, M., Kuchenreuther, S. & Lehmann, G.U.C. 2016.

Allometry of male sound-producing structures indicates sex-

ual selection on wing size and stridulatory teeth density in a

bushcricket. J. Zool. 301: 271–279.
Baker, J., Meade, A., Pagel, M. & Venditti, C. 2015. Adaptive

evolution toward larger size in mammals. Proc. Natl. Acad.

Sci. USA 112: 5093–5098.

ª 20 1 7 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I OL . 3 0 ( 2 0 17 ) 1 59 2 – 1 60 8

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

1604 V. GARC�IA-NAVAS ET AL.



Bellinger, R.G. & Pienkowski, R.L. 1985. Interspecific variation

in ovariole number in Melanopline grasshoppers (Orthop-

tera: Acrididae). Ann. Entomol. Soc. Am. 78: 127–130.
Berner, D. & Blanckenhorn, W.U. 2006. Grasshopper ontogeny

in relation to time constraints: adaptive divergence and sta-

sis. J. Anim. Ecol. 75: 130–139.
Bidau, C.J. & Mart�ı, D.A. 2007a. Clinal variation of body size

in Dichroplus pratensis (Orthoptera: Acrididae): inversion of

Bergmann’s and Rensch’s rules. Ann. Entomol. Soc. Am. 100:

850–860.
Bidau, C.J. & Mart�ı, D.A. 2007b. Dichroplus vittatus (Orthoptera:

Acrididae) follows the converse to Bergmann’s rule although

male morphological variability increases with latitude. Bull.

Entomol. Res. 97: 67–79.
Bidau, C.J. & Mart�ı, D.A. 2008. Geographic and climatic factors

related to a body-size cline in Dichroplus pratensis Bruner,

1900 (Acrididae, Melanoplinae). J. Orthop. Res. 17: 149–156.
Bidau, C.J., Mart�ı, D.A. & Castillo, R.E. 2013. Rensch’s rule is

not verified in melanopline grasshoppers. J. Insect Biodivers 1:

1–14.
Bidau, C.J., Taffarel, A. & Castillo, E.R. 2016. Breaking the

rule: multiple patterns of scaling of sexual size dimorphism

with body size in orthopteroid insects. Rev. Soc. Entomol.

Argentina 75: 11–36.
Blanckenhorn, W.U. 2000. The evolution of body size: what

keeps organisms small? Quart. Rev. Biol. 75: 385–407.
Blanckenhorn, W.U. & Demont, M. 2004. Bergmann and con-

verse Bergmann latitudinal clines in Arthropods: two ends

of a continuum? Integr. Comp. Biol. 44: 413–424.
Blanckenhorn, W.U., Stillwell, R.C., Young, K.A., Fox, C.W. &

Ashton, K.G. 2006. When Rensch meets Bergmann: does

sexual size dimorphism change systematically with latitude?

Evolution 60: 2004–2011.
Blanckenhorn, W.U., Meier, R. & Teder, T. 2007a. Rensch’s

rule in insects: patterns among and within species. In: Sex,

Size and Gender Roles Evolutionary Studies of Sexual Size Dimor-

phism (D.J. Fairbairn, W.U. Blackenhorn, T. Sz�ekely, eds),

pp. 60–70. Oxford University Press, Oxford.

Blanckenhorn, W.U., Dixon, A.F., Fairbairn, D.J., Foellmer,

M.W., Gilbert, P., van der Linde, K. et al. 2007b. Proximate

causes of Rensch’s rule: does sexual size dimorphism in

arthropods result from sexual differences in development

time? Am. Nat. 169: 245–257.
Blomberg, S.P., Garland, T. Jr. & Ives, A.R. 2003. Testing for

phylogenetic signal in comparative data: behavioral traits are

more labile. Evolution 57: 717–745.
Boucher, F.C., Thuiller, W., Roquet, C., Douzet, R., Aubert, S.,

Alvarez, N. et al. 2012. Reconstructing the origins of high-

alpine niches and cushion life form in the genus Androsace

s.l. (Primulaceae). Evolution 66: 1255–1268.
Brandt, Y. & Andrade, M.C.B. 2007. Testing the gravity

hypothesis of sexual size-dimorphism: are small males faster

climbers? Funct. Ecol. 21: 379–385.
Butler, M.A. & King, A.A. 2004. Phylogenetic comparative

analysis: a modelling approach for adaptive evolution. Am.

