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Herbivory has evolved in many groups of vertebrates, but it is rare
among both extinct and extant nonavian reptiles. Among squa-
mate reptiles, (lizards, snakes, and their relatives), <2% of the
>7,800 species are considered to be herbivorous, and herbivory is
restricted to lizards. Here, we show that within a group of South
American lizards (Liolaemidae, �170 species), herbivory has
evolved more frequently than in all other squamates combined and
at a rate estimated to be >65 times faster. Furthermore, in contrast
to other herbivorous lizards and to existing theory, most herbiv-
orous liolaemids are small bodied and live in cool climates. Her-
bivory is generally thought to evolve only in reptile species that are
large bodied, live in warm climates, and maintain high body
temperatures. These three well known ‘‘rules’’ of herbivory are
considered to form the bases of physiological constraints that
explain the paucity of herbivorous reptile species. We suggest that
the recurrent and paradoxical evolution of herbivory in liolaemids
is explained by a combination of environmental conditions (pro-
moting independent origins of herbivory in isolated cool-climate
regions), ecophysiological constraints (requiring small body size in
cool climates, yet high body temperatures for herbivores), and
phylogenetic history. More generally, our study demonstrates how
integrating information from ecophysiology and phylogeny can
help to explain macroevolutionary trends.

ecophysiology � macroevolution

D iet is a fundamental aspect of an organism’s biology, and the
evolution of dietary strategies may have important conse-

quences for both lineages and ecosystems (1–5). Although
herbivory is common in some groups of animals, it is rare among
both extinct and extant nonavian reptiles (2, 3, 6–8). Among
squamate reptiles (lizards, snakes, and their relatives), �2% (9)
of the �7,800 currently recognized species (European Molecular
Biology Laboratory reptile database, www.embl-heidelberg.de�
�uetz�livingreptiles.html) are considered to be herbivorous,
and herbivory is confined entirely to lizards (2, 7–9, 10). The
paucity of plant-eating reptiles suggests that there are constraints
limiting the evolution herbivory in this group.

In this study, we find that herbivory has evolved repeatedly in
a clade of South American lizards (Liolaemidae with nearly 170
species), likely more times than are known for all other squa-
mates combined, and at a rate that is �65 times faster. We also
find that herbivores in this clade have converged repeatedly on
a unique combination of morphological, ecological, and physi-
ological characteristics that are strikingly different from those
reported for other Recent herbivorous reptiles. We combine
data on phylogeny, diet, ecology, and physiology to document
and explain the seemingly paradoxical evolution of herbivory in
liolaemid lizards. More generally, our study suggests how the
interplay of ecophysiology and phylogenetic history may lead to
remarkable shifts in macroevolutionary trends in diet.

Many researchers have noted that herbivorous lizards are
generally large bodied, live in warm climates, and maintain high

body temperatures (7–14). These widely reported ‘‘rules’’ of
herbivory have been proposed as explanations for the paucity of
herbivorous reptiles (i.e., herbivory should not evolve in lineages
that are small bodied, live in cool climates, or maintain low body
temperatures; refs. 2, 7, 8, 11, 13, and 14). These traits may be
associated with physiological constraints imposed by herbivory.
For example, because most plant tissues are relatively low in
digestible energy, large body size is favorable because it affords
a low mass-specific rate of energy expenditure (7, 13–16). A large
body can also support a voluminous gut that will increase
digestive efficiency by increasing the time that food is fermented
and assimilated (8, 9, 17, 18). Likewise, high body temperatures
may be necessary for microbial fermentation of plant tissues (9,
12, 18, 19), given that herbivorous vertebrates lack endogenous
cellulases and must rely on gut endosymbionts (bacteria and
protozoa) to release the energy bound in plant cell walls (17, 18,
20). The need to maintain high body temperatures may explain
why herbivorous reptiles are largely confined to the tropics or
warm deserts (9, 11, 12). Given that these ecophysiological rules
may explain the scarcity of herbivory in reptiles, changes in one
or more of these three apparent constraints might allow for a
dramatic increase in the rate at which herbivory evolves in a
given clade.

