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abstract: Comparisons of static allometries are frequently used to
gain insights into patterns and processes underlying morphological
and developmental evolution. A study by J. L. Tomkins and co-
workers, recently published in the American Naturalist, examined
complex nonlinear allometries in three insect species in which males
are dimorphic in the expression of secondary sexual traits. Employing
a novel approach to analyzing male allometries in these organisms,
the authors were able to show that developmental reprogramming
of trait primordia is not necessary to explain allometric scaling in
two of the species examined, contrary to several previous studies on
the same species. Instead, male dimorphisms could be explained by
simple exponential growth, an important result that carries with it
major evolutionary and developmental implications. Using this study
as an example, I highlight some of the methodological challenges
involved in analyzing and comparing static allometries and in in-
ferring the developmental processes that underlie them. I end by
discussing how correct application of hypothesis testing, on one side,
and basic anatomy and developmental biology, on the other, should
guide how morphology is measured.
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The evolution and diversification of scaling relationships,
or allometries, is a classic theme in evolutionary biology
that continues to receive major attention by evolutionary
biologists (Huxley 1932; Thompson [1942] 1992; Emlen
and Nijhout 2000). In particular, the comparative analysis
of static allometries, that is, the relative sizes of the same
body parts in individuals that belong to different popu-
lations, species, or higher-order taxa, continues to generate
a wealth of insights into the allometric diversity that exists
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in nature and has helped formulate hypotheses regarding
the evolutionary and developmental mechanisms that
shape this diversity (Wheeler 1991; Nijhout and Wheeler
1996). More recently, insights into the genetic and devel-
opmental underpinnings of relative growth are providing
opportunities to further evaluate and refine these hypoth-
eses (Abouheif and Wray 2002; Nijhout and Grunert 2002;
Frankino et al. 2005; Miura 2005). In this comment, I
examine a study recently published in the American Nat-
uralist by Tomkins, Kotiaho, and LeBas (2005) that ana-
lyzed static allometries to explore the developmental basis
of dimorphic growth in male insects. This examination is
not meant to question the main findings and conclusions
of Tomkins et al.; instead I am using their study as an
example to highlight some of the common challenges faced
by comparative allometric studies in general and to point
out some simple approaches that can help to overcome
these challenges.

Methodological Challenges to the Comparative Analysis
of Static Allometries: A Case Study

Tomkins et al. (2005) analyzed a set of static allometries
to examine a specific hypothesis considering the devel-
opmental basis of nonlinear allometries: the notion of de-
velopmental reprogramming of growth primordia during
the development of male dimorphisms in insects (Nijhout
and Wheeler 1996; Emlen and Nijhout 2000). In particular,
Tomkins et al. examined static allometries of male forceps
length in a species of earwig and male horn length in two
species of dung beetle. All three species had been the focus
of allometric studies in the past (Cook 1987; Simmons
and Tomkins 1996; Hunt and Simmons 1997; Tomkins
1999), and one of the dung beetle species, Onthophagus
taurus, has become somewhat of a model system for stud-
ies on the evolution and development of extreme male
dimorphisms in insects (Moczek 1998; Emlen and Nijhout
1999, 2000, 2001; Moczek and Emlen 1999; Nijhout and
Emlen 1998; Simmons et al. 1999; Hunt and Simmons
2000, 2002; Moczek and Nijhout 2002, 2003). Several of
these earlier studies generally concluded that severe re-
programming of growth parameters that govern horn de-
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Figure 1: Differences in horn height (solid line) and horn length (dashed line) measurements of horn size in male Onthophagus taurus. Differences
are illustrated for a small, minor male (a) and a large, major male (b).

velopment occurs around a critical threshold body size in
male O. taurus. Reprogramming of growth parameters was
thought to allow males that exceed this size threshold to
develop greatly enlarged horns, whereas males that do not
exceed this size threshold develop only rudimentary horns.
One of the surprising findings of Tomkins et al. was that
a simple log transformation of body size and horn length
measurements was sufficient to linearize male horn allom-
etries, which was consistent with the hypothesis that simple
exponential growth of horn primordia may be sufficient
to generate male dimorphism in these organisms. This
contradicted the reprogramming hypothesis, which would
predict the existence of discontinuous scaling even in log-
transformed data. The only discontinuity detected by Tom-
kins et al. occurred at the very largest body sizes. There
the increase of male horn lengths with body size seemed
to slow down, and Tomkins et al. interpreted this finding
as a possible reflection of local resource exhaustion after
exponential growth. The notion that exponential growth
of horn primordia occurred even at small body sizes re-
ceived further support from comparing the slopes of log-
transformed horn allometries of small males with those of
other, nondimorphic traits, such as length of wings, tibiae,
or femurs. The surprising result was that even at small
body sizes, male horn length increased with a much higher
slope than did the size of other traits. Combined, these
results suggested that male horn dimorphism might not
be the product of body size–dependent reprogramming of
horn growth but instead might simply be the outcome of
exponential growth, possibly constrained by resource lim-
itations in the very largest males.

