
Chapter 17: Gigantism, Dwarfism, and Cope's Rule:
“Nothing in Evolution Makes Sense without a
Phylogeny”

Authors: GOULD, GINA C., and MacFADDEN, BRUCE J.

Source: Bulletin of the American Museum of Natural History, 2004(285)
: 219-237

Published By: American Museum of Natural History

URL: https://doi.org/10.1206/0003-0090(2004)285<0219:C>2.0.CO;2

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 01 Oct 2024
Terms of Use: https://bioone.org/terms-of-use



219

Chapter 17

Gigantism, Dwarfism, and Cope’s Rule: ‘‘Nothing in Evolution
Makes Sense without a Phylogeny’’

GINA C. GOULD AND BRUCE J. MacFADDEN

ABSTRACT

Body size is of fundamental importance in understanding macroevolutionary patterns, both
for extant taxa and for those with a fossil record. In this paper we describe four different kinds
of body-size evolution: autapomorphic giantism, autapomorphic nanism, phyletic giantism, and
phyletic nanism. The terms giantism and nanism are preferred here rather than the frequently,
although incorrectly used equivalents, gigantism and dwarfism, respectively. We assert that
without a known phylogeny, it is difficult or impossible to differentiate these four different
kinds of body-size evolution. Case examples are presented for two groups: varanid lizards
(family Varanidae) and fossil horses (family Equidae).

Previous hypotheses of body-size evolution within the Varanidae suggested that there were
several cladogenic events in which some groups and isolated species became large. The most
recent phylogeny of Varanidae based on mtDNA suggests otherwise. Mapping the known total
body lengths onto the phylogeny indicates that varanids were already getting large early in
their evolutionary history, with the crown group, Odatria, becoming secondarily small on
mainland Australia. Although hypothesized as a giant island varanid, the komodo dragon
(Varanus komodoensis) is discovered to be nested within a clade in which the basalmost taxon
(V. salvadorii), also endemic to an island, reaches body lengths similar to those of the komodo
dragon. Review of the Varanidae suggests that caution should be taken when characterizing
taxa as island giants/dwarfs without first reviewing a phylogeny.

Fossil horses (family Equidae) are frequently cited in the literature, as well as depicted in
museums, as prime examples of Cope’s rule, i.e., a gradual trend toward body-size increase
over time. Several recent parsimony analyses have resolved many of the phylogenetic inter-
relationships of North American fossil horses and have elucidated their patterns of body-size
evolution. In light of these new analyses, there is no evidence for Cope’s rule in fossil horses.
In fact, the evolution of large body size occurred multiple times in fossil horses and exemplifies
autapomorphic giantism. Body-size decrease, oftentimes considered the exception to Cope’s
rule, is actually widespread within multiple clades of fossil horses and is characterized by both
autapomorphic and phyletic nanism.

The result of our analysis suggests that studies of body-size evolution must be intimately
tied to a phylogeny before distinct patterns, if any, can be discerned. Cope’s rule is not
applicable to the two case examples presented herein, calling into question the most frequently
cited mode of body size evolution.

INTRODUCTION

Body size is one of the most fundamental
attributes of a species (Eisenberg, 1981; Pe-
ters, 1983; Brown, 1995), and arguably the
most observable. The literature is replete
with reports of the largest (or smallest) in-
dividual of species (x) ever found, the largest
known species of group (x) ever found, is-

land gigantism/dwarfism, insular gigantism,
polar gigantism, phyletic gigantism/dwarf-
ism, and even time periods that supported
unusually gigantic life forms (e.g., the Car-
boniferous). Gigantism (and alternatively,
dwarfism) has been observed in almost every
taxonomic group from bacteria to dinosaurs,
and because of its conspicuous nature, nu-
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Fig. 17.1. Three-taxon statements illustrating the four kinds of body-size change discussed in the
text.

merous hypotheses have been posited to de-
scribe and explain the phenomenon (e.g.,
Cope’s rule, Bergman’s rule, Rensch’s rule,
Island rule; see Stanley, 1975 for a historical
account).

Because it is seemingly easy to discern the
difference between the processes that cause
gigantism (or dwarfism) in humans, on one
hand, from that which results in island gi-
gantism (or dwarfism) in hedgehogs, on the
other (Freudenthal, 1972; Ruedi and Fuma-
galli, 1996, respectively), recognition of the
various kinds of size-change manifestations
is generally taken for granted by most re-
searchers. Regardless of the obvious differ-
ence at the level at which these processes
operate (ontogenetic vs. phylogenetic), the
current terminology used to discriminate
these body size variants is limited, generally
misapplied, and has led to some confusion.

