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ABSTRACT

A means of determining the geographical validity of shape patterns based on landmark observations, using geometric morphometry and
multivariate statistical analysis, is illustrated by data on the bioluminescent ostracod species Vargula hilgendorfii (Miiller) from two marine
localities (Karatsu and Tateyama) in Japan. Standard multivariate statistical analysis of the shape-data shows that there is a significant
difference in means between sites. The latent vectors of the covariances of the data-matrices for shape-change were tested for collinearity
under the hypothesis that external causes might influence covariances and hence the statistical distance between samples. There is a
significant diftference in the orientation of the ellipsoids for total shape-scatter. The reason for the differentiation in the shape-phenotype
(for example, cxpressed as polymorphism) might have a microclimatological background. In addition to the difference in average shape,
there is also a divergence in size between the samples from the two sites.
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RESUMEN

Se propone un método que permite contrastar la existencia de fenomenos de variacion geografica de caracter morfoldgico, considerando la
posicion relativa de puntos equivalentes, mediante el uso de la morfometria geométrica y la estadistica multivariante. EI método se ilustra
con datos sobre el ostracodo bioluminiscente Vargula hilgendorfii (Miiller), provenientes de dos localidades marinas (Karatsu y Tateyama)
en Japon. Los andlisis convencionales, usando métodos multivariantes sobre los datos morfoldgicos, muestran la existencia de una
diferencia significativa entre las medidas de ambas poblaciones. La colinearidad de los vectores propios de las matrices de covarianzas para
el cambio morfoldgico se contrasta bajo la hipotesis de que pudieran influir causas externas sobre las covarianzas y motivar con ello la
distancia estadistica entre las muestras. Se¢ ha apreciado una diferencia significativa en la orientacion de los elipsoides para el morfeespacio
global. La razon de las diferencias fenotipicas (p. ej., expresadas por un polimorfismo) podria tener una explicacion microclimatica. Ademas

de la diferencia en formas medias, se constata una divergencia en el tamafio de ambas poblaciones.

Palabras clave: Morfometria, ostracodos, anilisis multivariante cstadistico, Japon, anilisis de formas.

INTRODUCTION

The recent development of the theory and practice of the
analysis of variation in shape by geometric methods (Books-
tein, 1989, 1991) has opened up new avenues of research
along the lines envisaged by Thompson (1917), the possibili-
ties of which were almost unsuspected until just a few years
ago. One of these prospects lies with utilizing such multivaria-
te adaptations for studying evolution in the phenotype as are
appearing in evolutionary biology as developed by Falconer
(1960) and Lande (1976, 1979); others are concerned with the
integration of geometric methods into biometry. The topic
considered in the present note concerns the assessment of
stability in the shape phenotype observed at two or more
localities. One reason for wishing to do this is that regional
validity of the phenotype in multivariate quantitative genetic
analyses (Lande, 1979) is a mandatory requirement of the
methods.

There are two factors to be accounted for. Firstly, mor-
phological dilferences may be expressed in terms of a dilfe-
rence in means and, secondly, and subordinately, as a test for
differences in covariances. The rationale for the first compo-
nent is reasonably obvious in that it is of interest to establish
differences in average shape between sites. The second com-
ponent is of concern if it is suspected that factors such as
persistent microclimatic differences, salinity, redox potential,
dissolved gases, temperature, pollution etc. could be affecting
the shape of the carapace. The influence of salinity on the
shape of the ostracod carapace is well known. Moreover,
polymorphism in shape may be induced by environmental
cues (Clark, 1976).
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THE MATRIX OF SHAPE-CHANGE

Bookstein’s (1991) geometric morphometry analyzes within-
populational and between-populational shape-change, based
on landmark data. Landmarks are observations made at diag-
nostically important sites on an organism at corresponding
points identified by their coordinate-pairs in a Cartesian system.
Such geometric variables contain much essential information
on size and shape of the organism, but, of course, not all.

The sequence of steps employed here for the determina-
tion of regional validity of the shape-phenotype is.

