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Food-chemical discrimination and correlated
evolution between plant diet and plant-chemical
discrimination in lacertiform lizards

William E. Cooper, Jr., Janalee P. Caldwell, Laurie J. Vitt,
Valentin Pérez-Mellado, and Troy A. Baird

Abstract: Lizards use chemical cues to locate and identify prey and plant food, assess the nutritional quality of food,
and detect plant toxins. Among insectivorous lizards, all actively foraging species studied respond strongly to prey
chemicals sampled lingually, but ambush foragers do not. Much recent research has been devoted to assessing differen
tial responses to food and nonfood chemicals (i.e., food-chemical discrimination) by omnivorous and herbivorous spe
cies and determining whether correlated evolution has occurred between plant diet and plant-chemical discrimination.
We conducted experimental studies of food-chemical discrimination by two species of teiid lizards, the omnivorous
Cnemidophorus murinuand the actively foraging insectivorodgneiva ameivaThe omnivore distinguished both prey

and plant chemicals from control substances. The insectivore exhibited prey-chemical, but not plant-chemical; discrimi
nation, as indicated by tongue-flicking and biting. A comparative analysis using concentrated-changes tests showed that
correlated evolution has occurred between plant consumption and plant-chemical discrimination in a major lizard taxon,
Lacertiformes. These results extend and strengthen previous findings of similar correlated evolution to a new group and
add to a growing database indicating that omnivorous lizards use chemical cues to assess both prey and plant foods.

Résumé: Les lézards utilisent des indices chimiques pour localiser et identifier leur proies et les plantes qui leur ser-

vent de nourriture, pour évaluer la qualité de leur nourriture et pour détecter les toxines végétales. Chez les especes de
|ézards insectivores, toutes les especes étudiées qui recherchent activement leur nourriture réagissent fortement a des
substances chimiques provenant de proies et déposées sur leur langue, alors que les espéces qui chassent a I'affdt ne
réagissent pas. Beaucoup de travaux récents cherchent a évaluer les réactions différentes aux substances chimiques pro-
venant d’aliments ou d’autres sources (i.e., discrimination alimentaire chimique) chez les espéces omnivores et herbivo-
res et a déterminer $'y a une évolution corrélative du régime alimentaire végétarien et de la discrimination des
substances chimiques végétales. Nous avons étudié en laboratoire la discrimination des substances chimiques alimentai-
res chez deux lézards téiidés, 'omnivdCaemidophorus murinust 'insectivore a quéte active de proiésneiva

ameiva L'omnivore est capable de distinguer les substances chimiques provenant de plantes ou de proies des substan
ces témoins. Linsectivore sait discriminer les substances chimiques provenant de proies, mais pas celles venant de
plantes, si on se base sur ses comportements de claqguement de langue et de morsure. Une analyse comparative a I'aide
de tests de changements concentrés montré g&iune évolution corrélative de la consommation des plantes et de la
discrimination des substances chimiques végétales chez un taxon majeur de lézards, les lacertiformes. Nos résultats
appuient les données antérieures sur I'évolution corrélative et apportent des exemples tirés d’'un nouveau groupe; ils
s’ajoutent & une banque croissante de données qui appuient I'hypothése selon laquelle les Iézards omnivores utilisent

les indices chimiques pour évaluer leur nourriture d’origine tant animale que végétale.

[Traduit par la Rédaction]