Liolaemidae consists of three genera, Ctenoblepharys, Liolae-
mus, and Phymaturus, and 168 species (European Molecular
Biology Laboratory reptile database) of small-bodied iguanian
lizards that are distributed primarily in southern South America
(21–24). The monotypic Ctenoblepharys is insectivorous (23) and
is the sister taxon of the clade Liolaemus plus Phymaturus (25).
Liolaemus contains 157 species, including insectivores, omni-
vores, and herbivores (9, 21–24). Phymaturus contains 10 species,
all of which are herbivorous (9, 21–24). Although some research-
ers have suggested or provided evidence that small lizards
(including some liolaemids) eat primarily plants (17, 21, 22,
26–32), reviews of herbivory in reptiles have overlooked or
dismissed reports of herbivory in liolaemids (2, 3, 7, 8, 18) or
were unaware of the extent of herbivory and its unexpected
correlates in these lizards (10, 17, 26–32).

Materials and Methods
Definition and Coding of Herbivory. After a review of herbivory in
lizards (10), which found that diets are more discrete than
previously recognized (figure 2 in ref. 10), we adopted the
following definitions: insectivore � 0–10%, omnivore � 11–

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: ND2, NADH dehydrogenase subunit II; SVL, snout–vent length.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AY661892–AY661908 and AY662050–AY662079).

See Commentary on page 16713.

‡To whom correspondence should be addressed. E-mail: robert.e.espinoza@csun.edu.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0401226101 PNAS � November 30, 2004 � vol. 101 � no. 48 � 16819–16824

EV
O

LU
TI

O
N

SE
E

CO
M

M
EN

TA
RY



50%, and herbivore � 70–100%, where the percentage corre-
sponds to the volumetric proportion of plant matter in the diet
(Data Set 1, which is published as supporting information on the
PNAS web site). Each taxon was assigned to a diet based on data
from the literature or volumetric estimates of gut contents or
freshly deposited feces (means of individuals for each taxon).

Phylogeny Reconstruction. Phylogenetic analyses (performed with
parsimony and Bayesian methods) were based on combined data
matrices consisting of published (23, 33, 34) morphological data
(23 characters; Data Set 2, which is published as supporting
information on the PNAS web site), reproductive mode (Data
Set 1), and published (35, 36) and previously unreported mito-
chondrial DNA sequences (Data Set 3, which is published as
supporting information on the PNAS web site), totaling 1,026
parsimony informative characters (pic). Parsimony analyses were
performed by using PAUP* 4.0B10 (37) and Bayesian analyses were
performed by using MRBAYES 3.0B4 (38). Sequence data for 61
liolaemid taxa and four outgroup species from a 1.7-kb fragment
[referred to as NADH dehydrogenase subunit II (ND2) here-
after, but consisting of eight tRNAs, the ND2 gene, and a portion
of NADH dehydrogenase subunit I; 852 pic] were taken from
refs. 25, 35, and 36. Two additional Liolaemus sequences were
provided by J. A. Schulte (U.S. National Museum, Smithsonian
Institution, Washington, D.C.) (personal communication). Se-
quences from 17 additional taxa for an overlapping 1.4-kb
fragment were obtained by using methods described in ref. 36.
An additional 685-bp fragment (139 pic) of the 12S (small)
ribosomal subunit was obtained for 30 taxa (emphasizing mem-
bers of the alticolor–bibronii and elongatus–kriegi species groups
of Liolaemus) by using methods described in ref. 39. Details of
the phylogenetic analyses are provided in Supporting Methods,
which is published as supporting information on the PNAS web
site.

The majority-rule consensus tree from the first Bayesian
analysis of the combined data was used as the preferred topology
(Fig. 1), and results from comparative analyses (described below)
are based primarily on this tree. However, to address the
sensitivity of these results to alternative topologies, comparative
analyses were repeated on the two shortest trees from the
combined data parsimony analysis, the majority-rule consensus
tree from a second Bayesian analysis, and five trees from each
Bayesian analysis having the highest posterior probabilities.
Results were generally very similar among these topologies. For
more information on the Bayesian analyses, see Tables 1 and 2,
which are published as supporting information on the PNAS web
site.

Origins of Herbivory. For parsimony reconstructions, each taxon
was assigned one of three character states for diet based on
categories assigned in Data Set 1. Evolution of diet was recon-
structed as an ordered (insectivore 3 omnivore 3 herbivore)
three-state character by using parsimony with MACCLADE 4.0
(40). We estimated the number of origins of herbivory in
liolaemids as the number of transitions from omnivory or
insectivory to herbivory. Diet evolution was also analyzed as a
continuous character in a likelihood framework by using linear
generalized least squares (GLS-linear; ref. 41) with COMPARE 4.5
(http:��compare.bio.indiana.edu). We assumed equal branch
lengths (1.0) for this analysis because no single molecular data
set was available for all of the taxa. We reconstructed the
proportion of plant matter in the diet at each node, classified
ancestors as herbivores, omnivores, or insectivores based on the
categories defined above, and tallied the number of origins of
herbivory.

