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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 thatin those insects where
females are larger than males, SSD should decrease with increasingbody 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 increasinglatitude
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.

Key words

allometry, Dichroplus vittatus, Dichroplus pratensis, grasshopper, Re-
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Infroduction

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
insize (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
becauselarger 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 & Marti 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-Barberiaetal. 2002).
Differencesin 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 (Fagerstrom & 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
& Marti 2007b). Moreover, patterns of SSD may be inherited from a
common ancestor, thus beingrelevant 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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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

< standard error of the mean.

Population Lat (S) Lon (W) A N BL+sg F3L+sg T3L+sg TeL+sg PL#sg PHx#sg
D. vittatus

1. Huacalera 23°26" 65°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 Vina 25°28  65°35 1265 2 21.6+0.28  11.9+0.35 9.9+0.23  7.7+0.02 4.7¢0.29  3.420.08
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 19.840.50  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" 65°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" 65°41" 537 4 19.040.36  10.2+0.35 9.0+0.48  5.7+0.49 4.1+0.09  3.0£0.03
7. Chumbicha 28° 52" 66°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 66°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 67°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 31°34" 63°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° 69°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" 69° 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° 69°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" 69°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 33208 65°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 33° 13" 65°29° 993 6 18.4+0.39  10.1+0.18 8.3+x0.17  7.2+0.18 4!+0.07 2.9+0.03
17. Olmos 33°30" 63°10° 117 10 18.5+0.40 10.2+0.22 8.5+0.19  6.7+0.20 3.8+40.10  3.1+0.03
18. Toay 36°40° 64°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 Uni6én 43° 04" 65°03° 36 17 16.4%0.23 9.120.16  7.6+0.13  5.6+0.57 2.840.06  3.6+0.06
D. pratensis

20. Volcan 23° 55" 65°27 2474 27 2244024 12.0£0.14 9.8+0.11  11.6+0.18 4.9+0.04  3.9+0.05
21. E. Mazan 28° 44" 66°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 28°54" 67°33 522 5 24.0+0.50 12.840.23 10.1+0.21 14.6+0.21 5.2+0.16 4.2+0.12
23. Las Juntas 30° 41" 67°35" 1203 5 21.840.39  11.6+0.13  8.9+0.09 13.5+0.17 4.5+0.12  3.9+0.08
24. C. Machado 31°28 63°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 32°52" 69°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 32°56" 69°11" 1469 28 23.840.20 12.6+0.10 9.9+0.11 15.8+0.17 5.0+0.26  4.0+0.04
27. Cacheuta 33°02" 69°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 33°03" 69°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 33°08 65°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 33°09° 65°00° 838 12 23.840.30 13.2+0.16 10.2+0.15 15.3+0.34 5.1+0.08  4.1+0.06
31. Saladillo 33213 65°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 33°13" 65°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 33°30" 63°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 33°33" 63°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 Tomas 36°41° 64°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. Olavarria 36°55" 60°17° 162 15 22.6+0.23 12.6+0.11 10.1+0.0 16.6+0.15 4.840.10  3.7+0.09
37. C. Pringles 37°59"  61°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 38°06" 61°48 853 15 23.3:x0.90 13.1+0.70 10.2+0.48 16.5+1.12 5.0+0.37  4.0+0.27
39. I. Ameghino 42°30" 64° 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 42° 49"  65° 03 18 20 22.6+0.20 12.740.15 10.3+0.12  15.6+0.2 5.1+0.07 4.4+0.09
41. K 1430. NR 3 43° 04" 65°12" 36 6  22.5+0.50 12.4+0.19 10.3+x0.25 15.7+0.45 4.7+0.15  3.9+0.15
42. Lago Musters 45°30" 69°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 45°47" 67°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 45°57" 67°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

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
widelybetween 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 & Marti 2007b). We therefore analyzed SSD in
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Table 1b. Means and standard errors of six morphometric characters for females of D. vittatus and D. pratensis. See Table 1a caption

for legend.

Population N BLxsy F3Ltsg T3Lxsg TeL+sg PL+sg PHzs¢
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 Vina 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 Unién 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. Volcan 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. Mazan 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 5.840.18 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 Tomas 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. Olavarria 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

two closely related South American grasshoppers, Dichroplus vittatus
(Figs 4, 5; Plate IV) and D. pratensis (see Figs 2, 3 of paper p. 149
thisissue; PlateIV). Both species have ample overlappinglatitudinal
and altitudinal geographic distributions, occupying many different
habitats (Liebermann1963; Cigliano & Otte 2003; Bidau & Marti
2002, 20073, b). Both species show body-size variation and follow
the converse to Bergmann'’s rule (Bidau & Marti 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
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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.
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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 x 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

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 signalits 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
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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 x pop and spp x sex x pop, as
covariates.

