The Journal of Experimental Biology 202, 1127-1137 (1999)
Printed in Great Britain © The Company of Biologists Limited 1999
JEB1834

1127

KINEMATICS OF INTRAORAL TRANSPORT AND SWALLOWING IN THE
HERBIVOROUSLIZARD UROMASTIX ACANTHINURUS

ANTHONY HERREL* anD FRITS DE VREE
Department of Biology, University of Antwerp (UIA), Universiteitsplein 1, B-2610 Antwerp, Belgium
*e-mail: aherrel @uia.ua.ac.be

Accepted 17 February; published on WM 6 April 1999

Summary

Thekinematics of intraoral transport and swallowing in
lizards of the species Uromastix acanthinurus
(Chamaeleonidae, Leiolepidinae) were investigated using
cineradiography (50framess™). Additional recordings
were also made using high-speed (500framess™) and
conventional video systems (25framess™). Small metal
markerswereinserted into different partsof theupper and
lower jaw and the tongue. Cineradiographic images were
digitised, and displacements of the body, head, upper and
lower jaw and the tongue were quantified. Twenty
additional variables depicting displacements and the
timing of events were calculated. Multivariate analyses of
variance indicated significant differences between feeding
stages. Remarkably, only very few food-type-dependent
differences were observed during intraoral transport, and
no such differences could be demonstrated during

swallowing. Using previously published data for the closely
related insectivorous lizard Plocederma stellio, the effect of
dietary specialisation in U. acanthinurus on the kinematic
variables while eating locusts was examined. Species
differed in anumber of gape- and tongue-related variables.
These differences may be related to differences in tongue
structure between the species. Clearly, U. acanthinurus
possesses a specialised gut and dental structurethat allows
them efficiently to cut pieces from whole leaves. However,
a decrease in modulatory capacity seems to be a
consequence of dietary specialisation in  Uromastix
acanthinurus.

Key words: kinematics, feeding behavior, lizard, Uromastix

acanthinurus, herbivory.

I ntroduction

The origin of the amniote feeding mechanism can be
considered as a key event in the evolution of the vertebrate
skull. However, it has been proposed that many functional
attributes of the feeding mechanism of amniotes are
plesiomorphies retained from anamniote ancestors (L auder and
Gillis, 1996), which is reflected in a generally ‘stereotyped’
feeding mechanism (e.g. Bramble and Wake, 1985; Reilly and
Lauder, 1990; Lauder and Reilly, 1994). However, the
quantitative data required to test such hypotheses are still rare
in both amniote and anamniote groups. Additionally, several
recent studies did not find the supposed stereotypy in the
feeding patterns of fish and other anamniotes (Wainwright and
Lauder, 1986; Wainwright et al., 1989).

An insight into the ability of organisms to modulate the
pattern of neuromuscular and kinematic events as a response
to changes in feeding conditions is thus critical to test
evolutionary hypotheses. However, the trophic ecology of
species can place direct limitations on the modulatory
capacities of organisms. Organisms with a narrow diet may be
limited in their ability to modulate specific components of their
feeding mechanism, which in turn results in a decrease in
potential trophic breadth (Liem, 1980; Lauder, 1983; Ralston
and Wainwright, 1997). Organisms that exploit extremely

limited and demanding (i.e. requiring a specialised feeding
system) diets such as eggs or plants may become constrained
in their ability to ingest other food items. In the African egg-
eating snakes of the genus Dasypeltis, this has led to an almost
complete reduction of teeth on the palato-maxillary arches,
precluding other food items such as rodents or birds from their
diet (Gans, 1974).

