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The chemical senses are crucial for squamates (lizards and snakes). The
extent to which squamates utilize their chemosensory system, however, varies greatly among taxa and species’ foraging strategies, and played an influential role in squamate evolution. In lizards, ‘Scleroglossa’ evolved a state
where species use chemical cues to search for food (active foragers),
whereas ‘Iguania’ retained the use of vision to hunt prey (ambush foragers).
However, such strict dichotomy is flawed as shifts in foraging modes have
occurred in all clades. Here, we attempted to disentangle effects of foraging
ecology from phylogenetic trait conservatism as leading cause of the disparity in chemosensory investment among squamates. To do so, we used species’ tongue-flick rate (TFR) in the absence of ecological relevant chemical
stimuli as a proxy for its fundamental level of chemosensory investigation,
that is baseline TFR. Based on literature data of nearly 100 species and using
phylogenetic comparative methods, we tested whether and how foraging
mode and diet affect baseline TFR. Our results show that baseline TFR is
higher in active than ambush foragers. Although baseline TFRs appear phylogenetically stable in some lizard taxa, that is a consequence of concordant
stability of foraging mode: when foraging mode shifts within taxa, so does
baseline TFR. Also, baseline TFR is a good predictor of prey chemical discriminatory ability, as we established a strong positive relationship between
baseline TFR and TFR in response to prey. Baseline TFR is unrelated to diet.
Essentially, foraging mode, not phylogenetic relatedness, drives convergent
evolution of similar levels of squamate chemosensory investigation.

Introduction
The chemical senses are critically important for many
animals (M€
uller-Schwarze & Silverstein, 1980; M€
ullerSchwarze, 2006; Wyatt, 2014), and reptiles represent
no exception (Mason & Parker, 2010; Martın & L
opez,
2014). Squamate reptiles (lizards and snakes) rely
strongly on their ability to perceive chemicals from the
environment for a variety of social and ecological activities, such as mate assessment (e.g. Martın & L
opez,
2000; Baeckens, 2017), predator avoidance (e.g. Van
Damme et al., 1995; Van Damme & Castilla, 1996) and
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foraging (e.g. Cooper, 1997, 2008), and have evolved
highly sophisticated vomerolfactory systems and tongues for chemical sampling (Schwenk, 1993, 1995;
Cooper, 1995a, 1996).
Squamate vomerolfaction is mediated by ‘tongueflicking’ (TF) behaviour in which the tongue samples
substrate-bound or airborne chemicals in the environment and delivers them to the vomeronasal organs
above the roof of the mouth (Filoramo & Schwenk,
2009). Unlike the (anatomically distinct) main olfactory
system, the vomeronasal system depends on the active,
or voluntary, stimulation of the chemosensory organs
by chemicals collected by the tongue (Daghfous et al.,
2012).
Cooper (1995a,b, 1997, 2008) has argued that the
degree to which squamates invest in such an active
mode of tongue-flicking behaviour is strongly
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influenced by their ecology, such as mode of foraging
or food preference. To illustrate, lizards are traditionally
categorized as ambush foragers or active foragers (Huey
& Pianka, 1981). Ambush or ‘sit-and-wait’ foragers wait
immobile for prey to approach before they attack. Typically, ambush foragers rarely tongue-flick while at
ambush posts, and do not use chemical cues to search
for food (Cooper et al., 1994a). In contrast, active foragers move through the habitat actively searching for
prey, tongue-flicking frequently as they go, and locating and identifying food by the use of chemical cues
(Evans, 1961). Besides foraging mode, diet also may
impact squamate tongue-flicking behaviour. For
instance, generalist predators of small animals are
known to respond to chemical cues from a wide range
of potential prey (Cooper, 2000a; Cooper & P
erez-Mellado, 2002), whereas food specialists generally only are
able to chemically discriminate their food of interest
from other food types, and usually, with high levels of
elicited tongue-flick behaviour (Cooper & Arnett,
2003).
The extent to which squamates utilize their
chemosensory systems also varies greatly among taxa,
and has played an influential role in squamate evolution (Vitt et al., 2003). Among lizards, for instance, the
‘Scleroglossa’ (Gekkota, Lacertoidea, Scincoidea and
Anguimorpha) are labelled highly ‘chemically-oriented’,
whereas the ‘Iguania’ are often regarded as marginally
‘chemically-oriented’, and rather ‘visually-oriented’
(Schwenk, 1993, 1994; Vidal & Hedges, 2009). Such
partition accords well with the conventional view of
squamate phylogenetic history, in which the tongue
played a key role. Still, such strict separatism is clearly
flawed in the sense that many ‘chemically-oriented’
lizard species also have excellent eyesight (Perez I de
Lanuza & Font, 2014; Martin et al., 2015) and frequently use visual displays (Cooper et al., 2003a; Font
et al., 2012), whereas some ‘visually-oriented’ iguanians
also use chemical cues to discriminate among prey
items (Cooper & Flowers, 2000; Cooper & Lemos-Espinal, 2001) and in intraspecific communication (Simon
et al., 1981; Duvall, 1979; Baeckens et al., 2016).
Clearly, squamates show a high degree of interspecific variation in their level of chemosensory behaviour.
Yet, an extensive comparative attempt to disentangle
the effect of ecology from phylogenetic trait conservatism as cause of this disparity among squamates is
still lacking – until now. Previous studies showed that
responses to prey chemicals are strongly linked to foraging behaviour, but these analyses included small
numbers of species. In this study, we map and quantify
the variation in squamate chemosensory investigation
and examine whether and how ecology and phylogeny
contribute to this variation. Using phylogenetic comparative methods, we investigate the direction in which
foraging mode and diet may have pushed squamate
chemosensory evolution, while strictly accounting

for shared ancestry among species. As squamates tongue-flick to chemically investigate stimuli, we hypothesize that a species’ fundamental tongue-flick rate in the
absence of ecologically important chemical stimuli, that
is the baseline tongue-flick rate, reflects the overall
importance of chemosensory searching for that species.
Therefore, we expected a higher baseline tongue-flick
rate for active foragers that search for chemical cues as
they move through the environment, than ambush foragers, which conventionally rely more on their vision
to detect prey. In line, we predicted a positive relationship between baseline tongue-flick rates and the tongue-flick rates in response to food. Herbivory and
omnivory are more likely to evolve in active than
ambush foragers, but herbivores and omnivores both
discriminate plant food chemical from other cues
regardless of the foraging modes of their insectivorous/
carnivorous ancestors (Cooper, 2002; Cooper & Vitt,
2002). Therefore, if inclusion of plants in the diet
affects baseline tongue-flick rate, it might be expected
to do so only in plant eaters derived from ambush foragers. On the other hand, plant eaters derived from
ambush foragers might locate food sources visually and
then increase their tongue-flick rates to evaluate them
(Cooper, 2002; Cooper & Vitt, 2002). In that case, plant
consumption would be unlikely to affect the baseline
tongue-flick rate. Because the effect of plant consumption on tongue-flick rate is uncertain, we examine this
relationship without prediction. Lastly, we predict that
baseline tongue-flick rates are lower in Iguania that
other lizards, as almost all iguanian families are ambush
foragers (Perry, 1999; Cooper et al., 2001a,b,c). Hence,
we predict a strong association between squamate phylogeny and baseline tongue-flick rate, but only if the
influence of foraging mode is ignored.

Materials and methods
Baseline tongue-flick rate
Data on tongue-flick rates of 94 lepidosaurian species
(80 lizards, 13 snakes and one tuatara) belonging to 31
families were extracted from literature (Table 1). For
every species, we documented the mean number of
tongue-flicks (elicited in 1 min) in response to a cotton
swab impregnated with deionized or distilled water.
This tongue-flick frequency will hereinafter be referred
to as ‘baseline’ tongue-flick rate. We consider this baseline rate as a suitable proxy for a species’ primary or
fundamental level of chemosensory investigation via
lingual sampling for analysis by the vomeronasal
system, and as such, we will use it in interspecific
comparisons.
In the past, researchers have applied a range of
experimental assays to test species’ chemoreceptive
abilities (see Van Damme et al., 1995; Cooper, 1998a;
LeMaster & Mason, 2001; Verwaijen & Van Damme,
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Table 1 Baseline and prey tongue-flick rate, diet and foraging mode for 94 lepidosaurian species, assembled from available literature.
Baseline TF rate
mean  SE (n)

Species

Family

Acanthodactylus boskianus*
Acanthodactylus scutellatus*
Acanthosaura crucigera*
Ameiva ameiva*
Anolis carolinensis†
Anolis chamaeleonides*
Anolis smallwoodi*
Aspidoscelis marmorata‡
Blanus cinereus§
Calotes mystaceus†
Calotes versicolor¶
Chondrodactylus turneri*
Coleonyx brevis§
Coleonyx variegatus*
Coluber constrictor*
Coluber flagellum¶
Cordylus cordylus*
Coronella austriaca*
Correlophus ciliatus*
Corucia zebrata*
Corytophanes cristatus*
Crotalus culminatus†
Crotalus enyo‡
Crotaphytus collaris*
Dipsosaurus dorsalis§
Elgaria coerulea*
Elgaria multicarinata*
Eublepharis macularius†
Eugongylus albofasciolatus*
Eumeces schneideri*
Eutropis macularia*
Furcifer pardalis*
Gallotia caesaris*
Gallotia simonyi*
Gekko gecko*
Gerrhosaurus nigrolineatus†

Lacertidae
Lacertidae
Agamidae
Teiidae
Dactyloidae
Dactyloidae
Dactyloidae
Teiidae
Blanidae
Agamidae
Agamidae
Gekkonidae
Eublepharidae
Eublepharidae
Colubridae
Colubridae
Cordylidae
Colubridae
Diplodactylidae
Scincidae
Corytophanidae
Viperidae
Viperidae
Crotaphytidae
Iguanidae
Anguidae
Anguidae
Eublepharidae
Scincidae
Scincidae
Scincidae
Chamaeleonidae
Lacertidae
Lacertidae
Gekkonidae
Gerrhosauridae

