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Abstract

     Sexual size dimorphism (SSD) can be the result of sexual selection (SS) or 
natural selection (NS). Due to male-male competition for access to females, 
SS could favor an increase in male body size. On the other hand, larger size 
in females could be favored by NS, since egg production is directly correlated 
with body size. Rensch`s rule states that SSD increases with increasing body 
size in animals, where males are the larger sex, and decreases when females 
are larger than males. Thus, Rensch’s rule predicts that in those insects where 
females are larger than males, SSD should decrease with increasing body size, 
when comparing populations and species. We analyzed SSD in 19 Argentine 
populations of the grasshoppers Dichroplus vittatus and 25 of D. pratensis. 
Both species show latitudinal and altitudinal variation in body size, following 
the converse to Bergmann’s rule: body size decreases with increasing latitude 
and decreasing ambient temperature. SSD occurs in both species across their 
geographical distribution ranges, also involving differences in allometry 
and shorter developmental times in males. In D. vittatus, the degree of SSD 
increased significantly with general body size, whereas in D. pratensis SSD 
decreased as body size increased. A plausible explanation of SSD is that SS 
favors a differential increase in female body size related to a preference by 
males for more fecund females. Given the close phylogenetic relationship 
between both species, the differences in SSD between them may be the result 
of differential natural and sexual selective pressures. In D. vittatus both sexes 
could be reacting differently to environmental conditions regarding body 
size, while in D. pratensis protandry could be the main factor behind SSD.
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Introduction

     Sexual dimorphism (SD) results from morphological differences 
between the sexes. According to Wilson (1975) SD is, “any consistent 
difference between males and females beyond the basic functional 
portions of the sex organs”. In many animal species, the sexes differ 
in size (sexual size dimorphism or SSD) (Fairbairn 1990, 1997; Shine 
1990; Andersson 1994; Badyaev 2002; Lindenfors 2002). Body size 
is correlated with many life history traits and can be the target of 
both sexual and natural selection (Blackburn et al. 1999). In many 
mammals and birds SSD is male biased, but in the majority of ec-
totherms, it is female biased, although with many exceptions (Ralls 
1976, Andersson 1994, Monnet & Cherry 2002, Schulte-Hostedde 
et al. 2002, Teder & Tammaru 2005). Differences between females 
and males in the intensity and/or direction of sexual selection can 

generate differences in SSD (Darwin 1871; Spencer & Masters 1992; 
Andersson 1994; Fairbairn & Preziosi 1994; Ding & Blanckenhorn 
2002; Kraushaar & Blanckenhorn 2002; Szekely et al. 2004; Teder & 
Tammaru 2005, 2005). In most insects, females are larger, perhaps 
because larger females are more fecund than smaller ones (Andersson 
1994, Honek 1993). In addition, small males may also be selected 
for in species where scramble competition polygyny, and not male 
contests, is the main form of sexual competition between males 
(Thornhill & Alcock 1983, Schwagmeyer 1988, Andersson 1994, 
Bidau & Martí 2007b). 
     However, natural selection can also explain sex differences in 
body size if males and females have different niches (Butler et al. 
2000, Mysterud 2000, Blondel et al. 2002, Pérez-Barbería et al. 2002). 
Differences in emergence and maturation times between females and 
males could explain SSD. A common phenomenon in many cases 
where adult males are smaller than adult females is protandry. Early 
emergence of males could evolve by natural selection because males 
that mature earlier than females could have an advantage in mate 
competition (Darwin 1871). Also, early emergence of small males 
could be advantageous when scrambles and early arrival to mating 
grounds are the main mode of competition for mates (Andersson 
1994, Zonneveld 1996, Morbey & Ydenberg 2001, Matsuura 2006). 
For protandry to evolve it must be heritable and populations must 
be univoltine, or have nonoverlapping generations (Bradshaw et 
al. 1997). Selection for protandry could cause female-biased SSD if 
males and females realize the same preadult growth rates. In this case, 
SSD would result from sexual selection (Singer 1982). Alternatively, 
SSD could result from natural selection if large females attain higher 
fecundity, but large males received no particular sexual or reproduc-
tive advantage (Thornhill & Alcock 1983). Protandry also could 
be a female reproductive strategy to minimize the prereproductive 
period (Fagerström & Wiklund 1982). 
     SSD is a fundamental component of intra- and interspecies 
morphological variation. In species with a large latitudinal and/or 
altitudinal distribution range, body size may show significant varia-
tion (e.g., Bergmann’s rule, Bergmann 1847) that can be correlated 
with environmental variables (e.g., Rensch’s rule; Rensch 1960, Bidau 
& Martí 2007b). Moreover, patterns of SSD may be inherited from a 
common ancestor, thus being relevant to determinate monophyletic 
groups (Baker & Wilkinson 2001). 
     The main goal of this study was to quantify the degree of SSD 
in two closely related grasshopper species with large and partially 
overlapping geographic distribution. According to Rensch’s rule 
(Rensch 1950, 1960) in taxa in which males are the larger sex, the 
degree of SSD tends to increase with increasing average body size, 
and decreases with body size in those taxa where females are larger 
than males (Abouheif & Fairbairn 1997). This tendency has been 
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documented both across and within species. 
     We were interested in analyzing intraspecific patterns of SSD in 
two related species because most of the information on the occur-
rence of Rensch`s rule in nature is interspecific. Although recently 
a number of intraspecific studies have been published, between-
species comparisons of related species are uncommon (Fairbairn 
2005), and it is not known if the underlying mechanisms, both 
proximate and evolutionary, are comparable to those that have 
been proposed for interspecific SSD variation (Fairbairn 2005). 

Furthermore, proximate mechanisms may be entirely different in 
vertebrates vs invertebrates, or endo- vs ectotherms (Blanckenhorn 
et al. 2007).
     In acridoid grasshoppers, the degree of female-biased SSD varies 
widely between families and genera (Uvarov 1966, 1977). The South 
American Melanoplines and especially the widespread genus Dichro-
plus, exhibit moderate to pronounced SSD as well as other aspects 
of sexual dimorphism such as differences in coloration (Cigliano 
& Otte 2003, Bidau & Martí 2007b). We therefore analyzed SSD in 

Table 1a.  Means and standard errors of six morphometric characters in males in populations of D. vittatus and D. pratensis. Populations 
are those indicated in Fig. 1. Lat (S): latitude; Lon (W): longitude; A: altitude (meters above sea level); N: number of individuals; BL: 
total body length; F3L: left femur 3 length; T3L: left tibia 3 length; TeL: tegmina length; PL: pronotum length; PH: pronotum height; s

x: standard  error of the mean. 