Our phylogenetic analyses included 87 of the 168 currently
recognized species of Liolaemidae. To estimate the number of
origins of herbivory for virtually all Liolaemidae, we obtained

data on diet from 162 taxa of Liolaemidae (described above;
Data Set 1) and constructed a phylogenetic supertree for these
species. Although we prefer direct character-based analyses to a
supertree approach, the only information available on the place-
ment of many liolaemid taxa is taxonomy. Details of supertree
construction are described in Supporting Methods. Interestingly,

Fig. 1. Phylogeny of liolaemid lizards showing multiple origins of herbivory.
The topology is based on a Bayesian analysis of combined morphological and
DNA data. Circles at nodes indicate Bayesian posterior probabilities of �95%,
and squares indicate concordant nonparametric bootstrap support (�70%)
from a parsimony analysis (black, 90–100%; gray, 80–89%; white, 70–79%).
Colored branches indicate diet (red, insectivore; yellow, omnivore; green,
herbivore; gray, equivocal). OGs, outgroups. Major species groups within
Liolaemus (21–23, 36) are identified and numbered taxa are listed in Data Set
4, which is published as supporting information on the PNAS web site. Al-
though diet reconstructions are ambiguous for some clades, almost all of this
uncertainty is associated with transitions between insectivory and omnivory
rather than the evolution of herbivory.
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our estimated number of origins of herbivory (18.5) derived from
the supertree analysis is similar to an estimate based on simply
extrapolating the number of origins of herbivory from the
phylogenetic analysis to a similar number of unsampled species
(i.e., given there are �9 origins of herbivory among 91 species
one might expect to see �18 origins of herbivory among a sample
of species that is roughly twice as large, given many assump-
tions).

We derived crude estimates of the rates of evolution of herbivory
among liolaemids and among nonliolaemid squamates by using the
number of estimated transitions to herbivory divided by the total
number of branches (terminal plus internal) along which such a
change could occur. We considered there to be 168 described
species of liolaemids and 7,833 species of squamates overall (Eu-
ropean Molecular Biology Laboratory reptile database). For a
given tree, we used the median number of reconstructions of
herbivory (mean for the supertree analysis). The number of internal
and terminal branches for a rooted tree of N species is (N � 1) �
N (42). More sophisticated estimates of evolutionary rates would
have been difficult given the very large number of squamate taxa
and incomplete information on species-level phylogeny and branch
lengths.

Body Size of Liolaemids. Maximum snout–vent lengths (SVLs) of
liolaemid species were taken from the literature or from museum
specimens (references and specimen numbers in Data Set 1).
Maximum SVL was used because of the difficulty in establishing
minimum adult size for many poorly known species.

Herbivory and Body Size in Nonliolaemid Lizards. The number of
independent origins of herbivory in Recent nonliolaemid squa-
mates was reconstructed by using MACCLADE (40) based on
reviews of squamate herbivory (9, 10). Monophyly and relation-
ships among squamate families followed revisions and summa-
ries (43, 44); however, our results should be insensitive to
uncertainty about interfamilial relationships because herbivory
almost always arises within families. We summarize the basic
results here by family (number of independent origins of her-
bivory, herbivorous taxa; ref. 9): Iguanidae (1, all genera);
Agamidae (2, Hydrosaurus and Uromastyx); Lacertidae (1, Gal-
lotia simonyi); Scincidae (4, Corucia, Egernia, Macroscincus, and
Tiliqua); Gerrhosauridae (1, Angolosaurus); and Teiidae (1–2,
Cnemidophorus arubensis, Cnemidophorus murinus, and Cnemi-
dophorus sp.). Note that not all species within each genus are
necessarily herbivorous. The genera listed above that are not
followed by specific species are conservatively estimated to
contain a single origin of herbivory.

Maximum body sizes (SVLs) of Recent herbivorous lizards
were assembled from the literature as summarized in ref. 9.