4.9
3.5
0
7.1
1.42
0
0
10.3
3.9
0
0
0.4
8
4.2
2.1
23.5
0.3
7.1
2
17.6
0
11.7
16.3
0.39
1.00
3
3.27
5.2
13.4
4.6
3.6
0
3.2
1.1
0
3.62

Goniurosaurus luii*
Heloderma suspectum*
Heterodon platirhinos¶
Holcosus undulatus*
Hypsiglena chlorophaea*
Iberolacerta cyreni‡
Iberolacerta monticola†
Lampropeltis getula§
Lampropholis coggeri†
Laudakia stellio*
Leiolepis belliana*
Lepidophyma flavimaculatum*
Mesaspis moreletii*
Opheodrys aestivus*
Pantherophis guttatus*
Phymaturus punae*
Pituophis melanoleucus*
Platysaurus pungweensis*
Plestiodon fasciatus‡

Eublepharidae
Helodermatidae
Dipsadidae
Teiidae
Dipsadidae
Lacertidae
Lacertidae
Colubridae
Scincidae
Agamidae
Agamidae
Xantusiidae
Anguidae
Colubridae
Colubridae
Liolaemidae
Colubridae
Cordylidae
Scincidae

10.5
18.2
7.2
4.7
8.5
3
4.6
20.68
6.7
0
3.1
0
5.1
1.7
22
1.0
10.6
1.4
3.8

Prey TF
rate mean

Diet

Foraging
mode

 1.5 (18)
 0.9 (18)
 0 (20)
 1.6 (15)
 1.24 (6)
 0 (11)
 0 (14)
 2.1 (22)
 0.5 (18)
 0 (2)
 0 (18)
 0.3 (13)
(22)
 0.9 (18)
 0.6 (7)
 6.6 (16)
 0.1 (6)
 1.7 (15)
 0 (1)
 3.6 (12)
 0 (18)
 0.4 (2)
 1.2 (2)
 0.18 (18)
 0.37 (17)
 1.0 (7)
 0.63 (11)
 1.6 (12)
 3.6 (12)
 0.7 (20)
 1.2 (16)
 0 (20)
 0.7 (20)
 0.4 (17)
 0 (20)
 0.91 (8)

15.59
14.9
0
15.2
0.67
0
0
5.4
1
0
5.2
11.6
1.1
14
16.8
0
1.2
4.33
14.57
21.18
17.7
13.4
7.2
16.1
0
17.3
14.2
0.1
-

I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
O
H
I-C
I-C
I-C
I-C
H
I-C
I-C
I-C
I-C
O
I-C
I-C
O
O
I-C
I-C

AC
SW
SW
AC
SW
SW
SW
AC
AC
SW
SW
SW
AC
AC
AC
AC
SW
SW
SW
SW
SW
SW
SW
AC
AC
AC
AC
AC
AC
SW
SW
AC

 5.9 (13)
 7.4 (6)
 2.1 (9)
 1.9 (9)
 4.9 (21)
 0.2 (16)
 1.2 (32)
(13)
 3.8 (40)
 0 (5)
 0.3 (11)
 0 (7)
 1.7 (17)
 0.3 (8)
 3.6 (9)
 0.3 (8)
 3.2 (19)
 0.6 (13)
 1.1 (9)

6.5
64.8
17
0
7.1
7.7
5.8
5.2
0.7
10.2

I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
I-C
O
I-C
I-C
I-C
I-C
H
I-C
I-C
I-C

AC
AC
AC
AC
AC
AC
AC
AC
AC
SW
SW
SW
AC
AC
AC
AC
SW
AC
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Reference(s)
Cooper (1999a)
Cooper (1999a)
Cooper et al. (2001b)
Cooper et al. (2002a)
Cooper (1989)
Cooper et al. (2001b)
Cooper et al. (2001b)
Punzo (2008)
pez & Salvador (1992)
Lo
Cooper (1989)
Ammanna et al. (2014)
Cooper (1999b)
Dial & Schwenk (1996)
Cooper (1998b)
Cooper et al. (2000a)
Cooper et al. (1990)
Cooper & Van Wyk (1994)
Amo et al. (2004)
Cooper (2000a)
Cooper (2000b)
Cooper (1999b)
Chiszar & Radcliffe (1976)
Chiszar & Radcliffe (1976)
Cooper et al. (1996)
Cooper & Alberts (1991)
Cooper (1990b)
Cooper (1990b)
Cooper (1995c)
Cooper (2002)
Cooper et al. (2000b)
Cooper & Habegger (2000a)
Cooper et al. (2001b)
rez-Mellado (2001a)
Cooper & Pe
rez-Mellado (2001a)
Cooper & Pe
Cooper & Habegger (2000b)
Cooper & Trauth (1992); Cooper
et al. (1994b)
Cooper & Habegger (2000b)
Cooper & Arnett (2001)
Cooper & Secor (2007)
Cooper (1990c)
Weaver et al. (2012)
pez & Martın (2012)
Lo
n et al. (2000)
Arago
Williams & Brisbin (1978)
Scott et al. (2015)
Herrel et al. (1998)
Cooper (2003b)
Cooper (2000c)
Cooper & Habegger (2000c)
Cooper (2007b)
Weldon et al. (1990)
Cooper et al. (2001c)
Smith et al. (2015)
Cooper & Steele (1999)
Cooper et al. (2000b)

630

S. BAECKENS ET AL.

Table 1 (Continued)
Baseline TF rate
mean  SE (n)

Species

Family

Plestiodon inexpectatus¶
Plestiodon laticeps†
Podarcis hispanicus*
Podarcis lilfordi*
Podarcis muralis*
Podarcis siculus*
Pogona vitticeps *
Psammodromus algirus‡
Python regius*
Rhacodactylus auriculatus*
Rhacodactylus leachianus*
Salvator rufescens*
Sauromalus ater*
Sceloporus malachiticus†
Sceloporus poinsettii*
Sceloporus undulatus†
Sceloporus variabilis*
Sceloporus virgatus†
Scincella lateralis*
Scincus mitranus‡
CooSphenodon punctatus*
Takydromus septentrionalis*
Takydromus sexlineatus*
Teira perspicillata*
Thamnophis sirtalis*

Scincidae
Scincidae
Lacertidae
Lacertidae
Lacertidae
Lacertidae
Agamidae
Lacertidae
Pythonidae
Diplodactylidae
Diplodactylidae
Teiidae
Iguanidae
Phrynosomatidae
Phrynosomatidae
Phrynosomatidae
Phrynosomatidae
Phrynosomatidae
Scincidae
Scincidae
Sphenodontidae
Lacertidae
Lacertidae
Lacertidae
Natricidae

1.1
3.14
1.8
5.7
4.6
1.7
0.6
4.1
20.6
5.8
2.1
3.8
1.6
0.2
0
0
0
0
1.9
4.2
0
5
3.7
3.6
6.4

Thecadactylus rapicauda†
Tiliqua rugosa*
Tiliqua scincoides*
Trachylepis quinquetaeniata*
Trachylepis striata*
Trogonophis wiegmanni§
Tropidurus hispidus§
Tupinambis teguixin§
Uromastyx acanthinura*
Uromastyx aegyptius*
Uta stansburiana*
Varanus exanthematicus¶
Varanus gouldii*
Xenosaurus platyceps*

Phyllodactylidae
Scincidae
Scincidae
Scincidae
Scincidae
Trogonophidae
Tropiduridae
Teiidae
Agamidae
Agamidae
Phrynosomatidae
Varanidae
Varanidae
Xenosauridae

0
11.5
6.4
6.5
2.9
4.6
0
12.84
0.2
5.6
0.3
10.6
4.14
0.2

(7)
 1.51 (6)
 0.2 (5)
 1.1 (20)
 0.7 (16)
 0.4 (6)
 0.2 (10)
 0.4 (14)
 4.3 (10)
 5.1 (4)
 1.0 (8)
 0.9 (6)
 0.3 (15)
 0.13 (2)
 0 (20)
 0 (12)
 0 (19)
 0 (11)
 0.2 (12)
 1.4 (9)
 0 (10)
 1.1 (12)
 0.7 (17)
 0.7 (20)
(7)















0 (8)
4.2 (8)
1.9 (9)
1.6 (10)
0.9 (21)
0.7 (12)
0 (19)
13.05 (19)
0.18 (4)
2.6 (10)
0.1 (21)
1.8 (18)
1.79 (7)
0.2 (8)

Prey TF
rate mean

Diet

Foraging
mode

7.1
4.4
5.8
-

I-C
I-C
I-C
O
I-C
O
O
I-C
I-C
O
O
I-C
H
I-C
O
I-C
I-C
I-C
I-C
O
I-C
I-C
I-C
I-C
I-C

AC
AC
AC
AC
AC
AC
SW
AC
AC
SW
SW
AC
SW
SW
SW
SW
SW
AC
AC
SW
AC
AC
AC
AC

12.9
4.6
5.5
7.6
18.37
17.2
36.15
1.2
9.5
0.4
28
38
6.8

I-C
O
O
I-C
I-C
I-C
I-C
I-C
H
H
I-C
I-C
I-C
I-C

SW
AC
AC
AC
AC
AC
SW
AC
SW
AC
AC
SW

3.3
10.2
9.8
7.9
5.2
4.6
41.5
13.9
17.2
4.8
2
0.2
17
0
2.9
9.8

Reference(s)
Loop & Scoville (1972)
Cooper & Garstka (1987)
Cooper (1990c)
rez-Mellado (2001b)
Cooper & Pe
Cooper et al. (2002b)
rez-Mellado (2002)
Cooper & Pe
Cooper (2000d)
Martın et al. (2007)
Cooper (1991)
Cooper (2000a)
Cooper (2000a)
Cooper (1990c)
Cooper & Flowers (2000)
Cooper (1989)
Cooper et al. (2001c)
Hews et al. (2011)
Cooper et al. (2001c)
Hews et al. (2011)
Cooper & Hartdegen (2000)
Cooper et al. (2000b)
Cooper et al. (2001b)
Cooper et al. (2003b)
Cooper et al. (2000c)
rez-Mellado (2002)
Cooper & Pe
Cooper & Burghardt (1990);
Burghardt et al. (1988)
Cooper (1995c)
Cooper (2000e)
Cooper (2000e)
Cooper et al. (2003b)
Cooper (2000f)
pez et al. (2014)
Lo
Cooper et al. (2001c)
Yanosky et al. (1993)
Herrel et al. (1998)
Cooper & Al-Johany (2002)
Cooper et al. (2001b)
Cooper & Habegger (2001)
Garrett & Card (1993)
Cooper et al. (1998)

I-C, insectivorous–carnivorous; O, omnivorous; H, herbivorous; SW, sit-and-wait foraging; AC, active foraging.
*Sex not specified.
†Males.
‡Females.
§Both sexes included.
¶Juveniles.

