
Abstract Specialist predators may respond strongly to
sensory cues from preferred prey, but responses by gen-
eralist predators, although predicted to be less specific,
are poorly known. Among squamate reptiles, diet and
strength of response to chemical prey cues covary geo-
graphically in snakes that are specialist predators. There
have been no previous studies of correspondence be-
tween diet and chemosensory response in lizards that are
prey generalists. Actively foraging lizards discriminate
between prey chemicals and control substances. It has
been speculated that differential responses among prey
species are unlikely in typical species that are dietary
generalists. We examined this relationship in Podarcis
lilfordi, an omnivorous lacertid that consumes a wide va-
riety of animal prey. In experiments in which chemical
stimuli were presented on cotton swabs, lizards respond-
ed more strongly to chemicals from a broad spectrum of
prey types than to deionized water, an odorless control.
These findings plus previous data showing that P. lilfordi
is capable of prey chemical discrimination suggest that
P. lilfordi can identify a wide range of potential prey us-
ing chemical cues. However, there was no evidence of
differential response to stimuli among prey species, even
in comparisons of prey included in the natural diet and
potential prey not in the diet. The results, although limit-
ed to a single species, are consistent with the hypothesis
that lizard species that are prey generalists do not exhibit
the differential response strengths to chemical prey cues
observed in snakes that have more specialized diets.
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Introduction

Responses to sensory cues used to identify and select
foods can be expected to reflect dietary preferences in
dietary specialists but might not vary strongly among
prey types in prey generalists. Variation in response
strength to chemical cues from different prey types has
been best demonstrated in squamate reptiles, in particu-
lar, snakes, many of which specialize in consumption of
a narrow range of prey types. Among snakes the strength
of responses to chemical prey cues varies among prey
types within snake populations, being strongest to local-
ly important dietary items (e.g., Burghardt 1967, 1970a;
Cooper et al. 1990). Response strength also covaries
geographically with diet among snake populations, pop-
ulations in each area exhibiting strongest reactions to
foods that they normally eat (Burghardt 1970b; Arnold
1992; Burghardt and Schwartz 1999; Cooper et al.
2000a). Both the intra- and interpopulational data sug-
gest that natural selection has produced the strongest re-
sponses to locally preferred prey types.

Like snakes, many lizards are capable of identifying
food using only chemical cues (reviewed by Cooper
1994a, b, 1995, 1997), but whether they respond differ-
entially among palatable prey types is virtually un-
known. If the specificity of response to chemical cues
from favored prey by snakes is a consequence of dietary
specialization, it may be absent or greatly reduced in 
lizards, most of which are insectivores (Pough 1973; 
Iverson 1982). Most so-called insectivorous lizards are
actually generalist predators of arthropods and other ani-
mals small enough to be consumed (Pianka 1986). Given
the broad diet of generalist insectivores and of omni-
vores, it has been assumed that they would respond
strongly to surface chemicals from a wide taxonomic
range of prey (Cooper 2000a; Cooper and Habegger
2000a). This assumption has been one basis for studying
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responses to prey and plant chemicals by insectivores,
omnivores, and herbivores to establish whether there is a
correspondence between diet and chemosensory re-
sponse in lizards (Cooper 2000a; Cooper et al. 2000b).

The assumption of strong responsiveness to chemical
cues from a wide range of prey rests on weak evidence
because most studies of prey chemical discrimination
have used chemical stimuli from only a single prey spe-
cies and the few that have tested responses to more than
one prey type have used a taxonomically limited range
of prey. Von Achen and Rakestraw (1984) found strong
responses to chemical cues from two spider species and
an orthopteran species by the scincid lizard Eumeces
fasciatus and the anguid Ophisaurus ventralis, but re-
sponses did not differ significantly among prey types.
Using prey cues from three different phyla, Burghardt
(1973) found that mealworm extract elicited a signifi-
cantly stronger response by E. fasciatus than did cues
from neonatal mouse. Responses to neither of these prey
differed from response to earthworm extract. In informal
laboratory tests, Cooper (unpublished observations) has
noted strong responses to chemical cues from ten-
ebrionid beetle larvae and crickets by scincid and lacer-
tid lizards. From all of these studies there is only the one
known instance of differential response among potential
prey types. Further information based on responses to a
wider taxonomic diversity of prey is needed to assess the
relationship between diet and chemosensory responsive-
ness in lizards.