In this paper, we recognize and describe
four kinds of body-size evolution reported in
the literature (fig. 17.1). They include (1) au-
tapomorphic giantism, in which body-size
increase occurs on a single branch within a
clade (fig. 17.1a); (2) autapomorphic na-
nism, in which body-size decrease occurs on
only one branch within a clade (fig. 17.1b);

(3) phyletic giantism, in which successive
body-size increase occurs in nested clades
within a lineage (fig. 17.1c); and (4) phyletic
nanism, in which successive body-size de-
crease occurs in nested clades within a line-
age (fig. 17.1d). In this study, using known
phylogenies, we seek to identify and describe
more accurately these patterns of size change
observed in nature under the paradigm that
‘‘body size increase in clades can only be
differentiated once the phylogenetic system-
atics of the clade is established’’ (Jay M.
Savage, Presidential Address at the Joint
Meeting of the Society of Systematic Biol-
ogists, Society for the Study of Evolution,
and the American Society of Naturalists in
Boulder, Colorado, June 1997).

PATTERNS, PROCESSES, AND
NOMENCLATURE OF ORGANISMAL

SIZE INCREASE

An organism’s tendency toward size in-
crease is generally believed to be a more
prevalent evolutionary process than diminu-
tion, or body-size decrease (Cope, 1887; Mc-
Kinney, 1990a; Alroy, 1998, although see
Salthe, 1972; Stanley, 1975; Gould, 1990,
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1997; and Jablonski, 1997) and is commonly
referred to as gigantism. Officially, the term
gigantism is defined as ‘‘the condition of be-
ing much larger than normal, or of exhibiting
excessive growth, often associated with poly-
ploidy’’ (Lincoln et al., 2001), or ‘‘a hered-
itary and glandular disturbance in animals’’
(Merriam-Webster Dictionary Online, Amer-
ican Heritage Dictionary Online). In the pri-
mary biological and paleontological litera-
ture, however, the term gigantism has been
broadly applied to individuals, species, and
entire lineages alike, and posited to be the
result of a myriad of factors, ranging from
climate to predation to parasites (see Peters,
1983 and McKinney, 1986 for a more com-
prehensive review).

The same is true for the term dwarfism,
which is defined as ‘‘a person that is smaller
than normal and disproportionate in size; an
animal or plant that is below the ordinary
size of its kind or species’’ (Merriam-Web-
ster Dictionary Online). Dwarfs have been
reported in a multitude of taxa, from individ-
uals (e.g., Stiger and Payri, 1999) to higher
taxonomic groups (Mertens, 1942).

The most obvious manifestation of indi-
vidual gigantism is noted in humans. It is a
form of acromegaly, a condition that is
caused by growth hormone-producing tu-
mors in the anterior lobe of the pituitary
gland and is characterized by large extremi-
ties and malformation of facial features. Un-
like acromegaly, which occurs only in adult-
hood, true gigantism is a childhood disease
that results in the continuous growth of the
individual, both upwardly and outwardly.
Dwarfism, or achondroplasia, is caused by a
congenital disorder resulting in a lack of
growth hormone and/or defects at birth. Its
expression results in disproportionately short
extremities.

The phenomenon of excessively large in-
dividuals within a population is not exclusive
to humans. It has been reported in gastropods
(Williams and Brailsford, 1990; Ballabeni,
1995; Probst and Kube, 1999), bivalves (Tas-
kinen, 1998), fishes (Arnott et al., 2000),
agave (Colunga-Garcı́a Marı́n et. al., 1996),
and tomatoes (Shaw et al., 1993), all result-
ing from invasive parasites. In bacteria and
some bivalves, large size can be the result of
polyploidy (Bresler et al., 1998), DNA re-

organization (Guo and Allen, 1994), or nu-
tritional factors (Fankboner and Reid, 1990).
And in isolated populations of zooplankton,
large size has been observed in response to
the mouth-gap size of their principal preda-
tors (Arumugam and Geddes, 1996). Not sur-
prisingly, dwarfism is also reportedly caused
by parasites (Lorenz, 1992), environmental
perturbations such as resource shortages
(Main, 1990), and genetic factors (Everts et
al., 2000), causes similar to those cited for
gigantism.

Irrespective of the precise causes of gigan-
tism or dwarfism of an individual, these phe-
nomena are all a result of some kind of ab-
errant modification during ontogeny, which
is expressed at the tokogenetic level, not at
the phylogenetic level (that is, expressed be-
low the species level only). Although these
expressions of extreme body size many seem
similar, they are in fact quite different in their
genesis. Current nomenclature for these ex-
pressions, however, makes no differentiation
between them.

The term giant comes from fourteenth-
century Greek nomenclature; the concept of
giant is even older, dating back to Goliath
(the giant) of the Old Testament, well before
Darwin’s theory of evolution. The original
meaning of giant was most likely applied to
a phenomenon that is expressed during on-
togeny. Similarly, the terms dwarf and dwarf-
ism have been applied to small people since
at least the twelfth century. Given the long-
standing history of these words, we recom-
mend they be applied exclusively to single
individuals within a population, and not to
species or higher taxonomic groups.