In mammals, the adoption of a herbivorous lifestyle had
important consequences for the morphological (Maynard
Smith and Savage, 1959; for overviews, see Hiiemae and
Crompton, 1985; Russell and Thomason, 1993), physiological
(Sibly, 1981; Demment and Van Soest, 1985; Maloiy and
Clemens, 1990) and functional (De Vree and Gans, 1976;
Weijs, 1994) properties of the mouth and gut processing
systems. Whereas the feeding mechanics of herbivorous
mammals are well studied, only a limited amount of
information is available regarding the feeding mechanics of
herbivorous lizards (Throckmorton, 1976, 1978, 1980).
However, being basa amniotes, lizards are key study
organismsin the understanding of the evolution of mammalian
feeding systems. In addition, a detailed analysis of feeding in
herbivorous lizards might shed some light on the long-standing
debate concerning the absence of a radiation of herbivorous
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lizards (Szarski, 1962; Ostrom, 1963; Sokol, 1967; Pough,
1973; lverson, 1980, 1982). In particular, a quantitative
analysis of the feeding kinematics, which can be used to
characterise the feeding system in plant-eating lizards and can
be compared with published data for insectivorous species,
might provide new insightsinto the absence of such aradiation.
In the present study, the quantitative properties of jaw and
tongue movements in the herbivorous lizard Uromastix
acanthinurus were studied. Species of the genus Uromastix are
especially interesting (1) because they are considered to be
‘true’  herbivores, consuming predominantly plant material
throughout their active season (Dubuis et al., 1971; Grenot,
1976; Al-Ogily and Hussain, 1983; Bouskila, 1986, 1987); (2)
because quantitative kinematic data are available for the
closely related (see Frost and Etheridge, 1989; Joger, 1991)
generalised insectivorous lizard Plocederma stellio (Herrel et
al., 1996), and (3) because previous studies on this genus have
demonstrated several dietary specialisations in dentition
(Cooper et al., 1970; Cooper and Poole, 1973; Robinson, 1976;
Throckmorton, 1979) and gut structure (EI Toubi and Bishai,
1959; lverson, 1980, 1982). Although limited kinematic data
areavailablefor theselizards (U. aegyptius, see Throckmorton,
1976, 1980), they do not alow a statistical analysis of alarge
number of jaw- and tongue-related kinematic variables.

Materials and methods
Soecimens

Four adult specimens (snout—vent length: 162+2 mm; mass
141+109g; means = s.p.) of the species Uromastix acanthinurus
Bell (Chamael eonidae, Leiolepidinae; see Frost and Etheridge,
1989) were used in the experiments. The specimens were
obtained from a commercial dealer. The animals were kept in
a glass vivarium on a 12h:12h L:D cycle and were offered
water and food consisting of endive, salad, tomato, banana and
various other fruits and vegetables ad libitum. The
environmental temperature varied from 35°C during the day
to 25°C at night; an incandescent bulb provided the animals
with a basking place a a higher temperature (45°C). An
additional two animals were dissected and stained (Bock and
Shear, 1972) to characterise al jaw and hyolingual muscles.
Drawings were made of all stages of the dissection using a
Wild M3Z dissecting microscope, provided with a camera
lucida.

Cineradiographic and video recordings

Cineradiography was accomplished using a Siemens
Tridoros-Optimatic 880 X-ray apparatus equipped with a
Sirecon-2 image intensifier. Feeding bouts were recorded
laterally using an Arriflex 16 mm ST camera equipped with a
70mm lens at a film speed of 50framess™. Before
cineradiography, small meta markers were inserted
subcutaneously on the upper and lower jaws, at the base and
thetop of the quadrate, in the tongue, on the frontal and parietal
bones and dorsally in the neck just below the skin using a
hypodermic needle (Fig. 1). During implantation of these

radio-opaque markers, animals were anesthetised with an
intramuscular injection of Ketalar (100mgkgbody mass).
Placement of the markers was checked using dorsoventral and
lateral X-ray photographs before and after the recording
sessions. During the cineradiographic recordings, the insect
prey were injected with barium sulphate to aid the visualisation
of their position.

Additional recordings of the feeding process were made
using high-speed (NAC-1000 system, 500framess™) and
conventiona (Panasonic camera and zoom lens, 50framess™)
video systems. Video torches (2.4kW:; Tri-Lite, Cool Light Co.
Inc., Hollywood, USA) provided the necessary illumination. In
both the cineradiographic and the video recording sessions, the
animals were filmed in an acrylic cage (100 cmx30 cmx30 cm)
while feeding on endive, and during one recording session
while feeding on locusts Locusta migratoria (L.) (2.0-3.0cm).

