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Abstract. Energy balance is relevant to diverse issues in ecology, physiology, and
evolution. To determine whether lizards are generally in positive energy balance, we synthesized a massive data set on the proportion of individual lizards (N = 18 223) with empty
stomachs (127 species), representing nine families distributed on four continents, primarily
in temperate zone deserts but also in the neotropics. The average percentage of individuals
with empty stomachs is low (13.2%) across all species, even among desert lizards, suggesting that most lizards are in positive energy balance. Nevertheless, species vary substantially in this regard (among all species, 0% to 66% of individuals have empty stomachs).
Several patterns are detectable among species with unusually high frequencies of empty
stomachs. In particular, nocturnal lizards "run on empty" more often on average than do
diurnal species (24.1% vs. 10.5%); and this pattern holds even for nocturnal vs. diurnal
geckos (21.2% vs. 7.2%, respectively). Several (but not all) top predators have a higher
frequency of empty stomachs than do species that feed at lower trophic levels. Diet breadth
and body size appear unrelated to frequency of empty stomachs. Widely foraging species
sometimes have a high frequency of empty stomachs relative to sit-and-wait species, but
patterns vary among continents and appear to be confounded by phylogeny and trophic
level. Ant-eating specialists have uniformly low frequencies of empty stomachs. Diurnal
termite specialists also have low frequencies of empty stomachs, but nocturnal ones have
high frequencies. Lizards from certain families (Gekkonidae [including Pygopodidae], Gymnophthlamidae, and Varanidae) are more likely to have empty stomachs than are those of
other families (Agamidae, Iguanidae, Lacertidae, Scincidae, and Teiidae).
Key words: body size, impact on feeding success; dietary sl2ecia/izatiorl, impact on feeding
success; energetics; energy balance of individzial lizards: feeding success, diunzal vs. nocturnal lizards;
feeding success of lizards, desert and Neotropical; lizards, diet and energetics; nocturnalit)?: trophic
level, impact on feeding success.

INTRODUCTION
The amount and predictability of energy input is crucia1 to organisms. On an ecological time scale, energy
levels influence maintenance, growth, survival, and re1981,
et
production (Townsend and
1989, Nagy et al. 1999) as well as foraging
( N ~ et~ al.
Y 1984, Perry and Pianka 1997). O n a n e v o lutionary time scale, energy may influence the general
potential for adaptation and diversification (Vermeij
1995, Parsons 1998). Variability of energy supply is
also important. For example, species that routinely deal
with feast vs, famine may have specialized digestive
adaptations (e.g.9 digestive organs atrophy during fasts,
Manuscript received 20 September 1999; revised 1 May 2000;
accepted 2 May 2000; final version received 13 June 2000.
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Secor et al. 1994) as well as enhanced fat storage (Bustard 1967, Pond 1981).
Here we address variability of energy supply of many
species of lizards from very diverse habitats (see Plate
1). Specifically, we ask whether most individual lizards
are in positive energy balance, or whether most alternate between feast and famine. We use the percentage
individuals with empty stomachs as a simple index
of instantaneous energy balance. If individuals have
food in their stomachs, they will be gaining energy and
be in positive energy balance. Conversely, if individuals routinelv alternate between feast and famine. then
many individuals will have empty stomachs and thus
will be relying (at least at that instant) on fat or other
tissue stores for maintenance energy needs. Pythons
of "intermittent" feeders and
are
are thought to go for months between meals (Secor et
al. 1994).
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PLATE.1 . Four lizards (from different continents and from different families) chosen to typify diverse patterns of foraging
success. Clockwise from upper left: Phrynosotna y l a ~ r h i n o s an
, iguanid from the North American deserts, has a low frequency
of empty stomachs (O.O%), as do other diurnal ant specialists; Nucras tesselata, a scorpion-eating lacerid from the Kalahari
desert of south Africa, has a moderate frequency of empty stomachs (16.l%), as is the case with most top predators;
Rhynchoedura ornata, a diplodactylid gecko and nocturnal termite specialist from the Australian deserts, has a high frequency
of empty stomachs (43.4 %), as do most nocturnal geckos (especially termite specialists); and Cercosaura ocellata, in common
with other gymnophthalmids from the Amazonian basin in South America, forages in leaf litter and has a high frequency of
empty stomachs (44.0%).