The cited manifestations of giantism and
nanism in species, or higher-level taxa, are
not as straightforward to define and catego-
rize. Unlike their expression in an individual,
giantism or nanism expressed at or above the
species level is the result not of a ‘‘condi-
tion’’ but of a complexity of factors (e.g.,
genetic drift, change in environment) ensuing
in the evolution of a new species (Stanley,
1975; Benton, 1990; McKinney, 1986; Hal-
lam, 1999). Because these phenomena occur
across a wide array of taxa, hypotheses as to
why species become huge or tiny are innu-
merable and range from symbiosis (Hakans-
son and Madsen, 1991) and mutualism (Dud-
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ley, 1998) to territorial behavior (Case,
1975). These occurrences of extreme body
size at or above the species level fall under
at least one of the three most cited patterns
of body-size evolution observed in nature;
(1) the Island (5 Insular) rule (Carlquist,
1965; Case, 1978; Damuth, 1993); (2)
Cope’s rule (see Peters, 1983); and the op-
posite of Cope’s rule, (3) phyletic nanism.

The Island (Insular) rule pertains to taxa
endemic to insular environments (i.e., on an
island or in an equally ecologically remote
area) that are either considerably larger or
smaller than their more cosmopolitan sister
taxa on the mainland (Mertens, 1942; Dar-
lington, 1957; Sondaar, 1977; Case, 1978).
Researchers have developed numerous hy-
potheses and models to explain island/insular
gigantism. They range from a lack of pred-
ators concomitantly with an increase in avail-
able prey (Carlquist, 1965; Case, 1978), to
sexual selection pressures (Carlquist, 1965),
interference competition (Gilbert and Confer,
1986), biomechanical optimization (Song et
al., 1994), digestive efficiency (Smith, 1995),
and an increase in oxygen availability in po-
lar regimes (Dudley, 1998; Cosel and Olu,
1998; Chappelle and Peck, 1999). Hypothe-
ses for dwarfism are equally diverse; for ex-
ample, the amount of time isolated on an is-
land (Lister, 1996), high levels of salinity in
open waters (Price, 1982), and environmental
factors (Theodorou, 1988). Irrespective of
why these organisms became large or small,
the expression is always autapomorphic for
a taxon within a clade (fig. 17.1a). We, there-
fore, recommend that island/insular gigan-
tism be termed (autapomorphic) giantism:
the quality or state of being a giant, which
is defined in mainstream dictionaries as: (1)
a living being of great size; and (2) having
extremely large size, proportion, or power
(www.yourdictionary.com). This definition
suggests a considerable difference in size
with respect to others of like kind (or sister
taxa), that is, its expression is autapomorphic
for the group.

With respect to island miniaturization or
dwarfism (fig. 17.1b), we prefer the term au-
tapomorphic nanism or nanoid; the condi-
tion of being stunted or smaller than normal,
or of having restricted growth (Lincoln et al.,
2001).

Cope’s rule pertains to a lineage that is
purported to exhibit a progressive increase in
size over time (Cope, 1887), whether it be
anagenic or cladogenic in nature. These size
increases are measured by ‘‘state variables’’
(McKinney, 1990b), usually in the form of
morphometric characters (the same is also
applied to nanism, e.g., Roth, 1992). This
phenomenon has been recorded in almost ev-
ery group of mammals (Alroy, 1998), and
most recently in trilobites (Trammer and
Kaim, 1997), foraminifera (Arnold et al.,
1995), and of course, dinosaurs (Benton,
1990; Colbert, 1993; Paul, 1998). The ex-
pression of Cope’s rule is one of the most
widely cited evolutionary trends and has
been attributed to dozens of causal hypoth-
eses for the optimization of body size. These
hypotheses are, for the most part, related to
predation and accessibility to food (see Ben-
ton, 1990; Peters, 1983; McKinney, 1986;
and Hallam, 1999, for a complete review).
The opposite of Cope’s rule, a trend toward
miniaturization or diminution, has also been
observed in many diverse taxa (e.g., Pregill,
1986; MacFadden, 1987; Pianka, 1995), al-
though the causal hypotheses for this phe-
nomenon remain scant.

Despite widespread acceptance by most
paleontologists, Cope’s rule remains contro-
versial. According to some investigators, a
phyletic trend toward large size has not been
adequately demonstrated in the fossil record
and should be considered a ‘‘phenomenon’’
rather than a rule (Stanley, 1975; Mac-
Fadden, 1987; Damuth, 1993; Trammer and
Kaim, 1999). Others simply reject Cope’s
rule as a phenomenon or otherwise (Salthe,
1972; Jablonski, 1997) and consider it an un-
fortunate ‘‘psychological artefact’’ of the dis-
cipline (Gould, 1997). No one (at least that
we could find), on the other hand, seems to
object to phyletic body-size decrease.