Introduction communication, and chemical senses are important fer de
tecting stimuli in the absence of the emitter (Dusenbury
Because animal senses serve to detect adaptively impot992). The ability to locate, identify, and respond to food
tant stimuli, similar sensory capacities have often evolved irusing chemical cues is are crucially important for many- ani
response to similar detection problems. For example, whemals. Among these, species having similar diets may be pre
vision is restricted or inapplicable, as in many nocturnaldicted to convergently evolve responsiveness to chemical
taxa, hearing is important for detection of prey and for sociacomponents that are widespread or universal in their foods.
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Many lizards use lingually sampled chemical cues to locat001a; Podarcis sicula Cooper and Pérez-Mellado 2002)
and identify food (Cooper 1924 1994). Among insecti  and the omnivorous teiidupinambis teguixir(Yanosky et
vores, correlated evolution has occurred between foragingl. 1993). In contrast, plant-chemical discrimination is ab
mode and chemosensory response to prey; active foragesent in the fewer insectivorous lacertiform species studied,
discriminate between prey and control chemicals but ambusthe lacertidd_acerta perspicillata(Cooper and Pérez-Mellado
foragers do not (Cooper 1995, 1997, 28p(Recent studies 2002),Podarcis hispanicdCooper and Pérez-Mellado 2Gf)1
of responses to prey chemicals have shown that omnivorouodarcis muralis (Cooper et al. 2001), andakydromus
and herbivorous lizards in both of the major lizard taxa,sexlineatus(Cooper et al. 2000), plus the teiid. gularis
Iguania and Scleroglossa, respond strongly to both prey ehemiCooper et al. 2000). Too few species have been studied to
cals andplant chemicals regardless of foraging mode (e.g.determine whether correlated evolution between plant diet and
Cooper and Alberts 1990; Cooper 2@0200a, 200G, 200G; plant-chemical discrimination has occurred within Lacertiformes.
Cooper and Flowers 2001; Cooper and Pérez-Mellado&®001  Ecologists have long used comparative studies of numer
Within Scleroglossa, correlated evolution has occurred beous species to investigate relationships between ecological
tween plant diet and plant-chemical discrimination (Cooperand behavioral factors, but until the mid-1980s they routinely
2002), presumably to maintain a correspondence betweehiled to consider the phylogenetic relationships among the
diet and the ability to detect chemical cues related to thespecies studied (Brooks and McLennan 1991; Harvey and
identity and nutritional status of potential plant foods. Her Pagel 1991). Because closely related species tend to have
bivorous and omnivorous lizards exhibit plant-chemical andsimilar traits, correlations between ecological factors are often
prey-chemical discrimination (e.g., Cooper and Alberts 1990jnflated by considering each species to provide an independ
Cooper 2000, 200, 200@:, 2000d; Cooper and Flowers ent data point. Numerous statistical techniques have been de
2001; Cooper and Pérez-Mellado 2@02001b), but insecti  veloped that make it possible to determine whether changes
vores exhibit prey-chemical discrimination only if they are in two ecological traits have occurred in a correlated fashion
active foragers, which applies only to Scleroglossa (Coopeindependently of the relationships among the species (Harvey
1994p, 1995, 1997; Perry 1995). and Pagel 1991). Demonstrations of correlated evolution be-

Lacertiformes is a species-rich scleroglossan taxon cortween traits can support hypotheses of adaptive relationships
sisting of three families: Lacertidae, Teiidae (macroteiids)between traits, but additional evidence is required to estab-
and Gymnophthalmidae (microteiids, the sister-group oflish causal relationships.

Teiidae). With the exception of a few species of lacertids The primary goal of this study was to assess whether plant
(Huey and Pianka 1981; Arnold 1990, 1993; Perry et aldiet and plant-chemical discrimination are evolutionarily cor-

1990; Cooper 19% 1999), all lacertiforms are believed to related in Lacertiformes, using modern methods that take
be active foragers (Cooper 1984Perry 1995), although into account the phylogenetic relationships among taxa. Be-
guantitative data are lacking for gymnophthalmids. cause fewer than 3% of lizard species are herbivores or om-