We analyze dietary data for 81 lizard species from
temperate-zone deserts on three continents (Africa,
Australia, North America-collected
by Pianka and
colleagues) and also for 46 species from two Neotropical regions (Central and South America-collected by
Vitt and colleagues). A special attraction of our data
set is that single teams did all collecting and stomach
analyses for each region, and so resulting data should
be largely free of an investigator effect, which potentially haunts most comparative studies. Moreover, our
analyses are based on many species of geographically
and phylogenetically diverse taxa and thus should be
general for lizards. We find that the vast majority of
these lizards do have food in their guts, suggesting that
lizards are routinely in positive energy balance. However, as we note below, a few taxa are exceptional.

Lizards used in this study were collected over many
years by Pianka (1986) and colleagues in the deserts
of western North America (N = 11 species, 3940 individuals), the Kalahari desert of southern Africa (18
species, 5683 individuals), and the deserts of western
Australia (52 species, 5091 individuals) and by Vitt
and colleagues (Vitt and Zani 1996, 1998a, b) in the
neotropics (5 species, 243 individuals from lowland
Caribbean rain forest in Nicaragua; and 41 species,
3266 individuals from lowland Amazon rain forest in
Ecuador and Brazil, and Amazon savanna in northern

Brazil [Roraima]). We included only species that were
represented by at least 10 individuals for the desert
species and at least 14 individuals for the tropical ones
(see Plate 1). Lizards collected in all seasons are included; the data set is available in the Appendix.
Lizards were measured (snout-vent length) and preserved soon after being collected, and stomach contents
were later removed and identified (Pianka 1986, Vitt
and Zani 1996). We calculated the percentage of individuals of each species that had empty stomachs and
calculated standardized dietary niche breadth (Pianka
1986). Prior to analyzing patterns of interspecific variation (e.g., nocturnal vs. diurnal, familial, habitat, foraging mode), we chose not to do formal phylogenetic
analyses (Harvey and Page1 1991, Martins and Hansen
1997, Garland et al. 1999). Although we normally advocate phylogenetic approaches, we do not use one here
for two main reasons.
First, the taxa studied here are phylogenetically and
geographically diverse, and their relationships are not
yet known well enough to undertake explicit phylogenetic analyses (but see Martins 1996). Second, in our
data set phylogeny is inextricably confounded with geography. Thus most families are found on only some
continents, confounding observed lineage effects with
geographic effects, and vice versa. A formal comparative analysis would thus be unreliable, even if a robust
phylogeny were available for these taxa. Consequently,
we bypass formal phylogenetic testing and instead treat
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TABLE 1. Percentage of lizards with empty stomachs, averaged by family within area.
Empty stomachs (%)
Family

Mean i 1

SE

Range

NI

Neotropics
Gekkonidae
Gymnophthalmidae
Iguanidae
Scincidae
Teiidae
North America
Gekkonidae
Iguanidae
Teiidae
Xantusiidae
Australia
Agamidae
Gekkonidae$
Scincidae
Varanidae
Africa (Kalahari)
Agamidae
Gekkonidae
Lacertidae
Scincidae

tN

=

number of species in the group.

