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HETEROCHRONY AND ALLOMETRY: LESSONS FROM THE
WATER STRIDER GENUS LIMNOPORUS
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Abstract.—Heterochrony and allometry both deal with evolutionary modifications of ontogenies.
Although data about both morphology and age are required to identify heterochronic processes,
age data are not needed to study allometry. Using a simple graphical model, we show that allometric
patterns cannot be used to infer the underlying heterochronic processes. We present a case study
of the water strider genus Limnoporus Stil (Heteroptera: Gerridae) to illuminate the distinct roles
that allometry and heterochrony play in integrated studies of the evolution of form. Multivariate
analyses reveal several evolutionary modifications of growth trajectories (changes in direction,
lateral transposition, and ontogenetic scaling), which are fairly consistent with the hypothesized
phylogeny of the genus. Because there is no positive correlation between instar durations and size
increments, size cannot be used as a proxy for age data in studies of heterochrony. In fact, a measure
of overall size itself shows a remarkable variety of heterochronic changes among the six species.
Mixtures of several heterochronic processes predominate over the more unitary reflections of
“pure” processes. Heterochronic changes in different branches of the phylogeny, apparently in-
dependent of size scaling, suggest considerable potential for adaptive evolution. “Local” differ-
entiation of ontogenetic traits within small clades may be at least as important as “‘global” evo-
lutionary trends in large clades and will often be missed in ‘‘global” analyses.
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Developmental processes are the proximate
origin of all variation in structural characters.
Their integration into evolutionary theory under
the heading of heterochrony has contributed sig-
nificantly to our understanding of morphological
evolution. The study of heterochrony, now de-
fined as evolutionary change in rates and timing
of developmental processes, has a long history
of debate and confusion. Gould (1977) reviewed
this debate and presented his “clock model” for
heterochronic changes as a new conceptual
scheme for comparisons of ancestral and de-
scendant ontogenies with respect to size, shape,
and age. A slightly different formalism for ana-
lyzing and classifying heterochronic phenomena
was proposed by Alberch et al. (1979), based on
the assumption that a developmental process can
be characterized by three parameters: the onset
time, the time of completion, and the rate of the
process. Recent work has stressed that phylo-
genetic information is essential to determine the
direction of heterochronic changes (Fink 1982,
1988). The general approach advocated by Al-
berch et al. (1979), coupled with the use of phy-
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logenetic information, has been adopted in most
recent works on heterochrony (McNamara 1986;
McKinney 1988; Raff and Wray 1989; McKin-
ney and McNamara 1991).

Despite the general acceptance of the theoret-
ical framework, its implementations differ widely,
and this has led to new confusion in terminology
and underlying concepts, and to contradictory
interpretations of the same evolutionary events
[e.g., the controversy about the relative role of
neoteny or hypermorphosis in human evolution
(McKinney and McNamara 1991)]. Partly, these
problems originate from differences between the
conceptual frameworks used by Gould (1977)
and Alberch et al. (1979). Other difficulties arise
when investigators fail to realize that different
organs may follow different heterochronic trends
within a given evolutionary lineage and that sev-
eral heterochronic changes may affect each trait
simultaneously. A clear conceptual separation of
patterns and processes involved in heterochronic
phenomena can help resolve these difficulties.

A problem encountered by many empirical
studies of heterochrony is the absence of age data.
In many such cases, measures of size have been
substituted for age (e.g., Alberch and Alberch
1981; McNamara 1988; Winterbottom 1990;
Boughton et al. 1991), leading to the additional
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concept of “size-based heterochrony” or “allo-
metric heterochrony” for comparisons of ances-
tral and descendant allometries (McKinney 1986,
1988; McKinney and McNamara 1991). In this
paper, we examine the conceptual relationship
between heterochrony and allometry, and illus-
trate the resulting views with a case study of the
waterstrider genus Limnoporus.

HETEROCHRONY AND ALLOMETRY

Alberch et al. (1979) proposed a framework
for analyzing heterochrony by comparing the on-
togenies of ancestral and descendant species. The
formalism is based on a phenomenological mod-
el of a developmental process, which is charac-
terized by three parameters: growth rate, time of
onset of growth, and time of its termination. De-
pending on the parameters that are increased or
decreased by evolutionary change, adults of a
descendant species may resemble juvenile forms
of its ancestor (paedomorphosis) or, conversely,
the descendant’s development may go beyond
the ancestral adult condition (peramorphosis; fig.
1). Alberch et al. (1979, p. 304) treated growth
rates of size and shape separately. They classified
increases and decreases of the growth rate for
shape as acceleration and neoteny, respectively,
and increases and decreases of the growth rate
for size as proportioned giantism and propor-
tioned dwarfism, respectively. More recent work
(McKinney 1988; McKinney and McNamara
1991) mostly abandoned this separation, apply-
ing the formalism (fig. 1) to any measure of size
or shape, or to measurements of a single organ.
This practice is consistent with the model for
developmental processes, which Alberch et al.
(1979, p. 301) explicitly proposed for either size
or shape. Raff and Wray (1989) proposed a sim-
ilar formalism but used different terms.