Cineradiographic and video analysis

Only feeding sequences in which the anima remained at
right angles to the axis of the camera were analysed.
Cineradiographic films were projected frame by frame onto a
HIPAD-digitiser with a Vanguard projector. The position of
each marker (see Fig. 1) was digitised, and the horizontal (X)
and vertical (y) coordinates of each were recorded for each
frame. High-speed and conventional video recordings were
analysed by digitising seven clearly visible externa markers
(coloured spots, as in Herrel et a., 1996) using the NAC x,y
coordinator. Horizontal (x) and vertical (y) coordinates were
recorded for each digitised point at intervals of two frames for
high-speed recordings.

Variables calculated for cineradiographic (X-ray) recordings
were (with respect to the numbered markers on Fig. 1):
changes in gape profile (distance 1-4; angle subtended by the
two lines 1-2 and 3-4), vertical displacement of the upper and
the lower jaw (y coordinate of points 1 and 4), cranial elevation
(angle subtended by line 1-2 and the horizontal), lower jaw
depression (angle subtended by line 34 and the horizontal)
and streptostylic angle (angle subtended by the two lines 9-10
and 6-5; a decrease in this angle indicates an anteriad rotation
of the quadrate). On the cineradiographic recordings, the
displacement of the tongue was also calculated from the x and
y coordinates of both tongue markers relative to the anterior
marker on the lower jaw (Fig. 1).

Twelve compl ete endive feeding bouts were recorded. From
these, 31 intraoral transport and 15 swallowing bites were
selected. In two feeding sequences, one animal accepted
locusts. From these, 11 intraoral transport and 12 swallowing
bites were selected. The other three animals refused to eat
locusts.

On the basis of the kinematic plots of the movements of jaws
and tongue, the following variables were determined: (1) the
durations of the slow opening (SO) phases (DSOI and DSOII)
when present (if not, the duration of the whole SO phase was
recorded), the duration of the fast opening phase (DFO), the
duration of the fast closing phase (DFC), the duration of the
slow closing/power stroke or stationary phase (DSC/PS,



Fig. 1. Positions of lead markers inserted into the skull of Uromastix
acanthinurus and used to calculate different kinematic variables. 1,
anterior marker of the upper jaw; 2, posterior marker of the upper
jaw; 3, posterior marker of the lower jaw; 4, anterior marker of the
lower jaw; 5, lower marker of the quadratum; 6, upper marker of the
quadratum; 7, posterior tongue marker; 8, anterior tongue marker; 9,
marker placed on the frontal bone; 10, marker placed on the parieta
bone.

DSTAT) and the duration of the total cycle (DTC); (2) the
maximal values of the gape distance (GD), gape angle (GA),
lower jaw depression (MDLJ), cranial elevation (MEUJ),
horizontal (MHDTO) and vertica (MVDTO) tongue
displacement, and streptostylic angle (STREPTO; the
difference between the initial angle at the beginning of the
cycle and the maximal angle at the end of the FO phase); (3)
the time to maximal gape angle (TGA), the time to the most
anterior (TMHDTO) and to the most dorsal (TMVDTO)
tongue positions, the times to maximal depression of the lower
jaw (TMDLJ) and elevation of the neurocranium (TMEUJ);
and (4) the duration of horizontal and vertical tongue retraction
(THTR, TVTR). The different phases within a jaw cycle were
determined on the basis of the changes in angular velocity of
the gape cycle in conjunction with the changes in tongue
movement. When sequences were partially analysed, frame 1
was arbitrarily chosen as the beginning of the slow opening of
the mouth.

Several analyses were performed on the kinematic data (1)
to explore the similarities between feeding stages (intraoral
transport, swallowing), (2) to evaluate the effect of food type
on the kinematic variables and (3) to compare feeding in U.
acanthinurus with data published for the closely related
insectivorous lizard P. stellio (Herrel et al., 1996). For these
analyses, the Statistica (StatSoft Inc.) statistical package was
used.

The data, containing both endive and locust intraoral
transport and swallowing bites, were submitted to a
multivariate analysis of variance (MANOVA). As significant
interaction effects were detected, the original data set was
subdivided into separate intraoral transport and swallowing
data sets. A MANOVA was performed on these coupled to
univariate F-tests (see Table 1) to determine which variables
were significantly different for endive and locust cycles. For
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al univariate F-tests performed, the significance level was
corrected using a sequential Bonferroni correction (see Rice,
1989).