Actively foraging, but not ambush foraging, insectiv-
orous lizards are capable of discriminating prey chemi-
cals from control substances by tongue flicking (Cooper
1995, 1997, 1999, 2000b). Recent studies show that om-
nivorous lizards also exhibit prey chemical discrimina-
tion (e.g., Cooper 2000c, Cooper et al. 2000b). The three
chemical senses most likely to be useful for prey chemi-
cal discrimination are olfaction, gustation, and vomerol-
faction. Most lizards have well-developed olfactory sys-
tems (Parsons 1970; Gabe and Saint Girons 1976) and
many have numerous lingual taste buds (Schwenk 1985).
The vomeronasal organs of squamate reptiles are more
developed than those of other vertebrates, being relative-
ly larger and having higher concentrations of chemore-
ceptor cells (Parsons 1970; Gabe and Saint Girons 1976;
Cooper 1996).

Active foragers tongue flick environmental substrates,
sampling nonvolatile molecules (Evans 1961). The mol-
ecules are carried into the mouth when the tongue is re-
tracted and pass by a disputed mechanism into the open-
ings of the vomeronasal ducts in the roof of the mouth,
traveling through the ducts to the chemosensory epitheli-
um of the vomeronasal organs (Gillingham and Clark
1981; Halpern 1992; Young 1993). The strong develop-
ment of the vomeronasal organs and involvement of the
tongue in prey chemical discriminations suggest the im-
portance of vomerolfaction to prey chemical discrimina-
tion but by no means establish it. Olfaction or even taste
might participate in prey chemical discriminations. How-
ever, tests of garter snakes (Thamnophis sirtalis) and the

desert iguana (Dipsosaurus dorsalis) show that vomer-
olfaction is crucial for prey chemical discrimination
(Halpern and Frumin 1979; Cooper and Alberts 1991).
In the only lizard species tested, D. dorsalis, blocking
vomerolfaction eliminates prey chemical discrimination
despite the availability of olfactory and gustatory cues
(Cooper and Alberts 1991). Tongue flicking is a useful
index of chemosensory investigation of potential foods
due to its role in sampling chemicals for vomerolfactory
analysis (Cooper and Burghardt 1990a). Biting in re-
sponse to food chemicals often provides further evidence
that lizards have identified the chemicals as indicators of
food.

Here, we report the findings of a study of tongue
flicking and biting responses to chemical cues from a
wide range of prey types presented on cotton swabs to
the Balearic lizard Podarcis lilfordi, a lacertid endemic
to the Balearic Islands of the Mediterranean, especially
on islets surrounding Menorca and Mallorca. This spe-
cies is a medium-sized omnivore that consumes many
different prey types as well as flowers, nectar, and fruits
(Pérez-Mellado and Corti 1993; Pérez-Mellado et al. in
press). By tongue flicking, P. lilfordi can discriminate
between chemical cues from plant and animal foods 
and control substances (Cooper and Pérez-Mellado
2001). In previous tests using stimuli from domestic
crickets Acheta domesticus, P. lilfordi was found to dis-
criminate between prey chemicals and control substances
(Cooper and Pérez-Mellado 2001). In the present study
we examined responses to known and potential prey 
species syntopic with the lizards or found nearby on
Menorca, the ancestral source of the lizard population
studied. The goal was to determine whether a prey gen-
eralist exhibits strong chemosensory discriminations
among prey types, as do more dietarily specialized
snakes, or exhibits relatively strong and not greatly dif-
fering responses among prey types, which would be ex-
pected for a species adapted to feeding on a broad spec-
trum of prey types. Tests were limited to animal prey
stimuli because P. lilfordi is more specialized in its selec-
tion of plant foods (Pérez-Mellado and Corti 1993).

Methods

Subjects and maintenance

We collected adult Podarcis lilfordi on Aire, Menorca, Balearic 
Islands, Spain by placing cut pears in a plastic cooler and placing
rocks next to the cooler to allow the lizards to climb to the open-
ing at the top and jump into the cooler. The lizards were housed
individually in translucent plastic terraria (40×26×26 or 46×26×
26 cm) in the laboratory on Menorca. To reduce possible distur-
bance by investigators and distraction by lizards in neighboring
cages, the sides of the terraria were covered by brown paper. Each
terrarium contained a substrate of indoor–outdoor carpet and a wa-
ter bowl. Ambient temperature was 28.6–29.6°C, and heat lamps
adjacent to the cages produced a thermal gradient that permitted
the lizards to thermoregulate to attain higher temperatures. The
lizards were active and fed readily under laboratory conditions. 
A window supplied light on the natural light cycle for the region,
and the incandescent bulbs used for heat provided additional light.
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Water was available ad libitum. The lizards were not fed prior to
the experiments but were tested during the 2 days following cap-
ture. Upon conclusion of the experiments reported here and addi-
tional work, the lizards were released at the site of capture.