Population Lat (S) Lon (W) A N BL±s x F3L±s x T3L±s x TeL±s x PL±s x PH±s x

D. vittatus
1. Huacalera 23° 26’ 65º 21’ 2758 25 17.3±0.14 9.6±0.10 8.0±0.08 6.0±0.13 3.7±0.04 2.8±0.03
2. La Viña 25° 28’ 65º 35’ 1265 2 21.6±0.28 11.9±0.35 9.9±0.23 7.7±0.02 4.7±0.29 3.4±0.08
3. S. del Estero 26° 01’ 62° 22’ 174 10 20.3±0.28 11.5±0.15 9.4±0.13 8.0±0.19 4.5±0.10 3.1±0.06
4. C. del Valle 26° 22’ 65° 57’ 1662 3 19.8±0.50 11.1±0.40 9.1±0.45 7.0±0.24 4.4±0.10 3.1±0.03
5. Tafi del Valle 26° 52’ 65º 43’ 2014 24 20.1±0.17 11.0±0.08 9.0±0.09 7.5±0.09 4.6±0.05 3.2±0.04
6. Miraflores 28° 36’ 65º 41’ 537 4 19.0±0.36 10.2±0.35 9.0±0.48 5.7±0.49 4.1±0.09 3.0±0.03
7. Chumbicha 28° 52’ 66º 14’ 376 10 20.0±0.29 10.3±0.15 8.6±0.12 6.8±0.20 4.110.11 3.1±0.06
8. La Rioja 29° 05’ 66º 40’ 521 4 20.3±0.19 10.9±0.05 9.0±0.08 7.3±0.25 4.3±0.07 3.1±0.04
9. Valle Fértil 30° 38’ 67º 27’ 828 14 18.6±0.23 10.2±0.16 8.3±0.13 6.1±0.14 3.9±0.05 2.9±0.04
10. V. Rosario 31º 34’ 63º 32’ 248 25 19.2±0.14 10.4±0.09 8.5±0.08 6.9±0.12 4.1±0.04 3.1±0.03
11. Guido 32° 52’ 69º 15’ 2099 8 19.5±0.29 10.5±0.14 8.5±0.11 6.6±0.18 4.1±0.09 3.0±0.04
12. Potrerillos 32° 57’ 69º 11’ 1469 2 17.9±0.55 9.9±0.17 8.0±0.36 5.9±0.41 3.9±0.07 3.0±0.10
13. Cacheuta 33° 02’ 69º 07’ 1310 3 18.6±0.47 9.9±0.24 8.3±0.15 6.8±0.12 4.0±0.08 2.9±0.03
14. Compuertas 33° 03’ 69º 04’ 1063 10 19.6±0.39 10.4±0.20 8.4±0.21 6.4±0.13 4.2±0.09 3.1±0.04
15. La Punilla 33º 08’ 65º 05’ 942 4 18.9±0.42 10.3±0.23 8.4±0.21 6.5±0.35 4.2±0.10 2.9±0.04
16. El Morro 33º 13’ 65º 29’ 993 6 18.4±0.39 10.1±0.18 8.3±0.17 7.2±0.18 4.’±0.07 2.9±0.03
17. Olmos 33° 30’ 63º 10’ 117 10 18.5±0.40 10.2±0.22 8.5±0.19 6.7±0.20 3.8±0.10 3.1±0.03
18. Toay 36° 40’ 64º 21’ 174 9 16.8±0.43 9.5±0.24 7.6±0.20 5.3±0.34 3.7±0.11 2.6±0.08
19. Playa Unión 43° 04’ 65º 03’ 36 17 16.4±0.23 9.1±0.16 7.6±0.13 5.6±0.57 2.8±0.06 3.6±0.06
D. pratensis
20. Volcán 23º 55’ 65º 27’ 2474 27 22.4±0.24 12.0±0.14 9.8±0.11 11.6±0.18 4.9±0.04 3.9±0.05
21. E. Mazán 28º 44’ 66º 29’ 646 22 23.8±0.23 12.6±0.14 10.0±0.13 14.5±0.23 5.2±0.07 4.2±0.07
22. Carrizal 28º 54’ 67º 33’ 522 5 24.0±0.50 12.8±0.23 10.1±0.21 14.6±0.21 5.2±0.16 4.2±0.12
23. Las Juntas 30º 41’ 67º 35’ 1203 5 21.8±0.39 11.6±0.13 8.9±0.09 13.5±0.17 4.5±0.12 3.9±0.08
24. C. Machado 31º 28’ 63º 35’ 314 15 25.6±0.28 14.0±0.17 11.5±0.13 17.5±0.26 5.6±0.08 4.3±0.07
25. Guido 32º 52’ 69º 15’ 2099 12 25.1±0.47 13.4±0.31 10.6±0.24 16.8±0.31 5.3±0.13 4.3±0.09
26. Potrerillos 32º 56’ 69º 11’ 1469 28 23.8±0.20 12.6±0.10 9.9±0.11 15.8±0.17 5.0±0.26 4.0±0.04
27. Cacheuta 33º 02’ 69º 07’ 1310 16 23.5±0.26 12.5±0.16 9.9±0.17 15.6±0.36 5.1±0.07 4.0±0.06
28. Compuertas 33º 03’ 69º 04’ 1063 10 26.4±0.38 14.1±0.25 10.9±0.21 17.3±0.22 5.6±0.11 4.3±0.12
29. La Punilla 33º 08’ 65º 05’ 942 4 24.2±0.28 13.5±0.16 10.5±0.03 17.0±0.53 5.2±0.06 3.5±0.10
30. Achiras 33º 09’ 65º 00’ 838 12 23.8±0.30 13.2±0.16 10.2±0.15 15.3±0.34 5.1±0.08 4.1±0.06
31. Saladillo 33º 13’ 65º 52’ 840 6 25.0±0.21 13.7±0.14 10.9±0.15 17.4±0.19 5.3±0.08 4.3±0.10
32. El Morro 33º 13’ 65º 29’ 993 5 24.7±0.51 13.6±0.23 10.9±0.16 17.0±0.23 5.2±0.11 3.7±0.07
33. La Granja 33º 30’ 63º 17’ 577 15 26.0±0.70 14.1±0.49 11.3±0.53 18.4±0.79 5.7±0.27 4.3±0.33
34. Manantiales 33º 33’ 63º 20’ 580 15 26.1±1.41 14.5±0.56 11.6±0.52 18.2±1.12 5.6±0.33 4.4±0.42
35. Don Tomás 36º 41’ 64º 20’ 175 15 24.2±0.25 13.5±0.09 10.9±0.12 17.5±0.21 5.3±0.05 4.1±0.07
36. Olavarría 36º 55’ 60º 17’ 162 15 22.6±0.23 12.6±0.11 10.1±0.0 16.6±0.15 4.8±0.10 3.7±0.09
37. C. Pringles 37º59’ 61º 22’ 846 15 23.4±0.75 13.0±0.50 10.4±0.42 16.8±0.77 4.9±0.28 3.8±0.30
38. C. Ceferino 38º06’ 61º 48’ 853 15 23.3±0.90 13.1±0.70 10.2±0.48 16.5±1.12 5.0±0.37 4.0±0.27
39. I. Ameghino 42º 30’ 64º 32’ 55 20 22.2±0.22 12.2±0.16 10.1±0.3 15.5±0.23 4.8±0.07 3.7±0.06
40. P. Madryn 42º 49’ 65º 03’ 18 20 22.6±0.20 12.7±0.15 10.3±0.12 15.6±0.2 5.1±0.07 4.4±0.09
41. K 1430. NR 3 43º 04’ 65º 12’ 36 6 22.5±0.50 12.4±0.19 10.3±0.25 15.7±0.45 4.7±0.15 3.9±0.15
42. Lago Musters 45º 30’ 69º 08’ 261 17 19.5±0.30 11.4±0.19 9.4±0.12 13.4±0.20 4.2±0.09 3.1±0.09
43. D. Argentina 45º 47’ 67º 40’ 326 16 19.3±0.28 11.1±0.15 8.7±0.14 13.1±0.18 3.7±0.10 2.9±0.09
44. V. Rada Tilly 45º 57’ 67 º 32’ 0 7 18.2±0.45 10.7±0.40 8.7±0.39 13.5±0.35 3.8±0.27 3.0±0.21
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two closely related South American grasshoppers, Dichroplus vittatus 
(Figs 4, 5; Plate IV) and D. pratensis (see Figs 2, 3 of paper p. 149 
this issue; Plate IV). Both species have ample overlapping latitudinal 
and altitudinal geographic distributions, occupying many different 
habitats (Liebermann1963; Cigliano & Otte 2003; Bidau & Martí 
2002, 2007a, b). Both species show body-size variation and follow 
the converse to Bergmann’s rule (Bidau & Martí 2007a, b). Our 
central hypothesis was that the degree of SSD was similar in both 
sister species and that Rensch’s rule was verified in both. 

Materials and methods

     Population samples of D. vittatus were obtained at 19 Argentine 
localities spanning almost 20 degrees of latitude and 36 to 2758 
m above sea level (Fig. 1., Table 1). Twenty five samples of D. 
pratensis were collected at localities from Argentina spanning 22 
degrees of latitude and 0 to 2474 m elevation (Fig.1, Table 1). 
Using a precision caliper (0.01 mm), we measured a) body length 
(BL), b) length of left hind femur (F3L), c) length of left hind 