Nat. 164: 683–695.
Ceballos, C.P., Adams, D.C., Iverson, J.B. & Valenzuela, N. 2013.

Phylogenetic patterns of sexual size dimorphism in turtles and

their implications for Rensch’ rule. Evol. Biol. 40: 194–208.
Chapco, W. & Contreras, D. 2011. Subfamilies Acridinae,

Gomphocerinae and Oedipodinae are “fuzzy sets”: a proposal

for a common African origin. J. Orthop. Res. 20: 173–190.

Chapman, R.F. & Joern, A. 1990. Biology of Grasshoppers. Wiley

and Sons, New York.

Cheng, R.C. & Kuntner, M. 2014. Phylogeny suggests nondi-

rectional and isometric evolution of sexual size dimorphism

in argione spiders. Evolution 68: 2861–2872.
Chown, S.L. & Klok, C.J. 2003. Altitudinal body size clines:

latitudinal effects associated with changing seasonality. Ecog-

raphy 26: 445–455.
Contreras, D. & Chapco, W. 2006. Molecular phylogenetic evi-

dence for multiple dispersal events in gomphocerines

grasshoppers. J. Orthop. Res. 15: 91–98.
Cueva del Castillo, R. & N�u~nez-Farf�an, J. 1999. Sexual selec-
tion on maturation time and body size in Sphenarium pur-

purascens (Orthoptera: Pyrgomorphidae): correlated response

to selection. Evolution 53: 209–215.
Darwin, C.R. 1871. The Descent of Man and Selection in Relation

to Sex. John Murray, London.

De Lisle, S.P. & Rowe, L. 2013. Correlated evolution of allome-

try and sexual dimorphism across higher taxa. Am. Nat. 182:

630–639.
Defaut, B. & Morichon, D. 2015. Criquets de France (Orthoptera,

Caelifera). Faune de France, F�ed�eration Franc�aise des Soci�et�es

de Sciences Naturelles, Paris 97, 695 pp. + XXI plates.

Devictor, V., Clavel, J., Julliard, R., Lavergne, S., Mouillot, D.,

Thuiller, W. et al. 2010. Defining and measuring ecological

specialization. J. Appl. Ecol. 47: 15–25.
Dormann, C.F., Fruend, J. & Gruber, B. 2016. bipartite: Visual-

ising Bipartite Networks and Calculating Some (Ecological)

Indices. https://cran.r-project.org/web/packages/bipartite/

index.html

Drummond, A.J., Suchard, M.A., Xie, D. & Rambaut, A. 2012.

Bayesian phylogenetics with BEAUti and the BEAST 1.7.

Mol. Biol. Evol. 29: 1969–1973.
Edwards, D.L., Melville, J., Joseph, L. & Keogh, J.S. 2015. Eco-

logical divergence, adaptive diversification, and the evolu-

tion of social signaling traits: an empirical study in arid

Australian lizards. Am. Nat. 186: 144–161.
Elgar, M.A. 1991. Sexual cannibalism, size dimorphism, and

courtship behavior in orb-weaving spiders (Araneidae). Evo-

lution 45: 444–448.
Esperk, T., Tammaru, T., Nylin, S. & Teder, T. 2007. Achieving

high sexual size dimorphism in insects: females add instars.

Ecol. Entomol. 32: 243–256.
Eweleit, L. & Reinhold, K. 2014. Body size and elevation: do

Bergmann’s and Rensch’s rule apply in the polytypic bush-

cricket Poecilimon veluchianus? Ecol. Entomol. 39: 133–136.
Fairbairn, D.J. 1997. Allometry for sexual size dimorphism:

pattern and process in the coevolution of body size in males

and females. Ann. Rev. Ecol. Syst. 28: 659–687.
Fairbairn, D.J. 2013. Odd Couples. Extraordinary Differences

between the Sexes in the Animal Kingdom. Princeton University

Press, Princeton, NJ, USA.