This scenario represents a previously overlooked and
possibly very important alternative to the reprogramming
hypothesis for the development of highly discontinuous,
nonlinear allometries. Specifically, it contradicts the notion

that horned and hornless male morphs constitute alter-
native phenotypes that are developmentally decoupled
from one another. Such developmental decoupling, or
semi-independence, of alternative phenotypes represents
a crucial component in the argument that conditional al-
ternative phenotypes may represent an important phase
in the origin of evolutionary novelties (West-Eberhard
2003) or speciation (Pfennig and Murphy 2000, 2002).
Developmental decoupling is thought to permit alternative
phenotypes to originate, adapt, and diversify alongside,
and without having to abandon, established ancestral phe-
notypes. Onthophagus beetles have been cited frequently
as a possible example of such a scenario because they
exhibit extreme intra- and interspecific diversity of form
as well as phenomenal species richness (reviewed in Mo-
czek 2006). Understanding the mechanisms and pheno-
typic consequences of developmental decoupling, for ex-
ample, via reprogramming or lack thereof, is therefore
crucial for evaluating the role of alternative phenotypes in
the origin of phenotypic diversity in these and other or-
ganisms. The results of Tomkins et al. suggest that repro-
gramming and developmental decoupling do not occur
during the development of horned and hornless male
morphs, which stands in sharp contrast to previous studies
on the same species (e.g., Emlen and Nijhout 1999, 2001;
Emlen 2000; Moczek and Nijhout 2002). Below, however,
I show that in this particular case the novelty of the find-
ings may simply arise because of a common problem in
evolutionary morphology: different studies use different
ways to measure the same trait in different populations.

Small Differences in Methodology Can Go a Long Way

Tomkins et al. (2005) used the same measure of body size
as previous studies: the width of the pronotum at its widest
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point. They differ, however, in how they measured horn
size. Tomkins et al. measured horn height, that is, the
vertical distance between the eye and the tip of the horn
(J. L. Tomkins, personal communication). This measure
always measures the vertical component of horn growth,
regardless of width or curvature of the horn (fig. 1). Pre-
vious studies, in particular those that ended up favoring
the reprogramming hypothesis (e.g., Emlen and Nijhout
1999, 2000, 2001; Emlen 2000; Moczek and Nijhout 2003)
measured horn length, that is, the distance between where
the eye cavity meets the edge of the head and the tip of
the horn. Horn length measurements follow the outer edge
of the horn and take changes in width and curvature into
account (fig. 1; see also Moczek 1998; Moczek and Emlen
1999). To illustrate the consequences of these superficially
subtle differences in measurement technique, I used both
techniques to measure the same set of 50 individuals. Two
major differences emerge. In small males, horn height
measurements generate greater differences in horn sizes
between males than do horn length measurements (fig. 2).
Simply put, one horn may be twice as high as another,
but it is not twice as long. The difference between height
and length measurements is a function of the cone shape
of small horns (wide at the base, pointy on top) and de-
creases with increasing horn size or as horn shape begins
to approximate that of a tube. The use of height instead
of length measures is responsible for the much faster in-
crease in horn size values among small males in the Tom-
kins et al. study, compared to those in previous studies
(fig. 2).

The second major discrepancy arises in large males. As
male size increases, horn shape changes from straight to
curved (fig. 1). The largest males develop horns that bend
nearly 90�. Tomkins et al.’s height measurements, however,
measure only the vertical component of horn growth, re-
gardless of shape, whereas horn length measurements fol-
low the outer edge of the horn and thus are able to take
some shape changes into account. As a consequence, two
horns can have the same height but very different lengths.
This difference causes the horn height measurements in
the largest males to be consistently smaller than horn
length measurements (fig. 2). This reduces the differences
in relative horn sizes between small and large males in the
Tomkins et al. study, compared to those in previous
publications.