1. Extract a suitable multivariate geometric expression
of shape from a data matrix of landmark observations. This
can be done conveniently on the pooled sample made up of
the observations available from all sites, in the present exam-
ple, two.

2. Compute the principal components for the samples
from each of the sites, using a matrix of weights, as defined
in Rohlf (1993), and the generalized statistical distance bet-
ween the samples, using the weight matrix formed from the
pooled observations.

3. Test the principal axes so obtained for collinearity by
the method of Anderson (1963) and Reyment (1969).

Shape variation encompasses two components, an affine
part and a non-affine part (Bookstein, 1991). The mathemati-
cal term affine means uniform change such as obtains when a
square is deformed into a parallelogram or a circle into an
ellipse. In affine change, orthogonality of principal axes is
preserved and parallel lines remain parallel. Mathematically,
these are maps, i.e. the projection of a point from one surface
to a second surface. The term non-affine refers to the non-
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uniform pattern of deformation produced, for example, when
an initially flat object is twisted or warped. It is the residual of
size-free change that remains after the difference due to any
affine change has been subtracted from the total change in
shape.

The analysis of within-populational morphometric varia-
tion based on landmark data proceeds by a method which
consists of fitting an interpolating function to the set of
x-y-coordinates of the landmarks located on each of N speci-
mens in a sample. The variation among the specimens is
described in terms of variance in the parameters of the fitted
functions in relation to a reference configuration, which is
often taken to be the mean configuration of landmarks after
some suitable alignment of specimens. The relative warps are
the principal components in a multivariate space in which,
according to Bookstein’s (1989) original presentation, each
point corresponds to a specimen and the axes are the inver-
sely weighted principal warps of the bending energy matrix
which is defined by the reference configuration of landmarks.
The relative warps depict the main features of variation in
shape among specimens as deformations (i.e. warps) in shape.
The relative warps can be given an appealing graphical pre-
sentation by the thin-plate splining technique (Rohlf, 1993).
For details of the algorithms for computing relative warps, I
refer to Bookstein (1991; section 7.6.2) and Rohlf (1993). The
essential output from these computations for present purpo-
ses is a new data matrix, the weight-matrix. The calculations
for finding relative warps are rather like canonical variate
analysis with the role of the pooled within-groups covariance
matrix being assumed by the bending energy matrix.

The elements of the weight matrix represent each speci-
men as a linear combination of principal warps, the latent
vectors computed from the bending energy matrix (Bookstein,
1989). This weight-matrix, suitably partitioned, can be used in
the same manner as any data matrix for many methods of
multivariate statistical analysis (Reyment and Joreskog, 1993).
For many purposes, two weight-matrices are of interest. One
of these is obtained for the non-uniform case, there being 3
principal warps less than the number of landmarks. The second
weight-matrix, expanded so as to encompass uniform varia-
tion, is augmented by two columns (Rohlf, 1993). This latter
array is used in the present analysis.

TESTING FOR REGIONAL STABILITY
IN COVARIANCES

Blackith and Reyment (1971) demonstrated the empirical
value of the angles between latent vectors in morphometric

Figure 1. Drawing of Vargula hilgendorfii (Miiller) showing the sites cho-
sen as landmarks for analysis. The rostrum is defined as the
area encompassed by landmarks 1 through 4.

work. This procedure is, however, useful only in an advisory
capacity, since it cannot be connected to a statistical test.
Interest in collinearity of the principal axes of multivariate
dispersions lies with the possibility offered for probing agree-
ment in patterns of variation at geographical sites. The latent
roots and vectors computed from the covariance matrix for-
med from the weight matrix can be used for assessing regio-
nal stability of the shape phenotype (cf. Lande, 1979) by the
following procedure.