To differentiate successive increase in size
within a lineage from autapomorphic giant-
ism, we suggest phyletic giantism be ap-
plied to this type of manifestation of giantism
because it implies the phenomenon of ana-
genic or cladogenic increase in size over time
(fig. 17.1c). The same holds true for succes-
sive decrease in size within a lineage, i.e.,
phyletic nanism (fig. 17.1d).

Downloaded From: https://bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 01 Oct 2024
Terms of Use: https://bioone.org/terms-of-use



2004 223GOULD AND MACFADDEN: GIGANTISM, DWARFISM, AND COPE’S RULE

REVIEWING THE PATTERNS

A phylogenetic trend is defined as a ‘‘di-
rectional morphological change between
more than two species’’ (McNamara, 1982)
within a lineage that is ‘‘elucidated by a
known phylogeny’’ (Salthe, 1972: 152). Phy-
logenies are reconstructed based on shared
derived (homologous) structures, i.e.,
‘‘states/characters having a common ancestry
but not necessarily retaining similarity of the
structure, function or behavior’’ (Lincoln et
al., 2001), irrespective of their physical form
(e.g., morphology, DNA). It therefore fol-
lows that autapomorphic and phyletic size
change is observable (or better, falsifiable
[Popper, 2002]) only when mapped onto a
phylogeny that is supported by discrete char-
acters. Recent studies reportedly demonstrat-
ing island giantism/nanism and Cope’s rule
employed continuous data and statistical al-
gorithms as the evidence for phyletic size in-
crease (see for example, Case, 1978; Pianka,
1995; Arnold et al., 1995; Trammer and
Kaim, 1997; Alroy, 1998; and Trammer,
2002). These data sets alone, however, can-
not be considered statements of homology
(Crowe, 1994), which is paramount in ad-
dressing any questions that pertain to histor-
ical relationships and character evolution
(Hennig, 1979).

In this study, we chose two groups, var-
anid lizards (Varanidae) and fossil horses
(Equidae), both of which have been cited in
the literature as classic examples of island
giantism/nanism and Cope’s rule, respective-
ly. We review their body-size evolution pat-
terns based on their known phylogenies and
test previous hypotheses of giantism, both
autapomorphic and phyletic.

VARANID LIZARD EVOLUTION: A CASE FOR

INSULAR GIGANTISM/DWARFISM

Since the first descriptions of varanid liz-
ards in 1758 (King et al., 1991), more than
50 extant species have been described (see
Ast, 2001 for a review). Within the extant
members of this family two distinct lineages
have been recognized by investigators: the
subgenus, Varanus, which is widely distrib-
uted and includes the largest of the extant
varanids, i.e., V. komodoensis and V. salva-
dorii; and the dwarf (or pygmy) subgenus,

Ondatria, which is restricted to Australia.
The dichotomy in size of these two groups,
in conjunction with their distribution (many
of them are endemic to islands), has inspired
their use as a model for investigating the pro-
cesses of body-size evolution (Fuller et al.,
1998; Pianka, 1968, 1995; Case and Schwa-
ner, 1993; King, 1991; Mertens, 1942);
hence, the group’s inclusion in this study.

Living varanids are distributed throughout
Australia, parts of Africa, central and south-
ern mainland Asia, and the Indo-Malaysian
islands (Ast, 2001), and occupy diverse hab-
itats, including deserts, tropical rain forests,
wetlands, and forest canopies (King and
Green, 1999). They range in size from the
smallest, V. brevicaudata, which is 0.2 m in
length, to the giant, V. komodoensis, which
is greater than 3 m long (Auffenberg, 1981).
The largest varanid known is the fossil taxon,
Megalania prisca from the late Pleistocene
(;19,000–26,000 BP) of Australia, which is
estimated to have reached 7 m in length with
a body mass of over 650 kg (Auffenberg,
1980).