Trait F df ) r’

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

statistic, with adjusted degrees of freedom, was used for testing the
hypothesis that B,,,, = 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 x pop and spp x sex x 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 x sex x pop (except for F3L, where p=
0.198). No significant differences were observed for sex x pop.

Inview 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 p = 1
(isometry). A slope significantly greater than 1.0 indicates agree-
ment with Rensch’s rule, while 8 < 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

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; r>= coefficient of
determination. For meaning of trait abbreviations see Materials
and Methods.

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

with body length (Table 4, Fig. 3¢). 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 Vina, and
the lowest 20.26 mm at Playa Unién, 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.
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SEXUAL SIZE DIMORPHISM

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
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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; p=slope of the RMA regression line; T=Clarke’s T statistic; df=degrees of
freedom; 'df=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 (Si) T df! p 95% CI (;) 9?3(;/0

D. pratensis TBL 0.79 6.12 23  2*10° (:)'.31%3) 2.60 20.33 0.0085 0.975, 1.681 (’8.';;)93) 'gjggg’
F3L 0.65 4.06 23 0.00024 (é;gg) 4.94 21.86 0.0003 1.187,2.353 (’3’39;56) 1)62%%
T3L 048 2.73 23 0.00596 (égig) 4.95 23.52 0.0003 1.172,2.600 ('8"396973) 32?5
Tel 0.84 638 23 1*10° ((1):‘1122) 418 19.70 0.0002 1.121,1.795 (3'15965) oo
PL 071 4.88 23 0.00003 ((l):gg(;) 431 21.14 0.0002 1.130, 2.109 (§-1571§) -_%-3177,
PH 0.66 4.18 23 0.00018 ((1)22) 4.80 21.74 4*10° 1.173,2.304 ('8‘2785) '_B‘_lzéi’

D.vittatus  TBL 0.83 6.15 17 5*10° (g‘jgz) 240 1538 0.0147 0.549,0.986 (%.21113 '8:822’
F3L 0.81 5.78 17 0.00001 (8132) 1.80 15.52 0.0457 0.529,0.976 (?)317;’) _S:ZZ’
T3L 0.79 526 17 0.00003 (8218;) 2.06 15.74 0.0282 0.480,0.923 (g'igg) g:g;g’
TeL 0.67 3.68 17 0.00093 (8.'&2)) 1.63 16.73 0.0609 0.440, 0.984 (?,jﬁfi) '8:2;8’
PL 077 498 17 0.00006 (8?22) 0.82 15.88 0.2122 0.590, 1.162 (’8:%29) '8::1)‘25’
PH 0.75 4.66 17 0.00011 (82?32) 2.19 16.06 0.0218 0.435,0.882 (8:822) _8:(2)536’
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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; B=slope of the RMA regression line; T=Clarke’s T statistic; df=degrees of freedom; 'df=Clarke’s adjusted
degrees of freedom for T; a=intercept of the RMA regression line; 95% CI=95% confidence interval; sy=standard error; p=probability.

For meaning of trait abbreviations see Materials and Methods.

Correlation

coefficient RMA slope A Intercept

Species Sex Trait r t df p (Si) T df! p 95% CI (say) 95% CI
D. pratensis F3L 0.96 17.21 23 10° (8134715) 0.65 18.40 0.2619 0.771,0.973 ('8'3275) -8:5;‘:'
T3L 0.80 6.29 23 10° (8‘32?) 1.17 20.24 0.1278 0.688, 1.022 (‘8:(1)1610) 'gjgﬁﬁ'

d TeL 0.78 5.88 23 3*10° ((1):?(7)‘;) 235 20.46 0.0117 0.948, 1.660 ('8‘253857) '_IO‘%T

PL 097 1934 23 10° ((l)zgg) 494 18.32 5°10° 1.114,1.372 ('g.gggl) '_B‘.g%’

PH 086 7.94 23 10° (é:?ﬁ) 3.17 19.56 0.0025 1.037,1.631 ('&'125’;1) '_%)'.21;18’

F3L 091 1024 23 10° (8282(2)) 3.67 19.02 0.0008 0.558, 0.807 (8:(1)21) (())..(;2722,

T3L 0.76 5.45 23 8+10° (8:%?) 2.74 20.77 0.0062 0.448, 0.808 (8:;;) _8:221’

Q@ TeL 050 2.76 23 0.0056 (é:i?}) 1.35 23.34 0.0950 0.776, 1.701 (’8.'351247) égg

PL 093 11.98 23 10° (ézggz) 0.83 18.77 0.2085 0.893, 1.233 (’8.‘171455) __32162?’