Experimental procedures

We evaluated the hypotheses that P. lilfordi detects chemical stim-
uli from a wide taxonomic spectrum of prey species and that re-
sponse strength varies with prey type. The prey stimuli were integ-
umentary chemicals from ants, a beetle, a thysanuran, an isopod
(Porcellio sp.), a slug, a snail, an earthworm, and a toad (Bufo vir-
idis). Ants and beetles form important portions of the diet for 
P. lilfordi from Aire, and snails and isopods are also eaten (Pérez-
Mellado and Corti 1993). Toads do not occur on Aire and might
be rejected as food due to defensive chemicals; earthworms, slugs,
and thysanurans have not been recorded in the diet but have limit-
ed availability and might be consumed if encountered (Pérez-
Mellado and Corti 1993). Because previous experimental work
had established that P. lilfordi is capable of discriminating be-
tween prey and control substances using only chemical cues, only
deionized water was used as an odorless control for responses
elicited by the experimental setting and procedures in the absence
of prey cues. Significantly different responses to animal cues and
deionized water would show that the animals detected chemicals
from the animal species used as stimulus sources.

The stimuli were presented on the cotton tips of wooden appli-
cators (15 cm). The first step in stimulus preparation was to im-
merse the cotton tip of an applicator in deionized water and re-
move excess fluid by flicking the wrist. For trials involving prey
cues, the moist swab was rolled across the surface of a prey item
with firm pressure to impart prey surface chemicals to the cotton.
The concentration of chemicals cannot be controlled by this proce-
dure and may vary among prey types. However, because the stim-
uli are sampled in a standardized manner from prey surfaces, stim-
ulus strengths should accurately reflect their availability to preda-
tors on prey surfaces.

To conduct a trial an experimenter approached a lizard’s cage
and slowly positioned a swab 1–2 cm anterior to a lizard’s snout.
Unless the lizard bit the swab, the experimenter recorded the num-
ber of tongue flicks directed to the swab during a 60-s interval be-
ginning with the first tongue flick. If the lizard bit the swab, the
number of tongue flicks prior to the bite and latency in seconds to
bite were recorded and the trial was terminated. If a lizard did not
tongue flick within 30 s after the swab was placed before it, the
experimenter gently touched the lizard’s anterior labial scales with
the swab to induce tongue flicking.

A randomized blocks design was used, each lizard responding
to all stimuli. For the 20 P. lilfordi tested, the sequence of stimulus
presentation was randomized among individuals to avoid bias due
to testing order. The only exception to randomization was that all
lizards were tested with deionized water as one of the first five tri-
als, corresponding to the first day of testing. The responses of 2
individuals decreased greatly over trials. Both became unrespon-
sive and were dropped from the experiment, leaving n=18. Be-

cause responsiveness tended to decrease due to habituation to test-
ing conditions, inclusion of all trials with water in the first five tri-
als is conservative in decreasing the likelihood of detecting differ-
ences between prey cues and deionized water. Five trials were
conducted on 29 May 2000, and the remaining four trials were
conducted on 30 May 2000. The minimum intertrial interval was
20 min.

The most important response variable was the tongue-flick at-
tack score for experiments having repeated measures designs,
TFAS(R) (Cooper and Burghardt 1990b). If the lizard does not
bite the swab, TFAS(R) is the number of tongue flicks in 60 s. If it
bites, TFAS(R) is the greatest number of tongue flicks by that in-
dividual in any one of the stimulus conditions plus [60 minus the
latency to bite in seconds]. Because biting reflects a predation at-
tempt, it is weighted more heavily than any number of tongue
flicks unless the bite occurs at exactly 60 s.

Statistical analysis

Continuous variables analyzed were number of tongue flicks, la-
tency to bite, and TFAS(R), all of which had homogeneous vari-
ances using Hartley’s Fmax test (Winer 1962). The significances of
differences among stimuli for tongue flicks, latency to bite, and
TFAS(R) were assessed using analysis of variance for a single-
factor experiment having a randomized blocks (repeated mea-
sures) design (Winer 1962). Following detection of significant
main stimulus effects, Newman–Keuls tests were used to deter-
mine the significance of differences between pairs of stimulus
means. Differences among conditions in proportion of lizards bit-
ing swabs were tested for significance by a Cochran’s Q test fol-
lowed by sign tests of the differences among pairs of conditions
(Siegel 1956). Unadjusted probabilities are reported for the sign
tests, but statements regarding their significance are based on se-
quential Bonferroni adjustments for the number of tests (Wright
1992). Significance tests were two-tailed with α=0.05 (unless ad-
justed lower).