There are numerous hypotheses regarding
the origin and the evolutionary relationships
of varanids (e.g., Ast, 2001; King and Green,
1999; King et al., 1999; Fuller et al., 1998;
Card and Kluge, 1995; Baverstock et al.,
1993; King et al., 1991; Becker et al., 1989;
King and King, 1975; Mertens, 1942). To
date, however, none include the fossil taxa
from the Miocene in Africa (Clos, 1995) and
Australia (Hutchinson and Donnellan, 1993).
The most recent phylogeny of the extant Var-
anidae includes the majority of the known
species (see above) and is based on mito-
chondrial DNA characters (Ast, 2001; fig.
17.2a, note that some terminal clades have
been collapsed for brevity). For the purpose
of our study, we accept this hypothesis as the
best estimate of phylogeny for the Varanidae
among the other parsimony analyses avail-
able in the literature (e.g., Fuller et al., 1998;
Card and Kluge, 1995). We base our decision
on several facts: Ast’s (2001) study is the
most taxonomically inclusive study to date
(Omland et al., 1999), her analysis consid-
ered the most base pairs among other molec-
ular studies (see Fuller et al., 1998), and only
a single well-supported most parsimonious
tree was discovered.
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The historical views regarding varanid
body-size evolution were recently compiled
and depicted on a phenogram (Pianka, 1995;
fig. 17.2b). Two independent trends toward
body size increase are suggested, one in the
African clade (stem A) and one in the Aus-
tralian clade (stem B); a nanitic event/trend
in the Odatria lineage (stem C); and ‘‘run-
away selection’’ for giantism in V. komo-
doensis (Pianka, 1995: 408; fig 17.2b, stem
B, taxon not depicted in original figure) as
opposed to the alternative hypotheses of a
relic species (Auffenberg, 1981; Case, 1978;
Mertens, 1942).

The most recent phylogeny of the varanids
(Ast, 2001; fig. 17.2a) also recognizes three
independent clades: an African clade (stem
A), an Indo/Asian clade (stem B), and an
Indo-Australian clade (stem C). The latter is
composed of three clades: (1) V. salvadorii
1 [V. komodoensis 1 V. varius] (stem D):
(2) the gouldii clade (stem E); and (3) the
Odatria clade (stem F). When the known to-
tal body lengths of the species are mapped
onto the phylogeny (fig. 17.2a; appendix
17.1), considerable variance in body size
within each terminal clade is indicated. For
the most part, the overall direction (either to-
ward large or small) of body size evolution
is seemingly random (compare fig. 17.2a
with fig. 17.2b), with numerous independent
trends occurring within the family. Despite
the noted size variance, monitor lizards are
(generally) between 1 to 2 m in length, with
the exception of the nanoid Odatria clade
(stem F) and V. komodoensis and V. salva-
dorii (stem D), the latter of which can reach
up to 3 m in length. Phyletic giantism is not
immediately implied by this phylogeny, al-
though within the Indonesian clade (fig.
17.2a, stem G; appendix 17.1) there is a hint
of a progressive size increase: each terminal
taxon is approximately 0.25 m longer than
the immediate basal taxon.

The hypothesis of insular giantism of V.
komodoensis is also challenged. V. komo-
doensis is known from the islands of Ko-
modo, Padar, Rintja, the western end of Flo-
res, and the small islets of the Gili Moto and
Oewada Sami (Auffenberg, 1981) and is
commonly referred to as the komodo dragon.
V. salvadorii, the basal member of the ko-
modo clade, is also an island taxon (endemic

to New Guinea) and is equally as large as V.
komodoensis, albeit not as robust. Despite
these similarities, to our knowledge, V. sal-
vadorii has never been reported in the liter-
ature as an island giant. V. varius, the sister-
taxon to the komodo dragon, is endemic to
southern Australia. V. varius reaches lengths
of only up to 2.1 m (King and Green, 1999),
although it one of the largest monitor lizards
on the island continent of Australia. Ast’s
(2001) phylogeny suggests that V. varius be-
came small secondarily and that the ancestor
of V. komodoensis was already fairly large
(i.e., the relic species hypothesis). The alter-
nate hypothesis, i.e., island giantism in V. ko-
modoensis, would require an additional hy-
pothesis to explain the independent acquisi-
tion of giant size in V. salvadorii in the same
clade (fig. 17.2b). Under the rules of parsi-
mony, this hypothesis is rejected.

Although the size distribution of living
varanids suggests that the komodo dragon in-
deed defines the upper size limit for extant
varanids, and that V. brevicaudata defines
the lower limit, the vast majority of monitor
lizards are small- to medium-sized animals
(i.e., 1–2 m length). Despite this skewed dis-
tribution, it is not uncommon for closely re-
lated varanids to exhibit size differences of
50% in length (e.g., V. glebopalma 1 V. pil-
barensis, stem H), nor is it apparently un-
common within a species (Case and Schwa-
ner, 1993).

The size and distribution of members
within the clade of nanoid (Odatria) varanids
(fig. 17.2a, stem F) is curious. Considerable
variance in body size within this group is ev-
ident, with the largest taxa (V. gleopalma,
glauteri, and mitchelli) reaching lengths as
long as the smallest taxa within the subgenus
Varanus (e.g., V. keithhorni, stem K). In
some cases, they are 50% larger than their
sister taxon (e.g., see stem H), yet we do not
refer to these species as giants. A comparison
of mean lengths per monophyletic clade
might seem more comparable, i.e., African
clade (stem A [ML 5 1.50 m]), Indo-Asian
clades (stems J [ML 5 1.42 m] and K [ML
5 1.23 m]), and the Indo-Australian clades
(stems D [ML 5 2.70 m], E [ML 5 1.75 m],
and F [ML 5 0.63 m]); however, these di-
mensions tend to exaggerate size differences
between the Indo-Asian clade (stem K) and
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the Odatria clade (stem J), and do not reflect
the size variance witnessed in each group.
Based on Ast’s (2001) phylogeny, the Oda-
tria is clearly a nanoid group.