Population N BL±s x F3L±s x T3L±s x TeL±s x PL±s x PH±s x

D. vittatus
1. Huacalera 18 21.7±0.31 12.4±0.11 10.4±0.12 7.7±0.19 5.3±0.08 3.8±0.06
2. La Viña 11 28.1±0.31 15.6±0.18 13.5±0.22 11.0±0.58 6.7±0.20 4.9±0.21
3. S. del Estero 10 24.8±0.29 13.4±0.15 10.5±0.16 8.6±0.25 5.5±0.21 3.8±0.21
4. C. del Valle 2 25.4±1.67 14.6±0.67 12.2±0.62 9.2±0.55 6.2±0.28 4.6±0.16
5. Tafi del Valle 21 25.7±0.19 14.0±0.11 11.8±0.10 9.4±0.15 6.2±0.06 4.4±0.05
6. Miraflores 3 25.7±0.18 14.1±0.18 12.0±0.12 8.9±0.28 6.2±0.06 4.1±0.05
7. Chumbicha 5 23.7±0.62 13.1±0.25 11.4±0.28 8.3±0.58 5.7±0.40 4.2±0.13
8. La Rioja 9 27.4±0.25 14.6±0.33 12.4±0.26 10.3±0.26 6.3±0.06 4.6±0.06
9. Valle Fértil 4 24.7±0.29 13.6±0.14 11.2±0.09 8.1±0.29 5.8±0.09 3.9±0.10
10. V. Rosario 25 26.1±0.17 14.3±0.13 12.0±0.16 9.4±0.13 6.2±0.06 4.3±0.03
11. Guido 10 23.5±0.25 12.8±0.28 10.3±0.25 7.1±0.25 5.4±0.07 3.9±0.07
12. Potrerillos 5 22.8±0.67 12.2±0.39 10.3±0.31 6.8±0.39 5.4±0.23 3.8±0.16
13. Cacheuta 5 21.7±0.71 11.6±0.38 9.7±0.31 6.6±0.43 5.3±0.25 3.7±0.19
14. Compuertas 2 22.0±1.28 12.2±0.56 10.2±0.33 6.8±0.31 5.5±0.38 3.9±0.18
15. La Punilla 4 23.7±0.42 13.0±0.30 10.8±0.35 8.0±0.30 5.8±0.40 3.7±0.24
16. El Morro 6 23.2±0.49 13.3±0.15 10.8±0.16 8.1±0.30 5.5±0.28 3.9±0.25
17. Olmos 10 22.7±0.22 12.7±0.27 10.7±0.28 8.4±0.22 5.3±0.10 3.8±0.05
18. Toay 9 20.8±0.20 11.8±0.27 9.6±0.18 6.5±0.19 5.4±0.08 3.9±0.05
19. Playa Unión 16 20.3±0.42 11.3±0.20 9.6±0.16 6.2±0.18 4.8±0.09 3.4±0.08
D. pratensis
20. Volcán 7 24.3±0.45 14.0±034 11.4±0.40 12.6±0.28 5.8±0.08 4.9±0.10
21. E. Mazán 23 26.5±0.31 14.3±0.15 11.6±0.05 15.1±0.23 6.1±0.07 5.0±0.07
22. Carrizal 5 28.2±0.20 15.2±0.13 12.1±0.07 16.0±0.29 6.2±0.18 5.0±0.13
23. Las Juntas 6 25.7±0.27 14.1±0.17 11.2±0.19 15.1±0.56 5.7±0.08 4.6±0.11
24. C. Machado 13 27.7±0.32 15.7±0.24 13.0±0.18 18.7±0.26 6.2±0.11 5.0±0.09
25. Guido 7 26.9±0.62 14.7±0.36 11.9±0.32 17.4±0.32 5.8±0.18 4.7±0.13
26. Potrerillos 32 23.8±0.21 13.2±0.15 10.5±0.4 14.7±0.27 5.2±0.07 4.3±0.05
27. Cacheuta 14 24.9±0.45 13.7±0.25 11.1±0.20 15.3±0.30 5.5±0.09 4.3±0.11
28. Compuertas 15 27.2±0.35 15.1±0.19 12.0±0.16 17.53±0.39 5.9±0.07 4.7±0.07
29. La Punilla 4 25.8±0.60 14.5±0.36 11.6±0.17 17.0±0.40 5.7±0.14 4.2±0.13
30. Achiras 9 26.7±0.34 15.0±0.21 11.7±0.14 15.8±0.30 5.8±0.07 4.7±0.08
31. Saladillo 6 25.7±0.71 14.6±0.40 11.5±0.14 16.5±0.60 5.6±0.11 4.4±0.17
32. El Morro 3 24.5±0.17 13.8±0.38 11.0±0.40 16.3±0.46 5.6±0.12 3.9±0.13
33. La Granja 15 26.8±0.22 14.8±0.20 11.8±0.19 17.8±0.21 5.9±0.11 4.6±0.10
34. Manantiales 15 26.9±0.24 14.9±0.20 11.9±0.18 19.8±0.20 5.9±0.12 4.7±0.09
35. Don Tomás 15 25.4±0.23 14.1±0.23 11.4±0.23 17.1±0.24 5.4±0.10 4.4±0.07
36. Olavarría 15 24.3±0.27 14.0±0.18 11.2±0.14 16.9±0.22 5.5±0.09 4.2±0.09
37. C. Pringles 15 25.3±0.28 14.4±0.17 11.6±0.15 16.8±0.22 5.5±0.10 4.4±0.08
38. C. Ceferino 15 25.2±0.30 14.4±0.16 11.5±0.15 16.7±0.21 5.2±0.11 4.5±0.07
39. I. Ameghino 20 24.1±0.44 13.7±0.12 11.4±0.16 16.1±0.17 5.0±0.05 4.4±0.04
40. P. Madryn 20 25.2±0.41 14.4±0.21 11.7±0.17 16.8±1.17 5.4±0.09 4.2±0.13
41. K 1430. NR 3 15 22.3±0.32 13.4±0.22 11.1±0.29 15.5±0.38 4.9±0.16 4.1±0.14
42. Lago Musters 16 23.5±0.36 13.7±0.28 11.3±0.20 15.5±0.30 5.2±0.11 3.9±0.11
43. D. Argentina 16 22.2±0.35 13.3±0.16 11.2±0.13 15.3±0.27 5.0±0.16 3.7±0.09
44. V. Rada Tilly 21 23.2±0.34 13.9±0.19 11.5±0.18 15.8±0.26 5.0±0.08 3.9±0.09
 

Population Lat (S) Lon (W) A N BL±s F3L±s T3L±s TeL±s PL±s PH±s
D. vittatus
1. Huacalera 23° 26’ 65º 21’ 2758 25 17.3±0.14 9.6±0.10 8.0±0.08 6.0±0.13 3.7±0.04 2.8±0.03
2. La Viña 25° 28’ 65º 35’ 1265 2 21.6±0.28 11.9±0.35 9.9±0.23 7.7±0.02 4.7±0.29 3.4±0.08
3. S. del Estero 26° 01’ 62° 22’ 174 10 20.3±0.28 11.5±0.15 9.4±0.13 8.0±0.19 4.5±0.10 3.1±0.06
4. C. del Valle 26° 22’ 65° 57’ 1662 3 19.8±0.50 11.1±0.40 9.1±0.45 7.0±0.24 4.4±0.10 3.1±0.03
5. Tafi del Valle 26° 52’ 65º 43’ 2014 24 20.1±0.17 11.0±0.08 9.0±0.09 7.5±0.09 4.6±0.05 3.2±0.04
6. Miraflores 28° 36’ 65º 41’ 537 4 19.0±0.36 10.2±0.35 9.0±0.48 5.7±0.49 4.1±0.09 3.0±0.03
7. Chumbicha 28° 52’ 66º 14’ 376 10 20.0±0.29 10.3±0.15 8.6±0.12 6.8±0.20 4.110.11 3.1±0.06
8. La Rioja 29° 05’ 66º 40’ 521 4 20.3±0.19 10.9±0.05 9.0±0.08 7.3±0.25 4.3±0.07 3.1±0.04
9. Valle Fértil 30° 38’ 67º 27’ 828 14 18.6±0.23 10.2±0.16 8.3±0.13 6.1±0.14 3.9±0.05 2.9±0.04
10. V. Rosario 31º 34’ 63º 32’ 248 25 19.2±0.14 10.4±0.09 8.5±0.08 6.9±0.12 4.1±0.04 3.1±0.03
11. Guido 32° 52’ 69º 15’ 2099 8 19.5±0.29 10.5±0.14 8.5±0.11 6.6±0.18 4.1±0.09 3.0±0.04
12. Potrerillos 32° 57’ 69º 11’ 1469 2 17.9±0.55 9.9±0.17 8.0±0.36 5.9±0.41 3.9±0.07 3.0±0.10
13. Cacheuta 33° 02’ 69º 07’ 1310 3 18.6±0.47 9.9±0.24 8.3±0.15 6.8±0.12 4.0±0.08 2.9±0.03
14. Compuertas 33° 03’ 69º 04’ 1063 10 19.6±0.39 10.4±0.20 8.4±0.21 6.4±0.13 4.2±0.09 3.1±0.04
15. La Punilla 33º 08’ 65º 05’ 942 4 18.9±0.42 10.3±0.23 8.4±0.21 6.5±0.35 4.2±0.10 2.9±0.04
16. El Morro 33º 13’ 65º 29’ 993 6 18.4±0.39 10.1±0.18 8.3±0.17 7.2±0.18 4.’±0.07 2.9±0.03
17. Olmos 33° 30’ 63º 10’ 117 10 18.5±0.40 10.2±0.22 8.5±0.19 6.7±0.20 3.8±0.10 3.1±0.03
18. Toay 36° 40’ 64º 21’ 174 9 16.8±0.43 9.5±0.24 7.6±0.20 5.3±0.34 3.7±0.11 2.6±0.08
19. Playa Unión 43° 04’ 65º 03’ 36 17 16.4±0.23 9.1±0.16 7.6±0.13 5.6±0.57 2.8±0.06 3.6±0.06
D. pratensis
20. Volcán 23º 55’ 65º 27’ 2474 27 22.4±0.24 12.0±0.14 9.8±0.11 11.6±0.18 4.9±0.04 3.9±0.05
21. E. Mazán 28º 44’ 66º 29’ 646 22 23.8±0.23 12.6±0.14 10.0±0.13 14.5±0.23 5.2±0.07 4.2±0.07
22. Carrizal 28º 54’ 67º 33’ 522 5 24.0±0.50 12.8±0.23 10.1±0.21 14.6±0.21 5.2±0.16 4.2±0.12
23. Las Juntas 30º 41’ 67º 35’ 1203 5 21.8±0.39 11.6±0.13 8.9±0.09 13.5±0.17 4.5±0.12 3.9±0.08
24. C. Machado 31º 28’ 63º 35’ 314 15 25.6±0.28 14.0±0.17 11.5±0.13 17.5±0.26 5.6±0.08 4.3±0.07
25. Guido 32º 52’ 69º 15’ 2099 12 25.1±0.47 13.4±0.31 10.6±0.24 16.8±0.31 5.3±0.13 4.3±0.09
26. Potrerillos 32º 56’ 69º 11’ 1469 28 23.8±0.20 12.6±0.10 9.9±0.11 15.8±0.17 5.0±0.26 4.0±0.04
27. Cacheuta 33º 02’ 69º 07’ 1310 16 23.5±0.26 12.5±0.16 9.9±0.17 15.6±0.36 5.1±0.07 4.0±0.06
28. Compuertas 33º 03’ 69º 04’ 1063 10 26.4±0.38 14.1±0.25 10.9±0.21 17.3±0.22 5.6±0.11 4.3±0.12
29. La Punilla 33º 08’ 65º 05’ 942 4 24.2±0.28 13.5±0.16 10.5±0.03 17.0±0.53 5.2±0.06 3.5±0.10
30. Achiras 33º 09’ 65º 00’ 838 12 23.8±0.30 13.2±0.16 10.2±0.15 15.3±0.34 5.1±0.08 4.1±0.06
31. Saladillo 33º 13’ 65º 52’ 840 6 25.0±0.21 13.7±0.14 10.9±0.15 17.4±0.19 5.3±0.08 4.3±0.10
32. El Morro 33º 13’ 65º 29’ 993 5 24.7±0.51 13.6±0.23 10.9±0.16 17.0±0.23 5.2±0.11 3.7±0.07
33. La Granja 33º 30’ 63º 17’ 577 15 26.0±0.70 14.1±0.49 11.3±0.53 18.4±0.79 5.7±0.27 4.3±0.33
34. Manantiales 33º 33’ 63º 20’ 580 15 26.1±1.41 14.5±0.56 11.6±0.52 18.2±1.12 5.6±0.33 4.4±0.42
35. Don Tomás 36º 41’ 64º 20’ 175 15 24.2±0.25 13.5±0.09 10.9±0.12 17.5±0.21 5.3±0.05 4.1±0.07
36. Olavarría 36º 55’ 60º 17’ 162 15 22.6±0.23 12.6±0.11 10.1±0.0 16.6±0.15 4.8±0.10 3.7±0.09
37. C. Pringles 37º59’ 61º 22’ 846 15 23.4±0.75 13.0±0.50 10.4±0.42 16.8±0.77 4.9±0.28 3.8±0.30
38. C. Ceferino 38º06’ 61º 48’ 853 15 23.3±0.90 13.1±0.70 10.2±0.48 16.5±1.12 5.0±0.37 4.0±0.27
39. I. Ameghino 42º 30’ 64º 32’ 55 20 22.2±0.22 12.2±0.16 10.1±0.3 15.5±0.23 4.8±0.07 3.7±0.06
40. P. Madryn 42º 49’ 65º 03’ 18 20 22.6±0.20 12.7±0.15 10.3±0.12 15.6±0.2 5.1±0.07 4.4±0.09
41. K 1430. NR 3 43º 04’ 65º 12’ 36 6 22.5±0.50 12.4±0.19 10.3±0.25 15.7±0.45 4.7±0.15 3.9±0.15
42. Lago Musters 45º 30’ 69º 08’ 261 17 19.5±0.30 11.4±0.19 9.4±0.12 13.4±0.20 4.2±0.09 3.1±0.09
43. D. Argentina 45º 47’ 67º 40’ 326 16 19.3±0.28 11.1±0.15 8.7±0.14 13.1±0.18 3.7±0.10 2.9±0.09
44. V. Rada Tilly 45º 57’ 67 º 32’ 0 7 18.2±0.45 10.7±0.40 8.7±0.39 13.5±0.35 3.8±0.27 3.0±0.21