Climate-Based Temperature Indices. Latitudinal and elevational
ranges of each species were taken from previous studies, mu-
seum specimens, or fieldwork (Data Set 1). Temperature indices
were calculated for the latitudinal and elevation midpoints of the
range of each species. Temperature indices were constructed
from a regression of air temperatures recorded in January
(month of peak lizard activity), assuming a starting temperature
of 20°C (mean diel temperature in January at the estimated
geographic latitudinal and elevational midpoint for liolaemids)
and corrected for latitudinal and elevational deviations based on
climatic lapse-rate functions (45). The temperature index re-
gression for latitude is y � 25.79 � 0.28263x � 0.017708x2 �
0.000010727x3, where y is the corrected temperature (index) for
latitude x (45). The lapse-rate function to correct air tempera-
tures at sea level to those at different elevations (45) is 0.65°C�
100 m. The sum of the products of each equation, less the starting
temperature (here, 20°C), provide a single index for a given
latitude and elevation. Because many factors determine the

thermal environment at a given place and time (including cloud
cover, day length, and vegetation), this index cannot predict
actual environmental temperatures. However, it provides an
index of environmental temperatures that can be used for
comparing taxa from different thermal environments resulting
from differences in latitude and elevation.

Correlations Between Herbivory and Climate. We examined the
relationship between evolutionary changes in diet and changes in
climate by using independent contrasts (46) as implemented in
COMPARE. One set of analyses used branch lengths estimated
from the ND2 gene and included 75 taxa. We used the topology
in Fig. 1 (pruned to include only these 75 taxa) with branch
lengths for the ND2 gene region (reduced to the same 1.4-kb
region present in almost all taxa), estimated by using maximum
likelihood with the general time reversible (GTR) � I � � model
(implemented with PAUP*). Two data points were extreme and
obvious outliers in climate (with no corresponding change in
diet) and were removed from subsequent regression analyses.
These two points had contrasts for climate that were �10 times
higher than all others (despite all species having relatively similar
climatic index values), apparently because of their extremely
short branch lengths in the mitochondrial phylogeny. Results
from this analysis were highly significant (r2 � 0.23, P � 0.0001;
range among alternative trees r2 � 0.21–0.23, P � 0.0001).
Another set of analyses assumed equal branch lengths and
included 11 additional taxa for which ND2 data were not
available. These results were also highly significant (r2 � 0.12,
P � 0.0011; range among alternative trees r2 � 0.11–0.14, P �
0.0005–0.0015).

Body Size Reconstructions. The ancestral SVL of Liolaemidae was
estimated by using linear generalized least squares (as for diet).
Branch-length information from the ND2 gene was available for
78 taxa for which SVLs were also available and was estimated as
described above. The reconstructed ancestral SVL is 82.7 	 37.6
mm (range among alternate trees 82.6–82.7 	 37.5–37.7 mm).
Although the SEs for these and several other reconstructions are
high, simulation studies suggest that the estimates of error for
ancestral-trait reconstructions may be inappropriately high, even
when the reconstructions are accurate (47). An analysis includ-
ing 11 additional taxa for which ND2 data were not available
(assuming equal branch lengths for all taxa) estimates an ances-
tral SVL of 79.9 	 11.6 mm (range among alternative trees
79.2–80.0 	 11.4–11.6 mm).

Body Temperature Reconstructions. Body temperatures of active
liolaemids (Data Set 1) were taken from previous studies (18
species) or collected in nature (49 species) by using standard
methods described in Supporting Methods. The body temperature
of the common ancestor of Liolaemidae (reconstructed value
34.0 	 5.8°C) was estimated by using linear generalized least
squares with branch lengths from the ND2 gene (described
above). Almost all nodes of the liolaemid tree have recon-
structed values within the range of 33–37°C. The tree in Fig. 1
was pruned to include the 52 taxa for which body temperatures
and ND2 sequences were available. Among the parsimony and
Bayesian trees, the ancestral body temperature range was 33.9–
34.0 	 5.7–5.8°C. The set of taxa for which body temperatures
are available is almost identical to the set of taxa for which both
body temperatures and ND2 data are available, so analyses
assuming equal branch lengths were not performed.

Ancestral Climate Reconstructions. The temperature indices de-
scribed above were reconstructed by using linear generalized
least squares on the phylogeny (Fig. 1) to estimate the ancestral
climatic regime of Liolaemidae. Reconstructions were per-
formed for 75 taxa by using branch lengths estimated for the
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ND2 data (reconstructed temperature 33.2 	 37.7°C; range for
alternate trees 33.2–33.3 	 37.6–37.7°C) and for 86 taxa assum-
ing equal branch lengths (37.1 	 4.9°C; range for alternate trees
36.9–37.2 	 4.9°C). These analyses concur that the ancestor of
Liolaemidae occurred in a relatively hot environment (�33°C)
relative to other liolaemids (mean temperature index 22.5°C for
these 86 taxa).