2007; Font et al., 2012; Huyghe et al., 2012). To amass
reliable comparative data, we chose in this study to use
tongue-flick records obtained via the cotton swab technique. This widely practised method has an experimental approach, provides rapid results and is highly
repeatable and reproducible (Cooper, 1998a). Essentially, to start a cotton swab trial, a swab is moved to a
position just anterior to the animal’s snout and held
there for a fixed interval during which the animal may

respond with differential lingual behaviour. Typically,
the experimenter approaches the animal’s cage carefully, so as not to elicit escape behaviour or inhibit tongue-flicking. Subsequently, the researcher positions the
cotton tip of a 15- to 30-cm wooden applicator 1–3 cm
anterior to the animal’s snout and, starting with the
first tongue-flick, records the number of tongue-flicks
directed to the swab within 60 s. The total experiment
usually comprises multiple trials. In each trial the swab
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bears a stimulus belonging to one of several categories
of experiment and control stimuli. Experimental stimuli
can be, for example, chemicals obtained from prey (e.g.
Cooper & Vitt, 1989), predators (e.g. Amo et al., 2004)
or conspecifics (e.g. Baeckens et al., 2017). Eau-decologne is often used as a pungency control, and deionized or distilled water as an odourless control (Cooper
et al., 2003b). Because the biological relevance of the
experimental stimuli varies among species, quantitative
comparisons among them are useful for inferring the
ability to detect and responsiveness to chemicals from
prey, predators and conspecifics. In contrast, baseline
tongue-flick rates – while squamates are at rest – provide valuable information on the relative frequency of
lingual chemosensory sampling of a novel stimulus. As
the tongue-flick rate towards the odourless control is
almost invariably reported in cotton swab studies, it
suits as an excellent comparative tool.
Ideally, a researcher scores a set of behaviours during
a swab trail: number of tongue-flicks, latency to the
first tongue-flick, frequency of biting and tongue-flick
attack score (TFAS; Burghardt, 1967). The latter score is
considered a composite measure that combines the
number of tongue-flicks and biting attacks to give a single index of response strength to chemical stimuli (see
Cooper & Burghardt, 1990 for further explanation).
Unfortunately, only few researchers encompass all
these variables in their studies. The number of tongueflicks is typically most often reported, henceforth the
main reason we chose to retain this variable from the
literature. Thus, as mentioned earlier, we use a species’
average tongue-flick rate (per minute) directed towards
the odourless control swab for comparative purposes.

631

tract contents, percentage of items found in stomachs
and percentage of stomachs including items. The variables reported in the literature and thus diverse and no
single variable have been measured for all or even most
species. Cooper & Vitt (2002) attempted to capture the
degree of squamate plant consumption by defining
three categories based on the available data. The categories are necessarily arbitrary because they are based
on multiple metrics and because there are no nonarbitrary criteria for the degrees of plant consumption
required for omnivory and herbivory.
Insectivorous–carnivorous species consume <10%
plant matter for any of the data types except occurrence,
which was excluded because the latter may elevated
even when the percentage volume of plant material is
very low (Cooper & Vitt, 2002). Although arbitrary, the
10% criterion is useful because it excludes species that
may incidentally ingest small amounts of plant matter.
Omnivores are species that consume at least 10%, but
<90% plant matter using any of the quantitative variables. Herbivores are species for which plant consumption is at least 90% (Cooper & Vitt, 2002).
Species in our study that were not included in Cooper
& Vitt (2002) include snakes (none of which ingest plant
matter except incidentally), seven omnivorous and one
herbivorous lizard species. Sources of dietary data for
these species are included in references in Table 1. The
data are quantitative for the omnivorous Pogona vitticeps
(20%) and the herbivorous Phymaturus punae, and qualitative, but convincing for the omnivorous Correlophus ciliates, Eumeces schneideri, Gallotia caesaris, G. simonyi,
Leiolepis belliana and Rhacodactylus leachianus.

Foraging mode
Prey tongue-flick rate
For a subset of species (69 lizards) from the assembled
data set on baseline tongue-flick rates, we also searched
the literature for mean number of tongue-flicks (elicited in 1 min) in response to the species’ preferred
prey (thus, e.g. crickets for insectivores, and plant
material for herbivores). This ‘prey’ tongue-flick rate
will be used to determine the relationship between
lizard baseline and prey tongue-flick rate.
Diet and foraging mode
We searched the literature for data on diet and foraging
modes of all 94 species used in this study. Each species
was assigned to a diet class (insectivorous/carnivorous;
herbivorous; omnivorous) and a foraging mode (active
foragers; sit-and-wait foragers).

Diet
For the most part the dietary categories are as defined
by Cooper & Vitt (2002). Diet categories are based on
plant volume, mass or energetic content of digestive

Sit-and-wait predators remain motionless while waiting
for prey to approach close enough to attack, whereas
active foragers actively search for food while moving
through the environment (Huey & Pianka, 1981). Some
authors categorize herbivorous lizards as ‘active foragers’ by definition, as ‘waiting for plants to pass by is
an unviable evolutionary strategy’ (Herrel, 2007),
whereas most believe these herbivores cannot be characterized as true ‘predators’ as they do not hunt animal
prey, and hence do not fit into the traditional active/
sit-and-wait dichotomy (Cooper, 2007a). Active and sitand-wait foraging modes as conceived by Huey &
Pianka (1981) apply strictly to insectivorous–carnivorous lizards and to searches for animal prey by omnivores. We therefore exclude all herbivores from the
analyses involving foraging mode.
Although the active and sit-and-wait foraging modes
are widely accepted as shorthand descriptors of foraging
styles, foraging behaviour of lizards is variable (Perry,
1999; Cooper et al., 2001a; Perry, 2007). The two major
variables used to quantify lizard foraging modes are
number of movements per minute (MPM) and proportion of the time spent moving (PTM) (Pianka et al.,
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1979). Values of both variables are higher in active
than sit-and-wait foragers (Perry, 1999; Cooper,
2005b). Although continuous variation exists in both
variables (Perry, 1999; Cooper, 2005a,b, 2007a; Vitt &
Pianka, 2007), suggesting that the quantitative foraging
variables are distributed along a spectrum, and analysis
combining two variables completely separates lizard
species into the two modes with no overlap (Cooper,
2005a). A rule of thumb completely separate clusters is
that sit-and-wait foragers have PTM < 0.10 and active
foragers have greater PTM. Using MPM alone, some
overlap exists between modes.
We assigned species to foraging mode categories
based on PTM values or clusters in Cooper (2005a)
when possible, but obtained MPM and PTM values of
only 17 of the 80 lizard species (see Supplementary
Material). When these data were not available, we
assigned foraging mode to species in families that consist entirely of active or entirely of sit-and-wait foragers
(Cooper, 1994). We were thus able to assign foraging
mode for all 80 species. Our main analyses were conducted using the categorical foraging modes. However,
before performing these analyses, we conducted tests
for the 17 species to ascertain whether MPM and PTM
values truly are greater for active than sit-and-wait
foragers. Indeed, active foragers moved more often
(phylANOVA on MPM, F1,16 = 17.328, P = 0.001)
and spent more time moving (phylANOVA on PTM,
F1,16 = 32.072, P = 0.001) than sit-and-wait foragers.
These results validate use of the dichotomous variable
as a measure of foraging behaviour in this study.
Because the categorical foraging modes are so clearly
separated, the categorical analyses provides a clear indication of the relationship of foraging mode to baseline
tongue-flick rate and the degree of increase in tongueflick rate in response to prey chemical cues.
Statistical analyses
The Bayesian phylogenetic tree presented by Pyron
et al. (2013) was assumed to represent the evolutionary
relationships among the study species in our phylogenetic analyses. The tree was constructed on the basis of
five mitochondrial and seven nuclear gene regions. We
obtained our point estimate of the phylogeny by pruning Pyron’s tree to include only the 94 species of this
study. Data were analysed and figures drawn in R STUDIO, version 0.98.501 (R Core Team 2012; R Studio
2013). Probabilities lower than 0.05 were considered
statistically significant. Prior to analyses, we randomly
resolved tree polytomies by transforming all multichotomies into a series of dichotomies (function multi2di in package ape; Paradis et al., 2004), as several
phylogenetic R packages do not accept trees with polytomies. Tongue-flick rates were transformed (square
root) to conform to the statistical expectations of the
analyses (Shapiro–Wilk’s test ≥0.95, P < 0.001).

