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dimension of head size ignores the interaction of cranial 
elements to subjugate and manipulate prey that may differ 
in morphological complexity. Even multivariate analysis of 
multiple linear measurements does not allow for easy inter-
pretation of head shape differences. However, GM methods 
preserve the spatial relationships (i.e, geometry) of anatom-
ical features throughout analysis (Rohlf and Marcus, 1993) 
and allow for visual interpretation of shape differences. For 
example, with our data, we could ascertain that there was 
a positive association between gape and size, which is con-
sistent with the growth of the quadrate bone (Forsman and 
Lindell, 1993; Vincent et al., 2004). However, we could also 
ascertain that the relative position of the eyes was displaced 
laterally with increased size (Fig. 5), suggesting that there 
may be some functional benefit of eye position and prey ac-
quisition that is related to prey morphology. Using the typi-
cal suite of distance measurements, we would have failed to 
identify this relationship.

Using GM methods on data collected from live snakes 
offers several new avenues of research development. For 
example, little is known about the shape of the head as it 
relates to venom gland size. In C. v. viridis, both males and 
females have periods of reduced feeding (during mating and 
mate searching for males and during gestation for females; 
King and Duvall, 1990; Ernst and Ernst, 2003). Since any 
metabolic process has associated energetic demands, one 
might hypothesize that venom glands are comparatively 
smaller during periods of reduced feeding activity, which 
are asynchronous for males and females. If venom gland 
morphology directly affects head shape, then sexual di-
morphism in head shape could vary temporally. Using GM 
methods for images collected on individuals through time 
would be a statistically powerful approach for testing such 
a hypothesis.

Future research in sexual dimorphism studies on snakes 
(or any taxon) should also consider strongly the models 
used to describe phenotypic variation. Proper model speci-
fication is often as important a biological consideration as 
the interpretation from the analysis of the model used (see 
Burnham and Anderson, 2002). Our study demonstrates 
that, although significant sexual dimorphism may be dis-
covered, it may not be important relative to other factors 
that promote ecological divergence. Shine (1991) proposed 
that sexual dimorphism via ecological divergence should be 
investigated in terms of its genetic basis, its adaptive sig-
nificance, and the selection that would promote character 
divergence. Collecting large amounts of data on large sam-
ples may produce a significant effect of sexual dimorphism 
even for a modest effect size. However, how does this allow 
one to interpret the adaptive significance of sexual dimor-
phism? Future research should thus consider proper model-
ing and analysis of variance components to gain insight on 
the adaptive significance of sexual dimorphism and alterna-
tive mechanisms of ecological character divergence.
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Appendix 1

Anatomical Description of Landmarks Used

Landmarks 1-6.—Type I and Type II landmarks (Book-
stein, 1991). These landmarks (Fig. 3) were all replicable 
points of the snake’s head morphology that corresponded to 
scale placement. For these landmarks, a particular portion 
of the scale was marked each time to reduce any landmark 
variation due to placement error. The first landmark was 
placed on the medial posterior point of the rostral scale. This 
point was in contact with the internasals scales and was eas-
ily distinguished in the photos. The second landmark was 
placed on the anterior point of the supraocular scale which 
made contact with the second canthal scale. The third land-
mark was placed at the posterior point of the supraocular. 
The fourth landmark (Type II) was the maximum curvature 
of the supraocular scale. The fifth landmark was the inflec-
tion point of the head and the neck. The sixth landmark was 
the mid-lateral point of the first canthal scale. The canthal 
scales were easy to identify in photos and provided easy 
anatomical reference points when compared to some of the 
smaller, more variable scales on the head.

Landmarks 7-13.—Sliding semilandmarks (Bookstein, 
1997). These landmarks (Fig. 3) were placed rather equally 
distant along the curve of the head between landmarks 5 
and 1 (in an anterior direction). The exact placement of 
these landmarks was not an important property; they were 
allowed to slide along the chord that connects them such 
that the bending energy of a curve was minimized (see 
Methods). 
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