Next, a data set consisting of locust intraoral transport and
swallowing cycles from U. acanthinurus and P. stellio (data
from Herrel et al., 1996) was constructed and submitted to a
two-way MANOVA to investigate the species effect and the
interactions between species and feeding stage on the
kinematic characteristics of the feeding cycle. Because of
significant interaction effects, a single data set per cycle type
was then constructed to evaluate the effect of species
separately on the kinematic variables. On these data sets, a
MANOV A was performed to evaluate the differences observed
for different species. If significant effects were detected,
univariate F-tests were carried out to determine which
variables were significantly different.

All analyses were performed on data sets consisting of 15
kinematic variables representing al aspects of the feeding
cycle [GA, MHDTO, DSO, DFO, DFC, DSC/PS, DTC,
THTR, TVTR, TMEUJ, TMDLJ, TMHDTO, TMVDTO, TGA
and STREPTO (for Uromastix only); for an explanation of the
abbreviations used see above and Table 1].

Results

In the following description of feeding cycles, the
terminology of Bramble and Wake (1985) is used. Since
Uromastix acanthinurus is a herbivorous lizard (three of the
four lizards refused to eat insects), the following descriptions
of feeding stages are based on endive feeding sequences.
Differences between endive and locust cycles will be discussed
Separately.

A feeding sequence consists of three distinct stages: food
prehension, intraoral transport and swallowing (De Vree and
Gans, 1989; Herrel et al., 1996). During intraoral transport, five
phases can be recognised within one cycle: slow opening (SO),
sometimes separable into phases | and Il (SOI, SOIl); fast
opening (FO); fast closing (FC); and a slow closing/power
stroke phase (SC/PS). During swallowing, no SOI and SOI|
phases are discernible. In addition, because the food item is no
longer situated between the teeth, no SC/PS phase is present.
However, a stationary phase, during which no jaw or tongue
movements occur, is present during swallowing.

In U. acanthinurus, the difference between the two SO
phases is often hard to delineate on the basis of the jaw
movements only. However, when examining tongue
movements, these phases are generaly clearer. During the
second part of the SO phase, the speed of the anteriad tongue
movement decreases markedly (see Fig. 2). Nevertheless, in a
relatively large number of the intraoral transport cycles
examined, no subdivision of the SO phase was possible (endive
intraoral transport, 37 %,; locust intraoral transport, 56.5%).

Feeding in U. acanthinurus usually consists of several short
feeding sequences where the animal s bite off small piecesfrom
larger leaves. After a piece has been swallowed, a new
sequence starts. Although the average number of sequencesis
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Table 1. Results of univariate analyses performed on different data sets

U. acanthinurus, U. acanthinurus, U. acanthinurus, Intraoral transport, Swallowing,
endive: locust: intraoral transport: locust: locust:
intraoral transport intraoral transport endive U. acanthinurus U. acanthinurus
x swallowing x swallowing x locust x P. stellio x P, gtellio

(d.f. 1, 44) (N=4) (d.f. 1, 21) (N=1) (d.f. 1, 40) (N=4) (d.f. 1,128) (N=3) (d.f. 1, 33) (N=2)
GD 62.38** 170.52** 42.57** 123.70** 75.26**
GA 47.94** 66.68** 9.56 9.27* 0.32
MEUJ 3.58 8.95 321 0.02 4.13
MDLJ 1.93 10.21 0.10 16.55** 8.67
MHDTO 13.33** 4.04 184 28.17** 2.36
MVDTO 13.86** 255 1.70 14.90** 0.06
DSO 18.65** 4.84 311 1.56 0.53
DFO 22.28** 5.82 9.20 434 4.26
DFC 270 0.72 2.38 8.70* 15.30**
DSC/PS or 3.48 3.09 144 20.15** 0.08

DSTAT

DTC - - - 8.14 5.39
TGA 13.20** 417 4.89 23 2.73
TMEUJ 12.38* 417 6.72 2.67 2.78
TMDLJ 12.80** 3.87 5.38 2.16 214
TMHDTO 17.61** 6.59 1.76 425 324
TMVDTO 19.34** 6.58 2.82 11.54* 4.40
THTR 0.69 0.10 9.56 254 17.24**
TVTR 3.90 0.22 493 0.10 272
STREPTO 0.04 60.89** 0.93 - -

Table entries are F-values.