First, we used both traditional (i.e. nonphylogenetic)
analyses of variance (ANOVA) to assess differences in
baseline tongue-flick rate between snakes and lizards
and among lizard infraorder taxa.
Second, the phylogenetic signal for baseline tongueflick rate was calculated using Pagel’s k and Blomberg’s
K (function phylosignal in package phytools; Revell,
2012). Standard errors were incorporated in the analysis to account for within-species variation and measurement errors, as these are believed to affect the outcome
considerably (Ives et al., 2007). Phylogenetic signals for
the discrete traits (i.e. diet and foraging mode) were
estimated by Pagel’s k (function fitDiscrete in package
geiger; Harmon et al., 2008). Phylogenetic signal is recognized to be the tendency of related species to resemble one another, and Blomberg’s K and Pagel’s k are
two quantitative measures of this pattern (Pagel, 1999;
Blomberg et al., 2003). K values that are approximately
or equal to 1 match the expected trait evolution under
the Brownian motion (BM) and indicate an apparent
phylogenetic signal; K values far under 1 and closer to
zero indicate little or no phylogenetic signal associated
with random trait evolution or convergence; K values
>1 suggest stronger similarities among closely related
species than expected under BM, and thus indicate a
substantial degree of trait conservatism (Blomberg et al.,
2003). Pagel’s k is a scaling parameter that ranges from
zero to 1. Lambda values of zero indicate no phylogenetic signal, whereas values of 1 indicate a strong phylogenetic signal, matching trait evolution, expected
under BM (Pagel, 1999). As the two metrics differ in
their approach to testing for a phylogenetic signal, and
to allow interstudy comparisons, we use both to ensure
accurate interpretation of patterns in squamates fundamental levels of chemosensory investigating using the
lingual–vomeronasal system. To visualize the effect of
evolutionary history on baseline tongue-flick rates, we
estimated their maximum-likelihood ancestral states for
all nodes and along the branches of the phylogenetic
tree (function contMap in package phytools; Revell,
2013). Ancestral state estimates are solely used to visualize systematic differences at the tip and node level,
and no conclusions are based on them.
Third, phylogenetic ANOVAs were used to test for differences in baseline tongue-flick rates among diets and
foraging modes (function phylANOVA in package phytools; Revell, 2012). The statistical exercise was performed twice: (i) including all 93 squamate species and
(ii) solely including lizard species. These additional
analyses disregarding snakes may reveal specific patterns within lizards that could be overlooked when
solely focussing on the complete squamate data set. No
tests were performed on the snake taxa separately, as
they only comprised thirteen species, which is a too
small sample size for phylogenetic comparative analyses
(Blomberg et al., 2003). The tuatara outgroup was
excluded from all ANOVA tests.
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Iguania

Anguimorpha
Serpentes

Tuatara
Lacertoidea
Gekkota

Fig. 1 Ancestral character estimation of
baseline tongue-flick rate along the
branches and nodes of the tree for 94
lepidosaurian species (lizards, snakes
and the tuatara). The illustration
succeeds in visualizing the phylogenetic
conservative character of in the trait.
Relationships based on the phylogeny
proposed by Pyron et al. (2013).
Illustration made in R (function contMap
using type = ‘fan’, in package phytools;
Revell, 2013).

Results
Baseline tongue-flick rate varied considerably among
the 94 squamate species included in this study. They
ranged between zero and nearly 21 tongue-flicks per
minute (Fig. 1). The Eastern kingsnake Lampropeltis
getula showed the maximum mean rate in the data set
(20.68 times/min), but when focussing solely on the
nonophidian squamates, the Gila monster Heloderma
suspectum revealed the highest rate (18.20).
A traditional (nonphylogenetic) analysis of variance,
established a strong significant difference in average
baseline tongue-flick rate between snakes and lizards

High

Low

Baseline tongue-flick rate

(ANOVA; F1,91 = 27.404, P < 0.001). The average baseline
tongue-flick rate of snakes (mean  SE: 12.18  2.11)
was much greater than that of lizards (3.64  0.45),
nearly three times greater (Fig. 2). The traditional

***
14

Baseline tongue-ﬂick rate

Lastly, to examine whether a species’ fundamental
level of chemosensory investigation is related to its
level of investigation in response to food, we correlated
baseline tongue-flick rates with prey tongue-flick rates,
using a phylogenetic generalized least square regression
(pGLS) analysis (function pgls; Freckleton et al., 2002).
Also, we examined whether diet and/or foraging mode
had an effect on the difference in tongue-flick rate
towards prey in comparison with their baseline rate. To
do so, we firstly regressed prey tongue-flick rate against
baseline rate and calculated phylogenetic residuals
(function ‘phyl.resid’; Revell, 2009). Subsequently, we
tested for differences in mean residual values among
species with dissimilar diets and foraging modes.

Scincoidea

***

12
10
8
6
4
2
0

IG

GE

LA

SC

AN

Lizards Snakes

Fig. 2 Mean baseline tongue-flick rate (number of tongue-flicks in
60 s) for the different lizard infraorder, and for snakes and lizards
separately. Error bars represent standard error of mean. IG, Iguania;
GE, Gekkota; LA, Lacertoidea; SC, Scincoidea; AN, Anguimorpha.
*** indicate level of statistical significance (i.e. P < 0.001).
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Table 2 Descriptive statistics (mean, SEs, sample sizes) of baseline tongue-flick rates in the squamate species under study, where the
tuatara outgroup is, thus, not included. Values are shown for all squamates, and for lizards and snakes separately.
Squamates

Mean
SE
n

Lizards

Snakes

Total

AC

SW

I-C

O

H

Total

AC

SW

I-C

O

H

Total

AC

SW

I-C

O

H

4.84
0.57
93

7.06
0.76
52

1.72
0.63
33

5.04
0.67
73

3.71
0.80
14

4.50
2.73
6

3.64
0.45
80

5.61
0.55
42

0.72
0.25
30

3.49
0.50
60

3.71
0.80
14

4.50
2.73
6

12.18
2.11
13

12.33
2.69
10

11.7
2.66
3

12.18
2.11
13

-

-

AC, active foraging; SW, sit-and-wait foraging; I-C, insectivorous–carnivorous; O, omnivorous; H, herbivorous.

High

Baseline tongue-ﬂick rate

statistics established highly significant differences
among some major infraorders of lizards (ANOVA;
F4,75 = 11.900, P < 0.001), where Iguania (0.67  0.27)
exhibited a lower average baseline tongue-flick rate
than Anguimorpha (6.36  2.31; P < 0.001), Scincoidea
(4.68  1.04;
P < 0.001),
Lacertoidea
(4.65  0.59; P < 0.001) and Gekkota (3.82  1.13;
P = 0.010). Descriptive statistics of the baseline tongueflick rates are provided in Table 2.
In general, all variables tested in this study showed
strong phylogenetic signals, which were all statistically
significant (P < 0.001). Baseline tongue-flick rate
revealed a Pagel’s k of 0.811 and a Blomberg’s K of
1.453, which implies that neighbouring taxa tend to
resemble each other more – in their level of chemosensory investigation – than expected under Brownian
motion of evolution (Fig. 3). The categorical variables
diet and foraging mode exhibited Pagel’s k values of
0.966 and 0.999 respectively.
In an analysis accounting for the phylogenetic relationships, we found no effect of diet on baseline tongue-flick rate in squamates (phylANOVA, F2,91 = 0.048,
P = 0.969). However, the overall effect of foraging
mode was significant (phylANOVA, F1,83 = 53.978,
P = 0.001), with active foragers exhibiting a higher tongue-flick rate than sit-and-wait predators (AC
7.06  0.76 vs. SW 1.72  0.63; P = 0.001). Comparable results arose when solely focussing on the lizard
species from the data set; no effect of diet on tongueflick rates (phylANOVA, F2,77 = 0.433, P = 0.710), but
a significant effect of foraging mode (phylANOVA,
F1,70 = 88.749, P = 0.001). The same was true when
regressing (pGLS) baseline tongue-flick rate over MPM
and PTM scores: species with a high baseline tongueflick rate moved often (slope = 0.664, P = 0.004) and
spent lots of time moving (slope = 0.681, P < 0.001;
Supplementary Material).
Lastly, our results revealed that on average, a species’
tongue-flick rate in response to prey items is approximately 1.6 times higher than its baseline tongue-flick
rate. Moreover, baseline tongue-flick rate showed a
highly positive relationship with prey tongue-flick rate
(r2 = 0.462, slope = 1.649, P < 0.001; Fig. 4). Whereas
diet did not affect the difference in increase in tongueflick rate (phylANOVA with residual values as

Low

0

1

Time

Fig. 3 A projection of the squamate phylogeny into a space
defined by baseline tongue-flick rate (on y-axis) and time since the
root (on x-axis). The vertical position of nodes and branches are
computed via ancestral character estimation using likelihood.
Uncertainty is shown via increasing transparency of the plotted
blue lines around the points. Illustration made in R (function
fancyTree using type = ‘phenogram95’, in phytools package; Revell,
2013).

continuous variable, F2,67 = 0.08, P = 0.842), foraging
mode did (phylANOVA, F2,67 = 15.14, P = 0.001). Thus,
species with an active mode of foraging exhibited a
higher increase in tongue-flick rate in contact with prey
than sit-and-wait foragers did.

