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Abstract.—Static, ontogenetic, and evolutionary allometry in all five larval instars of nine spe-
cies of the water strider genera Gerris and Aquarius were compared using a multivariate ap-
proach. Common principal component analysis (CPCA), a generalization extending principal
component analysis (PCA) to multigroup situations, was carried out on covariance matrices of
log-transformed measurements of eight characters of antennae and legs. For all three types of
allometry, a good fit of the model of simple multivariate allometry was found, and PCA results
were similar in all instars and species, which justifies the use of CPCA to estimate a common
pattern of allometric variation for each of the three types of allometry. We found a fairly
close association between static and ontogenetic allometry, which indicates at least in part a
developmental origin of individual variation. Evolutionary allometry differed markedly from
static and ontogenetic allometry, with leg segments displaying strongly positive allometry. We
discuss the possible importance of differences in habitat use for the evolution of the characters
considered. Static, ontogenetic, and evolutionary variation are reciprocally interrelated phenom-
ena that need to be considered in studies of the evolution of morphological traits.

Patterns of character variation and covariation are a central issue of many
recent attempts to integrate aspects of developmental and evolutionary biology
into a unified theory of morphological evolution (see, e.g., Gould 1977; Alberch
et al. 1979; Cheverud et al. 1983; Atchley 1984, 1987; Maynard Smith et al. 1985).
One of the approaches to the assessment of patterns of character covariation is
allometry (Cock 1966; Gould 1966) and its multivariate generalizations proposed
by Teissier (1960), Jolicoeur (1963), and Hopkins (1966). In these models, a single
factor or principal component is taken to account for allometric variation; that
is, the data points are concentrated along a straight line in the space of log-
transformed measurements, and the variation can be described by the direction
of that line (see also Bookstein 1989). Even though this assumption may not
always be fulfilled in biological data sets, the principal component approach is
useful in practice, because the first principal component alone accounts for the
largest part of total variance in many cases; that is, most morphometric variation
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is in a single dimension. The main pattern of variation characterized by the first
component can then easily be compared among various groups (Boitard et al.
1982; Gibson et al. 1984; Voss et al. 1990; Klingenberg and Froese 1992).

Corresponding to three conceptually distinct types of variation due to individ-
ual variability, growth, and phylogeny is Cock’s (1966) distinction between static,
ontogenetic, and evolutionary allometry, respectively (for a somewhat different
terminology, see Gould 1966). Static or size allometry pertains to patterns of
variation and covariation of characters among individuals of the same population
within a particular ontogenetic stage (Gould 1966: individual allomorphosis). On-
togenetic or growth allometry focuses on character covariation among ontoge-
netic stages (or over a continuous growth trajectory) within species. The third
concept, evolutionary allometry, is concerned with character covariation among
organisms from several evolutionary lineages sharing a common ancestor, within
a single ontogenetic stage, for example, the adults of several closely related spe-
cies (Gould 1966: interspecific allometry). These three levels of variation are
tightly and reciprocally interrelated (see, e.g., Rieppel 1990); any evolutionary
change in morphology is accompanied by a corresponding change in ontogeny
(and vice versa), and evolutionary change depends on heritable static variation
of morphological traits in various life-history stages, produced by ontogenetic
variation.

Although it cannot be expected a priori (Cock 1966), static and ontogenetic
allometry can coincide under certain conditions (Cock 1966; Cheverud 1982).
Applying quantitative genetic theory, Lande (1979) showed relations between the
static genetic covariance structure and evolutionary allometry. Alberch et al.
(1979) presented a theoretical framework of the relationships between develop-
ment and evolution, which was further developed by Atchley (1987) and Slatkin
(1987). Empirical comparisons between types of allometry yielded differing re-
sults because very diverse data sets and various statistical techniques were used
(Cheverud 1982; Leamy and Bradley 1982; Boag 1984; Gibson et al. 1984; Leamy
and Atchley 1984; Shea 1985). However, none of these studies provided reliable
and directly comparable estimates of all three types of allometry.

Groups of closely related species of hemimetabolous insects are excellent
model organisms for the study of allometry because their well-defined ontogenetic
stages allow easy separation of patterns of variation at the static, ontogenetic,
and evolutionary levels. In this article, we first evaluate the approach of multivari-
ate simple allometry as a descriptive tool for the study of patterns of morphomet-
ric variation and then extend this approach to a multigroup situation, which yields
a simultaneous estimate for each of the three types of allometry. Finally, we
compare these estimates and discuss possible explanations for associations be-
tween different levels of variation.