$ Includes Pypogopodidae.

observed patterns as exploratory. In any case, we make
our data set fully accessible to anyone who wishes to
attempt phylogenetic analyses (see Appendix). Certainly, inspection of the data at the family level (Table
1) demonstrates an exceedingly strong phylogenetic
signal, which is reinforced by a Kruskal-Wallis test (P
< 0.0001).
Several biases are possible in our data. First, individuals captured early during their activity period may
be less likely to have food in their stomachs than would
individuals captured later; this bias would inflate the
percentage of empty stomachs in our samples. However, because few lizards proved to have empty stomachs (see Results and Discussion, below), this bias appears more potential than real. Second, because lizards
examined here were almost always captured while active, all observed dietary patterns can strictly apply
only to active lizards. However, if individuals were to
retreat to cover immediately after a large meal, we
would likely not sample such individuals; and thus the
bias here would be to inflate the percentage of empty
stomachs. This potential bias is unlikely to be important
for most lizards, which typically eat many small prey;
but it could well be important for snakes, which typically eat larger and fewer prey (Greene 1997).
RESULTSAND DISCUSSION
Remarkably few lizards had empty stomachs (average of 13.9 f 14.3% for 81 species of desert lizards,
12.2 ? 9.4% for 46 tropical species [means ? 1 SE];
Tables 1 and 2). This pattern is general and holds for
lizards from very different continents, habitats, taxa,
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and life styles (Table 2, Fig. 1, Appendix). Moreover,
the frequency distribution of species with varying degrees of percentage of empty stomachs is strongly left
skewed (Fig. I), and only a few species exhibit relatively high values. Thus, the vast majority of lizards
should be in positive energy balance.
Desert lizards
The low incidence of empty stomachs in desert lizards (North America, Australia, Kalahari; Table 2) is
somewhat surprising, not only because deserts are famous for having fluctuating productivity (Pianka
1986), but also because desert lizards have lower
growth rates than d o congeners living in more productive habitats (Andrews 1982). Low growth rates of
desert lizards could in principle result from relatively
low energy intake, or from relatively high metabolic
rates associated with life in hot desert environments,
or from both. Although our categorical data (presence
vs. absence of food) cannot directly address a quantitative issue, they do suggest that most desert lizards
are normally in positive energy balance. Interestingly,
desert iguanids do not have elevated field metabolic
rates relative to non-desert iguanids (Nagy 1988). Thus,
why desert lizards have relatively low growth rates
currently remains an enigma: a more detailed approach
(see Concluding remarks, below) will be necessary to
address this question.
Neotropical lizards
Most Neotropical lizards had food in their stomachs,
and only gymnophthalmids had a high frequency of
empty stomachs (Table 1, Fig. 1). The relatively low
feeding success of gymnophthalmids may reflect their
unusual foraging behavior: these small lizards typically
forage actively in leaf litter, but are extremely secretive
and appear to spend relatively little time active, perhaps
because of risk of predation from other leaf-litter species (e.g., other reptiles, frogs, birds, and spiders).
Nocturnal vs. diurnal lizards
Nocturnal lizards were conspicuously more likely to
have empty stomachs than were diurnal lizards (Table
2: 24.1 f 17.2% vs. 10.5 f 9.6%, respectively). This
pattern appears universal: it holds in all three deserts
as well as in the tropics (Table 2). However, because
most nocturnal lizards in our samples are geckos (but
two Egernia skinks in Australia are nocturnal), this
pattern could be a phylogenetic artifact more indicative
of the reduced foraging success of geckos vs. other
lizard taxa. Fortunately, a few geckos are diurnal; so
we can use within-family and within-desert comparisons to determine whether phylogeny or time of activity
actually influences feeding success (Table 2). Interestingly, the one diurnal gecko (Lygodactylus) in the Kalahari has a much lower average percentage of empty
stomachs (3.6%) than do any of six species of nocturnal
geckos (range: 11.3-26.4%). Similarly, the six diurnal
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Percentage of lizards with empty stomachs, averaged by group.
Empty stomachs (%)
Group

Mean C 1

SE

Range

N?

