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ABSTRACT - Sexual size dimorphism (SSD) has been extensively documented in many organisms, 
from vascular plants to vertebrates, including mammals. Geometric rnorphornetric methods offer new, 
powerful tools for the study of SSD. The investigation of shape variability has not been previously 
pursued in traditional SSD studies and is an uniquc contribution of geometric morphometrics to this 
field. The combining of Procrustes methods with multivariate statistical analyses supports all tradi- 
tional SSD experimental designs and allows new studies of shape variability and it’s relationship with 
size and other variables. Intraspecific and interspecific examples comparing traditional and geomet- 
ric morphometric approaches to the study of SSD within several mammalian taxa are presented. 
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INTRODUCTION 
The study of sexual dimorphisin has at- 
tracted the interests of biologists ever since 
Darwin (1859, 1874). Sexual size dimor- 
phism (SSD), the differences in body size 
between sexes, is a common feature of 
many organisms, from vascular plants to in- 
vertebrates and vertebrates, including mam- 
mals (for reviews see, Clutton-Brock and 
Harvey, 1983; LaBarbara, 1989; Short and 
Balaban, 1994; Fairbairn, 1997). Within 
mammals, a large literature of descriptive 
studies of SSD exists and numerous papers 
continue to be published (e.g., Clutton- 
Brock et al., 1977; Ralls, 1977; Jungers, 
1985; Weckerly, 1998). 
Hypotheses explaining the origin and main- 
tenance of SSD include a) sexual selection 
(especially in mate choice or mating sys- 
tem), b) selection on reproductive life his- 
tory traits, and c) intersexual ecological di- 
vergence. The association of SSD with sex- 
ual selection has been a dominant theme 
among studies of mammals (Clutton-Brock 

et al., 1977; Leutenegger, 1978; Jungers, 
1985; Ford, 1994; Weckerly, 1998). Stud- 
ies of reproductive life history traits, often 
including overall body size as a variable, 
evaluate how size constrains life history fea- 
tures (Leutenegger and Cheverud, 1985; 
Heske and Ostfeld, 1990; Soderquist, 19YS). 
Intersexual ecological divergence hypothe- 
ses, whereby males and females diverge in 
size due to their different ecological roles, 
address how foraging, behavioral activity 
patterns, and inter and intraspecific compe- 
tition varies between the sexes (Myers, 
1978; Willig, 1983; Willig and Hollander, 
1995; Sullivan and Best, 1997). 
SSD has been traditionally described using 
body size measures, including body mass, 
single linear measures capturing total length, 
or the length of \ome specific body part. In 
many studies, one body size measure is used 
as a covariate for another. A commonly cal- 
culated index of SSD, log(ma1e size)/log (fe- 
male size), is often generated to compare 
levels of dimorphism in various taxa (LaBar- 
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Fig. I .  Landmarks used to capture cranial size and shape in the muskrat, Undutra ziherhiru5. Skulls 
were placed on a stage and aligned by their maxillary toothrows to a stable plane. 

bara, 1989; Gibbons and Lovich, 1990; 
Lovich and Gibbons, 1992). The validity of 
generating and using such ratios notwith- 
standing, comparative SSD studies have al- 
so regressed log-transformed size variables 
against one another to evaluate the allomet- 
ric relationship of dimorphism in overall 
body size (see discussions by Abouheif and 
Fairbairn, 1997; Fairbairn, 1997). 
A number of recent studies have assessed 
sexual dimorphism in both size and shape 
using traditional morphometric approaches 
(e.g.. see Wiig, 1986: Lynch and Hayden, 
1995; Lynch et al., 1996b). The application 
of one of several size correction methods 
(Burnaby, 1966: Rohlf and Bookstein, 1987; 
Bookstein. 1991) has allowed these studies 
to evaluate shape dimorphism. 
Rensch’s rule describes the general tendency 
observed in many comparative studies, that 
the magnitude of SSD increases with overall 
body size in taxa where males are the larger 
of the two sexes (Rensch, 1960; Fairbairn, 