Both discrepancies summarized above are evident in both
nontransformed and log-transformed data (fig. 2a, 2b).
More importantly, they also generate differences in the de-
gree to which they support or contradict the reprogramming
and exponential-growth hypotheses. Horn length measure-
ments generate strikingly discontinuous allometries even in
the log-transformed data, as predicted by the reprogram-
ming hypothesis, whereas horn height measurements do not

(fig. 2b). The slope of log-transformed horn length allom-
etries among minor males (defined for the purposes of this
analysis as males with a pronotum width of !4.7 mm;

) is 1.98 (�0.55), which contradicts the notion ofn p 30
highly exponential horn growth in small males. The slope
of log-transformed horn height allometries is 11.04
(�0.44), which supports highly exponential growth. The
difference between the two slope estimates is highly sig-
nificant (Welch’s T-test: , , ).t p 12.853 df p 79 P ! .0001
Clearly, differences in how the size of horns is measured
have a substantial effect on the results of the analysis and
the conclusions that may be drawn from them.

Hypotheses and Development Should Guide
Method Selection

So how should morphological traits like beetle horns be
measured? Generally, any linear measure used to estimate
the size of a three-dimensional structure is bound to have
shortcomings, as it will always be able to depict only one
dimension of a multidimensional trait. This can be over-
come only through multivariate analyses such as geometric
morphometrics, which allows for the capture of a large
number of dimensions and the quantification and com-
parison of shape. This method, however, is also meth-
odologically and computationally intense, causing many
researchers to continue to prefer simple, bivariate plots of
a single-component measure of a trait of interest against
body size. The question then becomes which component
should be used to measure a given trait of interest and
whether there are general guidelines that can be used in
the selection of such a component. Below I use the Tom-
kins et al. (2005) study and findings as an example to
argue that the answers to the above questions should de-
pend, on one side, on the nature of the hypothesis that is
being tested and, on the other, on the specific anatomical
and developmental underpinnings of the trait in question.

The reprogramming hypothesis was initially developed
only for holometabolous insects, and it proposed that dis-
continuity of adult form arises as a consequence of
environment- and hormone-mediated changes in the crit-
ical body size at which a developing larva takes the first
physiological steps toward metamorphosis (Wheeler 1991;
Nijhout and Wheeler 1996). Since then, the notion of
developmental reprogramming has been extended to the
level of individual body parts, such as imaginal disks,
where it can result in the discontinuous expression of traits
(such as horns) relative to a continuous expression of body
size. The reprogramming hypothesis initially emphasized
the role of endocrine factors as reprogramming agents but
left open exactly what aspects of development were being
reprogrammed in the process. Subsequent studies have
since identified a range of developmental mechanisms that
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Figure 2: Consequences of different horn size measurements. a, Com-
parison of horn height (filled circles) and horn length (open circles) mea-
surements of the same 50 individuals. b, The same measurements after
log10 transformation. Note maintenance of sigmoid, discontinuous scaling

in horn length measurements but not in horn height measurements. c,
Comparison of log10-transformed horn length measurements from pop-
ulations of Onthophagus taurus in the eastern United States (open circles)
and Western Australia (gray circles). Data from Moczek (2003).

represent targets of reprogramming, such as the induction
or inhibition of gene expression (Evans and Wheeler 1999;
Abouheif and Wray 2002), differential apoptosis of organ
primordia (Sameshima et al. 2004), or up- or downreg-
ulation of cell size or rate of cell division (Nijhout and
Grunert 2002). An important insight from these studies
is also that reprogramming commonly affects some com-
ponents of a given trait but not others, for example, the
length of an appendage but not necessarily its width at
the base. The crucial implication of these observations is
that in order to test for developmental reprogramming in
a given multidimensional trait, one must measure it in a
variety of ways, for not all of its components will be af-
fected by a hypothetical reprogramming event. If none of
the measurements indicate discontinuity, reprogramming
may be rejected. However, relying on a single measure,
such as horn height in the Tomkins et al. study, to reject
developmental reprogramming during growth is simply
premature, especially if earlier studies have come to the
opposite conclusion using different measures. All that
Tomkins et al. can conclude is that with respect to the
vertical component of horn growth, no reprogramming
appears to occur. Consequently, while single measures may
suffice to support the reprogramming hypothesis, falsi-
fying it with confidence can be achieved only by measuring
multiple components of the same trait.