Results and Discussion
Our reconstructed phylogeny, based on a combined analysis of
DNA sequences and nonmolecular characters, includes 92 liolae-
mid taxa (plus four outgroup species). Mapping diet onto this
phylogeny shows eight or nine independent origins of herbivory
among the sampled species (Fig. 1; mean 8.5, range eight to nine
origins among reconstructions for all alternative trees). However,
we estimate the number of origins of herbivory in liolaemids to be
at least 18, based on reconstructions including 161 liolaemid taxa for
which data on diet are available (mean 18.5 origins across trees and
equally parsimonious reconstructions in the supertree analysis). In
contrast, there are only 10 or 11 independent origins of herbivory
inferred for all other lizard species combined (9, 10). These origins
are scattered widely among major lizard clades, and no family
besides Liolaemidae contains more than four origins of herbivory.
As in other lizard clades that include herbivores (9, 10), most origins
of herbivory in liolaemids appear to represent transitions from
omnivory to herbivory rather than direct transitions from insec-
tivory to herbivory (Fig. 1).

Herbivory appears to evolve at least 66 times more rapidly in
liolaemids than in nonliolaemid squamates. There are changes to
herbivory on �4.6% of the branches of the liolaemid tree in Fig.
1 (and on 5.7% of the branches on the liolaemid supertree). In
contrast, only 0.07% of the branches on a species-level phylogeny
of nonliolaemid squamates would have changes to herbivory.
This dramatic difference suggests that, in liolaemids, there has
been a release from the constraints that have apparently limited
the evolution of herbivory in other squamate reptiles.

In support of this hypothesis, herbivorous liolaemids differ
greatly from other herbivorous lizards in body size and climatic
distribution. Liolaemids are smaller than other herbivorous
lizards (Fig. 2). Furthermore, most herbivorous liolaemids live in
cooler climates than other herbivorous lizards. Thirty-one of 34
known herbivorous liolaemid species live at either high latitude
or high elevation. Those living in the Patagonian steppe (13
species) range from �37 to 54°S latitude (mean geographic
midpoint of the latitudinal ranges of the Patagonian species �
44°S), whereas those distributed in the high Andes (18 species)
range from 1,800 to 5,000 m (mean elevational midpoint � 3,580
m). Herbivorous lizards from other clades occur in warm cli-
mates at considerably lower latitudes (0–37°) and elevations
(0–1,830 m) (9–11).

Given that there are sound ecological and physiological rea-
sons to expect herbivorous lizards to be large and live in warm
climates (2, 7, 8, 11, 13, 14), how can the seemingly incongruous
traits associated with herbivory in liolaemids be reconciled with
the longstanding rules of herbivory in reptiles? We suggest that
the repeated and paradoxical evolution of herbivory in liolae-
mids is explained by a unique combination of climatic conditions,
ecophysiological constraints and opportunities, and phyloge-
netic history.

Regression analyses using phylogenetically independent con-
trasts (46) show that herbivory is correlated with cool climates in
Liolaemidae (albeit weakly) (Fig. 3), the opposite of the pattern
reported for other herbivorous lizards (9–11). This finding suggests
that the invasion of cool climates facilitates the evolution of
herbivory in liolaemids. Herbivory is likely favored in cool climates
because insects may be a more ephemeral and less abundant food
source than are edible plants in high-latitude and high-elevation
habitats (26). Most herbivorous lizards live in hot, dry environments

or on islands, which are similarly harsh and likely to have corre-
spondingly low arthropod abundance and diversity (8, 10, 48, 49).
Although most herbivorous liolaemids live in relatively cool cli-
mates, the strength of the correlation between climate and her-
bivory in the independent contrasts analysis is weakened by the
presence of a few herbivorous liolaemids occurring in warm cli-

Fig. 2. Body sizes of herbivorous Liolaemidae relative to other Recent
herbivorous lizards. Bar lengths indicate ranges of maximum body sizes for
species within each taxonomic group. Data on body sizes are from ref. 9 and
Data Set 1. The gray bar indicates that �80% of all lizard species have body
masses corresponding to a SVL of �100 mm (4, 7).