MATERIALS AND METHODS

Measurements

The present study is based on morphometric data from samples of all five larval
instars of nine European water strider species (Heteroptera: Gerridae): Gerris
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argentatus, Gerris costae, Gerris gibbifer, Gerris lacustris, Gerris odontogaster,
Gerris thoracicus, Gerris lateralis, Aquarius najas, and Aquarius paludum. (An
identification key and morphological descriptions for instars and species are given
in Zimmermann 1987.) The five larval instars will be denoted L1 to LS.

We include two sets of specimens, those reared in the laboratory under condi-
tions specified by Grossen and Hauser (1982) and those collected in the field
(for details, see Zimmermann 1987). Measurements were made on specimens
preserved in ethanol. Specimens from laboratory rearings were measured by
means of a dissecting microscope equipped with an eyepiece micrometer, and
specimens from the field with Wild MMS 235 digital length-measuring equipment.
Twenty specimens were measured for each instar of each species in both data
sets, except for L1 of all species from the field, for which only 10 individuals
were measured. Only 12 L2s of G. lateralis from the field were available, and
one laboratory-reared L5 of A. paludum had to be excluded because of a missing
value. The total number of specimens thus amounts to 899 for laboratory rearings
and 802 for field samples. The sexes could be determined with certainty only in
the LS (see Zimmermann 1987), for which 10 males and 10 females were included
for each species and both data sets (only nine female laboratory-reared A. palu-
dum). Voucher specimens of the larvae of all species are deposited at the Museum
of Natural History, Bern, Switzerland (Naturhistorisches Museum der Burger-
gemeinde Bern).

Although 11 measurements were made on each specimen (for details of mea-
surement and univariate statistics, see Zimmermann 1987), we have included only
eight variables in this analysis to avoid the occurrence of singular covariance
matrices with the sample sizes available. The characters considered here are the
lengths of the four antennal segments (denoted ANTSEGI to ANTSEG4) and the
lengths of femora and tibiae of the middle and hind legs (MIDFEM, MIDTIB,
HINDFEM, and HINDTIB, respectively). The relative length of antennal seg-
ments varies much within the Gerridae (Andersen 1982) and is of considerable
systematic importance (Andersen 1990). For locomotion on the water surface,
the middle legs provide thrust by rowing movements and the hind legs act mainly
as a rudder (Andersen 1982); therefore the lengths of these legs probably are of
adaptive significance. Habitat use by water striders differs between species
(Spence 1981; Andersen 1982; Zimmermann 1987) and larval instars (Nummelin
et al. 1984), mainly with respect to the abundance of floating and emergent vegeta-
tion and the degree of disturbance of the water surface (e.g., currents), and is
associated with leg length (Spence 1981). We did not include in this study head
width, which is difficult to measure and may increase within instars (Bliss and
Beard 1954), and the lengths of the middle and hind tarsi.

The five larval instars can be identified by their morphological characters in all
nine species considered here (Zimmermann 1987). We therefore consider these
instars as homologous ontogenetic stages among all nine species. Because all
characters included in the present analysis were measured on rigidly sclerotized
structures, growth within stadia (Clarke 1957; Sehnal 1985) and shrinking of
preserved specimens can be ruled out. Thus the data are of a truly cross-sec-
tional type (Cock 1966) for each species and are directly comparable among
species.
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Fic. 1.—Illustration of the scheme used to characterize the three types of allometry.
Ellipses represent the morphometric variation within instars. The five successive instars (L1
to LS5) are aligned from left to right, and two species are depicted one beneath the other.
The boxes indicate how species/instar samples are pooled to obtain one estimate of each
type of allometric pattern. However, the estimates from CPCA given in this article are
based on all possible groups (e.g., five replicates for evolutionary allometry) considered
simultaneously.

Methodology for Allometric Analysis

A schematic representation of the conceptual design of the comparison between
the different types of allometry is given in figure 1. Static allometry refers to the
pattern of variation within a single instar of a particular species. Ontogenetic
allometry is the pattern within a given species, including all instars. Finally,
evolutionary allometry is the pattern of variation among all species and is evalu-
ated within a single instar to separate it from ontogenetic variation. Following this
scheme, we can obtain several independent estimates of allometric coefficients for
each of the three levels of allometry, and comparisons among these estimates of
allometric patterns in many separate groups will be needed (e.g., 45 groups for
static allometry). Thus it is desirable to use a technique summarizing variation
within several groups simultaneously.

Common principal component analysis (CPCA; Airoldi and Flury 1988; Flury
1988) is a generalization of one-group principal component analysis (PCA). The
model underlying CPCA assumes that all group covariance matrices share the
same eigenvectors, termed common principal components (CPCs), but that the
eigenvalues associated with CPCs need not be equal in different groups. One-
group principal components, which are estimated as the eigenvectors of the sam-
ple covariance matrices, are considered to differ among groups only by sampling
error. The eigenvalues associated with CPCs, however, are estimated separately