Prey-chemical discrimination has been detected in alhivores (lverson 1982; Cooper and Vitt 2002), the greatest
lacertiform species studied, with a single possible exceptiorﬁiﬁicuhy in studies of correlated evolution is to obtain data
These species include several lacertids: two species ¢foncerning sufficient independent origins of plant consump-
Acanthodactylus(Cooper 1999), two ofGallotia (Cooper tion. We selecte€Cnemidophorus murinu®r study because
and Pérez-Mellado 20}, three ofLacerta (Nelling 1996; this teiid species evolved omnivory (Dearing and Schall 1992)
Marcos-Leon 1999; Cooper and Pérez-Mellado 2002), fivdndependently ofT. teguixin (Presch 1974), the only other
of Podarcis(Cooper 1990, 1991; Marcos-Leon 1999; Cooperomnivorous teiid for which data are available. Prey- and
and Pérez-Mellado 20@1 Cooper et al. 2002), one of plant-chemical discrimination had not been studied in
Psammodsmus(Marcos-Leon 1999), and two dikydromus C. murinus but this species was deterred from consuming
(Nelling 1996; Cooper et al. 2000). Goose and Bels (1990¥prtificial foods by the addition of quinine in very low cen
found no evidence for prey-chemical discriminationltacerta ~ centrations (Schall 1990). A secondary goal was to increase
viridis, but their study was inconclusive because they used #e size and diversity of the database on prey- and plant-
very small sample and did not use standard methods for sugdhemical discrimination for Teiidae by adding two species,
studies. The only known exception to the rule that inseetivo including a member of a previously unstudied gerrsgiva
rous ambush foragers do not exhibit prey-chemical diserimi
nation is a lacertidAcanthodactylus boskianuthat spends Material and methods
a greater proportion of time moving than most ambush for
agers but less than typical active foragers, and is capable @gfnimals and maintenance
prey-chemical discrimination (Perry et al. 1990; Cooper 1999). Adult C. murinuswere collected on Bonaire Island, Neth
Prey-chemical discrimination has been studied in fewer speerlands Antilles, in March 2001. Wild-captured adéheiva
cies of teiids and not at all in gymnopthalmids. The teiidsameivawere purchased from a commercial dealer (Strictly
that have been shown to be capable of prey-chemical disReptiles). The lizards were transported to Indiana University —
crimination are two species ofupinambis(Cooper 1990; Purdue University at Fort Wayne (IPFW), where they were
Yanosky et al. 1993) and the insectivoroGaemidophorus housed in an accredited animal-care facility. They were kept
gularis (Cooper et al. 2000). singly in glass terraria (50 x 31 x 27 cm), each of which

Plant-chemical discrimination has been studied in feweicontained indoor—outdoor carpet, a water bowl, and an opaque
lacertiform lizards. It is present in several omnivorous lacertidgplastic shelter and was covered by a screen lid. All the side
(Gallotia caesarisand Gallotia simonyj Cooper and Pérez- walls of each terrarium were covered with white paper to re
Mellado 200Db; Podarcis lilffordi, Cooper and Pérez-Mellado duce disturbance to the lizards caused by movements-of ex
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perimenters and other lizards. We have found that coveringept that swabs were not rubbed on tiles but were rolled on
the walls greatly improves responsiveness of some lizarthe surfaces of crickets and plants (including the flesh of a
species to experimental stimuli. A 12 h light : 12 h dark light banana and leaves of romaine lettuce). Pears, bananas, and
cycle was maintained using fluorescent lighting. Testing wagomaine lettuce are rare or absent from the natural diets of
delayed for several days after arrival at IPFW to allow thethe lizards but are appropriate stimulus sources because her
lizards to acclimate to laboratory conditior@@nemidophorus bivorous and omnivorous lizards eat a wide variety of plants
murinus were supplied with and ate crickets, mealworms,species and plant parts, including leaves and fruits (Cooper
lettuce, and fruits prior to testingAmeiva ameivate crick and Vitt 2002). In Scleroglossa, plant-eating species respond to
ets but refused to eat plants palatable to many omnivoroushemical cues from such plants, but insectivorous—carnivorous
and herbivorous lizard species. The ambient temperature wapecies do not (Cooper 2002).