Fig. 3. The evolution of herbivory is correlated with cold climates in liolae-
mid lizards. Results are based on a regression of phylogenetically independent
contrasts (46) of the gross proportion of plant matter in the diet of each
species and an index of the environmental temperature for each species.
Contrasts were calculated by using the phylogeny in Fig. 1 for a sample of 75
species for which data on diet and ND2 sequences (for estimating branch
lengths) were available.
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mates (e.g., Liolaemus zapallarensis), and because many nonher-
bivorous liolaemids live in cool regions (e.g., Liolaemus andinus,
Liolaemus sarmientoi, and Liolaemus tari). Thus, herbivory is not a
requisite for living in cool climates or harsh deserts, although plant
consumption appears to be favored in these environments in several
liolaemid lineages.

The unique association between herbivory and cool climates
in liolaemids (Fig. 3; see also ref. 26) may help explain the
unusually high frequency with which herbivory has evolved in
this group. Because high montane habitats tend to be geograph-
ically isolated from each other (and from low-elevation, high-
latitude regions), it may be difficult for herbivorous, cold-
adapted liolaemids to disperse among these regions. Thus,
different lineages of liolaemids may evolve herbivory indepen-
dently in different high-latitude or high-montane regions,
thereby promoting multiple origins of herbivory. In contrast,
warm-climate, low-elevation regions are intrinsically more con-
nected than high-elevation regions. For example, the majority of
nonliolaemid herbivorous squamates belong to a single clade
(Iguanidae, sensu stricto; refs. 2 and 7–10) that is widely distrib-
uted in the warm-climate regions of the New World and Oceania.
On the mainland, these warm regions are connected geograph-
ically, and the range of each continental iguanid genus overlaps
the distribution of at least one other (50).

Although most herbivorous liolaemids occur in regions that are
much cooler than those inhabited by other herbivorous reptiles, our
data indicate that herbivorous liolaemids also seem to require high
body temperatures, similar to those recorded for other herbivorous
lizards (refs. 9, 11, and 12 and Fig. 4). The need for high body
temperatures is likely a general ecophysiological constraint on the
evolution of herbivory because the fermentation of plant fiber
appears to require high body temperatures (9, 11, 12, 18, 19).
Consequently, the absence of herbivores in some reptile lineages
may be explained by environmental or evolutionary constraints on
achieving high body temperatures (9).

Given that herbivorous liolaemids must maintain high body
temperatures despite living in cool climates, ecophysiological
constraints may explain why they are smaller than other herbiv-
orous lizards. Warm temperatures may occur infrequently and
briefly at the high latitudes and high elevations where most
herbivorous liolaemids occur (9, 21, 22, 51). Biophysical princi-

ples suggest that small size is advantageous in these environ-
ments because a small lizard can warm faster than can a large
lizard, given the low thermal inertia associated with a small body
mass (52). Thus, the small body size of liolaemids can facilitate
rapid heating in unpredictable thermal environments, even if the
lizards are unlikely to maintain high body temperatures for as
long (daily or seasonally) as would a lizard of similar size in the
tropics or a hot desert (9).

If ecophysiological constraints imposed by eating plants ne-
cessitate high body temperatures and small body size in cool-
climate herbivores, then phylogenetic history also may have
played a critical role in promoting the repeated evolution of
herbivory in liolaemids. Ancestral state reconstructions indicate
that the common ancestor of Liolaemidae had a small body size
(reconstructed SVL 80.4 	 11.7 mm for 86 taxa) and a prefer-
ence for high body temperatures (reconstructed value 33.8 	
5.8°C for 52 taxa), even though this ancestor was most likely
insectivorous (Fig. 1) and lived in a warm climate (reconstructed
value 37.0 	 4.9°C for 86 taxa). Thus, the evidence suggests that
the critical ecophysiological traits permitting the repeated evo-
lution of herbivory in cold-climate liolaemids were inherited
from an ancestor that evolved in a very different climate and with
a very different diet.

In summary, our studies reveal repeated and unexpected
origins of herbivory in liolaemid lizards that challenge many
preconceptions about the evolution of dietary strategies in
vertebrates. The discovery of the repeated evolution of herbivory
in small-bodied, cool-climate-dwelling liolaemids also raises
many questions for future research, such as how liolaemids
overcome the disadvantages of small size for digestive efficiency
and why other groups of lizards with similar attributes (i.e., small
size, cool-climate distribution, and high body temperatures) have
not evolved herbivory (e.g., some lacertids, Phrynocephalus, and
Sceloporus). More generally, our results show how characteristics
of the environment, ecophysiology, and phylogenetic history can
interact in unexpected ways to cause striking changes in macro-
evolutionary trends in diet.
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