Table 1b.  Means and standard errors of six morphometric characters for females of D. vittatus and D. pratensis.  See Table 1a caption 
for legend. 
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Fig. 1. Geographic distribution of Argen-
tine grasshopper populations analyzed 
in this paper. Open circles, D. vittatus; 
closed black circles, D. pratensis; crosses, 
localities where both species were found 
in sympatry.

corresponding mean of males (Smith 1999), in order to visualize 
directly deviations from 1 (i.e., from isometry). The scaling of SSD 
with body size was described by regressing log10 (male size) on 
log10 (female size) for the six traits (Fairbairn & Preziosi 1994; 
Abouheif & Fairbairn 1997; Fairbairn 1997, 2005). Thus, Rensch`s 
rule applies when the slope of the regression line is greater than 1.0, 
whereas slopes smaller than 1.0 signal its converse (Fairbairn 1997). 
     Ordinary, least squares regression (OLS) is not adequate for this 
type of analysis because x (in this case, female body size) is not fixed 
and is estimated with error, with the consequence that the slope 
b and its confidence interval, are estimated with error (Fairbairn 
1997). In these cases, type II regression is recommended (Sokal & 
Rohlf 1995). We thus used reduced major-axis regression (RMA) 
to estimate slopes for the relationship between log10 of male size 
and log10 of female size. For this purpose we used the software for 
RMA (Java version, Bohonak & van der Linde 2004). Clarke`s T 

tibia (T3L), d) length of tegmina (TeL), e) mid-dorsal length of 
pronotum (PL) and f) height of pronotum (PH) of female and 
male preserved specimens. We used these measurements because 
they are standard, and because males and females of Dichroplus and 
other Melanoplines usually differ conspicuously for them. Prior 
to statistical analysis, all measurements were log transformed and 
then tested for normality using the Kolmogorov-Smirnov test, to 
determine the appropriateness of subsequent parametric analysis. 
No variable departed from normality. Coefficients of variation for 
each analyzed trait were calculated as CV= s × 100/ x (Zar 1999). A 
General Linear Model (GLM) was employed for determining size 
differences between species, populations and sexes for all six mor-
phometric traits. Within species, one-way ANOVAs were performed 
for each trait, using population or sex as factors.
     SSD was calculated for each population as the ratio between the 
arithmetic mean of each measured character of females, and the 
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statistic, with adjusted degrees of freedom, was used for testing the 
hypothesis that βRMA = 1.0 (Clarke, 1980). Allometric relationships 
within the sexes of both species were also investigated by regress-
ing traits on total body length using the same statistical procedures 
described above as in Fairbairn (2005).

Results

     To determine the sources of body-size variation in D. vittatus 
and D. pratensis, we performed a multivariate GLM, considering all 
six morphometric traits as dependent variables and species (spp), 
sex, population (pop), sex × pop and spp × sex × pop, as covari-
ates (Table 2a). All six traits showed highly significant (p< 0.001) 
differences between species, sexes (except TeL, where p= 0.364), 
populations (except TeL, where p= 0.591; PL was significant at the 
5% level, p= 0.037) and spp × sex × pop (except for F3L, where p= 
0.198). No significant differences were observed for sex × pop.
     In view of the former results we performed one-way ANOVAs for 
each species separately, using sex or population as the independent 
variable (Table 2b). In both species, differences between sexes and 
populations were highly significant, with the exception of TeL of 
D. pratensis, where significance was borderline (Table 2b). All ana-
lyzed populations of D. vittatus and D. pratensis thus showed SSD 
across their respective distribution ranges, although the degree of 
SSD was variable (Fig. 2). For the six morphological traits, females 
were larger than males (Fig. 2). SSD in D. vittatus was greater than 
in D. pratensis (Fig. 2). 
     The mean size of the six morphological traits was highly cor-
related between sexes in both species (Table 3). In order to assess 
if SSD increased or decreased between populations of each spe-
cies, we analyzed the RMA between-sex allometric slopes of the six 
measured traits in both species, under the null hypothesis of β = 1 
(isometry). A slope significantly greater than 1.0 indicates agree-
ment with Rensch´s rule, while β < 1.0 indicates a trend which is its 
converse. In D. pratensis, all 6 RMA slopes were highly significantly 
greater than 1, signaling agreement with Rensch’s rule (Table 3; 
Fig. 3a). Conversely, in D. vittatus, all measurements showed RMA 
slopes < 1.0 (Table 3, Fig. 3a). Of these, four showed statistical 
significance and one, TeL, was marginally significant while PL was 
nonsignificant, indicating between-sex isometry (Table 3).
     Allometric relationships differed among traits, sexes and spe-
cies. TeL showed hyperallometry in both sexes, although in female 
D. pratensis the slope was not statistically significant (Table 4; Fig. 
3b,c). In males of D. pratensis the size of F3L and T3L scaled iso-
metrically with body length. Nevertheless females of this species 
showed significant hypoallometry (Table 4, Fig. 3b). Larger females 
have relatively shorter third legs than smaller ones. On the other 
hand, in both sexes of D. vittatus, F3L and T3L scaled isometrically 