Results

Podarcis lilfordi responded strongly to chemical cues
from a wide variety of animal species including known
and potential prey species. The number of tongue 
flicks varied little among conditions (Table 1; F=1.07; 
df=8, 136; P>0.10). Latency to bite (Table 1) varied sig-
nificantly among conditions (F=3.69; df=8, 136;
P<0.00063). Latencies were significantly shorter in re-
sponse to all animal prey cues than to deionized water
(probabilities: ant, 0.00044; beetle, 0.025; thysanuran,
0.0024; isopod, 0.0028; earthworm, 0.00072; slug,
0.0037; snail, 0.0062; toad, 0.0330). No pairs of prey
stimuli conditions differed significantly in latency.

121

Table 1 Tongue flicks, latency
to bite (in seconds), and num-
ber of individuals (n=18) that
bit on both days pooled in re-
sponse to chemical cues from
ant (AN), beetle (BE), thysanu-
ran (TH), isopod (IS), earth-
worm (EW), slug (SL), snail
(SN), toad (TD), and deionized
water (DW) in 60-s swab trials.
SE Standard error

AN BE TH IS EW SL SN TD DW

Tongue flicks
5.5 9.9 7.1 6.9 6.5 4.9 5.9 6.0 8.6

SE 1.2 1.9 1.2 1.5 2.0 1.4 1.9 1.8 1.5
Range 1–20 1–32 1–20 1–22 1–30 1–23 1–27 1–34 2–24

Latency to bite
11.1 22.9 15.2 14.9 12.3 16.7 18.6 26.1 40.3

SE 4.4 5.8 4.9 5.0 5.2 5.2 6.3 6.6 6.1
Range 1–60 1–60 1–60 1–60 1–60 1–60 1–60 1–60 3–60
Number that bit 16 15 15 16 15 15 13 11 7



Although numerous individuals bit in all conditions,
the number of individuals that bit (Table 1) was lower in
response to deionized water than to any of the animal
stimuli. Numbers of individuals that bit differed signifi-
cantly among conditions (Q=26.25, df=8, P<0.001).
None of the differences among pairs of stimuli were sig-
nificant after Bonferroni adjustment, but the source of
the significant main effect is clearly the differences be-
tween deionized water, which elicited the fewest bites,
and stimuli from several prey types. Unadjusted P values
for the comparisons with deionized water are 0.004 for
beetle, slug, and thysanuran, 0.006 for Porcellio, ant, and
earthworm, and 0.008 for snail. Toad stimuli elicited the
fewest bites among animal stimuli, but the differences
among animal stimuli were not significant.

TFAS(R) values were much greater in response to
chemical cues from animal stimuli than from deionized
water but differed little among the animal stimuli
(Fig. 1). The stimulus effect was highly significant
(F=3.84; df=8, 136; P<0.00005). TFAS(R) was signifi-
cantly lower in response to deionized water than to
chemical cues from ant (P<0.0004), beetle (P<0.013),
thysanuran (P<0.0016), isopod (P=0.004), earthworm
(P<0.00033), slug (P=0.013), snail (P<0.0065), and toad
(P<0.030). All other differences had P values >0.10.

Discussion

Podarcis lilfordi is able to identify prey using only
chemical cues and exhibits similar strong responses to a
wide range of prey types as predicted for a prey general-
ist. The lizards responded much more strongly to chemi-
cal stimuli from a broad spectrum of prey species than to
deionized water. The evidence for this is that the latency
to bite was significantly shorter and tongue-flick attack
score was significantly greater for each of the prey stim-
uli than for deionized water. That predatory attack oc-
curred more quickly after sampling cues by tongue flick-

ing in response to all types of potential prey than to the
odorless control substance suggests that the lizards iden-
tified the diverse animal stimuli as indicating food. Our
earlier work showed that the lizards discriminated crick-
et stimuli from deionized water and a pungency control,
cologne, and that their responses to cologne did not dif-
fer from those to deionized water (Cooper and Pérez-
Mellado 2001). Combined with the earlier finding of
prey chemical discrimination, the current findings of
stronger responses to all prey types than to deionized
water suggest that the lizards can identify chemicals
from a wide range of prey.