*Significant at the P<0.05 level after sequential Bonferroni correction; **significant at the P<0.01 level after sequential Bonferroni
correction; N=number of animals from which data were used in the anaysis.

DFC, duration of the fast closing phase; DFO, duration of the fast opening phase; DSC/PS, duration of the slow closing/power stroke phase;
DSO, duration of the slow opening phase; DSTAT, duration of the stationary phase; DTC, duration of the total cycle; GA, gape angle; GD,
gape distance; MDLJ, maximal displacement of the lower jaw; MEUJ, maximal elevation of the neurocranium; MHDTO, maximal horizontal
displacement of the tongue; MVDTO, maximal vertical displacement of the tongue; STREPTO, maximal streptostylic angle; TGA, time to
maximal gape; THTR, duration of tongue retraction in the horizontal plane (x-coordinate); TMDLJ, time to maximal depression of the lower
jaw; TMEUJ, time to maximal elevation of the upper jaw; TMHDTO, time to maximal horizontal displacement of the tongue; TMVDTO, time
to maximal vertical displacement of the tongue, TV TR, duration of tongue retraction in the vertical plane (y-coordinate).

approximately 10, up to 20 consecutive sequences are
sometimes observed. Depending mainly on the size of the food
item, dorso-ventral and antero-posterior head movements may
play an important role. When eating large food items such as
whole leaves, the animals literally tear off pieces by bending
their neck ventrolaterally. When eating large locusts (>4.0 cm),
the animals use vigorous lateral head shaking just after capture,
presumably to try to kill the prey item.

A MANOVA performed on a data set consisting of endive
intraoral transport and swallowing cycles indicated significant
differences between these two feeding stages (Rao’s r=6.08,
d.f.=18, 27; P<0.001). Univariate F-tests (Table 1) indicated
significant differences in most variables (see Table 2), except
the maximal displacements of the upper and lower jaw, the
duration of the FC and SC/PS phases, the duration of tongue
retraction (both horizontal and vertica) and the maximal
streptostylic angle. Similarly, a MANOVA on locust intraoral
transport and swallowing cycles showed clear stage effectsalso
to be present (Rao’ sr=29.60, d.f.=18, 4; P<0.01; seealso Table

3). Subsequent univariate F-tests indicate significant stage-
dependent differences in gape distance, gape angle and
streptostylic  angle (Table1). All these variables are
significantly larger for intraoral transport cycles (Table 3).

Feeding stages

Food prehension

Only a qualitative description of prehension cycles will be
presented here. A detailed kinematic and electromyographic
analysiswill be published elsewhere. Food items areinvariably
examined by tongue-flicking when introduced into the cage.
Once a food item is considered edible, the food prehension
stage starts. When capturing locusts, the animals often failed
to bring the prey into the mouth the first time, and usually
several attempts were required to capture alocust successfully.
When eating endive, however, animals usually successfully
brought the leaf into their mouth on the first or second attempt.
During prehension cycles, whole-body movements sometimes
contributed, depending on the distance between the animal and



the food item. When whole body-movements occur, they
usualy involve arotation of the anterior part of the body over
the front limbs at the shoulder joint, without displacement of
the hind legs.

Prey captureisinitiated by aslow jaw opening phase during
which the tongue is dlightly protruded. During this first phase
of jaw opening, no tongue clearance (sensu Kraklau, 1991) is
observed. Upon protrusion, the tongue bulges and the tongue
tip is curved ventrally so that the dorsal side of the tongue is
exposed anteriorly (see also Schwenk and Throckmorton,
1989; Herrel et al., 1995). By the end of the slow opening
phase, the tongue is completely protruded from the mouth and
contacts the food. After food contact, the tongue and adhering
food item are retracted and the jaws are opened quickly, mainly
by an elevation of the upper jaw. Once the tongue has been
retracted within the jaw margins, the jaws are closed quickly.
Oncethe jawstouch the food item, the closing speed decreases,
and the slow closing/power stroke phase starts. This last phase
is often absent during prehension cycles in U. acanthinurus.

