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A MULTIVARIATE COMPARISON OF ALLOMETRIC
GROWTH PATTERNS
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Abstract. —Multivariate methods for “size correction,” such as shearing or multiple-group
principal component analysis, assume that the groups under consideration share a common
allometric growth pattern. However, this assumption has rarely been tested empirically. A variety
of patterns of allometric growth in larvae of 17 species of marine fishes is revealed by principal
component analysis. The bootstrap technique is used to assess statistical accuracy, and the hy-
pothesis of one common growth pattern is clearly rejected. Even taxonomically related species
are not always similar in their growth patterns. This indicates that techniques for “’size correction”
should not be applied without testing the assumption of acommon growth pattern. To summarize
the variation in allometric patterns, a recent approach, principal points, is used to find a small
number of “typical” patterns. Flury (1990, Biometrika 77:33-41) defined the k principal points
of a multivariate random vector X as those points that minimize the expected Euclidean distance
of X from the nearest principal point. For our data set, four typical allometric patterns are thus
characterized by means of principal points. Some common features of allometric patterns are
possibly of functional importance, but combinations of different allometric patterns and initial
morphologies can lead to a variety of body forms in fish larvae. [Allometric growth; morpho-

metrics; principal component analysis; size correction; principal points; bootstrap.]

Morphometric studies commonly char-
acterize multivariate patterns of allometric
growth as the first principal components
of within-group covariance matrices (Joli-
coeur, 1963). Comparisons of allometric
patterns often reveal fairly close similari-
ties between groups of animals, such as
different geographical populations (e.g.,
Gibson et al., 1984; Voss et al., 1990) or
ecological variants (e.g., Meyer, 1990) of
one species or several related species (e.g.,
Boitard et al., 1982; Shea, 1985; Creighton
and Strauss, 1986; Klingenberg and Zim-
mermann, in press).

A number of procedures for separating
variability in “size” (ontogenetic stage)
within groups from variation between
groups have been devised. These proce-
dures are based on the assumption that the
groups under consideration share a com-
mon growth pattern, and most of these
methods use the pooled within-group co-
variance matrix to estimate this common
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pattern. Two of the most frequently uti-
lized methods are multiple-group princi-
pal component analysis (Pimentel, 1979;
Thorpe, 1983) and “shearing” (Humphries
et al., 1981; Bookstein et al., 1985; Rohlf
and Bookstein, 1987). The use of the pooled
within-group covariance matrix was criti-
cized by Airoldi and Flury (1988) because
it implies the assumption that all within-
group covariance matrices are identical.
Common principal component analysis has
been proposed by Airoldi and Flury (1988)
as a statistical model to characterize a com-
mon growth pattern under less stringent
assumptions.

With real data, however, comparisons of
several taxa can also reveal significant dif-
ferences in growth patterns, as well as gen-
eral similarities. Therefore, the methods for
“size correction” may not always be ap-
propriate. Here we illustrate this point for
fish larvae, but we consider it to be of im-
portance for comparative studies of grow-
ing organisms in general.

Profiles of allometric coefficients in lar-
vae of several fish species studied by Fui-
man (1983) display the same general pat-
tern, but there is also some variation
between different species and growth stan-
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TABLE 1. Species considered in this study, sample sizes, and ranges of standard length (in millimeters).
Species marked with (G) belong to the order Anacanthini (Gadiformes), and species marked with (P) to the

Heterosomata (Pleuronectiformes).

No. Species? Sample size Range of STANDARD
1 Clupea harengus 50 6.8-19.4
2 Argentina sphyraena 48 4.9-185
3 Benthosema glaciale 52 4.0-8.1
4 Merluccius merluccius (G) 45 3.1-7.2
5 Gadiculus argenteus (G) 52 2.5-7.3
6 Merlangius merlangus (G) 52 2.3-8.0
7 Micromesistius poutassou (G) 30 3.5-9.6
8 Pollachius pollachius (G) 51 3.1-11.7
9 Trisopterus sp. (G) 51 45-11.9

10 Molva molva (G) 38 3.2-6.7

11 Scomber scombrus 45 29-9.2

12 Callionymus sp. 69 1.9-4.2

13 Triglidae, indet. 37 4.2-15.2

14 Lepidorhombus boscii (P) 41 3.5-8.0

15 Lepidorhombus whiffiagonis (P) 43 3.5-12.7

16 Glyptocephalus cynoglossus (P) 28 3.3-12.5

17 Microchirus variegatus (P) 31 2.3-7.0

2 Names and classification according to Hureau and Monod (1973).

zas. Bivariate plots and multivariate allo-
metric coefficients given by Strauss and
Fuiman (1985) show some striking dis-
crepancies in growth patterns between
species of one family (Cottidae). Given the
extreme changes in both size and shape
undergone by many fish species during
early ontogeny, and the diversity of body
forms they thus achieve, it seems unlikely
that there should be a common growth pat-
tern, even within groups of closely related
species. Many fish species exhibit simple
allometric growth during the postlarval
period from the absorption of the yolk sac
to the onset of metamorphosis, and thus
can be characterized by their allometric
growth patterns. This approach is not ap-
propriate, however, if there are several dis-
tinct growth stanzas, and it is essential to
examine the growth trajectory of each spe-
cies before analysis.