with body length (Table 4, Fig. 3c). Males of D. pratensis exhibited 
hyperallometry for PL, whereas females and males exhibited hyper-
allometry for PH (Table 4, Fig. 3b); in D. vittatus, both traits scaled 
isometrically with body length in both sexes (Table 4, Fig. 3c).
     In D. vittatus the coefficients of variation of all measurements 
are higher in females than in males, whereas in D. pratensis the 
coefficients of variation are higher in males than females. The only 
inversion of this pattern occurs in D. pratensis where PH is less vari-
able in males than in females (Table 5). The highest populational 
mean BL for females in D. vittatus was 28.13 mm at La Viña, and 
the lowest 20.26 mm at Playa Unión, giving a range of 7.87 mm. 
In the case of males, the highest and lowest mean BLs occurred in 
the same populations (21.62 and 16.43 mm, respectively) produc-
ing a range of 5.19 mm. In D. pratensis the values of the mean BL 
ranges were inverted with respect to D. vittatus, 6.05 mm for females 
(28.23 mm at Carrizal and 22.18 mm at Diadema, Argentina) and 
7.47 mm for males (26.38 mm at Compuertas and 18.91 mm at 
Villa Rada Tilly).
     To evaluate if SSD was correlated to variability of morphometric 
traits, we estimated linear and nonlinear relationships between the 
CVs of each trait of males and females, and SSD. The results are 
shown in Table 6. In D. vittatus, most relationships showed a nega-
tive tendency, and four were statistically significant. Conversely, in 
D. pratensis significant correlations were basically positive except 
for PH of females.

Species Factor Trait F df p
D. vittatus Sex BL 56.25 1, 293 <0.001

F3L 182.09 1, 293 <0.001
T3L 76.08 1, 293 <0.001
TeL 191.51 1, 293 <0.001
PL 183.04 1, 293 <0.001
PH 513.68 1, 293 <0.001

Population BL 10.32 18, 275 <0.001
F3L 3.00 18, 275 <0.001
T3L 6.06 18, 275 <0.001
TeL 6.39 18, 275 <0.001
PL 6.30 18, 275 <0.001
PH 11.41 18, 275 <0.001

D. pratensis Sex BL 29.40 1, 615 <0.001
F3L 30.81 1, 615 <0.001
T3L 27.25 1, 615 <0.001
TeL 3.17 1, 615 0.076
PL 73.75 1, 615 <0.001
PH 24.19 1, 615 <0.001

Population BL 513.68 24, 592 <0.001
F3L 56.25 24, 592 <0.001
T3L 182.09 24, 592 <0.001
TeL 76.08 24, 592 <0.001
PL 191.51 24, 592 <0.001
PH 183.04 24, 592 <0.001

Table 2b. One-way ANOVAs for each morphometric trait of D. 
vittatus and D. pratensis using sex or population as factors. F= F-
statistic; df= degrees of freedom; p= probability; r2= coefficient of 
determination. For meaning of trait abbreviations see Materials 
and Methods.

Trait F df p r2

BL 157.10 5 <0.001 0.46
F3L 43.91 5 <0.001 0.19
T3L 69.74 5 <0.001 0.27
TeL 587.69 5 <0.001 0.76
PL 204.61 5 <0.001 0.53
PH 141.89 5 <0.001 0.44

Table 2a. Summarized results of a General Linear Model 
performed on D. vittatus and D. pratensis specimens, considering 
all six morphometric traits as dependent variables with species 
(spp), sex, population (pop), sex × pop and spp × sex × pop, as 
covariates.
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Fig. 2. Box-plots of geographic variation in sexual 
size dimorphism of six morphometric traits in D. 
vittatus (left) and D. pratensis (right). Each box rep-
resents the median, quartiles, and extreme values 
for each morphometric variable. B=body length; 
F3=Femur3 length; T3=Tibia3 length; Te=Tegmina 
length; Pl=Pronotum length; Ph=Pronotum 
height.

Table 3. Results of reduced major-axis regression of log (male size) on log (female size) for population means of six morphological 
traits from 25 and 19 populations of D. pratensis and D. vittatus respectively. For abbreviations of traits see Materials and Methods. 
r=Pearson’s correlation coefficient; t=Student’s t statistic; β=slope of the RMA regression line; T=Clarke’s T statistic; df=degrees of 
freedom; 1df=Clarke’s adjusted degrees of freedom for T; a=intercept of the RMA regression line; 95% CI=95% confidence intervals; 
SE=standard error; p=probability. For meaning of trait abbreviations see Materials and Methods.

Correlation coefficient RMA slope RMA intercept

Species Trait r t df p
β

(s x)
T df1 p 95% CI

a
(s x)

95% 
Cl

D. pratensis TBL 0.79 6.12 23 2*10-5 1.328
(0.171)

2.60 20.33 0.0085 0.975, 1.681
-0.493
(0.239)

-0.988,
0.002

F3L 0.65 4.06 23 0.00024
1.770

(0.282)
4.94 21.86 0.0003 1.187, 2.353

-0.936
(0.325)

-1.609,
-0.263

T3L 0.48 2.73 23 0.00596
1.886

(0.345)
4.95 23.52 0.0003 1.172, 2.600

-0.993
(0.367)

-1.751,
-0.235

TeL 0.84 6.38 23 1*10-6 1.458
(0.163)

4.18 19.70 0.0002 1.121, 1.795
-0.568
(0.197)

-0.976,
-0.156

PL 0.71 4.88 23 0.00003
1.620

(0.237)
4.31 21.14 0.0002 1.130, 2.109

-0.512
(0.177)

-0.877,
-0.147

PH 0.66 4.18 23 0.00018
1.739

(0.273)
4.80 21.74 4*10-5 1.173, 2.304

-0.706
(0.204)

-1.128,
-0.284

D. vittatus TBL 0.83 6.15 17 5*10-6 0.767
(0.104)

2.40 15.38 0.0147 0.549, 0.986
0.221
(0.143

-0.080, 
0.522

F3L 0.81 5.78 17 0.00001
0.753

(0.106)
1.80 15.52 0.0457 0.529, 0.976

0.173
(0.119)

-0.077, 
0.423

T3L 0.79 5.26 17 0.00003
0.701

(0.105)
2.06 15.74 0.0282 0.480, 0.923

0.202
(0.109)

-0.029, 
0.432

TeL 0.67 3.68 17 0.00093
0.712

(0.129)
1.63 16.73 0.0609 0.440, 0.984

0.172
(0.117)

-0.075, 
0.420

PL 0.77 4.98 17 0.00006
0.876

(0.134)
0.82 15.88 0.2122 0.590, 1.162

-0.049
(0.102)

-0.266, 
0.167

PH 0.75 4.66 17 0.00011
0.658

(0.106)
2.19 16.06 0.0218 0.435, 0.882

0.078
(0.064)

-0.056, 
0.213
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     Correlation
      coefficient

RMA slope RMA intercept

Species Sex Trait r t df p
β

(s x)
T df1 p 95% CI

a
(s x)

95% CI

D. pratensis

♂

F3L 0.96 17.21 23 10-6 0.872
(0.049)

0.65 18.40 0.2619 0.771, 0.973
-0.085
(0.067)

-0.224, 
0.053

T3L 0.80 6.29 23 10-6 0.855
(0.081)

1.17 20.24 0.1278 0.688, 1.022
-0.160
(0.011)

-0.388, 
0.068

TeL 0.78 5.88 23 3*10-6 1.304
(0.172)

2.35 20.46 0.0117 0.948, 1.660
-0.587
(0.235)

-1.074,
-0.101

PL 0.97 19.34 23 10-6 1.243
(0.062)

4.94 18.32 5*10-5 1.114, 1.372
-1.004
(0.085)

-1.180,
-0.828

PH 0.86 7.94 23 10-6 1.334
(0.144)

3.17 19.56 0.0025 1.037, 1.631
-1.234
(0.197)

-1.641,
-0.828

♀

F3L 0.91 10.24 23 10-6 0.682
(0.060)

3.67 19.02 0.0008 0.558, 0.807
0.197

(0.084)
0.022, 
0.372

T3L 0.76 5.45 23 8*10-6 0.628
(0.087)

2.74 20.77 0.0062 0.448, 0.808
0.181

(0.122)
-0.072, 
0.434

TeL 0.50 2.76 23 0.0056
1.239

(0.224)
1.35 23.34 0.0950 0.776, 1.701

-0.527
(0.314)

-1.176, 
0.122

PL 0.93 11.98 23 10-6 1.063
(0.082)

0.83 18.77 0.2085 0.893, 1.233
-0.745
(0.115)

-1.068,
-0.421

PH 0.82 6.88 23 10-6 1.299
(0.155)

2.56 19.96 0.0093 0.978, 1.619
-1.176
(0.217)