1997). Recently, Abouheif and Fairbairn 
(1997) have evaluated statistical tests of 
Rensch’s Rule and of the allometric rela- 
tionship in interspecific SSD studies. They 
identified important factors effecting these 
analyses including the inappropriate use of 
simple linear regression models for estimat- 
ing allometric relationships and the lack of 
phylogenetic independence in comparing 
taxa within a larger phylogenetic context. 
The goals of the present paper are to inves- 
tigate the use of geometric morphometric 
methods in SSD studies, to identify the 
unique contributions these new tools bring to 
SSD, and to suggest approaches for future 
studies. Geometric morphometric methods 
provide powerful tools to describe and ana- 
lyze biological form (Bookstein. 1991, 1996; 
Rohlf and Marcus, 1993; Marcus and Corti, 
1996). In addition to capturing shape vari- 
ability that can be analyzed by traditional 
multivariate statistical designs and visualized 
by the thin-plate spline interpolating func- 
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tion, these methods also yield a geometrical- 
ly-based measure of size - centroid size. 
Whereas most geometric morphometric 
studies addressing questions at the intraspe- 
cific level have evaluated sexual dimorphism 
as an initial experimental design step (e.g., 
Auffray et al., 1996; Corti et al., 1996; As- 
tua de Moraes et al., 1999; Hingst-Zaher et 
al., 2000), only a few studies have focused 
on questions concerning sexual dimorphism 
with these methods (Ahlstrom, 1996; Lynch 
et al., 1996a; Wood and Lynch, 1906). The 
present paper presents two examples, one 
addressing SSD at the intraspecific and the 
other at an interspecfic (comparative) level. 

MATERIALS AND METHODS 

Specimens. The specimens used in this study 
are housed in the Mammal Collections of the 
Tulane University Museum of Natural His- 
tory. Crania and mandibles of the muskrat, 
Ondatra zibethicus (Rodentia: Muridae, 
Arivicolinae) collected from three major lo- 

calities along the Louisiana coastal marshes 
in two trapping seasons during 1939-40, 
were used for the infraspecific study. Gould 
and Kreeger (1948) reported traditional mor- 
phometric results based on 358 specimens 
aged as adults by tooth wear criteria, noting 
significant geographic variation. In the pre- 
sent study, 148 of these specimens were ex- 
amined with the following specific localities 
and sample sizes: Calcasieu and Sabine lake 
marshes, Cameron Parish, Louisiana? USA 
(46 males, 37 females), Delacroix island 
marshes, St. Bernard Parish, Louisiana, USA 
(24 males, 41 females). 
Crania of representative pteropodid bat taxa 
used for the interspecific study, were as fol- 
lows (n = 5 males and 5 females for each 
species): Eidolon helvum, Bata. Rio Muni, 
West Africa; Epomops franqueti, Bata and 
Evuenam, Rio Muni, West Africa; Rousettus 
aegyptiacus, Mt. Bong and Moka. Rio Muni, 
West Africa; Myonycteris torquata Bata, Rio 
Muni, West Africa; Meyuloglossus woerman- 
ni, Evuenam, Rio Muni, West Africa; Mi- 
cropteropus pusillus, Bata, Rio Muni, West 

Fig. 2. Landmarks used to capture cranial size and shape in pteropodid bats: all landmarks were lo- 
cated on midline of the skull in each specimen. 
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Fig. 3. Plot of log centroid size in Oridatia zibefhicms from two localities, Caiiieron parish, and St. 
Bernard parish, Louisiana, USA, illustrating sexual size dimorphism Mean 1 SE. 

Africa; Cynopterus sphinx, Prachinburi. Thai- 
land; Mucr-oglossus nziizimus, Nakonsitham- 
raj, Thailand. The natural history, ecology, 
and traditional morphometric measurements 
for the Rio Muni collections were reported by 
Jones (1971, 1972). All specimens included 
in the present study, had field-collected mea- 
surement data, including body weights. 