The widely accepted outgroups for the
Varanidae are the North American Heloder-
ma (gila monster) and the Bornean earless
monitor lizard, Lanthanotus, both of which
only reach 0.3 m in length. Ast’s (2001) phy-
logeny strongly suggests that the Varanidae
were already medium-sized lizards early in
their evolutionary history (stem Varanidae;
Pianka, 1995: 408, hypothesis 2), with Me-
galania as the only known varanid that
reached giant proportions relative to all other
known varanids.

The size variance within the family Var-
anidae is notable, but does not seem to be
linked to endemism on islands or in insular
environments. The komodo dragon, although
the largest living varanid and endemic to
only a few islands, is not a giant with respect
to other members within the group. Alter-
natively, the nanoid Odatria clade appears to
have evolved rapidly on the mainland of
Australia and not on a smaller, more insular
island as would be predicted by the insular
phenomenon.

BODY SIZE EVOLUTION IN HORSES

‘‘One’s mind inevitably turns to that inexhaustible
textbook example, the horse sequence. This has been
cited—incorrectly more than not—as evidence for
practically every evolutionary principle that has ever
been coined.’’ (Kurten, 1953: 113)

Cenozoic horses (family Equidae), specif-
ically those from North America, have one
of the most continuous and robust fossil re-
cords of almost any vertebrate group. This
record, combined with human’s fascination
for horses, has resulted in the utilization of
the family Equidae for positing various kinds
of macroevolutionary processes and patterns.
Relevant here is that fossil horses have been
used for almost a century as one of the clas-
sic examples of Cope’s rule, both in the pri-
mary and popular literature (e.g., Simpson,
1953 and Rackle, 1979, respectively). In the
following discussion, we continue the histor-
ical tradition of mining the family Equidae
for evidence of body-size evolution and as-
sert that fossil horses, on the contrary, do not
provide a definitive example of Cope’s rule

(see MacFadden, 1987), and that in fact,
body-size evolution in horses is very com-
plex.

Extant horses (family Equidae) include six
to eight species (depending upon species-lev-
el interpretations) within the genus Equus
that are native to Eurasia and Africa (e.g.,
Nowak, 1999). In addition to the domesti-
cated horse, the genus also includes the ex-
tant zebras, asses, and onager. Body masses
of the wild species range between 200 and
450 kg, while the domesticated breeds can
attain body weights exceeding 1,000 kg (No-
wak, 1999); the later is obviously an example
of artificial selection.

The living diversity of the Equidae is a
mere fraction of its past diversity. In North
America, the family Equidae formerly con-
sisted of some three dozen, now extinct gen-
era and approximately 175 named species
(MacFadden, 1997). During most of their 55-
million-year history, horses were pandemic
until they became extinct in North and South
America at the end of the Pleistocene.

Interest in body-size evolution of Ceno-
zoic horses first developed in the late nine-
teenth century with new collections of fossil
mammals from the western territories. Hux-
ley (see Marsh, 1895) believed that the strat-
igraphically ordered sequence of Marsh’s
fossil horses contained in the Yale Peabody
Museum depicted a gradual sequence of evo-
lutionary change and provided fundamental
evidence in support of Darwin’s theory of
evolution (MacFadden, 1977). This early in-
terpretation of the fossil horse sequence was
represented by an orthogenetic progression
from Orohippus to Mesohippus to Miohippus
to Protohippus to Pliocene to Equus (e.g.,
Marsh, 1879; fig. 17.3), which set the stage
for more than a century of discussions about
their body size evolution.

By the first quarter of the twentieth cen-
tury, paleontologists were using morpholog-
ical proportions, particularly of the skull,
teeth, and limbs, to reconstruct the body mas-
ses of individual fossil horses (e.g., Matthew,
1903; Lull, 1931). Simpson (1944, 1951,
1953) frequently used fossil horses as ex-
amples of evolution and the notion of pro-
gressive change or ‘‘improvement’’. As late
as the 1970s, the gradual orthogenetic depic-
tion of body size increase in fossil horses,
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Fig. 17.3. Patterns of body-size evolution in fossil horses from North America, based on MacFadden
(1987; modified figure reproduced in MacFadden, 1992). Reproduced with permission of Cambridge
University Press.

i.e., the expression of Cope’s rule, was still
being depicted in the literature (e.g., Rackle,
1979).