There is no evidence for correspondence between diet
and responsiveness to prey cues or even for differential
responses to stimuli among prey species. Although ants
and beetles form important portions of the diet for P. lil-
fordi from Aire, responses to their chemical cues were
not significantly greater than those to species that are
rarely or never eaten, such as toads, earthworms, slugs,
and thysanurans (Pérez-Mellado and Corti 1993). On the
contrary, responses to chemical cues from thysanurans,
slugs, and earthworms (Fig. 1) were strong despite the
absence of these animals in the diet. Despite a lack of
significant differences among stimuli, the latency to bite
was greatest for ants and the number of tongue flicks
was greatest in response to beetles. However, there was
no hint of greater TFAS(R), the best indicator of overall
response strength, in response to important foods than to
infrequent or unutilized prey types.

Combined with the presence of strong responses to
chemical cues from a wide variety of animal prey, the
lack of strong differential responses among prey types
suggests that the lizards may respond to chemical con-
stituents shared by many prey. The chemical nature of
the effective stimuli is unknown, but likely possibilities
are proteins, lipids, or both, which may be widespread in
animals.

The results support the hypothesis that P. lilfordi, a di-
etary generalist, exhibits little (or no) specificity of re-
sponse to chemical cues from favored animal prey. This
stands in marked contrast with findings for snakes 
having more specialized diets (e.g., Burghardt 1970a;
Henderson et al. 1983; Arnold 1992; Cooper et al.
2000a), which exhibit highly significant differences in
strength of responses among prey types using much
smaller sample sizes. Because this is the first study de-
signed to test responses of lizards having broad diets to
chemical cues from a wide range of prey taxa, we cannot
generalize our findings even to the majority of insectivo-
rous and omnivorous dietary generalists. Although our
findings are likely to be widely applicable, studies of ad-
ditional species representing other lineages are desirable.

If the present findings apply to most actively foraging
insectivorous lizards and omnivores derived from active-
ly foraging ancestors, studies of diet and chemosensory
responsiveness are unlikely to reveal the geographic co-
variation observed within species in snakes (Burghardt
1970b; Arnold 1981; Cooper et al. 2000a) or correlated
evolution of diet and chemosensory responsiveness. That
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Fig. 1 Tongue-flick attack scores [TFAS(R)] by 18 adult Podarcis
lilfordi to chemical cues from ant (AN), beetle (BE), thysanuran
(TH), isopod (IS), earthworm (EW), slug (SL), snail (SN), toad
(TD), and deionized water (DW). Error bars represent one SE



is not to say that prey-specific responses are absent in
lizards, which are capable of responding specifically to
cues from predatory snakes (e.g., Thoen et al. 1986; Dial
et al. 1989; Cooper 1990; Phillips and Alberts 1992) and
of identifying species, sex, reproductive condition, and
familiar individuals using only pheromonal cues. It can-
not be concluded from this study that the lizards cannot
detect differences among chemical cues from various
prey types. They might do so without responding differ-
entially if all prey are acceptable.

There are two good possibilities for extending the
findings of differential response to food chemical cues
by food specialists from snakes to lizards. A correspon-
dence between diet and chemosensory responses might
occur in actively foraging insectivorous/carnivorous spe-
cies that have the most specialized diets. Relatively few
dietary specialists are found among actively foraging liz-
ards, but the food niche breadth of several species of ter-
mite specialists (Pianka 1986) is narrow enough to pro-
vide good tests. Other candidates for such studies are
several varanids that eat primarily vertebrates and the
lacertid Nucras tessallatus, for which scorpions consti-
tute over half of the diet (Pianka 1986).

Another approach would be to examine the relation-
ship between response to plant chemicals and inclusion
of plants in the diet. All information available to date
suggests that insectivorous species do not discriminate
chemicals from palatable plants from control stimuli, but
that omnivorous and herbivorous species do so (e.g.,
Cooper 2000a, c, d; Cooper and Habegger 2000a, b;
Cooper et al. 2000b). Unlike prey chemical discrimina-
tion, which is limited to actively foraging lineages
among insectivores and carnivores, plant chemical dis-
crimination occurs in omnivores and herbivores derived
from both ambush foragers and active foragers. Ongoing
comparative studies suggest that there is a strong link be-
tween plant diet and plant chemical discrimination. The
categories of chemical stimuli used to identify plants
have not been investigated.
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