29°C during testing and maintenance, but the lizards were We used randomized-blocks designs in which each-indi
able to thermoregulate in a thermal gradient produced byidual was tested once in all conditions. These designs have
heat lamps at one end of each cage. The lizards were actithe advantage of minimizing the sample size needed by con

and fed readily under laboratory conditions. trolling for variability of responsiveness among individuals.
To preclude bias due to the order of testing, the sequence of
Experimental procedures stimuli tested was varied among individuals in an incompletely

Experiments were conducted to determine whether the lizcounterbalanced design. For the experiment W@ttmurinus
ards discriminate between chemical cues from animal prejhere were 24 possible sequences. One sequence beginning
and plants that are palatable to herbivorous lizards. Fowith each of the four stimulus types was randomly excluded
C. murinus 20 individuals were selected randomly for test from the experiment. For the experiments whh ameiva
ing from a larger laboratory population. Fér. ameiva all ~ there were 12 possible sequences. The planned designs in
20 individuals available were tested. Deionized water servegluded one complete replication and a partial second replica
as an odorless control to assess the strength of responses ##n with four sequences randomly omitted. The lizards were
tributable to the experimental milieu rather than to specificnot fed for 3 days prior to the experiments or during the
chemical stimuli. ForC. murinus cologne (Mennen Skin €Xxperiments to ensure motivation to feed.

Bracer, Spice Scent) was used as a pungency control, i.e., aTrials with C. murinus were conducted from 09:30 to
control for responses to compounds having easily detecteli7:00 CST. Each lizard was tested once per day on 15—
chemical cues unrelated to food. The cologne lacked any floral8 March 2001. To begin a trial, an experimenter transported
or fruity aroma to human observers. Far ameiva plants the lizard from its home cage to a transparent plastic test
not eaten can be considered additional pungency control§hamber having a 15 x51x 1 cmceramic tile as its floor in
Responses differing significantly from those to an odorles#in adjacent room. He then withdrew to observe the lizard
control permit the inference that the stimulus has been detecteiirough a one-way mirror. Beginning with the first tongue-
but not that it can be discriminated from other detectabldlick directed to the tile, the number of tongue-flicks in
chemicals unrelated to food. Pungency controls are useful20 s was recorded, as were any responses possibly related
because differential responses between odorous nonfood sti® feeding. If a lizard failed to tongue-flick within 10 min, it

uli and food stimuli permit the conclusion that the lizards was discarded from the experiment.

have discriminated between detectable food and nonfood stim Two experiments withA. ameivawere conducted. In one

uli. The absence of prey-chemical discrimination does notof these, the stimuli were cricket surface, romaine lettuce
necessarily imply that lizards do not detect prey chemicaldeaf, and deionized water; responses to banana, pear, and co
or even recognize them, only that they do not respond stronglipgne were tested in the other experiment. To begin a trial,
to them. The experimental stimuli were the exoskeletal surthe experimenter, moving slowly and being careful to mini
face of crickets Acheta domesticyisand Bartlett pears. These mize disturbance, approached a lizard’s home cage and re
stimuli plus banana and romaine lettuce were used for test®oved its lid. He next moved a swab to a position 1-1.5 cm
of A. ameiva anterior to the lizard’s snout. Beginning with the first tongue-

For C. murinus chemical stimuli were presented on-ce flick, the number of tongue-flicks directed to the swab in
ramic tiles (15 x 15 cm) because most lizards would net re60 s was recorded if the lizard did not bite the swab. If the
spond to hand-held cotton swabs, but fled instead. Watdizard bit the swab within 60 s of the first tongue-flick, the
stimuli were prepared by immersing a cotton swab in deionizediumber of tongue-flicks prior to the bite and the latency to
water and rubbing the swab on the entire upper surface of kite were recorded.
tile. Cologne stimuli were prepared similarly using a 3:1 so
lution (deionized water to cologne) of Mennen Skin Bracer,Statistical analyses of experimental data
spice scent. The cologne was diluted to eliminate the aversive The data analyzed fo€. murinuswere the numbers of
responses (Cooper 19898199&) sometimes observed with tongue-flicks, which provide a convenient bioassay of the inten
undiluted cologne (Dial and Schwenk 1996; Cooper ¥998 sity of chemosensory investigation (Cooper and Burghardt
199&). Prey stimuli were prepared by rubbing a cricket 1990). Variances of the raw dat&(,, = 36.11, df = 4,54,
firmly on the tile surface to ensure transfer of surface chemiP < 0.01) were significantly heterogeneous using approxi
cals to the swab. Plant-food stimuli were prepared by rubmate Hartley'sF,. tests (Winer 1962). Because violation of
bing the freshly cut surface of a pear on the tile. Pears werthe assumption of homogeneity of variance could not be re
used as plant stimuli because the lizards readily ate them imoved using logarithmically transformed dafg,§, = 3.37,
laboratory and field. ForA. ameiva which responded to df = 4,54,P < 0.01), parametric analysis of variance could
hand-held cotton swabs, stimuli were prepared as above exot be used. The data were analyzed using nonparametric
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Fig. 1. One of four alternative phylogenies of Lacertoidea used for tests of correlated evolution between plant consumption and plant-
chemical discrimination. Solid branches indicate omnivory and plant-chemical discrimination. Open branches indicate insectivory and
absence of plant-chemical discrimination.

