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Abstract.—Although fluctuating asymmetry has become popular as a measure of developmental instability, few studies
have examined its developmental basis. We propose an approach to investigate the role of development for morpho-
logical asymmetry by means of morphometric methods. Our approach combines geometric morphometrics with the
two-way ANOVA customary for conventional analyses of fluctuating asymmetry and can discover localized features
of shape variation by examining the patterns of covariance among landmarks. This approach extends the notion of
form used in studies of fluctuating asymmetry from collections of distances between morphological landmarks to an
explicitly geometric concept of shape characterized by the configuration of landmarks. We demonstrate this approach
with a study of asymmetry in the wings of tsetse flies (Glossina palpalis gambiensis). The analysis revealed significant
fluctuating and directional asymmetry for shape as well as ample shape variation among individuals and between the
offspring of young and old females. The morphological landmarks differed markedly in their degree of variability,
but multivariate patterns of landmark covariation identified by principal component analysis were generally similar
between fluctuating asymmetry (within-individual variability) and variation among individuals. Therefore, there is no
evidence that special developmental processes control fluctuating asymmetry. We relate some of the morphometric
patterns to processes known to be involved in the development of fly wings.
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Fluctuating asymmetry has been widely used as a measure
of developmental instability and thus has become the focus
of considerable attention (reviewed by Mgller and Swaddle
1997). Despite the widespread use of fluctuating asymmetry
for measuring developmental instability, its developmental
origins are unclear (Markow 1995; Palmer 1996). A few stud-
ies have addressed this problem with experimental approach-
es (e.g., Smith and Palmer 1994; Klingenberg and Nijhout
1998), others followed growth of structures on both body
sides (Chippindale and Palmer 1993; Mgller 1996; Collin
1997, Swaddle and Witter 1997), whereas others have
searched for quantitative trait loci (Leamy et al. 1997, 1998)
or investigated specific candidate genes (Batterham et al.
1996; Davies et al. 1996) to uncover the processes underlying
developmental instability.

Here we introduce a new approach that uses morphometric
techniques. It is based on the fact that variation in devel-
opmental processes can generate distinctive patterns in the
joint variation of multiple morphological traits affected by
the processes. For instance, variation in the growth of a de-
velopmental precursor tends to generate positive correlations
among all parts derived from it, whereas variable partitioning
of precursor tissue tends to produce negative correlations
between the resulting parts (e.g., Riska 1986). Therefore, it
should be possible to derive information about developmental
processes from the patterns of covariance among traits. Many
studies have used morphometric techniques to infer the role
of development for morphological variation from multivar-
iate patterns of variation among individuals (e.g., Cheverud
1982a; Zelditch 1987; Cowley and Atchley 1990; Paulsen
and Nijhout 1993; Paulsen 1994), but this approach has not
been developed for fluctuating asymmetry (but see the early
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attempt by Sakai and Shimamoto 1965). Here, we examine
both the variation among individuals and the within-individ-
ual asymmetry between body sides jointly.

Our analysis of asymmetry is based on the Procrustes tech-
nique, which is at the core of the linkage between geometric
methods and conventional multivariate statistics that consti-
tutes the recent ‘‘morphometric synthesis” (Bookstein
1996a). Previously, Bookstein (1991, p. 267-270) and Auf-
fray et al. (1996) have introduced a Procrustes method for
studies of asymmetry. Smith et al. (1997) revised the tech-
nique substantially, making it amenable for large sample sizes
and standard software and linking it more closely to the core
methods of geometric morphometrics (Bookstein 1996a).
Here we extend the Procrustes approach of Smith et al. (1997)
according to a two-factor ANOVA design (Leamy 1984;
Palmer and Strobeck 1986; Palmer 1994) that allows us to
quantify the different components of asymmetry and test
them statistically. In addition, we use a multivariate approach
to extract and analyze the patterns of covariation among land-
marks to investigate the developmental basis of asymmetries.

We apply these methods in a case study of the wings of
tsetse flies (Glossina palpalis). Fly wings are an excellent
study system for our purpose, because they are essentially
two dimensional and the wing veins provide many well-de-
fined morphological landmarks. Moreover, the development
of fly wings and their venation is fairly simple and known
in considerable detail, mostly from studies of Drosophila
melanogaster (e.g., Waddington 1940; Garcia-Bellido and de
Celis 1992; Sturtevant and Bier 1995). Here we examine the
claim that special processes govern developmental stability,
such as a ‘“‘localised, or left-right, signalling system which
monitors and regulates morphogenesis’ (Swaddle 1997, p.
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Fic. 1.

The right wing of a tsetse fly. Arrowheads point to the
landmarks used in this study.