Let S, denote the covariance matrix of the weight matrix
of one of two samples (usually taken as that with the larger
sample size) and S, that of the other. The first of these
matrices is designated as being the reference matrix. Obtain
the latent roots y; of matrix S; and latent vectors B of the
second matrix, S,. Anderson’s (1963) large-sample test for
collinearity of latent vectors adapted by Reyment (1969) for
application to biometrical problems is then applied to the
data. The property of collinearity of latent vectors implies that
the covariance matrices are equal with respect to the orienta-
tion of dispersions. The test is carried out by computing the
approximate chi- square relationship

(N\=DIlwbp"S;'b; + y;'b";S,b;—2] (1

where N, is the size of the first matrix and 7 can be given any
value from 1 to k, where k denotes the number of warps
represented in the weight matrix. The relationship (1) is appro-
ximately distributed as X¥? with k-/ degrees of freedom. The
test is performed separately for as many of the latent vectors
as are of interest.

The procedure relies rather strongly on the input matri-
ces being “well behaved”, by which is meant that the data-
matrices should not deviate too markedly from multivariate
Gaussian. It is therefore advisable to scan the data for atypical
and influential observations by some such procedure as cross-
validational principal component analysis (Krzanowski, 1987;
Reyment and Joreskog, 1993), in addition to a preliminary
screening by univariate statistical methods. This enables the
analyst to isolate specimens that diverge significantly from
their fellows. Such specimens become then candidates for
deletion from the analysis, but should, of course, be subjected
to subsequent biological scrutiny.
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Figure 2. The graphical representation for the first relative warp loadings

using @ = 1. The magnitudes of the arrows denote the relative
importance of the loading apportioned to each landmark in this
projection. The scatter of the 44 valves superimposed on the
reference configuration (based on shape-coordinates) is shown.
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EXEMPLIFICATION OF THE METHOD
THE DATA

In an ongoing study of the morphometry of the biolumi-
nescent marine myodocopid ostracod species Vargula hilgen-
dorfii (Miiller), being conducted with Katsumi Abe, Depart-
ment of Geosciences, University of Shizuoka, Japan, a very
complex regional morphological situation has been uncove-
red. Data obtained from two of the sites under study are used
here to exemplify the method proposed in this note, namely,
a sample taken at Karatsu (N = 24), western Honshu (130°,00’:
339.26°) and Tateyama (N = 20), eastern Tokyo Bay (139°,5:
34°,59).

The landmarks digitized on the specimens are illustrated
in Fig. 1. There are four sites (1-4) located around the ros-
trum at sharp points of inflection, two at the sites of maxi-
mum dorsal and ventral curvature (5 and 8), one at the
posterior extremity (7) and one at the posteroventral change
of inflexion in curvature (8). The required baseline for the
computations was taken between landmarks 2 and 6. Book-
stein’s (1991) method of shape coordinates which is a proce-
dure for aligning the specimens (Bookstein, 1986) was then
used.

FINDINGS

Analysis of shape variation

The relative warps for the pooled set of observations
(N=44) on females were computed for the exponent a =1
(Rohlf, 1993). There are 8 — 3 = 5 principal warps with latent
roots > (. The first relative warp (Fig. 2) indicates compres-
sion between sites 6, 7 and 8 and an anterior displacement of
the four rostral landmarks (1-4). The close clustering of the
sample points at each landmark is worth noting.

In Fig. 3, the first relative warp is illustrated as a thin-
plate spline for a positive displacement. This mode of repre-
sentation portrays what a specimen would look like if its
relative warp score were at an extreme position along the first
axis and nought on all other axes. This deformation echoes
the information supplied by Fig. 2 and touches mainly on

Figure 3. The first relative warp depicted as a thin-plate spline for a
positive displacement. This, and the other thin-plate spline por-
trayals of deformation, are to be viewed as though they were in
three dimensions.

landmarks 1-4 and landmarks 6 and 7. This warp is mainly a
function of a single principal warp, number five, with coeffi-
cients —0.918 on the x- and 0.380 on the y- coordinates. This
is the largest scale principal warp.

The second relative warp depicted as a thin-plate spline
for a positive displacement (Fig. 4) indicates compression in
the rostral and posterior zones and dilation over the region
lying between the dorsal and ventral margins (valve-height).
The fifth principal warp is, again, the major function of this
relative warp, with coefficients (—0.358, —0.834).

No significant graphical differences were obtained when
the computations were repeated for « = 0, which is not
unexpected considering the nature and locations of the land-
marks (see Rohlf, 1993 for a discussion concerning the effects
of the exponent a).