O Lepidophyma flavimaculatum
B Gallotia simonyi

B Gallotia caesaris

0 Takydromus sexlineatus
O Lacerta perspicillata

M Podarcis sicula

0 Podarcis muralis

0 Podarcis hispanica

M Podarcis lilfordi

M Tupinambis teguixin

0 Ameiva ameiva

B Cnemidophorus murinus
0 Cnemidophorus gularis

Friedman’s two-way analysis of variance (Zar 1996). Fol-nificant (Zar 1996) using g coefficient of 3.92, based on an
lowing detection of a significant main effect, differences experiment withCorucia zebratgCooper 2006). Significance
among pairs of stimulus conditions were tested for significanceéests were two-tailed, except where indicated elsewhere and
using nonparametric procedures described by Zar (1996). justified by directional prediction, witlh = 0.05. Data are
For A. ameiva the variables examined were number of presented as the mean + 1.0 standard error (SE).
tongue-flicks, number of individuals that bit swabs, and the
tongue-flick attack score for repeated-measures experimenorrelated evolution
(TFAS(R); Cooper and Burghardt 1990). TFAS(R) is the Lacertoidea consists of Lacertiformes plus Xantusiidae
best overall indicator of response strength when some lizardg&stes et al. 1988). We included the insectivorous xantusiid
bite and tongue-flick. It combines the effects of tongue-Lepidophyma maculatu@s an outgroup of Lacertiformes to
flicking and biting, giving heavier weight to a bite than to permit assessment of correlated evolution in the broader taxon,
any number of tongue-flicks because a bite reflects a predd acertoidea. The phylogenetic relationships of the lacertiform
tory attack. If a lizard does not bite in a trial, its TFAS(R) is lizards in this study were taken from Presch (1974) for
the number of tongue-flicks in that trial. If it bites, TFAS(R) Lacertiformes, Presch (1974) and Wright (1993) for Teiidae,
is the sum of two terms, one being 60 minus the latency tand Fu (1998), Harris et al. (1998), and Van Damme (1999)
bite in seconds, the other being the maximum number ofor Lacertidae. Because of disagreements among authors and
tongue-flicks performed by that lizard in any one of its trials. uncertainty regarding some relationships, we reconstructed
Data on tongue-flicks and TFAS(R) fok. ameivawere  the evolution of plant diet and plant-chemical discrimination
analyzed by analysis of variance for a single-factor experiusing the TRACE routine of MacClade (Maddison and
ment having a repeated-measures (randomized blocks) d&addison 1992), using four phylogenies that differ in the
sign (Winer 1962). Hartley's,, tests were used to verify placement of the genu$akydromusand Podarcis muralis
homogeneity of variance of raw or, if necessary, logarithmicallyOne of these phylogenies is shown in Fig. 1. Data for analy
transformed data. When main effects were found to be sigsis were obtained from the present study and previous exper
nificant, differences between pairs of stimulus means werémental works on lacertids and teiids cited above and on
tested for significance using Newman—Keuls tests (Winelepidophyma flavimaculaturfCooper 200D).
1962). Differences in the number of individuals that bit were We examined the hypothesis that correlated evolution has
analyzed by a sign test for cricket versus the control. occurred between plant consumption and plant-chemical dis
Because prey- or plant-chemical discrimination might ex crimination for all four phylogenies, using concentrated-
ist but fail to be detected because of inadequate statisticahanges tests (Maddison 1990). The concentrated-changes
power, we calculated the power when results were not sigtest takes into account the phylogenetic relationships among
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species and thereby avoids the overestimation of correlatiorf§g. 2. Mean numbers of tongue-flicks in 60 s by

