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INDIVIDUAL VARIATION OF ONTOGENIES: A LONGITUDINAL
STUDY OF GROWTH AND TIMING
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Abstract.—This study of growth and developmental time in the water strider Limnoporus canaliculatus (Heteroptera:
Gerridae) is based on longitudinal data from specimens reared individually in the laboratory. I analyzed multivariate
allometry using a common principal components approach. This technique identified patterns of variation that were
uncorrelated both within and among instars and which remained fairly constant throughout the growth period; in
contrast, the overall amount of variation increased from young to older instars. Negative correlations between size
and subsequent growth increments indicated convergent growth in the first three instars, but there was a transition to
positive correlations (divergent growth) in later instars. Analysis of covariation among measurements made in different
instars showed strong ontogenetic autocorrelation and revealed patterns remarkably similar to those found in mammals
and birds; yet corresponding analyses of growth increments showed mainly independent variation in different instars.
Therefore, I conclude that the strong correlations among stage-specific measurements result from the part-whole
relationships inherent to these cumulative size data, but do not reflect specific properties of the organisms studied. In
contrast to size increments, instar durations of water striders were highly correlated throughout the larval period,
indicating that individuals tended to develop at either relatively fast or relatively slow rates in all instars. The
correlations between growth increments and instar durations were nil or negative, contrary to expectations from life-
history theory. The results of these analyses of individual variation match the findings from other water striders and
from interspecific comparisons in the genus Limnoporus, but information about physiological mechanisms of molting
and growth in insects cannot completely explain the patterns observed.
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The evolution of ontogeny has attracted much attention in
recent years (Gould 1977; McKinney and McNamara 1991;
Hall 1992). Interest in the evolution of organismic form mo-
tivated part of this research, because the diversity of mor-
phological structures is the outcome of variation in growth
and development. On the other hand, life-history studies in-
clude growth in size and the schedules of transitions between
developmental stages as important elements of the relation-
ships between organisms and their environment (Roff 1992;
Stearns 1992).

Some studies in this field have compared the ontogenies
of several taxa, viewing differences as the results of past
evolutionary change (e.g., Creighton and Strauss 1986;
Strauss 1990; Klingenberg and Spence 1993). Others have
dealt with the patterns of variation of ontogenetic processes
within populations that provide the potential for continuing
microevolution (e.g., Cheverud et al. 1983; Lynch 1988,
Kirkpatrick and Lofsvold 1989; Atchley and Hall 1991). In
such analyses of ontogenetic variation, the lack of variability
can be as important as its presence, because it constitutes a
developmental constraint on the future evolution of the traits
under consideration (Maynard Smith et al. 1985; Gould 1989;
Kirkpatrick and Lofsvold 1992; Bjorklund 1993).

Developmental processes produce morphological variation
and constraints and thus affect evolutionary processes in two
principal ways. First, they determine the growth curves, that
is, the functions relating age or developmental stage to mor-
phological and physiological traits. As a consequence, they
influence the extent to which values of the same trait at dif-
ferent ages can vary independently (Cheverud et al. 1983;
Kirkpatrick and Lofsvold 1992; Bjorklund 1993). Second,
because developmental processes often affect several traits

simultaneously (Riska 1986), multivariate patterns of co-
variation among traits at a given age reflect these processes
(e.g., Cheverud 1982a, 1995; Zelditch 1987; Cowley and
Atchley 1990; Atchley et al. 1992; Paulsen and Nijhout 1993)
and can in turn affect the potential for evolutionary change
(Lande 1979; Cheverud 1984). These two aspects have been
integrated in theoretical syntheses (Atchley and Hall 1991;
Cowley and Atchley 1992; Atchley et al. 1994), but there
are few detailed empirical studies that jointly consider co-
variation among traits and across developmental stages (but
see Cheverud et al. 1983; Bjorklund 1993). Such studies were
limited because statistical techniques specifically designed
for longitudinal studies with multiple measurements have be-
come available only recently (Klingenberg et al. 1996). Fur-
thermore, the existing studies of ontogenetic variation and
constraints have been based on analyses of age-specific size
measurements, but few have examined the variation in growth
increments (but see Riska et al. 1984).

Growth processes not only produce variation in morpho-
metric traits, but they can also eliminate it by compensatory
growth, such that all individuals converge toward a ‘“‘target”’
size as adults (Tanner 1963), irrespective of differences in
their earlier growth history. Differences in growth may be
due to starvation (Wilson and Osbourn 1960; Blum et al.
1985) or individual variation apparent even under controlled
laboratory conditions (Monteiro and Falconer 1966; Atchley
1984; Riska et al. 1984). Although vertebrates have been
studied in the most detail, growth regulation has also been
reported from insects (Tanaka 1981; Bryant and Simpson
1984), crustaceans (Hartnoll and Dalley 1981; West and Cost-
low 1987), and echinoderms (Ettensohn and Malinda 1993).
Whereas some regulation of growth occurs through hormones

2412

© 1996 The Society for the Study of Evolution. All rights reserved.



INDIVIDUAL VARIATION OF ONTOGENIES

(Tanner 1963; Blum et al. 1985; Shea et al. 1990) and thus
affects multiple measurements simultaneously, leading to
tight overall integration, there is also ample evidence from
a variety of studies that organs independently control their
final size to a considerable degree (Bryant and Simpson
1984). Therefore, although growth regulation potentially is
a major determinant of ontogenetic variation, it is not possible
to predict what specific effects these processes have on the
patterns of covariation among morphometric traits.