-1.626,
-0.728

D. vittatus

♂

F3L 0.95 12.11 17 10-6 0.931
(0.073)

0.91 14.43 0.1889 0.777, 1.084
-0.174
(0.093)

-0.370, 
0.022

T3L 0.93 6.79 17 2*10-6 0.972
(0.086)

0.33 14.55 0.3731 0.791, 1.153
-0.311

(0.109)
-0.541,
-0.080

TeL 0.82 5.89 17 9*10-6 1.643
(0.229)

3.17 15.48 0.0031 1.161, 2.125
-1.280
(0.292)

-1.896,
-0.664

PL 0.93 10.22 17 10-6 1.035
(0.094)

0.40 14.59 0.3475 0.837, 1.233
-0.710

(0.120)
-0.963,
-0.456

PH 0.88 7.48 17 10-6 0.870
(0.102)

1.14 15.01 0.1361 0.655, 1.084
-0.636
(0.130)

-0.910,
-0.361

♀

F3L 0.97 15.5 17 10-6 0.949
(0.059)

0.84 14.27 0.2074 0.824, 1.074
-0.188
(0.081)

-0.359,
-0.016

T3L 0.93 10.71 17 10-6 1.063
(0.093)

0.74 14.53 0.2355 0.868, 1.259
-0.424
(0.128)

-0.693,
-0.155

TeL 0.92 10.84 17 10-6 1.771
(0.158)

8.87 14.57 10-6 1.436, 2.105
-1.530
(0.218)

-1.990,
-1.070

PL 0.93 10.69 17 10-6 0.906
(0.082)

1.07 14.59 0.1510 0.733, 1.080
-0.493
(0.113)

-0.731,
-0.254

PH 0.85 9.92 17 10-6 1.014
(0.128)

0.11 15.20 0.4569 0.743, 1.284
-0.793
(0.197)

-1.166,
-0.420

Table 4. Results of reduced major-axis regression of log (mean trait size) on log (mean body length) for male and female D. pratensis 
(25 populations) and D. vittatus (19 populations). For abbreviations of traits see Materials and Methods. r=Pearson’s correlation 
coefficient; t=Student’s t statistic; β=slope of the RMA regression line; T=Clarke’s T statistic; df=degrees of freedom; 1df=Clarke’s adjusted 
degrees of freedom for T; a=intercept of the RMA regression line; 95% CI=95% confidence interval; s x=standard error; p=probability. 
For meaning of trait abbreviations see Materials and Methods.

Discussion

     We analyzed SSD at the intraspecific level in two species of Di-
chroplus grasshoppers. Both species showed significant female-biased 
SSD across their geographic distribution ranges. In D. pratensis the 
six morphometric traits followed Rensch’s rule, whereas in D. vit-
tatus, which exhibited greater SSD than D. pratensis, the converse 
to Rensch’s rule was verified. Moreover, allometric relationships 
differed between species and sexes. 

     Since male and female sizes covary, there is an allometric rela-
tionship between female and male body size of the type log(female 
size)= a + β × log(male size), where, if β >1.00, SSD decreases when 
females are larger than males (hypoallometry; Rensch´s rule), 
whereas, if β<1.00, SSD increases according to an increase in body 
size (hyperallometry; the converse to Rensch’s rule in female-biased 
SSD). D. pratensis shows the typical case of larger females and β 
>1.00. D. vittatus, although having larger females than males and 
exhibiting stronger SSD than D. pratensis, shows β <1.00. D. pra-
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Fig. 3 A. Plot of Reduced Major Axis (RMA) regression slopes (β) of log10 
mean male size on log10 mean female size for six morphometric traits of 
19 and 25 populations of D. vittatus and D. pratensis, respectively. For each 
trait, β (black circle) and its confidence interval, are represented. All β values 
above 1.0 correspond to D. pratensis, those below 1.0 to D. vittatus. B. D. 
pratensis; C. D. vittatus. Plots of RMA regression slopes (β) of log10 mean male 
or female trait size on log10 mean male or female body length, respectively. 
For each trait, β (black circle, male; black square, female) and its confidence 
interval, are represented. 

tensis follows Rensch’s rule while D. vittatus follows its converse. It 
must be noted that in a previous paper (Bidau & Martí 2007b), we 
considered D. pratensis as following the converse to Rensch’s rule 
but this conclusion was based on a restricted definition of the rule. 
Thus in D. pratensis SSD decreases with increasing body size while 
in D. vittatus the opposite trend occurs.
     A recent study (Teder & Tammaru 2005) examined the extent and 
direction of SSD and its conforming to Rensch’s rule in 158 insect 
species comprising all the major orders, including six orthopterans, 
five of them acridoids (Walton 1980, Lewis 1984, Sword & Chapman 
1994, Willott & Hassall 1998). Eighty-two percent of these showed 
female-biased SSD and 70% of them followed Rensch’s rule (includ-
ing the four acridoid species considered in the definitive analyses); 
30% followed its converse according to the criteria defined by the 
authors. Most data in Teder & Tammaru’s (2005) analysis were 
obtained from experimental studies of insects reared under differ-
ent environmental conditions, but not necessarily from different 
geographical localities. Thus, in this case, most differences in SSD 
are probably ontogenetic. However, the results are relevant for the 
assessment of body-size responses of either sex to environmental 
variation, and may be useful to interpret situations in the wild. 
Nevertheless, different species in the same monophyletic group, 
including the same genus may show very different SSD tendencies 
(Fairbairn 1997). The latter appears to be the case in the only two 
Dichroplus species studied until now, D. vittatus and D. pratensis. 
     Why do insects in which females are larger than males tend to 
follow Rensch’s rule? In general, it is probable that larger females 
have a fecundity advantage over smaller ones (Honek 1993, An-
dersson 1994), while small males may benefit in scrambles over 
females, which is a frequent form of male competition in insects 
(Andersson 1994). 
     Two further processes may explain Rensch’s rule in these cases. 
On one side, it is possible that large female size is favored if females 
compete actively for males, although this does not seem to be the 
case in these Dichroplus species. Second, female size could be more 
sensitive to change of environmental conditions, as suggested by the 
results of Teder & Tammaru (2005). Thus, as conditions improve, 
females could achieve their optimal size more readily than in poorer 
conditions. The latter is plausible, especially in species with a large 
geographical distribution such as D. vittatus. 
     As shown elsewhere (Bidau & Martí, in prep.), D. vittatus displays 
great latitudinal variation in average body size. This species inhabits 
arid to semi-arid habitats across more than 20 degrees of latitude 
and about 3000 m of elevation (Cigliano et al. 2000, Cigliano & Otte 
2003,), and these habitats show great variability in plant diversity 
and host-plant density. Furthermore, populations from high-lati-
tude localities usually have shorter reproductive seasons than those 
from lower latitudes (Cigliano & Otte 2003, Bidau & Martí, unpub. 
results), probably resulting from physical and ecological constraints 
(i.e., temperature and food quality and quantity). 
     On the other hand, although D. pratensis also shows large levels 
of body-size variation along its latitudinal and altitudinal distribu-

Downloaded From: https://complete.bioone.org/journals/Journal-of-Orthoptera-Research on 17 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



JOURNAL OF ORTHOPTERA RESEARCH 2008, 17(2) 

CLAUDIO J. BIDAU AND DARDO A. MARTÍ208 CLAUDIO J. BIDAU AND DARDO A. MARTÍ 209

JOURNAL OF ORTHOPTERA RESEARCH 2008, 17(2) 

tion (Bidau & Martí 2007b), SSD decreases as average body size 
increases, as shown in this paper. In both species however, larger size 
is achieved in ecologically central populations, which are usually less 
protandrous, since sexual maturity tends to be more synchronized 
due to longer developmental time and the possibility that females 
could achieve their optimal size more readily in central ecological 
conditions. Thus, ecologically central populations would tend to be 
less protandrous and show lower levels of SSD than marginal ones. 