Patterns of allometric growth in several
traits often have been compared by graphic
methods (e.g., Fuiman, 1983). Alternative-
ly, allometric patterns, as they are revealed
by the vectors of first principal component
coefficients (Jolicoeur, 1963), can be treated
as multivariate observations characteriz-
ing the species from which they were de-
rived. The distribution of the patterns of
allometric growth can then be visualized

in the space spanned by the allometric co-
efficients of the original traits. A number
of questions arise in this context, some of
which we will consider briefly. Are allo-
metric patterns continuously distributed
in this coefficient space, or are there dis-
crete “clusters” of patterns displayed by
many species, and “gaps’” between them,
i.e., theoretical patterns that are not real-
ized at all? Is there a connection between
similarity in growth patterns and taxo-
nomic relatedness of the respective spe-
cies? What are the functional and ecolog-
ical implications of allometric patterns?
In this paper, we characterize 17 taxa of
marine fishes by the multivariate allome-
tric patterns (i.e., the vectors of first prin-
cipal component coefficients) of their lar-
vae. The variation in growth patterns is
then summarized in fewer dimensions by
principal component analysis, and a small
number of “typical” patterns is character-
ized by principal points (Flury, 1990).

MATERIALS AND METHODS

Most of the fish larvae used in the pres-
ent study (Table 1) were collected in the
Celtic Sea in April 1986 during a cruise of
the research vessel Poseidon (for details of
methods and location, see Ropke [1989]),
and a smaller part of the material was ob-
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tained from collections of fish larvae at the
Institut fiir Meereskunde, Kiel. All the lar-
vae were stored in buffered 4% formalde-
hyde solution in fresh water. Although
three of the taxa could not be identified to
the species level, we will refer to them as
species in this paper. Because the samples
of these three taxa were fairly uniform
morphometrically, each of them probably
does represent a single species. The only
taxon with two distinct growth stanzas was
Callionymus sp., where a clear change of the
growth pattern occurs at a standard length
of about 4.5 mm, coinciding with the dif-
ferentiation of the preopercular spines
(Russell, 1976); the specimens of the sec-
ond stanza were excluded from analysis,
reducing the sample size for this taxon from
84 to 69. As far as possible, we will refer
to the species by their generic names, with-
out implying, however, that our results ex-
tend to species other than those considered
here.

Ten variables were measured in each lar-
va: standard length (STANDARD; length
from the tip of the snout to the end of the
urostyle), prepectoral length (PREPEC;
length from the tip of the snout to the bases
of the pectoral fins), body width at the pec-
torals (PECWID; width of the body above
the bases of the pectoral fins), body width
at anus (ANALWID; width of the body
above the anus), preanal length (PRE-
ANAL; length from the tip of the snout to
the anus), preorbital length (PREORB;
length from the tip of the snout to the
anterior margin of the eyes), diameter of
the eye (DIAMEYE; measured in dorso-
ventral direction), depth of the head
(HEADDEP; measured at the center of the
eyes), body depth at the pectorals (DEPTH-
PEC; depth of the body at the bases of the
pectoral fins, without dorsal fin margin),
and depth of the body immediately behind
the anus (DEPTHANU; depth of the body
without marginal fins). All measurements
were taken by the same person (R.F.) using
a video system (for further details, see
Froese [1990]).

The data were transformed to natural
logarithms before analysis. To estimate
patterns of multivariate growth allometry,

principal component analyses were carried
out separately for each species using co-
variance matrices (Jolicoeur, 1963). Angles
between principal components (PCs) were
computed as the arccosine of the inner
product of the respective PCs (Pimentel,
1979). The bootstrap method (Efron and
Tibshirani, 1986) was applied to determine
standard errors for the coefficients of the
first PCs and the percentages of total vari-
ance explained by the first PCs, with 1,000
bootstrap iterations for each species.

To display the variation among multi-
variate allometric patterns in fewer di-
mensions, a principal component analysis
was performed on the covariance matrix of
the allometric patterns, i.e., using the vec-
tors of first PC coefficients of the 17 species
as “observations.” The resulting principal
components are orthogonal axes of maxi-
mal variation in allometric patterns among
species. However, these components can-
not be interpreted in the usual way, and
they will only be used to display the vari-
ation graphically. Confidence ellipses for
the allometric patterns of all species were
calculated using the bootstrap estimates
from the previous step (for a discussion on
the use of confidence ellipses, see Owen
and Chmielewski [1985]).

To reduce the number of allometric pat-
terns to be compared, we used a novel ap-
proach, principal points (Flury, 1990).
Principal points summarize the variation
of allometric patterns in a small number
of “typical” patterns drawn from the the-
oretical distribution of allometric patterns
in fish larvae, i.e., hypothetical observa-
tions that together should be representa-
tive of the underlying distribution. The k
principal points of a p-variate random vec-
tor X are defined as those points that min-
imize the expected Euclidean distance of
X from the nearest principal point (Flury,
1990). If k = 1, the only principal point is
the mean vector of X, and, if k = N in a
sample of N observations, each observation
isa principal point. Flury (in press) defined
the sample mean squared deviation
(SMSD), the average squared Euclidean
distance between each observation of the
sample and the nearest principal point, as