From this process-based view of heterochrony,
itis clear that the different kinds of heterochronic
changes are not mutually exclusive (except those
changing the same parameter in opposite direc-
tions). The formalism of Alberch et al. (1979)
thus cannot be a rigid classification system.
Therefore, in a particular case, the question is
not whether there is, for example, either neoteny
or hypermorphosis, but what the relative im-
portance of these processes is for the observed
evolutionary change. This approach is especially
suitable for lineages where several heterochronic
processes may act simultaneously (Dommergues
et al. 1986) or sequentially (“‘sequential hetero-
chrony”), or where different organs may display
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different heterochronic trends (‘““dissociated het-
erochrony”) rather than one common hetero-
chronic process affecting all aspects of form
(““global heterochrony,” McKinney and McNa-
mara 1991).

Unlike heterochrony, allometry does not refer
explicitly to a measure of age, but deals only with
the space spanned by the morphological char-
acters. Allometry is concerned with the associ-
ations among several morphometric traits, or be-
tween a trait and a measure of overall size (e.g.,
Cock 1966; Gould 1966; Shea 1985; Klingenberg
and Zimmermann 1992b). In ontogenetic allom-
etry, which characterizes the trait covariation in
samples of organisms that vary in age, there is
an implicit relationship to age, as size usually
increases with age. This relationship, however,
is highly nonlinear in many cases. Patterns of
ontogenetic allometry reflect the relative growth
of the traits, and therefore they may be altered
by heterochronic changes that modify growth dy-
namics.

McKinney (1986) proposed to extend the ter-
minology of heterochronic changes to allometry,
replacing age by a measure of size as a reference
dimension (see also McKinney 1988; Lessa and
Patton 1989; McKinney and McNamara 1991).
In a bivariate allometric plot of a trait against
size, an extension of the ancestral allometric tra-
jectory to larger sizes in a descendant species is
called ‘“allometric hypermorphosis,” whereas
termination of growth at smaller sizes is “allo-
metric progenesis.” Increase or decrease in slope
is “allometric acceleration” or ‘“‘allometric neo-
teny,” respectively, and a larger or smaller y-in-
tercept is termed ‘‘allometric predisplacement”
or “allometric postdisplacement,” respectively.

To examine the relationship between age-based
heterochrony and allometry, we examine how
heterochronic changes in a trait, size, or both
affect bivariate allometric plots (fig. 2). For sim-
plicity, we assume that log-transformed mea-
surements of both the trait of interest and overall
size follow figure 1 in terms of the ancestral growth
dynamics and heterochronic changes. More re-
alistic assumptions would produce more com-
plex allometric plots but would not change our
main conclusions.

In the resulting allometric plots (fig. 2), we find
that the underlying heterochronic processes cor-
respond to McKinney’s patterns of allometric
heterochrony only if certain conditions are met,
which differ among the various kinds of hetero-
chrony. For neoteny and acceleration, the ex-
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Fic. 1. The formalism of heterochronic changes following Alberch et al. (1979). The degree of development

(ordinate) is a measurement of an organ or another measure of size or shape. The solid line denotes the ontogenetic
trajectory of the ancestor and the square its adult condition; dashed lines and dots represent the descendant
ontogenies and adults, respectively. Acceleration is an increase, and neoteny a decrease, in the rate of devel-
opment, as is visualized by the steeper or flatter slopes of the corresponding descendant trajectories. Early onset
of growth (at time a — 3 instead of a) is predisplacement, whereas a delay to time & + ¢ is postdisplacement.
Progenetic descendants follow the same trajectory as their ancestors but terminate development early (at time
B8 — &); hypermorphic descendants extend the ancestral trajectory (termination at time 8 + 6). Paedomorphic
forms are below, and peramorphic forms are above the horizontal dashed line, respectively.

pected patterns result only if the trait alone is
affected, and for progenesis and hypermorphosis
if both the trait and size are affected by the het-
erochronic change. Predisplacement and post-
displacement generate biphasic allometries, with
only one of the two measurements growing dur-
ing the first phase of the descendant ontogeny.
The patterns are consistent with McKinney’s
scheme of allometric heterochrony only if this
phase is disregarded, for example, by assuming
it is outside the time interval for which data are
available (e.g., during embryonic development),
and if pre- or postdisplacement affects only the
trait but not size. Progenesis and hypermor-

phosis for either the trait or size alone generate
biphasic allometries with a change in slope late
in descendant ontogeny when data are likely to
be available. Moreover, none of the bivariate
allometric patterns of McKinney’s scheme is
unique to a particular heterochronic process, and
all changes affecting both the trait and size si-
multaneously (global heterochrony) are classified
as “allometric progenesis” or ‘“‘allometric hyper-
morphosis.” McKinney (1988; see also McKin-
ney and McNamara 1991) warned that allome-
tric heterochrony assumes that the growth
dynamics of overall size are the same in ancestor
and descendant (i.e., that the heterochronic