Intraspecific Rensch’s rule in this case could possibly be related to 
protandry, but only in D. pratensis, since in D. vittatus central popu-
lations that exhibit larger body sizes, are in fact more dimorphic. 
     Protandry is the phenomenon observed in many insects and 
other animals, where males emerge and/or reach sexual maturity 
before females (Nylin et al. 1993, Zonneveld 1996, Cueva del Cas-
tillo & Núñez-Farfán 1999, Crowley & Johansson 2002, Candolin & 
Voigt 2003, Møller 2004, Morbey & Ydenberg 2001). The evolution-
ary origin of protandry may be related to an advantage for males 
reaching early sexual maturity and gaining early access to virgin 
females (Andersson 1994, Morbey & Ydenberg 2001). However, 
in D. pratensis, due to the large geographic range, developmental 
time and emergence of males and females is strongly affected by 
climatic conditions. The single annual adult season is much shorter 
in marginal environments where body size is smaller, than in central 
ones where average sizes reach their maximum (Bidau & Martí 2002, 
2005). Nevertheless, protandry is the rule in all studied populations, 
females reaching the adult stage when environmental conditions 
reach their optimum. Thus, in marginal habitats males should be 
proportionally much smaller than females, while in central areas 
of the species range, longer development time would allow males 
to reach larger sizes closer to the females' optimum (Bidau & Martí 
2005). If environmental conditions affect body size in D. pratensis, 
it is thus possible, contrary to what we proposed for D. vittatus, that 
both sexes show similar responses.
     Correlation analysis between the CVs of each trait for males and 
females of both species, and the degree of SSD of each trait, further 
reinforces the idea of different proximate mechanisms operating 
on SSD of each species. In D. vittatus, with a single exception, the 

D. vittatus D. pratensis
N Mean CV N Mean CV

BLM 17 19.02 7.22 23 23.30 7.82
BLF 17 23.94     9.57 19 25.14 7.03
F3LM 17 10.39     6.87 23 12.77 7.78
F3LF 17 13.19     9.14 19 14.21 4.80
T3LM 17 8.57     7.15 23 10.20 7.70
T3LF 17 11.03  10.34 19 11.52 4.45
TeLM 17 6.60  11.82 23 15.68 11.41
TeLF 17 8.19  17.06 19 15.99 8.19
PLM 17 4.10     7.62 23 4.96 10.72
PLF 17 5.71     8.70 19 5.54 7.56
PHM 17 3.00     6.21 23 3.00 6.40
PHF 17 4.05     9.67 19 4.03 9.91

Table 5. Means and coefficients of variation of six morphometric 
traits of males and females of D. vittatus and D. pratensis. N= 
number of populations. For meaning of trait abbreviations see 
Materials and methods. 

Species Trait r p Regression equation
D. vittatus MBL -0.48 0.037 CVMBL= 1.05*(0.007**SSDBL)

MF3L -NS
MT3L -NS
MTeL -NS
MPL +NS
MPH -NS
FBL -0.70 0.001 CVFBL= 1.5 –7.5*SSDBL
FF3L -0.63 0.016 CVFF3L= 1.3 – 5.4*SSDF3L 
FT3L -NS
FTeL -NS
FPL -0.70 0.008 CVFPL= 1.9 – 7.5*SSDPL
FPH -NS

D . 

pratensis
MBL -NS

MF3L 0.46 0.022 CVMF3L= 0.5 + 2.5*SSDF3L + 923.5*SSDPL**2
MT3L 0.57 0.040 CVMT3L= 0.4 – 20.9*SSDT3L – 406.0*SSDT3L**2 + 2243.3**3
MTeL +NS
MPL 0.73 <0.001 CVMPL= 6.6 – 64.9*SSDPL + 
MPH 0.70 0.002 CVMPH= 0.9 – 1.1*SSDPH – 44.1*SSDPH**2 + 636.7**3
FBL +NS
FF3L -NS
FT3L -NS
FTeL -NS
FPL +NS
FPH -0.76 0.003 CVFPH= 1.1 – 3.9*SSDPH – 79.9*SSDPH**2 + 942.9**3

Table 6. Correlation coeficients (r) and regression equations between the coefficients of variation (CV) of six morphometric traits of 
males (M) and females (F) and the degree of sexual size dimorphism (SSD) in 19 and 25 populations of D. vittatus and D. pratensis 
respectively. In the case of nonsignificant correlations, the sign (+/-) of r is indicated. For meaning of trait abbreviations see Materials 
and methods.
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CVs of all traits were negatively associated with SSD in both sexes, 
indicating that high SSD implies low morphometric variation. This 
could be expected if a depletion of genetic variation occurs because 
of selection for increasingly larger body sizes in females. Conversely, 
in male D. pratensis, four significant and one nonsignificant cor-
relations were positive, indicating that in populations where males 
are smaller, they are morphometricallly more variable: this could 
be due to a plastic response to marginal conditions and more vari-
ability in early emergence. The latter could be why no clear pattern 
of CV/SSD was found for D. pratensis females: the only significant 
correlation was for PH, a measurement that shows an atypical be-
havior regarding variability, as described above. Thus, in D. pratensis 
longer development time of males would homogenize body size 
and produce lower CVs, as well as lower SSD.
     No detailed studies on ontogenetic development have been 
conducted in Dichroplus species, thus any conclusions about static 
allometric relationships as found in this paper are speculative. 
However, it is interesting that these two species, which show a very 
close phylogenetic relationship as demonstrated by morphometric 
and molecular studies (Cigliano & Otte 2003, Colombo et al. 2005), 
exhibit different allometric patterns. 
     Although in both species the tegmina show hyperallometry, no 
direct explanation for this fact can be advanced. Both species (and 
especially D. vittatus which is brachypterous) are flightless and have 
very low vagility.  However, tegmina-length allometry might be related 
to thermoregulation: tegmina of both species are relatively longer at 
lower latitudes where mean annual and summer temperatures are 
higher, and where ambient energy is higher as measured by potential 
evapotranspiration (Bidau & Martí 2007a,b). Thus, tegmina may 
act as control devices for thermal insulation and thermoregulation 
(including behavioral thermoregulation) and relatively longer teg-
mina may be selected for in such environments.

Acknowledgements

     This work was partially financed through grant PID 0022, 
CONICET (Argentina). CJB is especially grateful to the Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq) 
of Brazil for the concession of a Visiting Researcher grant, and to 
the generosity of Dr. Paulo D’Andrea (FIOCRUZ, Rio de Janeiro, 
Brazil) and Dr. Lena Geise (UERJ, Rio de Janeiro, Brazil), in whose 
laboratories this paper was completed. Financial support from CNPq 
(grant 480596/2007-7), FAPERJ (grant APQ1 3225/2007) and FIO-
CRUZ, all from Brazil, is gratefully acknowledged. We are thankful 
to Doug Whitman and an anonymous reviewer for improving our 
ms. We are also very grateful to Claudio J. Bidau Jr. for expert help 
in computing matters.

References

Abouheif E., Fairbairn D.J. 1997. A comparative analysis of allometry for 
sexual size dimorphism, assessing Rensch’s rule. American Naturalist 
149: 540-562.

Andersson M. 1994. Sexual Selection. Princeton Univ. Press, Princeton, NJ. 
Badyaev A.V. 2002. Growing apart, an ontogenetic perspective on the 

evolution of sexual size dimorphism. Trends in Ecology & Evolution, 
17: 369-378.

Baker R.H., Wilkinson G.S. 2001. Phylogenetic analysis of sexual dimorphism 
and eye-span allometry in stalk-eyed flies (Diopsidae). Evolution 59: 
1373-1385.

Bergmann C. 1847. Uber die Verhältnisse der Wärmeökonomie der Thiere 
zu ihrer Grösse. Goettinger Studien Pt. 1: 595-708.

Bidau C.J., Martí D.A. 2002. Geographic distribution of Robertsonian fusions 
in Dichroplus pratensis (Melanoplinae, Acrididae), the central-marginal 
hypothesis reanalysed. Cytogenetics and Genome Research 96: 66-74.

Bidau C.J., Martí D.A. 2005. Variability of chiasma frequency and 
morphological characters along a latitudinal gradient in Dichroplus 
pratensis (Orthoptera, Acrididae). European Journal of Entomology 
102: 1-12.

Bidau C.J., Martí D.A. 2007a. Dichroplus vittatus (Orthoptera: Acrididae) follows 
the converse to Bergmann's rule although male morphological variability 
increases with latitude. Bulletin of Entomological Research 97: 67-79.

Bidau C.J., Martí D.A. 2007b. Clinal variation of body size in Dichroplus 
pratensis (Orthoptera: Acrididae): inversion of Bergmann´s and Rensch´s 
rules. Annals of the Entomological Society of America 100: 850-860.

Blackburn T.M., Gaston K.J., Loder N. 1999. Geographic gradients in body size, 
a clarification of Bergmann’s rule. Diversity and Distributions 5: 165-174.

Blanckenhorn W.U., Dixon A.F.G., Fairbairn D.J., Foellmer F.W., Gibert P., van 
der Linde K, Meier R., Nylin S., Pitnick S., Schoff C., Signorelli M., Teder 
T., Wiklund C. 2007. Proximate causes of Rensch’s rule: does sexual size 
dimorphism in Arthropods result from sex diferences in development 
time? American Naturalist 169: 245-267.

Blondel J., Perret P., Anstett M.C., Thebaud C. 2002. Evolution of sexual size 
dimorphism in birds, test of hypotheses using blue tits in contrasted 
Mediterranean habitats. Journal of Evolutionary Biology 15: 440-450.

Bohonak A.J., van der Linde K. 2004. RMA: Software for Reduced Major 
Axis regression. Java version. http://www.kimvdlinde.com/professional/
rma.html

Bradshaw W.E., Holzapfel C.M., Cleckner C.A., Hard J.J. 1997. Heritability 
of development time and protandry in the pitcher-plant mosquito 
Wyeomyia smithii. Ecology 78: 969-976.