Neotropics
Diurnal species
Diurnal geckos
Nocturnal geckos
North America
Diurnal species
Nocturnal species
Nocturnal geckos
Top predator (Gambelia)
Australia
Diurnal species
Nocturnal species
Diurnal gecko (pygopodid)
Nocturnal geckos
Termite specialists (geckos)
Top predators (Varanus, Lialis, Pggopus)
Africa (Kalahari)
Diurnal species
Nocturnal species
Diurnal gecko
Nocturnal geckos
Top predator (Nucras)
All diurnal lizards
All nocturnal lizards
All top predators
All termite specialists
All ant specialists
All wide-foraging lizards
All sit-and-wait lizards
Note: Lower-ranking groups (e.g., nocturnal geckos) are included in higher-ranking groups
(e.g., nocturnal species) within each geographic class.
t N = number of species.

geckos in the neotropics all have a lower frequency of
empty stomachs (0-15.3%) than do either of the two
nocturnal neotropical geckos (20.0-22.4%). In contrast, the two nocturnal (and also crepuscular) skinks
(Egernia) do not have a higher frequency of empty
stomachs than do diurnal skinks (Appendix). No diurnal gecko occurs in the Australian or North American
desert samples, so comparable comparisons cannot be

V)

a,

made for these faunas. The single nocturnal gecko in
North America, Coleonyx, has the highest percentage
of empty stomachs of any North American desert lizard
species. Another (presumably) nocturnal North American species (Xantusia vigilis, Xantusiidae) also has a
relatively high percentage of empty stomachs (14.8%).
Because patterns for nocturnal vs. diurnal geckos
parallel those of nocturnal vs. diurnal lizards (Egernia

diurnal lizards (excludinggymnophthalmids and varanids)
nocturnal lizards
gymnophthalmids
varanids