59), which are distinct from the developmental processes that
generate variation among individuals (see also Mgller and
Swaddle 1997). In this case, one would expect that fluctuating
asymmetry shows patterns of covariance among landmarks
that differ qualitatively from those of individual variation,
whereas in the absence of special processes regulating de-
velopmental stability, fluctuating asymmetry and individual
variation should have similar covariance structures. In this
context, we demonstrate tests of specific hypotheses, and we
relate the morphometric results to information about wing
development. Finally, in the Appendix we offer some prac-
tical recommendations for users of these methods.

MATERIALS AND METHODS
Data

In this study, we analyze the wing shape of tsetse flies (G.
p. gambiensis Vanderplank) from a line (GAMB-K) main-
tained in laboratory culture since 1972. Because the data used
here are from a larger study of the effects of maternal age
on offspring quality (McIntyre and Gooding 1998), the sam-
ple of 70 flies is composed of two subgroups, with 43 off-
spring of young females (< 40 d old) and 27 offspring of
old females (> 65 d old). All the wings considered in this
study are from male flies, and therefore sexual dimorphism
does not contribute to morphological variation. To flatten the
wings, they were mounted between microscope slides held
together by elastic bands until the mountant (Euparal) had
hardened.

The data consist of x and y coordinates of 13 morphological
landmarks (Fig. 1). All landmarks are at intersections of wing
veins, including landmarks 1-5, which are at the intersections
of longitudinal veins with the costal vein that runs along the
anterior edge of the wing. Therefore, they are easy to locate
precisely and fulfill the criteria for Bookstein’s (1991) “‘type
1"’ landmarks.

For each wing, one of us (GSM) digitized the coordinates
of all landmarks using a dissecting microscope with a camera
lucida and a Summasketch FX digitizing tablet. All wings
were measured three times, which makes it possible to assess
digitizing error. The flies in each maternal age group were
digitized in sequence for each replicate (first replicate for all
flies in a group, then second replicate, etc.). The two maternal
age groups were measured in two separate sessions (first all
three replicates for offspring of young flies, then for offspring
of old flies). Because the wings were newly positioned under
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the microscope for each replicate and the raw landmark co-
ordinates were recorded automatically in a computer file, the
observer was blind with respect to the results of previous
measurements.

Variation and Asymmetry of Wing Size

For most of this study, we focus on wing shape, because
it can be characterized by the geometric configuration of
morphological landmarks. Variation in wing size was elim-
inated before these analyses by scaling specimens to unit
centroid size (the square root of the sum of squared distances
from a set of landmarks to their centroid; Slice et al. 1996).
Nevertheless, individual variation and asymmetry of wing
size also should be considered in their own right, comple-
menting the analyses of shape. Asymmetry in the overall size
of a structure reflects positive correlations among left-right
differences of interlandmark distances, which have been stud-
ied by other authors as the ‘‘individual asymmetry parame-
ter” (e.g., Leamy 1993; Leamy et al. 1997).

To assess asymmetry of total wing size, we used an ANO-
VA with centroid size as the dependent variable, body side
as a fixed effect, and individuals as a random effect (Palmer
and Strobeck 1986; Palmer 1994). In this analysis, the main
effect of flies stands for individual variation in size, the main
effect of body sides is for directional asymmetry (one side
is systematically larger than the other), and the interaction
term is a measure of fluctuating asymmetry (the variation in
left-right differences among individuals). Because the flies
in our sample were from two subgroups, we used maternal
age (young/old) as an additional fixed effect in the ANOVA
(this factor did not take part in any interactions); the effect
of individuals was nested within the maternal age classes,
and therefore the among-fly mean square was used as the
error term (denominator of the F-ratio) for the maternal age
effect. The fly X side interaction was used as the error term
to test significance of the main effects of flies and sides and
the measurement error for the fly X side interaction effect.

A Procrustes Method for Quantifying Asymmetry of Shape

Procrustes methods analyze shape by superimposing con-
figurations of landmarks in two or more specimens to achieve
an overall best fit (Rohlf and Slice 1990). In studies of asym-
metry, the Procrustes method proceeds in several steps (Fig.
2; Bookstein 1991; Auffray et al. 1996; Smith et al. 1997):
(1) reflect the landmark configuration of one body side to its
mirror image to align corresponding landmarks of both sides;
(2) scale the configurations to unit centroid size; (3) super-
impose the left and right configurations so that they have the
same centroid (the point of mean x and y coordinates for each
configuration is shifted usually to the coordinates [0, 0]); and
(4) rotate the configurations against each other around their
centroid to achieve an optimal fit of corresponding land-
marks. Asymmetry can then be measured as the deviations
between the pairs of corresponding landmarks.

Our analysis used a single Procrustes superimposition
(steps 3 and 4) to align simultaneously all the landmark con-
figurations (both wings of all specimens and their replicate
measurements). A single overall consensus configuration is
computed as the mean coordinates of corresponding land-