Discussion
Based on our data for nearly 100 squamate species,
baseline rates of tongue-flicking are strongly related to
phylogenetic groups, that is tend to be stable within
such groups. However, this phylogenetic influence is a
consequence of the stability of foraging modes within
large taxa. This finding is similar to the phylogenetic
clustering of prey chemical discrimination as measured
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4

16

36

Acve foragers

0

Tongue-ﬂick rate towards prey

64

Sit-and-wait foragers

0

1

4

9

16

25

Baseline tongue-ﬂick rate
Fig. 4 Graph illustrating the interspecific relationship between
baseline tongue-flick rate and tongue-flick rate elicited by prey,
among 69 lizard species. Tongue-flick rate is the number of
tongue-flicks in 60 s. A phylogenetic generalized least square
regression analysis computed the solid regression line (function
‘pgls’; Freckleton et al., 2002). Note the square rooted scale on
both axes.

by the ratio of baseline tongue-flick rate to tongue-flick
rate and attack behaviour in response to prey chemical
stimuli by diverse lizards (Cooper, 1995b, 1997). When
the influence of foraging mode is taken into account,
baseline tongue-flick rate is unrelated to the dietary
categories we studied and is not affected by the degree
of phylogenetic relationship. The latter finding is presumably a consequence of concordant shifts in baseline
tongue-flick rate with shifts in foraging mode within
phylogenetic groups, as occurs for prey chemical discrimination when foraging mode changes from its
ancestral state (Cooper, 1994, 1997).
The above findings apply to traditionally defined
lizards, which exclude snakes even though snakes are
taxonomically speaking a subclade of lizards. We also
found that snakes have higher baseline tongue-flick
rates than lizards. This may be a consequence of
increased reliance on chemosensory behaviour in
ancestral snakes that is reflected in the more highly
developed vomeronasal organ (Halpern, 1992), more
elongated and more deeply forked tongues (Halpern,
1992; Schwenk, 1993, 1995; Cooper, 1995a, 1996), and
more complex tongue-flicking movements than lizards
(Gove, 1979), the latter permitting better chemical sampling from both air and substrates. Having such highly
refined lingual–vomeronasal systems, snakes exhibit
prey chemical discrimination regardless of foraging
mode (Burghardt, 1967, 1970; Chiszar et al., 1978,
1981; Cooper, 1991; Cooper et al., 2000a). However,
this result may also be an artefact of our data set
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comprising solely 13 snake species. A detailed investigation of baseline tongue-flick rate by snakes in relation
to foraging mode could be informative.
Tongue-flick rates vary widely among species and
context, even within single lizard families (Cooper,
1994, 1995b, 1997; Verwaijen & Van Damme, 2007).
While moving through their environments, active foragers tongue-flick to gather chemical cues to the location and identity of prey, and to detect pheromones
and the presence of predators (Burghardt, 1970;
Mason, 1992; Cooper, 2007a). When they detect such
chemical cues, they increase their tongue-flick rates to
better assess the cues (e.g. pheromones: Cooper &
Vitt, 1986, 1987; predator scent: Thoen et al., 1986;
Cooper, 1990a) and, in the case of prey or plant food
scents, may bite the source even if it does not otherwise resemble food (Burghardt, 1967; Cooper & Burghardt, 1990; Cooper, 1998a). In contrary, ambush, or
sit-and-wait, foragers have lower baseline tongue-flick
rates than active foragers, and do not increase their
tongue-flick rates significantly in response to food
scent, although they do respond to both pheromones
(Duvall, 1979) and predator stimuli (Downes & Shine,
1998).
As we strictly accounted for phylogenetic relatedness
in our comparative statistics, differences between foraging modes cannot be assigned to shared ancestry. Foraging mode is a highly phylogenetically conservative
trait among squamates, as indicated by the Pagel’s k of
nearly 1. Our traditional statistics reveal that Iguania
has a lower baseline tongue-flick rate than Scleroglossa.
Although almost all iguanian families are ambush foragers (Perry, 1999; Cooper et al., 2001a), foraging mode
is more variable among scleroglossans (Perry, 2007;
Reilly et al., 2007). In Gekkota, for instance, gekkonids
appear to be ambush foragers with some possible
exceptions (Arnold, 1984; Werner et al., 1997; Bauer,
2007), whereas many eublepharid geckos forage
actively (Cooper, 1995b). Among major families of
autarchoglossans, only the Cordylidae consists entirely
of ambush foragers (Cooper et al., 1997). The vast
majority of species in the other autarchoglossan families
are active foragers, but a few ambush foragers occur in
Lacertidae and Scincidae (Cooper, 1994; Perry, 1999).
Our data show that those scleroglossans that are
ambush foragers also exhibit low baseline tongue-flick
rates. As a consequence, the lower baseline tongue-flick
rate of scleroglossan ambush foragers indicate that foraging mode, rather than phylogenetic relatedness, is
responsible for a species’ level of chemosensory investigation. Essentially, these results suggest foraging mode
as a significant actor driving convergent evolution of
similar levels of investment by tongue-flicking in
squamates.
These shifts in chemosensory investigation are part of
a larger trend in lizards for aspects of feeding ecology
and behaviour that has had a profound impact on the
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evolution of lizard extending over 100 million years
and involving changes in methods of prey capture,
morphological and physiological adaptions to enhance
foraging skills in relation to methods of searching for
and capturing prey, and to diet (Cooper, 1995b, 1997;
Vitt et al., 2003; Vitt & Pianka, 2005).
The degree to which tongue-flick rates increase in
response to prey and predator scent and to pheromones
varies greatly among taxa and types of stimuli. This
increase and the ratio of tongue-flick rate when
responding to prey chemicals to baseline tongue-flick
rate are important clues to the chemosensory abilities
of squamates, and permit experimental examination of
abilities to discriminate among types of stimuli. Baseline
tongue-flick rates, those in the absence of stimuli that
may indicate the presence of risks and benefits, do not
directly reveal anything about discriminatory capacities
within species. Nevertheless, they provide an important
window into the interspecific evolution of foraging
behaviour, as indicated by the higher baseline rates of
active foragers to search for cues as they move than
ambush foragers, which are usually at rest when they
visually detect approaching prey. For the latter, which
maintain some degree of crypsis simply by remaining
immobile (Vitt & Congdon, 1978; Vitt & Price, 1982),
the movement of tongue-flicking is typically suppressed
while they are at rest at ambush posts. Tongue-flicking
then might reveal the lizard to predators or even their
prey (Cooper, 1994, 1995b). Ambush foragers tongueflick substrates most frequently when they first arrive
at new site (Simon et al., 1981; Cooper et al., 1994a),
but do not use chemical cues to select suitable ambush
posts (Cooper, 2003a; Cooper & Whiting, 2003). Therefore, the major reason for the difference in baseline
tongue-flick rate between active and ambush foragers is
that active foragers search for prey using chemical cues
sampled while they move and when evaluating a prey
item at close range. In contrast, ambush foragers move
infrequently (Perry, 1999; Cooper, 2005a, 2007a) and
largely restrict tongue-flicking to a few seconds after
arriving at a new position before resuming immobility.
Given the difference in baseline tongue-flick rates
alone, one may predict foraging mode from the baseline
tongue-flick rate of a particular species. Given the positive relationship between baseline tongue-flick rate and
tongue-flick rate in response to prey chemical cues,
baseline rates may also be used to predict the presence
or absence of prey chemical discrimination, and even
its apparent strength. Because our analyses were based
on the categorical foraging mode variable, we encourage future research correlating tongue-flick variables to
MPM and PTM using a larger data set.

Acknowledgments
We thank the editor and two anonymous reviewers for
their helpful comments on an earlier version of the

manuscript, which improved the quality of this manuscript significantly.

References
Ammanna, V.H.F., Saidapur, S.K. & Shanbhag, B.A. 2014. Prey
detection in juveniles of an agamid lizard, Calotes versicolor
(Daudin, 1802) (Reptilia: Squamata). Ital. J. Zool. 81: 155–159.
Amo, L., Lopez, P. & Martın, J. 2004. Chemosensory recognition and behavioral responses of Wall Lizards, Podarcis muralis, to scents of snakes that pose different risks. Copeia 2004:
691–696.
Arag
on, P., L
opez, P. & Martın, J. 2000. Size-dependent
chemosensory responses to familiar and unfamiliar conspecific faecal pellets by the Iberian Rock-lizard, Lacerta monticola.
Ethology 106: 1115–1128.
Arnold, E.N. 1984. Ecology of lowland lizards in the eastern
United Arab Emirates. J. Zool. 204: 329–354.
Baeckens, S., Driessens, T. & Van Damme, R. 2016. Intersexual
chemo-sensation in a “visually-oriented” lizard. Anolis sagrei.
PeerJ 4: e1874.
Baeckens, S.Huyghe, K., Palme, R. & Van Damme, R. 2017.
Chemical communication in the lacertid lizard Podarcis muralis: the functional significance of testosterone. Acta Zool. 98:
94–103.
Bauer, A.M. 2007. The foraging biology of the Gekkota: life in
the middle. In: Lizard Ecology: The Evolutionary Consequences of
Foraging Mode (S.H. Reilly, L.B. McBrayer & D.B. Miles, eds),
pp. 371–405. Cambridge University Press, Cambridge.
Blomberg, S.P., Garland, T. & Ives, A.R. 2003. Testing for phylogenetic signal in comparative data: behavioral traits are
more labile. Evolution 57: 717–745.
Burghardt, G.M. 1967. Chemical-cue preferences of inexperienced snakes: comparative aspects. Science 157: 718–721.
Burghardt, G.M. 1970. Chemical perception of reptiles. In:
Communication by Chemical Signals (J.W. Johnston, D.G.
Moulton & A. Turk, eds), pp. 241–308. Appleton-CenturyCrofts, New York, NY.
Burghardt, G., Goss, S. & Schell, F. 1988. Comparison of earthworm- and fish- derived chemicals eliciting prey attack by
garter snakes (Thamnophis). J. Chem. Ecol. 14: 855–881.
Chiszar, D. & Radcliffe, C.W. 1976. Rate of tongue flicking by
rattlesnakes during successive stages of feeding on rodent
prey. Bull. Psychon. Soc. 7: 485–486.
Chiszar, D., Scudder, K., Knight, L. & Smith, H.M. 1978.
Exploratory behavior in prairie rattlesnakes (Crotalus viridis)
and water moccasins (Agkistrodon piscivorus). Psychol. Rec. 28:
363–368.
Chiszar, D., Radcliffe, C.W., Smith, H.M. & Bashinski, H. 1981.
Effect of prolonged food deprivation on response to prey
odors by rattlesnakes. Herpetologica 37: 237–243.
Cooper, W.E. 1989. Absence of prey odor discrimination by
iguanid and agamid lizards in applicator tests. Copeia 1989:
472–478.
Cooper, W.E. 1990a. Prey odor detection by teiid and lacertid
lizards and its relationship to foraging mode in lizard families. Copeia 1990: 237–242.
Cooper, W.E. 1990b. Chemical detection of predators by a
lizard, the broad-headed skink (Eumeces laticeps). J. Exp. Zool.
256: 162–167.
Cooper, W.E. 1990c. Prey odor discrimination by anguid
lizards. Herpetologica 46: 183–190.

ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 30 (2017) 627–640
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

Chemosensory exploration in Squamata

Cooper, W.E. 1991. Discrimination of integumentary prey
chemicals and strike-induced chemosensory searching in the
ball python, Python regius. J. Ethol. 9: 9–23.
Cooper, W.E. 1994. Chemical discrimination by tongue-flicking in lizards: a review with hypotheses on its origin and its
ecological and phylogenetic relationships. J. Chem. Ecol. 20:
439–487.
Cooper, W.E. 1995a. Evolution and function of lingual shape
in lizards, with emphasis on elongation, extensibility, and
chemical sampling. J. Chem. Ecol. 21: 477–505.
Cooper, W.E. 1995b. Foraging mode, prey chemical discrimination, and phylogeny in lizards. Anim. Behav. 50: 973–
985.
Cooper, W.E. 1995c. Prey chemical discrimination and foraging
mode in gekkonoid lizards. Herpetol. Monogr. 9: 120–129.
Cooper, W.E. 1996. Variation and evolution of forked tongues
in squamate reptiles. Herpetol. Nat. Hist. 4: 135–150.
Cooper, W.E. 1997. Correlated evolution of prey chemical discrimination with foraging, lingual morphology and vomeronasal chemoreceptor abundance in lizards. Behav. Ecol.
Sociobiol. 41: 257–265.
Cooper, W.E. 1998a. Evaluation of swab and related tests for
responses by squamates to chemical stimuli. J. Chem. Ecol.
24: 841–866.
Cooper, W.E. 1998b. Prey chemical discrimination indicated by
tongue-flicking in the eublepharid gecko Coleonyx variegatus.
J. Exp. Zool. 25: 21–25.
Cooper, W.E. 1999a. Supplementation of phylogenetically correct data by two-species comparison: support for correlated
evolution of foraging mode and prey chemical discrimination
in lizards extended by first intrageneric evidence. Oikos 87:
97–104.
Cooper, W.E. 1999b. Prey chemical discrimination in ambush
foragers : absence in representatives of two additional iguanian lizard families and probable olfactory mediation in a
gekkonine gecko. Chemoecology 9: 155–159.
Cooper, W.E. 2000a. Correspondence between diet and food
chemical discriminations by omnivorous geckos (Rhacodactylus). J. Chem. Ecol. 26: 755–763.
Cooper, W.E. 2000b. Food chemical discriminations by an herbivorous lizard, Corucia zebrata. J. Exp. Zool. 286: 372–378.
Cooper, W.E. 2000c. Prey chemical discrimination by the xantusiid lizard Lepidophyma flavimaculatum. J. Herpetol. 34: 323–
325.
Cooper, W.E. 2000d. Chemosensory discrimination of plant
and animal foods by the omnivorous iguanian lizard Pogona
vitticeps. Can. J. Zool. 78: 135–1379.
Cooper, W.E. 2000e. Food chemical discriminations by the
omnivorous scincid lizards Tiliqua scincoides and Tiliqua
rugosa. Herpetologica 56: 480–488.
Cooper, W.E. 2000f. Adaptive difference in the relationship
between foraging mode and response to prey chemicals by
two congeneric scincid lizards. Ethology 106: 193–206.
Cooper, W.E. 2002. Prey chemical discrimination in the lizard
Eugongylus albofasciolatus and its distribution in Scincidae.
Russ. J. Herpetol. 9: 237–242.
Cooper, W.E. 2003a. Correlated evolution of herbivory and
food chemical discrimination in iguanian and ambush foraging lizards. Behav. Ecol. 14: 409–416.
Cooper, W.E. 2003b. Food chemical discrimination by the
omnivorous lizard Leiolepis belliana. J. Herpetol. 37: 189–190.

637

Cooper, W.E. 2005a. The foraging mode controversy: both
continuous variation and clustering of foraging movements
occur. J. Zool. 267: 179–190.
Cooper, W.E. 2005b. Duration of movement as a lizard foraging movement variable. Herpetologica 61: 363–372.
Cooper, W.E. 2007a. Chemosensory behaviour and foraging
mode. In: Lizard Ecology: The Evolutionary Consequences of
Foraging Mode (S.H. Reilly, L.B. McBrayer & D.B. Miles,
eds), pp. 237–270. Cambridge University Press, Cambridge.
Cooper, W.E. 2007b. Elevated tongue-flicking rate to cricket
surface chemicals by the arthropodivorous rough green
snake Opheodrys aestivus. Amphib. Reptil. 28: 413–417.
Cooper, W.E. 2008. Tandem evolution of diet and chemosensory responses in snakes. Amphib. Reptil. 29: 393–398.
Cooper, W.E. & Alberts, A.C. 1991. Tongue-flicking and biting
in response to chemical food stimuli by an iguanid lizard
(Dipsosaurus dorsalis) having sealed vomeronasal ducts:
vomerolfaction may mediate these behavioral responses. J.
Chem. Ecol. 17: 135–146.
Cooper, W.E. & Al-Johany, A.M. 2002. Chemosensory
responses to foods by an herbivorous acrodont lizard, Uromastyx aegyptius. J. Ethol. 20: 95–100.
Cooper, W.E. & Arnett, J. 2001. Absence of discriminatory
tongue-flicking responses to plant chemicals by helodermatid
lizards. Southwest Nat. 46: 405–409.
Cooper, W.E. & Arnett, J. 2003. Correspondence between diet
and chemosensory responsiveness by helodermatid lizards.
Amphib. Reptil. 24: 86–91.
Cooper, W.E. & Burghardt, G. 1990. A comparative analysis of
scoring methods for squamate prey odor discrimination data.
J. Chem. Ecol. 16: 45–65.
Cooper, W.E. & Flowers, M. 2000. Plant chemical discriminations by an herbivorous iguanid lizard, Sauromalus ater.
Amphib. Reptil. 22: 69–80.
Cooper, W.E. & Garstka, W.R. 1987. Lingual responses to
chemical fractions of urodaeal glandular pheromone of the
skink Eumeces laticeps. J. Exp. Zool. 253: 249–253.
Cooper, W.E. & Habegger, J.J. 2000a. Elevated tongue-flicking
and biting by the insectivorous lygosomine skink Mabuya
macularia to prey, but not plant, chemicals. Ethol. Ecol. Evol.
12: 37–41.
Cooper, W.E. & Habegger, J.J. 2000b. Lingual and biting
responses to food chemicals by some eublepharid and gekkonid geckos. J. Herpetol. 34: 360–368.
Cooper, W.E. & Habegger, J.J. 2000c. Lingually mediated discrimination of prey, but not plant chemicals, by the Central American anguid lizard, Mesaspis moreletii. Amphib. Reptil. 22: 81–90.
Cooper, W.E. & Habegger, J.J. 2001. Responses by juvenile
savannah monitor lizards (Varanus exanthematicus) to chemical cues from animal prey, plants palatable to herbivores,
and conspecifics. J. Herpetol. 35: 618–624.
Cooper, W.E. & Hartdegen, R. 2000. Lingual and biting
responses to prey chemicals by ingestively naive lizards: discrimination from control chemicals, time course, and effect
of method of presentation. Chemoecology 58: 51–58.
Cooper, W.E. & Lemos-Espinal, J.A. 2001. Coordinated ontogeny of food preference and responses to chemical food
stimuli by a lizard, Ctenosaura pectinata. Ethology 107: 639–
653.
Cooper, W.E. & Perez-Mellado, V. 2001a. Omnivorous lacertid
lizards (Gallotia) from El Hierro, Canary Islands, can identify

ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 30 (2017) 627–640
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