Moiphonzetix- data collection and analysis. 
Landmarks were collected on each individ- 
ual (Figs. 1 and 2) using a two-dimensional 
video-based data capture sy\tem that in- 
cluded a BW CCD video camera, PCVI- 
SION+ framegrabber installed in a Win- 
dows 95-based pc. Landmarks were ob- 
tained using the digitizing software program 
MORPHOSYS (ver. 2.18). imported into a 
4preadsheet prograin (EXCEL) and ana- 
ly7ed by morphometric (tpsREGR ver. 1.18: 
tpsRELW ver. I 14: MORPHEUS et al.). 

and statistical programs (SAS \er. 6.12; 
BIOMSTAT ver. 3.2; NTSYS ver. 2.). 
Measures of size analyzed in the intraspe- 
cific study were linear cranial measurements 
(in mm, originally taken by Gould and 
Kreeger, 1948) and centroid size (CS). Size 
variables used in the interspecific study 
were body mass (weight in gr.. originally 
taken in field by Jones. 1971) and centroid 
size (CS). Body weight is a traditionally- 
used measure of size in many mammalian 
SSD studies. It's wide variability among in- 
dividuals, especially during different sea- 
sons and reproductive conditions (e.g., win- 
terkummer, pregnancy in female\) ha, been 
noted a\ needing careful evaluation in the 
SSD literature. Centroid size is a geometri- 
cally-based measure of size that is the 
square root of the sum of the squared dis- 
tances of the landniarks to their centroid (for 
discussion see Bookstein, 1989, 1991). 



Both body mass and CS were log trans- 
formed for use in statistical analyses. 
Shape changes were described using geo- 
metric inorphometric methods (Bookstein, 
1991, 1996: Rohlf and Marcus, 1993; Mar- 
cus et al.. 1993, 1996). Shape variables 
were extracted from the landmark data us- 
ing the procedures implemented in the soft- 
ware program tpsREGR. Briefly, landmark 
configurations for each specimen were 
aligned, translated, rotated, and scaled to a 
unit centroid size by the generaliLed least 
squares fit criterion (CLS) as described by 
Rohlf and Slice (1990) using the consensus 
configuration of all specimens as the start- 
ing form (i.e., tangent configuration of 
Rohlf et al., 1996). Partial warps represent- 
ing the non-uniform shape variables, and 
uniform components estimated using Book- 
stein’s (1996) formula were obtained using 
tpsREGR and used in subsequent analyses. 
The thin-plate spline interpolating function 
(TPS) was used to visualize overall, uni- 
form, and non-uniform shape changes. 
Because our focus concerns testing for sex- 
ual dimorphism, sexes were treated sepa- 
rately throughout the statistical analyses. 
Tests for sexual dimorphism in size and 
shape were conducted using ANOVA and 
MANOVA, respectively, following Adams 
and Funk (1997). A relative warps analysis 
(RWA) was conducted to explore shape 
variability within and among sexes (Book- 
stein, 199 1 ; Rohlf, 1993). All deformation 
illustrations in this paper were generated us- 
ing the program tpsREGR or tpsRELW. 
In the interspecific study (comparing sexual 
dimorphism among pteropodid bat taxa), 
sexual dimorphism was assessed within 
each taxon and comparisons among taxa 
were made following traditional SSD de- 
signs. Traditional designs include plotting 
male versus female size variables and cal- 
culation of regressions to test Rensch’s rule. 
As discussed by Abouheif and Fairbairn, 
(1997) and Fairbairn (1997). simple linear 
regression models used in many published 
SSD studies are not statistically robust, as 

both size variables (males and females) are 
measured with error (see also Sokal and 
Rohlf, 1995). Thus, major axis rotation re- 
gressions were estimated for evaluation of 
Rensch’s rule (Fairbairn, 1997). 