Q

Percentage of empty stomachs
FIG. 1. Histogram of the number of species of lizards with various percentages of empty stomachs.
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possibly excepted), the daylnight difference in foraging
success is likely real and not merely a phylogenetic
artifact. The apparent reduction in foraging success of
nocturnal lizards might reflect the difficulty of detecting prey in dim light, reduced or erratic activity of
insect prey at night, or shorter activity times of geckos
relative to diurnal species.
Although nocturnal lizards appear to have relatively
low foraging success, their fasts are sometimes broken
by feasts, as during termite swarms. Bustard (1967)
noted that some geckos feed voraciously after long
fasts, and he argued that their storage of fat in bulbous
tails was a compensatory adaptation to intermittent
feeding. Whether the digestive systems of such geckos
atrophy during fasts is unknown: guts of several species
of intermittent-feeding snakes and frogs do atrophy
during prolonged fasts (Secor et al. 1994, McWilliams
et al. 1997), which apparently conserves energy.
Do dietary patterns (Table 2) imply lower rates of
growth (production) by nocturnal vs. diurnal lizards?
We expect that this will prove to be the case not only
because ingestion rates (as indexed by percentage of
empty stomachs) of nocturnal lizards appear relatively
low, but also because metabolic rates of diurnal and
nocturnal lizards in deserts often are surprisingly similar (Nagy and Degen 1988, Nagy and Knight 1989,
but see Nagy et al. 1993). Unfortunately, field data to
evaluate relative rates of growth and production of diurnal vs. nocturnal taxa are currently inadequate (Andrews 1982).
Trophic level, dietary specialization, and body size
Presumably prey density is relatively low for most
top predators, especially large ones. In fact, top predators (Varanus and pygopodids in Australia, Nucras in
the Kalahari; see Plate 1) are more likely to have empty
stomachs than are insectivorous lizards (Table 2). Interestingly, Varanus prasinus from the South Pacific is
insectivorous, and all 29 individuals contained food
(Greene 1986). The nocturnal Australian pygopodid
Lialis (Gekkonidae), which preys on skinks and is an
ecological equivalent of a snake, has the highest percentage of empty stomachs of any lizard we examined-in fact, 25 out of 37 stomachs were empty (Appendix)! Curiously, however, Gambelia wislizeni,
which is a top predator in the southern portion of its
range in North America, has a very low incidence of
empty stomachs (2.6%, Table 2). Thus, this pattern is
not universal and may be somewhat taxon-not trophic
level-specific.
The incidence of empty stomachs is unrelated (r2 =
0.03) to standardized diet breadth (Appendix). Overall,
then, dietary specialists are just as likely to have empty
stomachs as are dietary generalists. However, specialists on termites show striking variation in feeding success. Several nocturnal Australian geckos are termite
specialists (Diplodactylus conspicillatus, D. pulcher,
Rhynchoedura ornata [see Plate 11; Pianka and Pianka
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1976, Pianka 1986: Appendix E.3), and >40% of all
stomachs of these dietary specialists were empty (Table
2). In contrast, several species of diurnal Australian
Ctenotus skinks that are termite specialists have low
to moderate frequencies of empty stomachs: C. ariadnae = 20%, C. grandis = 6.4%, C. pantherinus =
12.4%. No Kalahari gecko is a termite specialist, but
the one diurnal lizard (Heliobolus lugubris) that specializes on termites rarely had empty stomachs (4.8%).
This Kalahari species is a very active forager (Huey
and Pianka 1981) and may have access to termites in
tunnels or termitaria. Diurnal termite specialists capture termites in their tunnels, in termitaria, or in open
foraging trails, and would appear to have more reliable
access to termites than nocturnal species, which must
capture termites at night when these insects are active
aboveground. Termite activity at night may be unreliable (certainly termites swarms are).
Although termite-eating lizards show variable feeding success, ant-eating lizards are uniformly very successful. Three closely related arboreal and diurnal ant
specialists (Tropidurus plica, T. umbra, and T. Jlaviceps) in the Amazon rain forest never had empty stomachs (Appendix), and diurnal ant specialists in North
American and Australian deserts similarly have very
low frequencies of empty stomachs (Phrynosoma platyrhinos = 0.0%, Moloch horridus = 3.4%, respectively).
Incidence of empty stomachs is unrelated (r2 = 0.02)
to body size (mean snout-vent length, SVL). Similarly,
change in size during ontogeny seems to be unrelated
to incidence of empty stomachs. For example, juvenile
and adult Varanus gouldi had nearly identical percentages of empty stomachs (22.0% vs. 22.4%, Appendix). However, more detailed comparisons within
species would be welcome.
Foraging mode
Lizards often have somewhat polarized foraging
modes (Pianka 1966, Vitt and Congdon 1978, Anderson
and Karasov 1981, Huey and Pianka 1981, Anderson
1993, Perry and Pianka 1997, Perry 1999): some species are active foragers ("widely foraging"), whereas
others are ambush foragers ("sit-and-wait"). Diverse
aspects of the biology of lizards are correlated with
foraging mode (Vitt and Congdon 1978, Huey and
Pianka 1981, Anderson 1993, Perry and Pianka 1997),
and foraging mode usually runs along phylogenetic
lines (Huey and Pianka 1981, Cooper 1994, Perry
1999). In North America, for example, teiids are widely
foraging, whereas as iguanids are typically sit-andwait. Widely foraging lizards should generally have
higher daily energy expenditures (Anderson and Karasov 1981, Nagy et al. 1984), but they might encounter
prey at relatively high rates and hence potentially have
relatively low frequency of empty stomachs and high
net energy gains (Nagy et al. 1984).
We made foraging-mode assignments based mainly
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on subjective criteria (see Huey and Pianka 1981), but
excluded all nocturnal species as well as a few diurnal
species for which foraging-mode designations were uncertain. We then examined whether foraging mode was
associated with consistent differences in percentages
of empty stomachs on each continent.
Sit-and-wait lizards have a significantly lower incidence of empty stomachs than do widely foraging lizards in Australia (3.0 -C 0.79 [N = 12 lizard species]
vs. 17.5 -C 1.86 [23] respectively, P < 0.001) and in
1.50 [20] vs. 17.0 2.27 [19],
South America (6.9
P < 0.001), but not in the Kalahari (2.5 0.05 [5] vs.
2.40 (7), P = 0.151, in Central America (11.4
7.1
-C 3.98 [4] vs. 13.5 [I], P > 0.91, or North America
(1.5 -C 0.71 [8] vs. 1.1 [I], P > 0.81. However, other
variables appear to confound these trends. In particular,
the high mean for widely foraging lizards in South
America is largely driven by gymnopthalmids (20.7%,
N = 10 species), which have an unusual foraging biology (see Neotropical lizards, above). In Australia,
the high mean is influenced by varanids (26.5%), which
are top carnivores (see Trophic level, dietary specialization, and body size, above), and by skinks, which
represent 20 of the 52 Australian species.
Kalahari lizards of the family Lacertidae are unusual
in having both foraging modes represented, and so a
close examination of these lizards provides a phylogenetically controlled comparison (Huey and Pianka
1981). All of these lacertids had low percentages of
empty stomachs (all < 5%), except for the wide forager
Nucras tessellata, which is also a top predator (Pianka
1986), suggesting that foraging mode has little impact
in comparisons involving close relatives. Interestingly,
a doubly-labeled water study (Nagy et al. 1984) suggested that a wide forager (Heliobolus lugubris) had a
significantly higher rate of food intake at one site in
late spring than did a sympatric sit-and-wait forager
(Pedioplanus lineoocellata). In terms of frequency of
empty stomachs, however, these two species are nearly
identical (2.2% for H. lugubris vs. 4.8% for P. lineoocellata).
Overall, the association between foraging mode and
percentage of empty stomachs is inconsistent among
continents. If anything, however, wide foragers often
have a relatively high frequency of empty stomachs,
but this difference is likely confounded by differences
in trophic level and by phylogeny.