638

S. BAECKENS ET AL.

prey and plant food using only chemical cues. Can. J. Zool.
79: 881–887.
Cooper, W.E. & Perez-Mellado, V. 2001b. Food chemical cues
elicit general and population-specific effects on lingual and
biting behaviors in the lacertid lizard Podarcis lilfordi. J. Exp.
Zool. 290: 207–217.
Cooper, W.E. & Perez-Mellado, V. 2002. Responses to food
chemicals by two insectivorous and one omnivorous species
of lacertid lizards. Neth. J. Zool. 52: 11–28.
Cooper, W.E. & Secor, S. 2007. Strong response to anuran
chemical cues by an extreme dietary specialist, the hognose
snake (Heterodon platyirhinos). Can. J. Zool. 85: 619–625.
Cooper, W.E. & Steele, L.J. 1999. Lingually mediated discriminations among prey chemicals and control stimuli in cordyliform lizards: presence in a gerrhosaurid and absence in two
cordylids. Herpetologica 55: 361–368.
Cooper, W.E. & Trauth, S.E. 1992. Discrimination of conspecific male and female cloacal chemical stimuli by males and
possession of a probable pheromone gland by females in a
cordylid lizard, Gerrhosaurus nigrolineatus. Herpetologica 48:
229–236.
Cooper, W.E. & Van Wyk, J.H. 1994. Absence of prey chemical
discrimination by tongue-flicking in an ambush-foraging
autarchoglossan lizard. Ethology 97: 317–328.
Cooper, W.E. & Vitt, L.J. 1986. Lizard pheromones: behavioral
responses and adaptive significance in skinks of the genus
Eumeces. In: Chemical Signals in Vertebrates 4 (D. Duvall, D.
M€
uller-Schwarze & R.M. Silverstein, eds), pp. 323–340. Plenum Publishing Corporation, New York, NY.
Cooper, W.E. & Vitt, L.J. 1987. Ethological isolation, sexual
behavior and pheromones in the Fasciatus species group of
the lizard genus Eumeces. Ethology 75: 328–336.
Cooper, W.E. & Vitt, L.J. 1989. Prey odor discrimination by
the broad-headed skink Eumeces laticeps. J. Exp. Zool. 249:
11–16.
Cooper, W.E. & Vitt, L.J. 2002. Distribution, extent, and evolution of plant consumption by lizards. J. Zool. 257: 487–517.
Cooper, W.E. & Whiting, M.J. 2003. Prey chemicals do not
affect giving-up-time at ambush posts by the cordylid lizard
Platysaurus broadleyi. Herpetologica 59: 455–458.
Cooper, W.E., Buth, D.G. & Vitt, L.J. 1990. Prey odor discrimination by ingestively naive coachwhip snakes (Masticophis
flagellum). Chemoecology 1: 86–91.
Cooper, W.E., Vitt, L.J. & Caldwell, J.P. 1994a. Movement and
substrate tongue-flicks in phrynosomatid lizards. Copeia
1994: 234–237.
Cooper, W.E., Van Wyk, J.H. & Mouton, P.F.N. 1994b. Strikeinduced chemosensory searching is absent in the cordylid
lizard, Cordylus cordylus, a scleroglossan ambush forager. Chemoecology 5–6: 47–52.
Cooper, W.E., Deperno, C.S. & Fox, S.F. 1996. Prey chemical
discrimination and strike-induced chemosensory in lizards:
their absence in a crotaphytid lizard (Crotaphytus collaris) and
a proposal for research in zoos. Zoo. Biol. 253: 239–253.
Cooper, W.E., Whiting, M.J. & Van Wyk, J.H. 1997. Foraging
modes of cordyliform lizards. S. Afr. Zool. 32: 9–13.
Cooper, W.E., Lemos-Espinal, J.A. & Smith, G.R. 1998. Presence and effect of defensiveness or context on detectability
of prey chemical discrimination in the lizard Xenosaurus
platyceps. Herpetologica 54: 409–413.
Cooper, W.E., Burghardt, G.M. & Brown, W.S. 2000a. Behavioural responses by hatchling racers (Coluber constrictor)

from two geographically distinct populations to chemical
stimuli from prey and predators. Amphib. Reptil. 21: 103–115.
Cooper, W.E., Al-Johany, A.M. & Vitt, L.J. 2000b. Responses
to chemical cues from animal and plant foods by actively
foraging insectivorous and omnivorous scincine lizards. J.
Exp. Zool. 287: 327–339.
Cooper, W.E., Paulissen, M.A. & Habegger, J.J. 2000c. Discrimination of prey, but not plant, chemicals by actively
foraging, insectivorous lizards, the lacertid Takydromus sexlineatus and the teiid Cnemidophorus gularis. J. Chem. Ecol.
26: 1623–1634.
Cooper, W.E., Vitt, L.J., Caldwell, J.P. & Fox, S.F. 2001a. Foraging modes of some American lizards: relationships among
measurement variables and discreteness of modes. Herpetologica 57: 65–76.
Cooper, W.E., Ferguson, G.W. & Habegger, J.J. 2001b.
Responses to animal and plant chemicals by several iguanian
insectivores and the tuatara, Sphenodon punctatus. J. Herpetol.
35: 255–263.
Cooper, W.E., Habegger, J.J. & Espinoza, R.E. 2001c.
Responses to prey and plant chemicals by three iguanian
lizards: relationship to plants in the diet and foraging mode.
Amphib. Reptil. 22: 349–361.
Cooper, W.E., Caldwell, J.P., Vitt, L.J., Perez-Mellado, V. &
Baird, T.A. 2002a. Food chemical discriminations and correlated evolution between plant diet and plant chemical
discrimination in lacertiform lizard. Can. J. Zool. 80: 655–
663.
Cooper, W.E., Perez-mellado, V. & Sillero, N. 2002b. Responses
to food chemicals by the insectivorous lacertid lizard Podarcis
muralis. Amphib. Reptil. 23: 238–245.
Cooper, W.E., Baird, T.A., Caldwell, J.P. & Vitt, L.J. 2003a.
Pursuit deterrent signalling by the Bonaire Whiptail lizard
Cnemidophorus murinus. Behaviour 141: 297–311.
Cooper, W.E., Valentin, J., Vitt, L.J. & Budzynski, B. 2003b.
Cologne as a pungency control in tests of lizard chemical
discriminations. J. Ethol. 21: 101–106.
Daghfous, G., Smargiassi, M., Libourel, P.A., Wattiez, R. & Bels,
V. 2012. The function of oscillatory tongue-flicks in snakes:
insights from kinematics of tongue-flicking in the banded
water snake (Nerodia fasciata). Chem. Senses 37: 883–896.
Dial, B. & Schwenk, K. 1996. Olfaction and predator detection
in Coleonyx brevis (Squamata: Eublepharidae), with comments on the functional significance of buccal pulsing in
geckos. J. Exp. Zool. 276: 415–424.
Downes, S. & Shine, R. 1998. Sedentary snakes and gullible
geckos: predator-prey coevolution in nocturnal rock-dwelling reptiles. Anim. Behav. 55: 1373–1385.
Duvall, D. 1979. Western Fence lizard (Sceloporus occidentalis):
chemical signals, conspecific discriminations and release of a
species-typical visual display. J. Exp. Zool. 210: 321–326.
Evans, L.T. 1961. Structure as related to behaviour in the organization of populations of reptiles. In: Vertebrate Speciation
(W.F. Blair, ed.), pp. 148–178. University of Texas Press,
Houston, TX.
Filoramo, N.I. & Schwenk, K. 2009. The mechanism of chemical
delivery to the vomeronasal organs in squamate reptiles: a
comparative morphological approach. J. Exp. Zool. 34: 20–34.
Font, E., Carazo, P., Perez i de Lanuza, G. & Kramer, M. 2012.
Predator-elicited foot shakes in wall lizards (Podarcis muralis):
evidence for a pursuit-deterrent function. J. Comp. Psychol.
126: 87–96.

ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 30 (2017) 627–640
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

Chemosensory exploration in Squamata

Freckleton, R.P., Harvey, P.H. & Pagel, M. 2002. Phylogenetic
analysis and comparative data: a test and review of evidence.
Am. Nat. 160: 712–726.
Garrett, C. & Card, W. 1993. Chemical Discrimination of prey
by naive neonate Gould’s monitors Varanus gouldii. J. Chem.
Ecol. 19: 2599–2604.
Gove, D. 1979. A comparative study of snake and lizard tongue-flicking, with an evolutionary hypothesis. Z. Tierpsychol.
51: 58–76.
Halpern, M. 1992. Nasal chemical senses in reptiles: structure
and function. In: Biology of the Reptilia, Vol 18, Brain, Hormones, and Behaviour (C. Gans & D. Crews, eds), pp. 423–
523. University of Chicago Press, Chicago, IL.
Harmon, L.J., Weir, J.T., Brock, C.D., Glor, R.E. & Challenger,
W. 2008. GEIGER: investigating evolutionary radiations.
Bioinformatics 24: 129–131.
Herrel, A. 2007. Herbivory and foraging mode. In: Lizard Ecology: The Evolutionary Consequences of Foraging Mode (S.H.
Reilly, L.B. McBrayer & D.B. Miles, eds), pp. 209–237. Cambridge University Press, Cambridge.
Herrel, A., Timmermans, J.P. & De Vree, F. 1998. Tongueflicking in agamid lizards: morphology, kinematics, and muscle activity patterns. Anat. Rec. 252: 102–116.
Hews, D.K., Date, P., Hara, E. & Castellano, M.J. 2011. Field
presentation of male secretions alters social display in Sceloporus virgatus but not S. undulatus lizards. Behav. Ecol. Sociobiol. 65: 1403–1410.
Huey, R. & Pianka, E.R. 1981. Ecological consequences of foraging mode. Ecology 62: 991–999.
Huyghe, K., Vanhooydonck, B., Herrel, A., Tadic, Z. & Van
Damme, R. 2012. Female lizards ignore the sweet scent of
success: male characteristics implicated in female mate preference. Zoology 115: 217–222.
Ives, A.R., Midford, P.E. & Garland, T. 2007. Within-species
variation and measurement error in phylogenetic comparative methods. Syst. Biol. 56: 252–270.
LeMaster, M.P. & Mason, R.T. 2001. Evidence for a female sex
pheromone mediating male trailing behavior in the redsided garter snake, Thamnophis sirtalis parietalis. Chemoecology
11: 149–152.
Loop, M.S. & Scoville, S.A. 1972. Response of newborn Eumeces
inexpectatus to prey-object extracts. Herpetologica 28: 254–256.
L
opez, P. & Martın, J. 2012. Chemosensory exploration of
male scent by female rock lizards result from multiple chemical signals of males. Chem. Senses 37: 47–54.
L
opez, P. & Salvador, A. 1992. The role of chemosensory cues
in discrimination of prey odors by the amphisbaenian Blanus
cinereus. J. Chem. Ecol. 18: 87–93.
L
opez, P., Ortega, J. & Martın, J. 2014. Chemosensory prey
detection by the amphisbaenian Trogonophis wiegmanni. J.
Herpetol. 48: 514–517.
Martın, J. & L
opez, P. 2000. Chemoreception, symmetry and
mate choice in lizards. Proc. R. Soc. Lond. B Biol. Sci. 267:
1265–1269.
Martın, J. & L
opez, P. 2014. Pheromones and other chemical
communication in animals. In: Reproductive Biology and Phylogeny of Lizards and Tuatara (J.L. Rheubert, D.S. Siegel &
S.E. Trauth, eds), pp. 43–77. CRC Press, Boca Raton, FL.
Martin, M., Meylan, S., Perret, S. & Le Galliard, J.F. 2015. UV
coloration influences spatial dominance but not agonistic
behaviors in male wall lizards. Behav. Ecol. Sociobiol. 69:
1483–1491.