RESULTS AND DISCUSSION 

Assessing sexual dimorphism in intl-aspe- 
c f i r  studies. 
The muskrat data set used as an example 
of an intraspecific SSD study exhibits a 
strong pattern of sexual size dimorphism. 
Two-way ANOVAs and MANOVAs of 
nine linear cranial measurements (origi- 
nally taken by Could and Kreeger, 1948) 
revealed highly significant sexual dimor- 
phism and geographic variation (two-way 
MANOVA, sex, Wilks’ lambda 0.533, F = 
12.87, P < 0.0001; locality, Wilks‘ lamb- 
da 0.395, F = 9.68, P < 0.0001; interac- 
tion, Wilks’ lambda 0.0464, F = 0.87. 
n.s.). Similarly, a two-way ANOVA of 
centroid size was highly significant for 
both sex and locality, demonstrating both 
sexual dimorphism and geographic varia- 
tion (sex, F= 3.964, P = 0.004; locality, F 
= 3.964, P = 0.004: interaction, F=0.912, 
n.s.; Fig. 3). 
Sexual dimorphism in shape was highly sig- 
nificant by sex and locality (two-way 
MANOVA of non-uniform shape variables, 
sex, Wilks’ lambda 0.571, F = 3.43. P < 
0.0001; locality, Wilks’ lambda 0.483: F = 
4.90, P < 0.0001; interaction, Wilks’ lamb- 
da 0.754, F = 1.50, n.s.). Relative warps 
analysis was conducted to explore shape 
variability within the data set. Plots of rel- 
ative warps 1 and 2 and one set of visual- 
ixations of shapes within those warps pro- 
vide insight into shape variability within the 
sample (Fig. 4). Along relative warp axis 
I ,  positive deviations yield shorter rostra, 
narrower zygomatic processes, and longer 
braincases, whereas negative deviations in- 
clude forms with longer rostra, broader zy- 
gomatic processes and shorter braincases. 
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the form (e.g.. the rostrum, zygoma, and 
braincase in this example) might suggest 
specific hypotheses for further study. 
Reduction of the dimensionality of the 
variability by conducting a canonical vari- 
ates analysis (CVA) would be appropriate 
to explore shape variability within homo- 
geneous samples (Rohlf et al., 1996; 
Adams and Funk, 1997). The CVA con- 
ducted for one locality, the Cameron Parish 
sample, produced good separation of the 
sexes (Fig. 5 ) .  
Additional variables, including body weight, 
other life history variables, behavioral or en- 
vironmental data could be included in shape 
analyses using multivariate regression mod- 
els (Rohlf et al., 1996; Rohlf, 1998; Zelditch 

regression of shape on body size variables 
allow for direct tests of major factors that 
explain the origin and maintenance of SSD. 
Multivariate regressions of shape on cen- 
troid size and total body length for the 

icant. therefore shape change does not ac- 
company increasing size at this locality. 
The significant geographic factor in the 
analyses of Cameron and St. Bernard parish 

0 
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Fig. 4. Thin-plate-spline reconstructions of shape 
variability along relative warp 1 following a rel- 
ative warps analysis. Positive deviation is in di- 
rection of male shape variability, negative is to- 
wards female shapes. 

Along this relative warp, males from the 
$ample are generally aligned with positive 
deviations and females with negative devia- 
tions. As discussed by Rohlf (1993) and 
Rohlf et al. (1996), relative warp plots such 
as these simply depict two axes of variation 
and should be interpreted with caution. 
However, if shape variability is aligned with 
some interpretable grouping factor (e.g., sex 
along RWlin this example). its visualization 
can be a useful exploratory exercise. The 
localization of shape change in a portion of 
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Fig. 5. Plot of canonical variate scores for land- 
marks of 0iiu'atr.a ribethicus males (solid circles) 
and females (open circles) from Cameron Parish. 



populations suggests that some variable(s) 
that differ in specimens from the two local- 
ities should be studied. The vegetation of 
the two localities was markedly different at 
the time of specimen collection (Lynch et 
al., 1947; O'Neil, 1949). Whereas plant 
species composition and primary productiv- 
ity in Cameron parish reflect a healthy 
freshwater marsh, the St. Bernard locality 
was characterized as a brackishhtermediate 
marsh that is less favored by muskrats (Lay 
et al.. 1942; Lynch et al., 1947; O'Neil, 
1949; Lowery. 1974). Because ecological 
data collected with the specimens only in- 
cluded qualitative descriptions of vegetation 
patterns for 3 sub-groups of the Cameron 
parish population, inultivariate regression 
would not be an appropriate analysis for this 
data set. However, where such data are 
available, a multivariate regression would 
provide a test of factors impacting sexual di- 
morphism. 