Fairbairn, D.J., Blanckenhorn, W.U. & Sz�ekely, T. 2007. Sex,

Size and Gender Roles. Evolutionary Studies of Sexual Size Dimor-

phism. Oxford University Press, Oxford.

Felsenstein, J. 1985. Phylogenies and the comparative method.

Am. Nat. 125: 1–15.
Freckleton, R.P. & Harvey, P.H. 2006. Detecting non-Brownian

trait evolution in adaptive radiations. PLoS Biol. 4: 2104–2111.
Fries, M., Chapco, W. & Contreras, D. 2007. A molecular phy-

logenetic analysis of the Oedipodinae and their interconti-

nental relationships. J. Orthop. Res. 16: 115–125.

ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 3 0 ( 2 0 1 7 ) 1 5 92 – 1 6 08

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 7 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Body size evolution in grasshoppers 1605

https://cran.r-project.org/web/packages/bipartite/index.html
https://cran.r-project.org/web/packages/bipartite/index.html


Gaunt, M.W. & Miles, M.A. 2002. An insect molecular clock

dates the origin of the insects and accords with palaeontologi-

cal and biogeographic landmarks.Mol. Biol. Evol. 74: 748–761.
Gotthard, K. 2001. Growth strategies of ectothermic animals in

temperate environments. In: Environment and Animal Develop-

ment: Genes, Life Histories, and Plasticity (D. Atkinson, M.

Thorndyke, eds), pp. 287–303. BIOS Scientific Publishers,

Oxford.

Guindon, S. & Gascuel, O. 2006. A simple, fast and accurate

algorithm to estimate large phylogenies by maximum likeli-

hood. Syst. Biol. 52: 696–704.
Gwynne, D.T. 1981. Sexual difference theory: Mormon crick-

ets show role reversal in mate choice. Science 213: 779–780.
Hansen, T.F. 1997. Stabilizing selection and the comparative

analysis of adaptation. Evolution 51: 1341–1351.
Harmon, L.J., Schulte, J.A. II, Larson, A. & Losos, J.B. 2003.

Tempo and mode of evolutionary radiation in iguanian

lizards. Science 301: 961–964.
Harmon, L.J., Weir, J., Brock, C., Glor, R.E. & Challenger, W.

2008. GEIGER: investigating evolutionary radiations. Bioin-

formatics 24: 129–131.
Harmon, L.J., Losos, J.B., Davies, J., Gillespie, R.G., Gittleman,

J.L., Jennings, W.B. et al. 2010. Early bursts of body size and

shape evolution are rare in comparative data. Evolution 64:

2385–2396.
Harz, K. 1975. Orthopteren Europas/The Orthoptera of Europe, vol.

II. Dr. W. Junk, The Hague.

Heim, N.A., Knope, M.L., Schaal, E.K., Wang, S.C. & Payne,

J.L. 2014. Cope’s rule in the evolution of marine animals.

Science 347: 867–870.
von Helversen, O. & von Helversen, D. 1994. Forces driving

evolution of song and song recognition in grasshoppers. In:

Neural Basis of Behavioural Adaptations (K. Schildberger, N.

Elsner, eds), pp. 253–284. Fischer, Stuttgart.
Hern�andez, C.E., Rodr�ıguez-Serrano, E., Avaria-Llautureo, J.,

Inostroza-Michael, O., Morales-Pallero, B., Boric-Bargetto,

D. et al. 2013. Using phylogenetic information and the com-

parative method to evaluate hypotheses in macroecology.

Met. Ecol. Evol. 4: 401–415.
Hewitt, G.M. 1999. Post-glacial re-colonization of European

biota. Biol. J. Linn. Soc. 68: 87–112.
Hochkirch, A. & Gr€oning, J. 2008. Sexual size dimorphism in

Orthoptera (sens. str.) - a review. J. Orthop. Res. 17: 189–196.
Hormiga, G., Scharff, N. & Coddington, J. 2000. The phyloge-

netic basis of sexual size dimorphism in orb-weaving spiders

(Araneae, Orbiculariae). Syst. Biol. 49: 435–462.
Hughes, J. & Vogler, A.P. 2004. The phylogeny of acorn wee-

vils (genus Curculio) from mitochondrial and nuclear DNA

sequences: the problem of incomplete data. Mol. Phyl. Evol.