639

Martın, J., Civantos, E., Amo, L. & L
opez, P. 2007. Chemical
ornaments of male lizards Psammodromus algirus may reveal
their parasite load and health state to females. Behav. Ecol.
Sociobiol. 62: 173–179.
Mason, R.T. 1992. Reptilian pheromones. In: Hormones, Brain,
and Behavior; Biology of the Reptilia, Vol 18, Physiology E (C.
Gans & D. Crews, eds), pp. 114–228. University of Chicago
Press, Chicago, IL.
Mason, R.T. & Parker, M.R. 2010. Social behavior and pheromonal communication in reptiles. J. Comp. Physiol. A. Neuroethol. Sens. Neural. Behav. Physiol. 196: 729–749.
M€
uller-Schwarze, D., ed) 2006. Chemical Signals in Vertebrates.
Cambridge University Press, Cambridge.
M€
uller-Schwarze, D. & Silverstein, R.M., eds) 1980. Chemical
Signals: Vertebrates and Aquatic Invertebrates. Plenum Press,
New York, NY.
Pagel, M. 1999. Inferring the historical patterns of biological
evolution. Nature 401: 877–884.
Paradis, E., Claude, J. & Strimmer, K. 2004. APE: analyses of
phylogenetics and evolution in R language. Bioinformatics 20:
289–290.
Perez I de Lanuza, G. & Font, E. 2014. Now you see me, now
you don’t: iridescence increases the efficacy of lizard chromatic signals. Naturwissenschaften 101: 831–837.
Perry, G. 1999. The evolution of search modes: ecological versus phylogenetic perspectives. Am. Nat. 153: 99–109.
Perry, G. 2007. Movement patterns in lizards: measurements,
modality, and behavioural correlates. In: Lizard Ecology: The
Evolutionary Consequences of Foraging Mode (S.H. Reilly, L.B.
McBrayer & D.B. Miles, eds), pp. 13–48. Cambridge University Press, Cambridge.
Pianka, E.R., Huey, R.B. & Lawlor, L.R.. 1979. Niche segregation in desert lizards. In: Analysis of Ecological Systems (D.J.
Horn, R. Stairs & R.D. Mitchell, eds), pp. 67–115. Ohio State
University Press, Columbus, OH.
Punzo, F. 2008. Chemosensory recognition of the marbled
whiptail lizard, Aspidoscelis marmorata (Squamata: Teiidae) to
odors of sympatric lizards (Crotophytus collaris, Coleonyx brevis,
Eumeces obsoletus and Uta stansburiana) that represent different predation risks. J. Evol. Biol. 29: 57–61.
Pyron, R., Burbrink, F. & Wiens, J. 2013. A phylogeny and
revised classification of Squamata, including 4161 species of
lizards and snakes. BMC Evol. Biol. 13: 1–53.
R Core Team 2012. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna,
Austria.
R Studio 2013. R Studio: Integrated Development Environment for
R, Version 0.98.510. R Studio, Boston, MA. http://www.rstud
io.org
Reilly, S.M., McBrayer, L.B. & Miles, D.B. 2007. Prey capture
and prey processing behavior and the evolution of lingual and
sensory characteristics: divergences and convergences in lizard
feeding biology. In: Lizard Ecology: The Evolutionary Consequences
of Foraging Mode (S.H. Reilly, L.B. McBrayer & D.B. Miles,
eds), pp. 302–334. Cambridge University Press, Cambridge.
Revell, L.J. 2009. Size-correction and principal components for
interspecific comparative studies. Evolution 63: 3258–3268.
Revell, L.J. 2012. phytools: An R package for phylogenetic
comparative biology (and other things). Methods Ecol. Evol. 3:
217–223.
Revell, L.J. 2013. Two new graphical methods for mapping trait
evolution on phylogenies. Methods Ecol. Evol. 4: 754–759.

ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 30 (2017) 627–640
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

640

S. BAECKENS ET AL.

Schwenk, K. 1993. The evolution of chemoreception in squamate reptiles: a phylogenetic approach. Brain Behav. Evol. 41:
124–137.
Schwenk, K. 1994. Comparative biology and the importance of
cladistic classification: a case study from the sensory biology
of squamate reptiles. Biol. J. Linn. Soc. 52: 69–82.
Schwenk, K. 1995. Of tongues and noses: chemoreception in
lizards and snakes. Trends Ecol. Evol. 10: 7–12.
Scott, M.L., Llewelyn, J., Higgie, M., Hoskin, C.J., Pike, K. &
Phillips, B.L. 2015. Chemoreception and mating behaviour
of a tropical Australian skink. Acta Ethol. 18: 283–293.
Simon, C.A., Gravelle, K., Bissinger, B.E., Eiss, I. & Ruibal, R.
1981. The role of chemoreception in the iguanid lizard Sceloporus jarrovi. Anim. Behav. 29: 46–54.
Smith, K.P.W., Parker, M.R. & Bien, W.F. 2015. Behavioral
variation in prey odor responses in northern pine snake neonates and adults. Chemoecology 5027: 233–242.
Thoen, C., Bauwen, D. & Verheyen, R.F. 1986. Chemoreceptive and behavioural responses of the common lizard Lacerta
vivipara to snake chemical deposits. Anim. Behav. 34: 1805–
1813.
Van Damme, R. & Castilla, A.M. 1996. Chemosensory predator
recognition in lizard effects of predation pressure relaxation.
J. Chem. Ecol. 22: 13–22.
Van Damme, R., Bauwens, D., Thoen, C., Vanderstighelen, D.
& Verheyen, R.F. 1995. Responses of naive lizards to predator chemical cues. J. Herpetol. 29: 38–43.
Verwaijen, D. & Van Damme, R. 2007. Relationships between
chemosensory behaviour and foraging mode within lacertid
lizards. Behaviour 144: 83–99.
Vidal, N. & Hedges, S.B. 2009. The molecular evolutionary tree of
lizards, snakes, and amphisbaenians. C. R. Biol. 332: 129–139.
Vitt, L.J. & Congdon, J.D. 1978. Body shape, reproductive
effort, and relative clutch mass in lizards: resolution of a
paradox. Am. Nat. 112: 595–608.
Vitt, L.J. & Pianka, E.R. 2005. Deep history impacts presentday ecology and biodiversity. Proc. Natl. Acad. Sci. USA 102:
7877–7881.
Vitt, L.J. & Pianka, E.R. 2007. Feeding ecology in the natural
world. In: Lizard Ecology (S.H. Reilly, L.B. McBrayer & D.B.
Miles, eds), pp. 141–173. Cambridge University Press, Cambridge.

Vitt, L.J. & Price, H.J. 1982. Ecological and evolutionary determinants of relative clutch mass in lizards. Herpetologica 38:
237–255.
Vitt, L.J., Pianka, E.R., Cooper, W.E. & Schwenk, K. 2003. History and the global ecology of squamate reptiles. Am. Nat.
162: 44–60.
Weaver, R.E., Clark, W.H. & McEwen, D.C. 2012. Prey chemical discrimination by the desert nightsnake (Hypsiglena chlorophaea): a comparison of invertebrate and vertebrate prey. J.
Herpetol. 46: 523–526.
Weldon, P.J., Ford, N.B. & Perry-Richardson, J.J. 1990.
Responses by corn snakes (Elaphe guttata) to chemicals from
heterospecific snakes. J. Chem. Ecol. 16: 37–44.
Werner, Y.L., Okada, S., Ota, H., Perry, G. & Tokunaga, S. 1997.
Varied and fluctuating foraging modes in nocturnal lizards of
the family Gekkonidae. Asiat. Herpetol. Rev. 7: 153–165.
Williams, P. & Brisbin, I. 1978. Responses of captive-reared
Eastern Kingsnakes (Lampropeltis getulus) to several prey odor
stimuli. Herpetologica 34: 79–83.
Wyatt, T.D., ed. 2014. Pheromones and Animal Behaviour: Chemical
Signals and Signatures. Cambridge University Press, Cambridge.
Yanosky, A.A., Iriart, D.E. & Mercolli, C. 1993. Predatory
behavior in Tupinambis teguixin (Sauria: Teiidae). I. Tongueflicking responses to chemical food stimuli. J. Chem. Ecol. 19:
291–299.

Supporting information
Additional Supporting Information may be found
online in the supporting information tab for this article:
Table S1 Tongue-flick rate and foraging behaviour of
17 lizard species, assembled from the literature.
Figure S1 Graphs showing the relationship between
(baseline and prey) tongue-flick rate, and two numerical parameters describing foraging behaviour (MPM,
PTM) for active and sit-and-wait foragers.
Data deposited at Dryad: doi: 10.5061/dryad.61mk0
Received 18 October 2016; accepted 18 December 2016

ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 30 (2017) 627–640
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2016 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