In summary, the indications provided by the relative
warps seem to be that there is a large-scale differentiation in
shape between the specimens from the two localities. That is,
the changes of morphometric importance encompass the enti-
re valve. This aspect was further studied by means of the
average configurations for each sample (Bookstein, 1989).

The thin-plate spline between these reference configura-
tions was computed. The graph for uniform change (Fig. 5)
shows slight shearing. The total non-uniform change displa-
yed as a splined surface (Fig. 6) indicates slight compression
in the rostral area and gentle dilation over the valve-height.
There are, therefore, no starkly expressed morphological chan-
ges between localities, but differences do occur. It now remains
to probe the statistical implications of these.

MULTIVARIATE ANALYSIS OF THE WEIGHT
MATRIX

Univariate normality of the warp variables was checked
by the usual methods by determining skewness and kurtosis.
All of the new variables, for both samples are non-kurtosic.
All of the variables of the reference set (Karatsu) are, likewi-
se, conformable with the normal distribution with respect to
kurtosis. The second warp-variable of the set for S, (Tateya-
ma) shows significant skewness at the 5 % level of significance
(skewness = 1.0186; tyew = 1.99).

The total weight matrix for affine plus non-affine shape
changes was analyzed by standard methods of multivariate
statistics. A value of D? = 4.43 was found which for Fj,5 =
297 and P = 0.007. This result suggests that there is a

Figure 4. The second relative warp depicted as a thin-plate spline for a
positive displacement.
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genuine difference in “shape-means” between the sample from
Karatsu and that from Tateyama. The discriminant function
analysis yielded the result that 12.5% of the Karatsu indivi-
duals are identified as being from Tateyama and 15% of the
Tateyama individuals qualify for admission into the Karatsu
sample. There is therefore only slight overlap between the
distributions for the shape-variates and hence a remarkable
degree of differentiation in shape between the two samples.

The latent roots and vectors of the covariance matrix for
S, and S, were computed. Inspection of the corresponding
vector components indicates pronounced differences to exist.
Application of formula (1) to these data yields X?;;-values of
41.38 for the first principal axis and 118.3 for the second
principal axis. These are highly significant. It can be interes-
ting to compare the results obtained by equation (1) with the
angles computed between corresponding pairs of latent vec-
tors. The angle for the first principal axes is 8.46 radians and
that for the second pair, 13.72 radians. These vectors differ in
their orientations, but not very strongly. The comparison of
the inflations of the scatter ellipsoids gave X%, = 88.9, which
is not significant.

Figure 5. The affine transformation between average configurations for
the samples from Karatsu and Tateyama. This is the uniform
component of the deformation of the geographically separated
Vargula.

Figure 6. The total non-affine transformation for the average configura-
tions for the both samples. Bending energy = 0.0017.

CONCLUDING REMARKS

The successful application of geometric morphology to
the study of biogeographical differentiation requires a useful
means of assessing the regional stability of shape variability.
The methods employed here are built on multivariate statisti-
cal theory that has been used repeatedly in other connexions
with a similar underlying model. The example chosen to
exemplify the method is drawn from a project currently under
way on the regional variability of the ostracod species Vargula
hilgendorfii. This analysis shows how unsuspected geographic
differences in morphology can be successfully brought to light
by a combination of geometric morphometric methods and
multivariate statistical hypothesis testing. The biological cau-
ses underlying the differences in shape could be microclima-
tological, granted that there is a distance of 900 km between
Karatsu and Tateyama. The former site is located on the west
coast of Honshu and the latter on its eastern coast, within the
confines of Tokyo Bay, both with distinct sedimentological,
oceanographical and meteorological regimes with the added
possibility of environmentally triggered polymorphism in sha-
pe (Clark, 1976). Finally, it should be mentioned that in
addition to the shape divergence between samples demonstra-
ted in the foregoing, there is a strongly manifested difference
in size. This is illustrated in Fig. 7, which is the plot of
centroid size values against the first relative warp. The diffe-
rentiation between samples occurs along the size-axis.
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