32: 601–615.
Husemann, M., Depperman, J. & Hochkirch, A. 2014. Multiple

independent colonization of the Canary Islands by the

winged grasshopper genus Sphingonotus Fieber, 1852. Mol.

Phyl. Evol. 81: 174–181.
Ingrisch, S. & K€ohler, G. 1998. Die Heuschrecken Mitteleuropas.

Westarp Wissenschaften, Magdeburg.

Jago, N.D. 1971. A review of the Gomphocerinae of the world

with a key to the genera (Orthoptera, Acrididae). Proc. Acad.

Nat. Sci. Phil. 123: 205–343.
Katoh, K. & Standley, D.M. 2013. MAFFT multiple sequence

alignment software version 7: improvements in performance

and usability. Mol. Biol. Evol. 30: 772–780.

Klappert, K. & Reinhold, K. 2003. Acoustic preference func-

tions and sexual selection on the male calling song in the

grasshopper Chorthippus biguttulus. Anim. Behav. 65: 225–
233.

Kuntner, M. & Coddington, J.A. 2009. Discovery of the largest

orbweaving spider species: the evolution of gigantism in

Nephila. PLoS ONE 4: e7516.

Kuntner, M. & Elgar, M.A. 2014. Evolution and maintenance

of sexual size dimorphism: aligning phylogenetic and experi-

mental evidence. Front. Ecol. Evol. 2: 26.

Kvarnemo, C. & Simmons, L.W. 1999. Variance in female

quality, operational sex ratio and male mate choice in a

bushcricket. Behav. Ecol. Sociobiol. 45: 245–252.
Laiolo, P., Illera, J.C. & Obeso, J.R. 2013. Local climate deter-

mines intra- and interspecific variation in sexual size dimor-

phism in mountain grasshopper communities. J. Evol. Biol.

26: 2171–2183.
Lehmann, G.U.C. & Lehmann, A.W. 2008. Variation in body

size among populations of the bushcricket Poecilimon thessali-

cus (Orthoptera: Phaneropteridae): an ecological adaptation.

J. Orthop. Res. 17: 1–5.
Liao, W.B., Zeng, Y., Zhou, C.Q. & Jehle, R. 2013. Sexual size

dimorphism in anurans fails to obey Rensch’s rule. Front.

Zool. 10: 10.

Lluci�a-Pomares, D. 2002. Revisi�on de los ort�opteros (Insecta:

Orthoptera) de Catalu~na (Espa~na). Monograf�ıas SEA 7: 426.

Lovich, J.E. & Gibbons, J.W. 1992. A review of techniques for

quantifying sexual size dimorphism. Growth Dev. Aging 56:

269–281.
Maddison, W.P. & Maddison, D.R. 2015. Mesquite: a modular

system for evolutionary analysis. Version 3.04. http://me

squiteproject.org.

Masaki, S. 1967. Geographic variation and climatic adaptation

in a field cricket (Orthoptera: Gryllidae). Evolution 21: 725–
741.

Mayer, F., Berger, D., Gottsberger, B. & Schulze, W. 2010.

Non-ecological radiations in acoustically communicating

grasshoppers? In: Evolution in Action. Case studies in Adaptive

Radiation, Speciation and the Origin of Biodiversity (M. Glau-

brecht, ed.), pp. 451–464. Springer Verlag, Berlin.
Mayr, E. 1956. Geographical character gradients and climatic

adaptation. Evolution 10: 105–108.
Midford, P.E., Garland, T. Jr. & Maddison, W.P. 2005. PDAP

Package of Mesquite. Version 1.07. http://mesquiteproject.

org/pdap_mesquite/

Montealegre-Z, F. 2009. Scale effects and constraints for sound

production in katydids (Orthoptera: Tettigoniidae): corre-

lated evolution between morphology and signal parameters.