due to shared phylogeny that plagues traditional correlation€nemidophorus murinugesponding to chemical stimuli from

which treat each species as an independent data poiriticket, pear, cologne, and deionized water. Error bars represent

Maddison’s (1990) test, which is appropriate for detectingl.0 SE.

correlated evolution between two binary variables, assumer 54 -

that an independent variable causes changes in the depen

ent variable (Maddison 1990). In this case the hypothesis i<

that evolutionary acquisition of plant consumption (the inde

pendent variable) causes plant-chemical discrimination (the

dependent variable) to evolve. 2 04
The concentrated-changes test was criticized by Sillén-%

Tullberg (1993) as being subject to bias if taxa not represeni

tative of the group are selected, but was subsequently fount

to perform well in simulation studies by Lorch and Eadie ©

(1999), who found it to err by being conservative when only % 10 -1

gains, but not losses, occur for a trait, which is the case for—

N\g

NN\

our data. The concentrated-changes test has the importal I
advantage of requiring fewer changes in traits than othet /
tests to attain sufficient statistical power to detect correlated
evolution (Ridley 1983; Sillén-Tullberg 1993). Calculations | ]
were performed using MacClade 3.01 (Maddison and Maddisor Cricket Poar Cologne  Water
1992).

STIMULUS
Results

_ _ transformed data differed significantly among conditions
Cnemidophorus murinus (F = 10.58, df = 2,28P < 0.00038; Table 1). Cricket stimuli

The sample size was reduced to 19 because one lizawlicited significantly more tongue-flicks than romaine lettuce
stopped tongue-flicking after the second trial. The number o{p < 0.0014) or deionized wateP(< 0.00057). Numbers of

tongue-flicks varied significantly among conditiong”(=  tongue-flicks did not differ significantly between romaine
33.29, df = 3,P < 1 x 10, with many more tongue-flicks |ettuce and deionized wateP (> 0.10).

in the animal- and plant-food conditions than in either of the Few individuals bit swabs (five in the cricket condition
control conditions (Fig. 2). Ranges of numbers of tongue-and none in the other conditions). For lizards that bit in re-
flicks were 5-105 for crickets, 6-62 for pear, 1-23 for co-sponse to cricket stimuli, latency to bite was 12.17 + 2.97 s,
logne, and 4-21 for deionized water. The number of tonguewith the range 5-26 s. Significantly more individuals bit in
f|ICkS.II’] response to cricket stimuli was S|gn|f_|ca_ntly greaterresponse to crickets than in response to deionized water (
than in response to colognP & 0.001) and deionized water 0.032, one-tailed) or romaine lettuce and deionized water
(P < 0.01). The number of tongue-flicks elicited by pear combined (sign test wit® = 0.33 for cricket and 0.67 for
stimuli was S|gn|f|car_1tly_greater than that elicited by qolognethe other stimuli combined? < 0.0079).
(P < 0.001) and deionized wateP (< 0.025). The differ Variances of TFAS(R) differed significantly for the raw
ences between the two food stimuli and the two controldata €., = 16.87, df = 3,28P < 0.01) but were homoge
stimuli were not significantR > 0.10). neous for the logarithmically transformed daFg,{, = 1.29,
The only other beha_wiors _that mig_ht ha\_/e been_ foogl-relatedjf = 3,28,P > 0.10). TFAS(R) for the transformed data var
were an attempt to bite a tile bearing cricket stimuli by thejed significantly among stimulus conditions € 27.55, df =
lizard that performed the most tongue-flicks and an attempp 28 P < 1.0 x 10 Table 1). TFAS(R) was significantly
to dig at a tile bearing cricket stimuli by another individual. greater in response to cricket stimuli than to romaine lettuce
Cnemidophoruspp. frequently locate food by digging, pre (P < 0.00013) or deionized wateP (< 0.00015), but did not
sumably in areas where their chemical cues are detectaflffer between romaine lettuce and deionized water>(
(W.E. Cooper, Jr., unpublished field observations). Lizard.10). The statistical power was >0.99.
spent substantial portions of trials climbing the walls of the