PH 082 6.88 23 10° (ézfgg) 2.56 19.96 0.0093 0.978, 1.619 (3211776) 1)6722%

D vittatus F3L 095 12.11 17 10° (8:33;) 0.91 14.43 0.1889 0.777, 1.084 ('8'0197;1) RS
T3L 093 6.79 17 2*10° (gzggé) 0.33 14.55 0.3731 0.791, 1.153 (ﬁ‘f()l;) -_?).‘34;10,

4 TeL 0.82 589 17 9*10° ((1)24213) 3.17 15.48 0.0031 1.161,2.125 ('3.‘2253) '_B“?Gi’

PL 093 1022 17 10° ((1):8?;?1) 0.40 14.59 0.3475 0.837, 1.233 (§i7218) '_%‘.1?536’

PH 088 7.48 17 10° (81%2) 1.14 15.01 0.1361 0.655, 1.084 (—(()):16;(?) -_(()).31601,

F3L 097 155 17 10° (8:(9)‘513) 0.84 14.27 0.2074 0.824,1.074 (_(()).'3518) %3(')5196

T3L 0.93 10.71 17 10° (ézggg) 0.74 14.53 0.2355 0.868,1.259 (‘8-1422;) %61135

Q@ TeL 092 10.84 17 10° (S:f;‘;) 8.87 14.57 10°  1.436,2.105 (—3..2513:) -_11.‘9097(()),

PL 093 10.69 17 10° (8:323) 1.07 14.59 0.1510 0.733, 1.080 (’8.‘;11933) __?)'214’

PH 0.85 9.92 17 10° (é:(l);‘é) 0.11 1520 0.4569 0.743,1.284 (’8’179973) sz%

Discussion Since male and female sizes covary, there is an allometric rela-

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.

tionship between female and male body size of the type log(female
size)=a + P x log(male size), where, if p >1.00, SSD decreases when
females are larger than males (hypoallometry; Rensch’s rule),
whereas, if p<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 f
>1.00. D. vittatus, although having larger females than males and
exhibiting stronger SSD than D. pratensis, shows B <1.00. D. pra-
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Fig. 3 A. Plot of Reduced Major Axis (RMA) regression slopes () of log
mean male size on log,, mean female size for six morphometric traits of
19 and 25 populations of D. vittatus and D. pratensis, respectively. For each
trait, B (black circle) and its confidence interval, are represented. All § 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 (B) of log,  mean male
or female trait size on log,, mean male or female body length, respectively.
For each trait, 3 (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 & Marti 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.

Arecentstudy (Teder & Tammaru 2005) examined the extentand

A 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

B 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 oneside, 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.

Asshown elsewhere (Bidau & Marti, in prep.), D. vittatus displays
greatlatitudinal variation in average body size. This species inhabits
arid to semi-arid habitats across more than 20 degrees of latitude
and about3000 m ofelevation (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

C from lower latitudes (Cigliano & Otte 2003, Bidau & Marti, 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-
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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.

D. vittatus D. pratensis
N Mean Ccv N Mean 0%
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

tion (Bidau & Marti 2007b), SSD decreases as average body size
increases, as shown in this paper. In both species however, larger size
isachieved in ecologically central populations, which are usuallyless
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 & Nunez-Farfin 1999, Crowley & Johansson 2002, Candolin &
Voigt 2003, Moller 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 wherebody size is smaller, than in central
ones where average sizes reach their maximum (Bidau & Marti 2002,
2005). Nevertheless, protandry is therulein 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 & Marti
2005). If environmental conditions affect body size in D. pratensis,
itis 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

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.

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 CVFEF3L= 1.3 - 5.4*SSDF3L
FI3L -NS
FTeL -NS
FPL  -0.70 0.008 CVFPL=1.9 - 7.5*SSDPL
FPH -NS
D
MBL -NS
pratensis
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
FI3L -NS
FleL  -NS
FPL +NS
FPH -0.76 0.003 CVFPH= 1.1 - 3.9*SSDPH - 79.9*SSDPH**2 + 942.9**3
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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 forincreasingly 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 molecularstudies (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
verylowvagility. However, tegmina-length allometry mightberelated
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 & Marti 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.
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