J. Evol. Biol. 22: 355–366.
Morbey, Y.E. & Ydenberg, R.C. 2001. Protandrous arrival tim-

ing to breeding areas: a review. Ecol. Lett. 4: 663–673.
Mousseau, T.A. 1997. Ectotherms follow the converse to Berg-

mann’s rule. Evolution 51: 630–632.
Moya-Lara~no, J., Halaj, J. & Wise, D.H. 2002. Climbing to reach

females: Romeo should be small. Evolution 56: 420–425.
Nattier, R., Robillard, T., Amedegnato, C., Couloux, A., Cru-

aud, C. & Desutter-Grandcolas, L. 2011. Phylogeny and evo-

lution of acoustic communication in Gomphocerinae

(Orthoptera: Caelifera: Acrididae). Zool. Scripta 40: 479–497.
Olmo-Vidal, J.M. 2006. Atlas del Ort�opters de Catalunya i llibre

vermell. Generalitat de Catalunya. Departament de Medi-

ambient i Habitatge, Barcelona.

ª 20 1 7 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I OL . 3 0 ( 2 0 17 ) 1 59 2 – 1 60 8

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

1606 V. GARC�IA-NAVAS ET AL.

http://mesquiteproject.org
http://mesquiteproject.org
http://mesquiteproject.org/pdap_mesquite/
http://mesquiteproject.org/pdap_mesquite/


Orme, D. 2013. CAPER: Comparative Analyses of Phylogenet-

ics and Evolution in R. ver. 0.52. http.//cran.r-project.org/

web/packages/caper

Ortego, J., Aguirre, M.P. & Cordero, P.J. 2010. Population

genetics of Mioscirtus wagneri, a grasshopper showing a highly

fragmented distribution. Mol. Ecol. 19: 472–483.
Ortego, J., Garc�ıa-Navas, V., Noguerales, V. & Cordero, P.J.

2015. Discordant patterns of genetic and phenotypic differ-

entiation in five grasshopper species co-distributed across a

microreserve network. Mol. Ecol. 24: 5796–5812.
Pagel, M. 1997. Inferring evolutionary processes from phyloge-

nies. Zool. Scripta 26: 331–348.
Pagel, M.D. 1999. Inferring the historical patterns of biological

evolution. Nature 401: 877–884.
Paradis, E., Claude, J. & Strimmer, K. 2014. APE: analyses of

phylogenetics and evolution in R language. Bioinformatics 20:

289–290.
Pardo, J.E. & G�omez, R. 1995. Orthopteroidea de los sistemas

monta~nosos de Castilla-La Mancha (Espa~na). III. Caelifera.

Anales Biol. 20: 7–46.
Pardo, J.E., G�omez, R. & Cerro, A. 1991. Claves de determi-

naci�on de los Orthopteroidea de los principales sistemas

monta~nosos de Castilla-La Mancha. AlBasit: Rev. Estudios

Albacetenses, 29: 119–193.
Parent, C.E., Agashe, D. & Bolnick, D.I. 2013. Intraspecific

competition reduces niche width in experimental popula-

tions. Ecol. Evol. 20: 3978–3990.
Pascual, F. 1978. Estudio preliminar de los Ort�opteros de Sierra

Nevada. II. Claves para la determinaci�on de especies. Traba-

jos Monogr�aficos Depart. Zoolog�ıa Univ. Granada 1: 1–63.
Pincheira-Donoso, D. & Hunt, J. 2017. Fecundity selection the-

ory: concepts and evidence. Biol. Rev. 92: 341–356.
Pincheira-Donoso, D., Harvey, L.P. & Ruta, M. 2015. What

defines an adaptive radiation? Macroevolutionary diversifi-

cation dynamics of an exceptionally species-rich continental

lizard radiation. BMC Evol. Biol. 15: 153.

Poisot, T., Bever, J.D., Nemri, A., Thrall, P.H. & Hochberg,

M.E. 2011. A conceptual framework for the evolution of

ecological specialisation. Ecol. Lett. 14: 841–851.
Poisot, T., Thrall, P.H. & Hochberg, M.E. 2012. Trophic net-

work structure emerges through antagonistic coevolution in

temporally varying environments. Proc. R. Soc. B: Biol. Sci.