Assessing sexual dimorphism in intenspecif- 
ic studies. 
The pteropodid bat data set used as an ex- 
ample of an interspecific SSD study shows 
that, some taxa possess significant sexual 
size dimorphism, while other taxa do not 
(Fig. 6). Body weight and centroid size ex- 
hibit nearly identical patterns of SSD. Sig- 
nificant SSD in body weight (with male bias 
- males being larger) exists in the three 
largest pteropodids, Eidolorz helvun?, 
Rorrsettus aegyptiacus, and Eponmps j -an-  
queti. with other taxa being non-significant. 
Similar results apply for centroid size, al- 
though Myoiiytei-is tonquata (a medium- 
sized bat) is non-significant with female-bi- 
ased dimorphism. The presence of male-bi- 
ased SSD in these African pteropodid taxa 
is well know. having been found in previous 
morphometric and systematic studies (e.g.. 
Jones, 1971; Bergmans, 1979, 1988, 1989, 
1994). Furthermore, the epomorphorine 
bats, including E p o n ~ ~ p s ,  Eponiophonus, 
Mir,nopteropus, and Megaloglossus exam- 
ined in this study, are remarkable among 

pterpodids in having several qualitative sex- 
ually dimorphic features associated with so- 
cial organization and mate choice (Ander- 
sen, 1912; Kingdon. 1974; Zeller, 1984). 
Behavioral and ecological studies have 
shown these taxa to possess some of the 
most complex social structures and breeding 
systems among mammals (Wickler and 
Seibt, 1976; Bradbury, 1977a. 1977b: Mar- 
shall and MacWilliam, 1982). Thus, the 
pattern of SSD is consistent with patterns of 
mate choice. which have been proposed as 
a causal factor for sexual selection hypothe- 
ses of SSD. 
Body weight and centroid size both exhibit 
Rensch's rule; the largest taxa have the 
greatest magnitudes of SSD and are male- 

t 14  _____-- 
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Fig. 6. Plots of centroid sire illustrating sexual 
size dimorphism i n  pteropodid hats For each 
species. the male data are on the right and female 
on the left. Asterisks indicate significant sexual 
dimorphism in that taxon by ANOVA at P < 
0.0001. 



biased (Fig. 7). The major axis regressions 
for both size variables are significant and 
account for large proportions of sample 
variability. In this example, the largest taxa 
(Eidolon, Epomops, Rousettus) include one 
(Epomops)  that was mentioned above as 
having a breeding system consistent as a 
causal factor for SSD. Eidulon helvum and 
Rouscrtus mgypticrcus have generalized 
promiscuous breeding systems, not usually 
associated with sexual selection. Other epo- 
mophorine taxa that have qualitative sexual 
dimorphic features (e.g., Micl-opteropus and 
Megaloglossus) did not have detectable 
SSD. Thus, the interpretation of SSD pat- 
terns and their potential causal factors in the 
pteropodid taxa studied is not simple. 
MANOVA tests of shape dimorphism were 
not possible due to small sample sizes. how- 
ever, inspection of mean male and female 
forms visualized by the thin-plate spline in- 
terpolating function shows shape dimor- 
phism in most of the taxa (Fig. 8). Sub- 
stantial shape differences are evident among 
taxa, reflecting their distinct evolutionary 
histories. Comparison of male and female 
shapes within each taxon reveals that both 
uniform and non-uniform shape changes oc- 
cur (both components are illustrated in Fig. 
8). The magnitude of shape change does 
not appear to be substantially different in 
comparing the 3 three largest taxa which 
had significant SSD (Eidulon, Epomops, 
and Kousettus) to the others. 

CONCLUSIONS. 
Geometric niorphometric methods support 
the analysis of sexual size dimorphism that 
incorporate traditional SSD designs. In 
many traditional SSD studies, body size 
measurements (e.g., linear measurements 
capturing total body length, the lengths of 
body parts or regions, and body weight) are 
used both as variables to define SSD, as 
well as co-variates to evaluate factors ex- 
plaining the origin and maintenance of SSD. 
The introduction of centroid size as a size 
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variable makes an important new contribu- body weight, is therefore strengthened. 
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Fig. 7. Logarithmic plots of male and female size 
variables for 8 pteropodid taxa. Upper graph plots 
body weight as i n  a traditional SSD analysis; low- 
er graph plots centroid size. Values represent 
mean male and female value for each taxon. 

tion to SSD studie\. Given that centroid 
size is a geometrically-based measure of 
size that is independent of landmark shape 
variability (in the absence of allometry), it 
can serve as a primary size variable to in- 
vestigate SSD in a taxon. The use of other 
size variables as factors to explain the ori- 
gin and maintenance of SSD, especially 