Butler M.A., Schoener T.W., Losos J.B. 2000. The relationship between sexual 
size dimorphism and habitat use in Greater Antillean Anolis lizards. 
Evolution 54: 259-272.

Candolin U., Voigt H.R. 2003. Size-dependent selection on arrival times in 
sticklebacks, why small males arrive first. Evolution 57: 862-871.

Cigliano M.M., Otte D. 2003. Revision of the Dichroplus maculipennis species 
group (Orthoptera, Acridoidea, Melanoplinae). Transactions American 
Entomological Society 129: 133-162.

Cigliano M.M. Wysiecki M.L. de, Lange C.E. 2000. Grasshopper (Orthoptera, 
Acridoidea) species diversity in the Pampas, Argentina. Diversity and 
Distributions 6: 81-91.

Clarke M.R.B. 1980. The reduced major axis of a bivariate sample. Biometrika 
67: 441-446.

Colombo P., Cigliano M.M., Sequeira A.S., Lange C.E., Vilardi J.C., 
Confalonieri V.A. 2005. Phylogenetic relationships in Dichroplus Stal 
(Orthoptera: Acrididae: Melanoplinae) inferred from molecular and 
morphological data: testing karyotype diversification. Cladistics 21: 
375-389.

Crowley P.H., Johansson F. 2002. Sexual dimorphism in Odonata, age, size, 
and sex ratio at emergence. Oikos 96: 364–378.

Cueva del Castillo R., Núñez-Farfán J. 1999. Sexual selection on 
maturation time and body size in Sphenarium purpurascens (Orthoptera, 
Pyrgomorphidae), correlated response to selection. Evolution 53: 
209–215.

Darwin C. 1871. The Descent of Man and Selection in Relation to Sex. 
Murray, London.

Ding A., Blanckenhorn W.U. 2002. The effect of sexual size dimorphism 
on mating behaviour in two dung flies with contrasting dimorphism. 
Evolutionary Ecological Research 4: 259-273.

Fagerström T., Wiklund C. 1982. Why do males emerge before females? 
Protandry as a mating strategy in male and female butterflies. Oecologia 
52: 164-166.

Fairnbairn D.J. 1990. Factors influencing sexual size dimorphism in temperate 
water striders. American Naturalist 130: 61-86.

Fairbairn D.J. 1997. Allometry for sexual size dimorphism. Patterns and 
processes in the coevolution of body size in males and females. Annual 
Review of Ecology and Systematics 28: 659-687.

Fairbairn D.J. 2005. Allometry for sexual size dimorphism: testing two 
hypotheses for Rensch`s rule in the water strider Aquarius remigis. 
American Naturalist 166, Supplement: S69-S84.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Orthoptera-Research on 17 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



JOURNAL OF ORTHOPTERA RESEARCH 2008, 17(2) 

CLAUDIO J. BIDAU AND DARDO A. MARTÍ210 CLAUDIO J. BIDAU AND DARDO A. MARTÍ 211

JOURNAL OF ORTHOPTERA RESEARCH 2008, 17(2) 

Fairbairn D.J., Preziosi R.F. 1994. Sexual selection and the evolution of 
allometry for sexual size dimorphism in the water strider, Aquarius 
remigis. American Naturalist 144: 101-118.

Honek A. 1993. Intraspecific variation in body size in insects, a general 
relationship. Oikos 66: 483-492.

Kraushaar U., Blanckenhorn W.U. 2002. Population variation in sexual 
selection and its effect on size allometry in two dung fly species with 
contrasting sexual size dimorphism. Evolution 56: 307–321.

Lewis A.C. 1984. Plant quality & grasshopper feeding, effects of sunflower 
condition on preference and performance in Melanoplus differentialis. 
Ecology 65: 836-843.

Liebermann J. 1963. Contribución al conocimiento de Dichroplus pratensis 
Bruner (Orth. Acrid.). IDIA Nov., 23-28.

Lindenfors P. 2002. Phylogenetic Analyses of Sexual Size Dimorphism. PhD 
Dissertation. Stockholm University.

Matsuura K. 2006. Early emergence of males in the termite Reticulitermes 
speratus (Isoptera: Rhinotermitidae): protandry as a side effect of sexual 
size dimorphism. Annals Entomological Society of America 99: 625-628.

Møller A.P. 2004. Protandry, sexual selection and climate change. Global 
Change Biology 10: 2028–2035.

Monnet M.I., Cherry J.M. 2002. Sexual size dimorphism in anurans. 
Proceedings Royal Society, London B, 269: 2301-2307.

Morbey Y.E., R.C. Ydenberg 2001. Protandrous arrival timing to breeding 
areas, a review. Ecology Letters 4: 663-673.

Mysterud A. 2000. The relationship between ecological segregation and sexual 
body size dimorphism in large herbivores. Oecologia 124: 40-54. 

Nylin S., Wiklund C., Wickman P.O., García-Barros E. 1993. Absence of 
trade-offs between sexual size dimorphism and early male emergence 
in a butterfly. Ecology 74: 1414-1427.

Pérez-Barbería F.J., Gordon I.J., Pagel M. 2002. The origins of sexual 
dimorphism in body size in ungulates. Evolution 56: 1276-1285.

Ralls K. 1976. Mammals in which females are larger than males. Quarterly 
Review of Biology 51: 245-276.

Rensch B. 1950. Die Abhängigkeit der relativen Sexualdifferenz von der 
Körpegröße. Bonner Zoologische Beiträge 1: 58-69.

Rensch B. 1960. Evolution Above the Species Level. Columbia Univ. Press, 
New York. 

Schulte-Hostedde A.I., Millar J.S., Gibbs H.L. 2002. Female-biased sexual 
size dimorphism in the yellow-pine chipmunk (Tamias amoenus). Sex-
specific patterns of annual reproductive success and survival. Evolution, 
56: 2519-2529.

Schwagmeyer P.L. 1988. Scramble-competition polygyny in an asocial mammal: 
male mobility and mating success. American Naturalist131: 885-892.

Shine R. 1990. Proximate determinants of sexual differences in adult body 
size. American Naturalist 135: 278-283.

Singer M.C. 1982. Sexual selection for small size in male butterflies. American 
Naturalist 119: 440-443.

Smith R.J. 1999. Statistics of sexual size dimorphism. Journal of Human 
Evolution 36: 423-458.

Sokal R.R., Rohlf F.J. 1995. Biometry: the Principles and Practice of Statistics 
in Biological Research. 3rd Ed. Freeman, San Francisco. 

Spencer H.G., Masters J.C. 1992. Sexual selection, contemporary debates, 
pp. 294-301. In: Keller E.F., Lloyd E.A. (Eds) Keywords in Evolutionary 
Biology, Harvard University Press, Cambridge, Mass. 

Székely T., Freckleton R.P., Reynolds J.D. 2004. Sexual selection explains 
Rensch’s rule of size dimorphism in shorebirds. Proceedings National 
Academy of Sciences USA 101: 12224-12227.

Sword G.A., Chapman R.F. 1994. Monophagy in a polyphagous grasshopper, 
Schistocerca shoshone. Entomologia Experimentalis et Applicata 73: 265-254.

Teder T., Tammaru T. 2005. Sexual size dimorphism within species increases 
with body size in insects. Oikos 108: 321-334.

Thornhill R., Alcock J. 1983. The Evolution of Insect Mating Systems.Harvard 
University Press, Cambridge, Mass. 

Uvarov B. 1966. Grasshoppers and Locusts. A Handbook of General 
Acridology. Vol. I. Anatomy, Physiology, Development, Phase 
Polymorphism, Introduction to Taxonomy. Cambridge University 
Press, Cambridge. 

Uvarov B. 1977. Grasshoppers and Locusts. A Handbook of General 
Acridology. Vol. II. Behaviour, Ecology, Biogeography, Population 
Dynamics. Cambridge University Press, Cambridge. 

Walton B.T. 1980. Differential life-stage susceptibilty of Acheta domesticus 
to acridine. Environmental Entomology 9: 18-20.

Willott S.J., Hassall M. 1998. Life-history responses of British grasshoppers 
(Orthoptera, Acrididae) to temperature change. Functional Ecology 
12: 232-241.

Wilson E.O. 1975. Sociobiology, The New Synthesis. Harvard Univ. Press, 
Cambridge, Mass. 

Zar J.H. 1999. Biostatistical Analysis. 4th Edit. Prentice Hall: Upper Saddle 
River, NJ. 

Zonneveld C. 1996. Being big or emerging early? Polyandry and the trade-off 
between size and emergence in male butterflies. American Naturalist 
147: 946-965.

Fig. 4. Dichroplus vittatus female, La Punilla, San Luis, Argentina.  
Photo by Dardo A. Marti. See Plate IV.

Fig. 5. Dichroplus vittatus male, La Punilla, San Luis, Argentina.  
Photo by Dardo A. Marti. See Plate IV.
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