Ontogenetic variability is not limited to morphometric
characters, but the timing of developmental events also can
vary, which may lead to evolution by heterochrony (McKin-
ney and McNamara 1991; Klingenberg unpubl.). To study
this variation within and between populations, it is important
to find appropriate standards for comparison. Yet studies of
organisms with continuous growth most commonly are forced
to ignore this variation, because they are usually based on
measurements at fixed ages (e.g., Cheverud et al. 1983; Riska
et al. 1984), even in comparisons between taxa (e.g., Creigh-
ton and Strauss 1986; Bjorklund 1993; Wayne and Ruff
1993). A possible alternative is standardization of age relative
to an ontogenetic event, such as the peak velocity of growth
in height for human adolescents (Cameron et al. 1994), but
this may be very difficult if the event is gradual and if the
data have high temporal resolution. To avoid such ambigu-
ities, an ideal study system should have a fixed number of
discrete developmental stages, a condition that is met by
many hemimetabolous insects.

Water striders (Heteroptera: Gerridae) are excellent study
organisms to address these questions because they can be
reared individually in the laboratory, measurements of the
cuticles cast during molting provide an accurate record of
growth, and each molt is a distinct developmental event. Here
I report the results of a longitudinal growth study in Lim-
noporus canaliculatus (Say). This study thus complements
an earlier comparison of ontogenies among the six species
of the genus Limnoporus, which revealed a considerable de-
gree of interspecific variation in timing and extent of growth
(Klingenberg and Spence 1993). I performed a joint analysis
of covariation among measurements within and across de-
velopmental stages, using a new statistical model specifically
designed for such studies (Flury and Neuenschwander 1995a;
Klingenberg et al. 1996). Based on these results, I compare
analyses of variation and constraint in growth increments to
those in age-specific measurements, and I examine growth
regulation and the relation between instar durations and
growth in size.

MATERIALS AND METHODS

This study is based on longitudinal data from all five larval
instars (L1-L5) and adults of the water strider L. canalicu-
latus. Exuviae collected from bugs reared individually make
it possible to obtain measurements from single individuals
in all growth stages without manipulating the delicate larvae.

Laboratory Culture and Measurements

The water striders used in this study were the offspring of
a sample of overwintered adults collected in Morris County,
New Jersey, on May 1, 1992. The entire laboratory-rearing
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experiment was performed in the same climate-controlled
room (20°C, photoperiod 16L:8D). Adults were kept as a
mass culture, provided with Styrofoam strips for oviposition,
and fed ad libitum with frozen flesh flies, Neobelliera bullata
(Parker). Styrofoam strips were replaced regularly, and those
with eggs in advanced stages of development were checked
for hatched larvae at intervals of approximately 12 h.

Hatchlings were transferred into individual rearing con-
tainers (diameter 11.5 cm, height 8 cm), each with about 1
cm of water and a small piece of Styrofoam floating on the
surface. Each larva was fed a frozen flesh fly daily; this is
an ad libitum regime, as the weight of a fly far exceeds that
of even an adult water strider. Larvae were checked for molts
twice daily; the data for instar durations therefore have a
resolution of approximately 12 h. After each molt, the cast
exuvia was collected and subsequently stored in 70% ethanol.
After the final molt, when the new cuticle had hardened,
adults were killed by deep-freezing and later stored in 70%
ethanol.

For this study, I analyzed measurements of the lengths of
the femora and tibiae of the middle and hind legs. The cuticle
of the legs is rigidly sclerotized; therefore, shrinking or other
effects of preservation can be ruled out. Because antennal
segments tended to telescope into one another in exuviae,
their lengths, included previously in cross-sectional studies
of growth in water striders (Klingenberg and Zimmermann
1992a; Klingenberg and Spence 1993), could not be measured
reliably and were therefore not used in this study. Measure-
ments were made with a video system attached to a dissecting
microscope.

The data analyzed in this study are means of left and right
body sides if both sides could be measured; if the value from
one side was missing, the value measured on the other side
was included. The combined variability from asymmetry and
measuring error was small relative to the variation among
individuals. The data set includes only those individuals for
which all four variables could be measured on at least one
body side in all five larval instars and the adult stage. I
checked data for outliers and reexamined individuals with
extreme values. Bugs with deformities, mostly because of
abnormal molting, were excluded. Wing polymorphism did
not have an influence on the results of this study. Most of
the individually reared water striders were wingless: of the
89 females with complete data, only one was winged, and of
the 70 males, five were winged (two of them brachypterous),
although the mass culture in the same room produced a higher
proportion of winged bugs. As preliminary univariate and
multivariate analyses showed that winged individuals did not
differ from the wingless ones either in morphometric traits
or in instar durations, I included all bugs in this study re-
gardless of wing morph.

All morphometric variables, but not the instar durations,
were transformed to natural logarithms before the analyses.

Statistical Analyses

Longitudinal growth studies with multiple measurements are
complex because there are correlations both within and across
ontogenetic stages. If there are p measurements for each in-
dividual at k growth stages, the overall covariance matrix S