85 

Eidolon helvum 

Epomops franqueti 

Rousettus egyptiacus 

Myonycteris torquata 

Fig. 8. Reconstructions of mean male and female skulls for representative pteropodid taxa. As de- 
scribed in text, each pair of deformations is based on data for males and females in a given species, 
not the entire pteropodid data set. 
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Geometric niorphometric methods provide 
tools to extend the study of sexual dimor- 
phism to include shape. Shape variability 
can be integrated into SSD studies in several 
ways. Shape variables can be assessed for 
dimorphism, yielding a sexual shape dimor- 
phism that can be the primary focus of the 
study. Body size variables, as well as be- 
havioral, metabolic, or ecological variables 
can be tested as factors explaining shape di- 
morphism. If the focus of a study is indeed 
SSD, then shape variables can be evaluated 
as explanatory factors. Of course, the role 
that shape variables take in an experimental 
design depends on the biological questions 
being investigated. One of the most power- 
ful components of geometric morphometric 
analysis is the visualization of shape vari- 
ability through the thin-plate spline interpo- 
lating function. Relative warps analysis sup- 
ports an exploration of shape variability with- 
in a data set and can provide visualization of 
shape change within a RW. For data sets 
that are appropriate for canonical variates 
analysis, shape variability among individuals 
or among defined groups can be visualized. 
In intraspecific studies, sexual dimorphism 
in size and shape can be described by stan- 
dard descriptive statistics and evaluated by 
ANOVA and MANOVA designs. Depend- 
ing on the nature of the biological problem 
being studied, appropriate choice of samples 
and experimental designs can lead to tests of 
the factors that might explain the origin 
andor maintenance of sexual dimorphism. 
For example, whereas some populations in 
a study might be characterized (U priori) as 
having a breeding system that is predicted to 
accentuate sexual selection through mate 
choice, others do not. In the muskrat ex- 
ample, there was significant geographic 
variation in size and shape, although the 
magnitude of SSD was similar. Muskrats 
are not known to possess breeding systems 
that are likely to lead to sexual selection, 
and no evidence is available to suggest that 
these populations have been subjected to 
sexual selection (O’Neil, 1949; Errington, 

1963). Thus, ecological or environmental 
factors are reasonable variables to investi- 
gate in subsequent studies. 
Rensch’s rule, the tendancy for the magni- 
tude of SSD to increase with increasing 
body size in male-biased taxa, is not usual- 
ly evaluated for intraspecific problems. Ren- 
sch ( 1  960) described this trend for compar- 
ative studies, but noted that this relationship 
might also hold within species. Fairbairn 
(1997) observed that Rensch’s rule has not 
been well studied at the intraspecific level. 
In the muskrat data set, the magnitude of 
SSD was not different between populations, 
yet body size was highly significantly dif- 
ferent (see Fig. 3). Thus, Rensch’s rule did 
not hold true in this specific case. 
In interspecific studies, sexual dimorphism 
in size and shape for each taxon can be de- 
scribed by standard descriptive statistics and 
evaluated by ANOVA and MANOVA de- 
signs. The comparison of the magnitude of 
sexual dimorphism across taxa, especially to 
evaluate Rensch’s rule, has been approached 
by regressing a SSD index against an over- 
all body size variable. Lack of phylogenet- 
ic independence among taxa in a data set 
poses a significant problem for this compar- 
ison. Care must be taken to separate histor- 
ical effects from those that are the primary 
focus of the study. When phylogenetic dis- 
tance data are available for all the taxa in a 
study, then techniques such as independent 
contrasts might be applied (see discussion 
by Abouheif and Fairbairn, 1997; Fairbairn, 
1997). For the pteropodid bat data set, evo- 
lutionary relationships among some of the 
taxa seem well established (i.e., for several 
of the African forms), whereas the phyloge- 
netic position of others is uncertain (Hood, 
1989; Juste et al., 1997; Bergmans, 1997). 
The taxa with the greatest magnitudes of 
SSD (Eidolon, Rousettus, and Epomops) 
were the largest in overall body size. These 
taxa are not closely related to one another 
and those that are (Myonycteris to Rouset- 
tus; Microptel-opus and Megaloglossus to 
Epomops) do not have detectable SSD. 
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