test chamber, apparently attempting to escape. Banana—pear—cologne
Variances of tongue-flicks were homogeneokg{ = 1.83,
Ameiva ameiva df = 3,28,P > 0.05). Numbers of tongue-flicks did not differ

Fifteen of the 20 individuals completed both experiments;significantly among conditionsH = 0.65, df = 2,28,P >
the others failed to respond at all or responded in only on®.10; Table 1). Only one individual bit weakly in the pear

trial. condition and none in the other conditions. Variances of
TFAS(R) differed significantly for the raw daté (., = 4.01,
Cricket—lettuce—water df = 3,28, P < 0.01), but were homogeneous for the

Variances of tongue-flicks were significantly heterogeneoudogarithmically transformed dataF(,,, = 1.28, df = 3,28,
for the raw dataK,,,, = 3.39, df = 3,28P < 0.01) but were P > 0.10). TFAS(R) for the transformed data did not differ
rendered homogeneous by logarithmic transformatigp(=  significantly among stimulus condition§& & 0.88, df = 2,28,
2.38, df = 3,28 P > 0.05). Numbers of tongue-flicks for the P > 0.10; Table 1). Power was >0.99.
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Table 1. Numbers of tongue-flicks and tongue-flick attack scores (TFAS(R))Aimreiva
ameivain 60-s swab trials using various stimuli.

Number of tongue-flicks TFAS(R)
Mean SE Range Mean SE Range
Cricket—lettuce—water
Cricket 15.2 2.9 4-47 32.3 6.3 4-71
Romaine lettuce 6.6 1.5 1-20 6.6 1.5 1-20
Deionized water 7.1 1.6 1-17 7.1 1.6 1-17
Banana—pear—cologne
Banana 7.3 2.7 1-44 7.3 2.7 1-44
Pear 7.1 2.0 1-33 10.5 5.3 1-84
Cologne 9.8 2.6 1-36 9.8 2.6 1-36
Correlated evolution crimination. Ameiva ameivahowed no strong responses to

For all four phylogenies there were five independent ori chemical cues from three plant species, including two
gins of omnivory and plant-chemical discrimination. In all known to elicit elevated rates of tongue-flicking and (or) bit
phylogenies, wherever one of the two variables changed, thieg by omnivorous lizards (e.g., romaine lettuc€-—zebrata
other variable on the same branch changed, indicating thg€Cooper 200B8) and pear -C. murinus.
little or no delay occurred between the acquisition of plant The results were as predicted: both prey- and plant-chemical
diet and plant-chemical discrimination. No evolutionary lossedliscrimination for an omnivore, and prey-chemical, but not
of omnivory or plant-chemical discrimination occurred. Thus, plant-chemical, discrimination for an actively foraging insecti
omnivory and plant-chemical discrimination were perfectlyvore. Prey-chemical discrimination has been demonstrated in
correlated in Lacertiformes. all teiids and actively foraging lizard species tested. Because