Apart from the general nature of the hypothesis that is
being examined, the specific anatomical and developmen-
tal underpinnings of a trait in question may also help
narrow down the most appropriate ways of measuring it,
albeit with more limited ability to generalize across traits.
In the case of beetle horns, the situation is actually rela-
tively simple. Horns do not contain joints, muscles, or
nerves and are instead simple hollow outgrowths bordered
on the outside by a single layer of epidermal cells, which
in turn is covered with a thick cuticle secreted by these
same cells (Emlen and Nijhout 1999; Moczek and Nagy
2005). Horn precursors grow underneath the larval cuticle
and first become visible as they expand outward during
the molt to the pupal and, subsequently, adult stages. The
more horn precursor cells divide before synthesis of the
future cuticle, the more horn growth takes place, inde-
pendent of exactly how the entire structure will ultimately
unfold. In this case, horn height measurements can capture
only investment into growth that increases the vertical
component of horn size but ignore investment into cell
growth, division, and cuticular synthesis of those portions
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of the horn contributing to nonvertical growth, such as
curvature. Horn curvature can at times be extreme and is
probably functionally important (Moczek and Emlen
2000), yet horn height measurements treat these structures
as if they were straight outgrowths. Horn height mea-
surements may also be inappropriate for measuring
straight horns of small males, but for a different reason.
Small horns resemble short, pointy cones, and as small
males increase in body size, horns increase primarily in
height but not in width at the base. Like large horns, they
consist of a hollow single layer of epidermal cells covered
in cuticle. To increase the height of such a cone-shaped
horn, the underlying epidermal precursor cells need to
multiply, yet doubling the height of such a horn does not
require doubling the number of underlying epidermal
cells, doubling cuticular synthesis, or, in general, doubling
horn growth. This would be true only if the horns of small
males were shaped like tubes of constant diameter, which
they are not (in contrast to, e.g., the tibia or femur, which
do roughly approximate tubes; see below). Thus, if only
a single linear measure is to be used to measure horn size
of small males (rather than a three-dimensional, multi-
variate description of horn size), horn length may be a
developmentally more sensible means of capturing differ-
ences in male horn growth as a function of male body
size.

But what about the measurements of wings (width and
length), leg segments (tibia length, femur length, tarsus
length), head width, and abdominal sternite length used
by Tomkins et al. to contrast horn growth to the growth
of more typical insect parts? Unlike horns in male On-
thophagus taurus, legs, wings, heads, and abdominal scler-
ites do not seem to change their shape much, if at all, with
increasing body size. In these cases, a single length or width
measurement is more likely to capture the same relative
size component across the entire range of male body sizes
and thus provides a more adequate means of describing
the growth of these structures. In contrast, horn height
measurements capture only the vertical component of
horn growth, whose contribution to overall horn size
changes dramatically as males get larger and horn shape
changes.

The above comparisons highlight the importance of se-
lecting the appropriate measurement techniques for mor-
phometric data collection. They also highlight the im-
portance of using identical methods when making
comparisons to other studies on the same organism. It is
here that Tomkins et al. inadvertently generated a third
discrepancy between their results and those of previous
studies by measuring individuals derived from a different
and morphometrically highly divergent population. Pre-
vious studies have relied on individuals collected in the
southeastern United States (e.g., Emlen and Nijhout 1999,

2000, 2001), whereas Tomkins et al. used individuals col-
lected in Western Australia. Both U.S. and Australian pop-
ulations are exotic and are derived from Mediterranean
ancestors introduced approximately 40 years ago (reviewed
in Moczek 2003). Australian O. taurus differ from U.S.
populations in that the threshold body size above which
males develop large horns has shifted to much larger body
sizes (Moczek and Nijhout 2003). At the same time, mean
body size of Australian males is smaller than that of U.S.
males (Moczek 2003). Combined, these differences cause
Australian populations to contain many fewer horned
males, but more importantly, they confine the expression
of large horns to only a relatively narrow body size range,
making it easier for a simple power function to generate
a good fit to the data, especially when horn height mea-
surements are used (fig. 2c). While by itself such an analysis
is, of course, perfectly acceptable, it can be problematic if
the results are meant to be contrasted with those of pre-
vious studies.

Conclusions

As emphasized above, these arguments are not meant to
disqualify the possible significance of the exponential-
growth hypothesis, which in fact received strong support
from the morphometric study on a second dung beetle
species, Onthophagus binodis. Instead, my intent was to
highlight how at times subtle differences in data collection
and comparison can generate strikingly different results
with very different implications, which thus need to be
interpreted with care. I also hope to have shown that both
the nature of the hypothesis that is being investigated and
the specific anatomical and developmental underpinnings
of the trait in question can provide guidance in deciding
how best to quantify and contrast growth and size.
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