The traditionally held story has been that
horses started off in the Eocene ‘‘about the
size of a fox terrier’’ (see Gould, 1988, for
comments) and gradually increased in body
size through time, an embodiment of the par-
adigm of Cope’s rule. In the past 15 years,
the evolutionary relationships of the Equidae
have been elucidated by a variety of re-
searchers (e.g., Evander, 1989; Hulbert,
1989; Hulbert and MacFadden, 1991;
MacFadden 1992, 1997; Prado and Alberdi,
1996; Kelly, 1998; Froehlich, 1999). Rather
then a gradual trend toward large size (e.g.,
Lull, 1931; Stirton, 1947; Simpson, 1951;
Rackle, 1979), horse evolution was not grad-
ual nor did it exhibit only a single trend.

The phylogeny presented herein (fig. 17.4)
is a consensus tree derived from several
sources (MacFadden, 1992, 1998; McKenna
and Bell, 1997; Prado and Alberdi, 1996).

With only a few exceptions (i.e., Neogene
equids), the temporal ranges are taken di-
rectly from McKenna and Bell (1997: 469–
472) and MacFadden (1998; personal obser-
vation). Calibration of absolute time follows
that of McKenna and Bell (1997: fig. 1). The
size (or body mass) of each taxon is repre-
sented by a silhouette of the skull. These
skull lengths are derived from mean tooth
lengths (taken from MacFadden, 1998),
which have been demonstrated to be highly
correlated to body mass (MacFadden, 1987).

This phylogenetic hypothesis identifies at
least three clades in which their respective
members became independently large (an-
chitheres, hippidiforms, and Equus) and at
least five others that exhibit some type of na-
nism, challenging the notion that horse evo-
lution corroborates the macroevolutionary
paradigm, Cope’s rule.

The anchitheres include the genera Kalo-
batippus, Anchitherium, Hypohippus, and
Megahippus from North America, and An-
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Fig. 17.4. Left, phylogeny of the Equidae, with emphasis on the North American record. Right,
temporal distribution of the Equidae, with relative size indicated by skull length derived from tooth-
length dimensions (see appendix 17.2 and methodology discussion in text). Branches indicated by A,
B, and C represent body-size increase (giantism); D, E, F, and G represent body-size decrease (nanism).

chitherium and Sinohippus from the Old
World (fig. 17.4, stem A). Both Megahippus
matthewi and Hypohippus from the Miocene
of North America were very large, with es-

timated body sizes of 266 and 403 kg, re-
spectively (MacFadden, 1987).

Within the hippidiform radiation (fig. 17.4,
stem B; MacFadden, 1997), Hippidion prin-
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→

Fig. 17.5. Three examples of body-size evo-
lution at the species-level: (a) Nannippus, (b) Cal-
ippus, and (c) Pseudhipparion. Modified from
Hulbert (1993).

cipale from the Pleistocene of South Amer-
ica is estimated to have had a body mass of
462 kg (MacFadden, 1987, as H. neogeum).

It has been traditionally and widely ac-
cepted that members of the genus Equus are
the largest of all the known horses, and it is
estimated that E. scotti may have reached a
body weight of 495 kg (MacFadden, 1987).
However, other equines, such as the Mio-
cene-Holocene genus Hippidion (fig. 17.4,
stem B), rival the largest wild species of Eq-
uus in size (MacFadden, 1987).

Dwarfing, or nanism, has been considered
the exception to the rule with respect to horse
evolution. However, in fact, phyletic nanism
seems to be as common as giantism. Mac-
Fadden (1987) first recognized five such in-
stances within 24 hypothesized ancestor-de-
scendent relationships of North American
fossil horses, four of which are discussed
here. In addition, recently published parsi-
mony analyses also document instances of
size decrease within the Old World hippa-
rions (Alberdi et al., 1998; fig. 17.4, stem D),
as well as within Equus (Alberdi et al.,
1998). Among North American taxa, nanism
has occurred multiple times, including within
the genera Nannippus, Pseudhipparion, and
Calippus.

Nannippus (fig. 17.4, stem E) is a group
of tiny, three-toed hipparions whose range
extends from the middle Miocene to the late
Pliocene (McKenna and Bell, 1997). The
most recent systematic review of this group
(Hulbert, 1993) suggests that at least two in-
dependent size decreases occurred within in
the genus: in N. morgani (fig. 17.5a, stem A)
and in N. aztecus (fig. 17.5a, stem B).