The correlations were significant for all phylogenies. Fornumerous species representing all major families of active
the phylogeny shown in Fig. 1, the probability of no relation- foragers except Gymnophthalmidae have been studied (e.g.,
ship between plant diet and plant-chemical discriminationCooper 1994, 1995, 1997, 2004 2000, 200G, 2000d), it
was <0.0024 for Lacertiformes and <0.0015 for Lacertoideaseems likely that prey-chemical discrimination is universal,
For a phylogeny differing from that shown in Fig. 1 only in or nearly so, in actively foraging lizards.
that P. muralis was the sister-species of the lilfordi — Both prey- and plant-chemical discrimination have been
P. hispanicaclade, the associations were significantPak ~ demonstrated in all omnivorous and herbivorous species of
0.0027 for Lacertiformes an® < 0.0016 for Lacertoidea. scleroglossans studied (Cooper 2002). It is not surprising
For the third phylogeny, which differed from that shown in that omnivorous species which evolved from actively foraging
Fig. 1 only in that the genuFakydromuswas the sister- ancestors capable of prey-chemical discrimination retained
group of all lacertids other than the gen@allotia, the cor  this ability when plant-chemical discrimination evolved. This
relations were significant a® < 0.0027 for Lacertiformes appears to be the case f& murinus which continues to
and P < 0.0017 for Lacertoidea. The final phylogeny-dif consume prey frequently (Dearing and Schall 1992). How
fered from that shown in Fig. 1 in the positions of both ever, even herbivorous species such as the skinkebrata
Takydromusand P. muralis For this phylogeny, plant diet (Cooper 2008) and some iguanids (Cooper and Alberts 1990;
and plant-chemical discrimination were significantly associ Cooper and Flowers 2001; Cooper and Lemos-Espinal 2001)
ated atP < 0.0030 for Lacertiformes an& < 0.0018 for are capable of prey-chemical discrimination. It is quite un
Lacertoidea. likely that the herbivorous skink might have retained prey-
chemical discrimination as an ancestral trait that is no longer
useful. Neither is it necessary to conclude that herbivores’
responses to prey chemicals are solely due to chemieal at
Food-chemical discrimination tributes shared with plants. Such phylogenetic inertia and

Cnemidophorus murinudiscriminated both prey chemi correlated sensitivity need not be invoked becaDseebrata
cals and plant chemicals from the control stimuli, as indi continues to eat some animal prey (McCoy 1980), as do the
cated by the significantly greater numbers of tongue-flicksherbivorous iguanids (Minnich and Shoemaker 1970; Nagy
in response to cricket and pear stimuli than to either of thel973; Nagy and Shoemaker 1975; Pianka 1986; Durtsche
controls. In contrastA. ameivaexhibited prey-chemical dis 1999, 2000; Cooper and Vitt 2002).
crimination but not plant chemical discrimination. Three re
sults show thaf\. ameivadiscriminated prey chemicals from Correlated evolution
other substances: the significantly greater number of tongue- Sensory systems evolve to detect biologically important,
flicks and greater TFAS(R) in response to cricket chemicalgpredictable stimuli, including those associated with food
than to romaine lettuce or deionized water, and the signifi (Dusenbury 1992). Thus, convergent evolution of responsive
cantly greater number of individuals that bit swabs bearingness to widely occurring food stimuli is predicted, particu
cricket stimuli than the other stimuli. The absence of anylarly to chemical stimuli common to many palatable plants
significant differences in responsesAfameivato plant and (Cooper 2002). Correlated evolution has occurred between
control stimuli combined with the high statistical power of plant diet and plant-chemical discrimination within Lacertoidea
the tests suggests that these animals lack plant-chemieal diand Lacertiformes. For the dataset examined, this finding is

Discussion
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robust under various phylogenetic hypotheses. Because thefm the Cleveland Metroparks Zoo for travel to Bonaire Is
are several untested omnivorous lacertids and teiids (Valand to collectC. murinusand by a minigrant for research
Damme 1999; Cooper and Vitt 2002), ample opportunitiedfrom Indiana University — Purdue University at Fort Wayne.
exist for further testing of the evolutionary correlation, but The Sam Noble Oklahoma Museum of Natural History-pro
the perfect correspondence between shifts to plant diet andded funds for research in Bonaire to J.P.C. and L.J.V.
responsiveness to plant chemicals in Lacertoidea and in
Scleroglossa as a whole suggests that the present finding of
correlated evolution is correct. References
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