279: 299–308.
Posada, D. 2008. jModelTest: phylogenetic model averaging.

Mol. Biol. Evol. 25: 1253–1256.
Presa, J.J., Garc�ıa, M.D. & Clemente, M.E. 2007. Catalogue of

Orthoptera Caelifera from the Iberian Peninsula and Balearic

Islands (Orthoptera: Caelifera). J. Orthop. Res. 16: 175–179.
Pybus, O.G. & Harvey, P.H. 2000. Testing macroevolutionary

models using incomplete molecular phylogenies. Proc. R. Soc.

London B: Biol. Sci. 267: 2267–2272.
Rabosky, D.L. 2006. LASER: a maximum likelihood toolkit for

detecting temporal shifts in diversification rates from molec-

ular phylogenies. Evol. Bioinform. 2: 247–250.
Ragge, D.R. 1987. The song of the western European grasshop-

pers of the genus Stenobothrus in relation to their taxonomy

(Orthoptera: Acrididae). Bull. Brit. Mus. (Nat. Hist.) Entomol.

55: 393–424.
Ragge, D.R. & Reynolds, W.J. 1988. Songs and taxonomy of the

grasshoppers of the Chortippus biguttulus group in the Iberian

Peninsula (Orhtoptera: Acrididae). J. Nat. Hist. 22: 897–929.

Rambaut, A. 2009. FigTree version 1.3.1. http://tree.bio.ed.ac.

uk/software/figtree/.

Rambaut, A. & Drummond, A.J. 2009. Tracer v1.5. http://bea

st.bio.ed.ac.uk/Tracer

Reinhardt, K., K€ohler, G., Maas, S. & Detzel, P. 2005. Low dis-

persal ability and habitat specificity promote extinctions in

rare but not in widespread species: the Orthoptera of Ger-

many. Ecography 28: 593–602.
Rensch, B. 1950. Die Abhangigkeit der relativen sexualdif-

ferenz von der Korpergrole. Bonner Zool. Beitr€age 1: 58–69.
Revell, L.J. 2010. Phylogenetic signal and linear regression on

species data. Met. Ecol. Evol. 1: 319–329.
Revell, L.J. 2011. Phytools: an R package for phylogenetic compar-

ative biology (and other things).Met. Ecol. Evol. 3: 217–223.
Roff, D. 1980. Optimizing development time in a seasonal

environment: the ups and downs of clinal variation. Oecolo-

gia 45: 202–208.
Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L., Dar-

ling, A., H€ohna, S. et al. 2012. MrBayes 3.2: efficient Baye-

sian phylogenetic inference and model choice across a large

model space. Syst. Biol. 61: 539–542.
Saldamando, C.I., Miyaguchi, S., Tatsuta, H., Kishino, H., Bri-

dle, J.R. & Butlin, R.K. 2005. Inheritance of song and stridu-

latory peg number divergence between Chorthippus brunneus

and C. jacobsi, two naturally hybridizing grasshopper species

(Orthoptera: Acrididae). J. Evol. Biol. 18: 703–712.
Sanabria-Urb�an, S., Song, H., Oyama, K., Gonz�alez-Rodr�ıguez,
A., Serrano-Meneses, M.A. & Cueva del Castillo, R. 2015.

Body size adaptations to altitudinal climatic variation in

neotropical grasshoppers of the genus Sphenarium (Orthop-

tera: Pyrgomorphidae). PLoS ONE 11: e0148329.

Schluter, D. 2000. The Ecology of Adaptive Radiation. Oxford

University Press, Oxford.

Schultner, E., Blanchet, E., Pag�es, C., Lehmann, G.U.C. &

Lecoq, M. 2012. Development, reproductive capacity and

diet of the Mediterranean grasshopper Arcyptera brevipennis

vicheti (Orthoptera: Caelifera: Acrididae: Gomphocerinae).