Intraoral transport

Intraoral transport bites in U. acanthinurus are similar to
those for other chamaeleonids (Schwenk and Throckmorton,
1989; Kraklau, 1991; Herrel et al., 1996) and last an average of
575ms (Table 2). A cycle is initiated by an SO phase during
which the jaws are dowly parted. During most intraoral

Table 2. Summary kinematics of endive-feeding in Uromastix

acanthinurus

Intraoral transport Swallowing
GD (mm) 11.28+1.43 7.77+1.38
GA (degrees) 26.48+5.47 15.07x4.71
MEUJ (mm) 1.81+2.93 0.36+0.38
MDLJ (mm) 7.63+2.52 6.37+3.51
MHDTO (mm) 3.60+1.16 5.09+1.55
MVDTO (mm) 3.68+1.46 5.50+1.75
DSOI (ms) 211.72+108.43 -
DSOII (ms) 119.31+45.19 -
DSO (ms) 321.29+137.59 574.67+262.24
DFO (ms) 54.19+15.66 33.33£9.76
DFC (ms) 69.68+14.49 61.33+19.22
DSC/PS or 129.68+51.09 100.00+49.57

DSTAT (ms)

DTC (ms) 574.84+156.80 769.33+267.25
TGA (ms) 377.42+136.01 596.00+274.46
TMEUJ (ms) 363.87+137.93 562.67+246.21
TMDLJ (ms) 380.65+137.94 598.67+277.90
TMHDTO (ms) 281.29+137.79 530.67+267.46
TMVDTO (ms) 274.84+136.92 532.00+261.62
THTR (ms) 134.19+59.60 120.00+40.71
TVTR (ms) 146.45+58.28 114.67+30.67
STREPTO (degrees) 12.46+16.73 11.53+5.73

Values are means = s.0. (N=31 for intraoral transport; N=15 for

swallowing).
See Table 1 and Materids and methods for definitions of

abbreviations.
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transport cycles, the SO phase can be subdivided into two
separate phases (Fig. 2). During the SOI phase, the lower jaw
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Fig. 2. Kinematic profiles (based on cineradiography, 50framess™)
of the distance between the two tongue markers, the vertica
displacement of the tongue (the two lines indicating the two markers
in the tongue), the horizontal displacement of the tongue (again, the
two lines indicating the two markers in the tongue), the streptostylic
angle, the displacements of the upper (upper line) and lower jaw
(lower line) and the gape distance during intraoral transport (first
three cycles) and swallowing (last two cycles) in Uromastix
acanthinurus while eating endive. Note that a decrease in
streptostylic angle indicates an anteriad rotation of the quadrate at
the quadrato-squamosal joint. FC, fast closing phase; FO, fast
opening phase; SC/PS, slow closing/power stroke phase; SOI, first
part of the slow opening phase; SOIl, second part of the slow
opening phase.
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is depressed, the quadrate slowly rotates anteriorly at the
guadrato-squamosal joint and the tongue is protracted. No
bulging occurs during thisfirst phase. The SOII phase, however,
is generally characterised by a marked decrease in opening
speed and by tongue bulging. The quadrate continues its slow
anteriad rotation. This second phase results in a firm
tongue—food contact by pulling the tongue against the food
item. The first part of the ow opening phase typicaly lasts
much longer than the second part (see Table 2). The subsequent
FO phase is initiated by rapid lower jaw depression (7.63mm
on average) and anteriad quadrate rotation. Cranial elevation
(1.81mm; see Table 2) is not as pronounced as during prey
capture, but is present during most intraoral transport bites.