Members of the genus Calippus ranged
from the middle to late Miocene (Matthew
and Stirton, 1930; Johnston, 1937; Hulbert,
1988; fig. 17.4, stem F) and were all rela-
tively small in size. The most recent phylo-
genetic hypothesis posits that the clade ex-
hibited phyletic nanism (Hulbert, 1988,
1993; fig. 17.5b), and as well, seemingly rep-
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resents a chronocline. Excluding Calippus n.
sp., which remains poorly known, the tem-
poral series for Calippus demonstrates a size
increase from smaller C. proplacidus and C.
placidus in the late Barstovian to middle
Clarendonian (;13 to 10 Ma), to intermedi-
ate-sized C. regulus in the middle Claren-
donian (10 Ma), to the larger C. elachistus
in the very late Clarendonian to early Hem-
phillian (9.0 to 6 Ma; Hulbert, 1988).

Pseudhipparion, another group of relative-
ly small horses with a temporal range that
extended from the Miocene to the early Pli-
ocene (Webb and Hulbert, 1986; fig. 17.4,
stem G), exhibits both autapomorphic na-
nism (i.e., in a new undescribed species, and
in P. curtivallum, sensu Hulbert, 1993; fig.
17.5c, stems A and B, respectively), as well
as phyletic nanism (i.e., P. skinneri and P.
simpsoni; fig. 17.5c, stems C and D).

Finally, the genus Archaeohippus (fig.
17.4) has traditionally been considered a
‘‘dwarf horse’’ (i.g., Sirton, 1940; Simpson,
1941). The sister group of this taxon and the
relationships within the group remain unre-
solved (O’Sullivan, personal communication
2002, 2003); therefore, we have omitted it
from this analysis.

The discussion of horse evolution present-
ed herein suggests that of the four potential
kinds of body-size evolution reviewed in this
study, the available generic and species-level
relationships indicate that horses exhibit not
one (i.e., phyletic giantism) but three kinds
of body-size evolution: autapomorphic giant-
ism, autapomorphic nanism, and phyletic na-
nism. These observations challenge the no-
tion that horse evolution embodies the para-
digm of Cope’s rule.

CONCLUSIONS

Our investigation of trends in body-size
evolution considered only two groups of or-
ganisms. Although our sampling size may
seem meager to review such an extensive
topic, these two groups have been cited many
times in the literature as exemplary evidence
for definable and demonstrable trends in
body-size evolution. Our results of mapping
body-size estimates onto character-based
phylogenies refute the status of varanids and

fossil horses as respective exemplars of is-
land giantism and Cope’s rule.

Recognition of the smallest and largest
members of a lineage is a seemingly straight-
forward matter. On closer inspection, how-
ever, this is not necessarily the case. Of first
order are the discrepancies in the measure of
size (height, length, weight) across different
analyses making comparisons difficult at
best. For example, although V. komodoensis
and V. salvadorri attain the same body
lengths, the komodo dragon is far more ro-
bust and is therefore perceived as a giant
with respect to V. salvadorri. Nevertheless,
developmentally, lizards reach their maxi-
mum length early in ontogeny, while their
body mass is both a function of resources
and lifespan. Size than becomes an issue of
perspective.

We also noted that the parameters of a lin-
eage are not always clearly defined. In the
case of the Equidae, some of the smallest
known species of horses are nested deep
within terminal clades and are generally not
considered in the overall picture of horse
evolution; size, therefore, becomes a function
of averaging.

In the case of fossil horses, the group’s
evolutionary history has been intimately tied
to the stratigraphic record and Simpsonian
diagrams, which has lead to erroneous con-
clusions. For example, MacFadden (1987)
calculated the body masses of 40 species of
fossil horses from North America using size-
correlated characters of the skeleton, skull,
and molar dimensions in order to test wheth-
er North American Equidae exhibited a pro-
gressive size increase over time, i.e., Cope’s
rule. Based on the morphometric data and
stratigraphic record, MacFadden (1987, up-
dated in MacFadden, 1992) concluded that
the first half of equid evolution was charac-
terized by relative stasis in overall body size,
with masses estimated to range between 5 kg
for Hyracotherium (the smallest being for H.
sandrae, Gingerich, 1989; revised from
MacFadden, 1987) to about 50 kg for large
species of Miohippus (MacFadden 1987),
and thereafter, the body mass of fossil horses
diversified, including several clades of large
forms, e.g., Merychippus and Equus (fig.
17.3), and small forms, e.g., Nannippus (fig.
17.3).
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Although the stratigraphic record can pro-
vide us with detailed glimpses of deep time,
it cannot be used as a statement of phylogeny
or homology (Frost and Kluge, 1995) or to
elucidate trends in body size evolution.
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and H.-G. Horn (editors), Advances in Monitor
Research. Mertensiella 2: 211–219.

King, D., S. Fuller, and P. Baverstock. 1999. The
biogeographic origins of varanid lizards. In H.-
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APPENDIX 17.1
ESTIMATED SIZES OF VARANID TAXA (REFER TO FIG. 17.2)
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APPENDIX 17.2
TEMPORAL RANGES AND MOLAR LENGTHS OF EQUID TAXA (REFER TO FIG. 17.4)
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