Ann. Soc. Entomol. France 48: 299–307.
Shelomi, M. 2012. Where are we now? Bergmann’s rule sensu

lato in insects. Am. Nat. 180: 511–519.
Shine, R. 1990. Proximate determinants of sexual differences

in adult body size. Am. Nat. 135: 278–283.
Song, H., Am�ed�egnato, C., Cigliano, M.M., Desutter-Grandco-

las, L., Heads, S.W., Huang, Y. et al. 2015. 300 million years

of diversification: elucidating the patterns of orthopteran

evolution based on comprehensive taxon and gene sam-

pling. Cladistics 31: 621–651.
Stange, N. & Ronacher, B. 2012. Grasshopper calling songs

convey information about condition and health of males. J.

Comp. Physiol. A. 198: 309–318.
Stauffer, T.W. & Whitman, D.W. 1997. Grasshopper oviposi-

tion. In: The Bionomics of Grasshoppers, Katydids and their Kin

(S.K. Gangwere, M.C. Muralirangan, M. Muralirangan, eds),

pp. 231–280. CAB International, UK.

Stilwell, R.C., Blanckenhorn, W.U., Teder, T., Davidowitz, G.

& Fox, C.W. 2010. Sex differences in phenotypic plasticity

affect variation in sexual size dimorphism in insects: from

physiology to evolution. Ann. Rev. Entomol. 55: 227–245.
Swofford, D.L. 2002. PAUP*. Phylogenetic Analysis Using Par-

simony (*and Other Methods). Version 4. Sinauer Associ-

ates, Sunderland, Massachusetts.

ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 3 0 ( 2 0 1 7 ) 1 5 92 – 1 6 08

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 7 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Body size evolution in grasshoppers 1607

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer


Taberlet, P., Fumagalli, L., Wust-Sauc, A.G. & Cosson, J.F.

1998. Comparative phylogeography and postglacial coloniza-

tion routes in Europe. Mol. Ecol. 7: 453–464.
Taylor, B.J. & Whitman, D.W. 2010. A test of three hypotheses

for ovariole number determination in the grasshopper Roma-

lea microptera. Physiol. Entomol. 35: 214–221.
Teder, T. & Tammaru, T. 2005. Sexual size dimorphism within

species increases with body size in insects. Oikos 108: 321–
334.

Vaidya, G., Lohman, D.J. & Meier, R. 2011. SequenceMatrix:

concatenation software for the fast assembly of multi-gene

datasets with character set and codon information. Cladistics

27: 171–180.
Warton, D.I., Duursma, R.A., Falster, D.S. & Taskinen, S.

2012. smatr 3- an R package for estimation and inference

about allometric lines. Met. Ecol. Evol. 3: 257–259.
Webb, T.J. & Freckleton, R.P. 2007. Only half right: species

with female-biased sexual size dimorphism consistently

break Rensch’ rule. PLoS ONE 2: e897.

Whitman, D.W. 2008. The significance of body size in the

Orthoptera: a review. J. Orthop. Res. 17: 117–134.
Yan, Z.C. & Chen, Y.L. 1997. Studies on the individual size

group and the life form of grasshoppers in typical steppe of

Inner Mongolia, China. Acta Ecol. Sin. 17: 666–670.
Zwickl, D.J. 2006. Genetic algorithm approaches for the phylo-

genetic analysis of large biological sequence datasets under

the maximum likelihood criterion. PhD thesis, University of

Texas, Austin, USA.

Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this article:

Table S1 Information on body size (male and female

femur length, mm), duration and length (in months) of

the breeding season, substrate and altitude range for

Iberian short-horned grasshoppers (Acrididae).

Table S2 Habitat requirements and ‘Paired Difference

Index’ (PDI) values computed for the 85 grasshopper

species included in this study.

Table S3 Association of each grasshopper species with

the nine most common habitats in which these can be

found, where 0 = species not recorded in the habitat,

1 = minor association, 2 = moderate association, and

3 = strong association between the species and the

habitat.

Figure S1 Ordinary least square (OLS) regression of

sexual size dimorphism on the length of the breeding

season for the grasshopper species analysed in this

paper.

Figure S2 The Bayesian maximum clade credibility

(MCC) tree.
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