*

*

*
*

Concluding remarks
Overall, our analyses demonstrate that the vast majority of lizards have food in their stomachs. This observation, based on a large sample of individuals and
species from a very diverse array of habitats on several
different continents, strongly suggests that lizards are
generally in positive energy balance and thus gaining
energy. For most lizards, therefore, life is not "feast
vs. famine" but rather a "moveable feast."
A few groups do, however, have a high frequency
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of empty stomachs. Most conspicuously, nocturnal lizards on three continents are much more likely to have
empty stomachs than are diurnal lizards (Fig. I), and
this patterns holds even when comparisons are restricted to nocturnal vs. diurnal geckos. Other patterns (trophic level, dietary specialization, body size, foraging
mode) appear relatively idiosyncratic and may be relatively taxon or habitat specific. For example, three
species of nocturnal termite specialists (Australian
geckos) have quite high frequencies of empty stomachs, but several species of diurnal termite specialists
do not (three Australian skinks and one Kalahari lacertid).
We encourage others to compile data on other taxa:
such data should be readily available in the literature.
Snakes might prove to be particularly interesting, as
many of these reptiles appear to be intermittent feeders
(Greene 1997; J. A. Rodriguez-Robles, personal communication) and thus should have a high frequency of
empty stomachs (e.g., Secor et al. 1994, RodriguezRobles and Greene 1999). In any case, workers attempting to explore temporal dynamics of net energy
gain will ultimately need to use more direct and comprehensive approaches, such as isotopic techniques
(Nagy and Knight 1989: 16). However, such data-at
least on a scale approaching that analyzed herein-are
unlikely to be available for some time, if ever.
This analysis was inspired by a lecture by G . Vermeij, who
emphasized the evolutionary importance of energy levels.
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APPENDIX
The data set summarizing dietary and related data, by lizard species, for the 18 223 individual lizards that we studied, is
available is ESA's Electronic Data Archives: Ecological Arclzives E082-001.