At maxima gape (26.48°; 11.28mm on average, see
Table 2), when the tongue has almost reached its posteriormost
position, the jaws are closed rapidly (elevation of thelower and
depression of the upper jaw) in the FC phase. The FC phaseis
further characterised by afast posteriad rotation of the quadrate
at the quadrato-squamosal joint. Simultaneously, the tongue is
retracted. During retraction, the tongue is extended, as
indicated by an increase in the distance between both tongue
markers (Fig. 2). Once the jaws touch the food, the
crushing/shearing starts (=SC/PS phase). During shearing, the
guadrate remains immobile, and the tongue usually returns to
its resting position or slowly begins to move anteriad again.

Despite the large variation in the absolute timing, the
maximal vertical tongue displacement is reached well before
maximal gape (Table 1). The dorsal vertical-most position of
the tongue is invariably reached before the horizontal-most
position. Tongue retraction is much faster than tongue
protraction in both horizontal and vertical planes. The average
anteriad rotation of the quadrate (STREPTO, see Table 2)
during an endive intraoral transport cycleis 12.46°.

Swallowing

Once the food has been transported to the back of the oral
cavity, swallowing starts. Clear differences are present in jaw
and tongue movements when comparing intraoral transport and
swallowing cycles. A swallowing cycle is characterised by a
decrease in the importance of the FO phase, an increase in the
duration of the SO phase and more pronounced tongue
movements (Fig. 2; Table 2). Swallowingisinitiated by aslow
depression of the lower jaw. Simultaneoudly, the tongue is
protracted beyond the food item and subsequently retracted.
During tongue retraction, the posterior edge of the tongue
pushes the food further down the oesophagus. Maximal jaw
opening is reduced in comparison with intraoral transport
cycles (7.77mm; 15.07°). Tongue protrusion is closely
associated with jaw opening, and the time to maximal tongue
displacement is more closely associated with the time to
maxima gape (Table 2) compared with intraoral transport
cycles. Although not significantly different, tongue retraction
tends to be faster than during intraoral transport and takes
approximately four times less time than tongue protrusion
(Table 2). The quadrate displacements are similar to those
observed during intraoral transport phases.

Prey type

A MANOVA peformed on a data set containing both
endive and locust intraoral transport and swallowing bites
indicates significant stage (Rao’'s r=16.23, d.f.=18, 48;
P<0.001), food-type (Rao’'s r=7.17, d.f.=18, 48; P<0.01) and
interaction (Rao's r=3.18, d.f.=18, 48; P<0.01) effects.
Because interaction effects are significant, a MANOVA was
subsequently performed on a data set containing both endive
and locust intraora transport cycles. This analysis indicates
significant prey type effects (Rao’'s r=5.33, df. 18, 23;
P<0.01). However, subsequent unvariate F-tests show that,
after Bonferroni correction, only gape distance remains
significantly different between food types (Table 1). Still, both
the duration and timing variables show a clear tendency
towards a longer duration while feeding on locusts (compare
Tables 2, 3; Figs 2, 3). Additionally, the streptostylic angle
shows a tendency towards increased values for locust intraoral
transport cycles. A MANOVA performed on a data set
containing only swallowing cycles for both food types
indicates no significant effects (Rao's r=2.92, d.f.=18, §;
P>0.05).

Foecies effects

Using the locust feeding data collected here and data from
Herrel et al. (1996) for the closely related lizard P. stellio, a

Table 3. Summary kinematics of locust feeding in Uromastix

acanthinurus

Intraoral transport Swallowing
GD (mm) 14.67+1.63 7.76+0.81
GA (degrees) 33.12+7.74 13.24+3.22
MEUJ (mm) 3.84+4.00 0.38+0.27
MDLJ (mm) 8.58+3.22 5.05+1.97
MHDTO (mm) 4,17+1.26 5.40+1.64
MVDTO (mm) 3.04+1.26 3.98+1.55
DSOI (ms) 226.00+81.68 -
DSOII (ms) 184.00+89.84 -
DSO (ms) 403.64+118.26 618.33+302.77
DFO (ms) 74.55+26.97 51.67+18.01
DFC (ms) 78.18+18.88 71.67+18.01
DSC/PS or 150.91+48.47 263.33+206.76

DSTAT (ms)

DTC (ms) 707.27+107.80 1005.00+482.13
TGA (ms) 478.18+109.35 690.00+327.25
TMEUJ (ms) 481.82+100.98 690.00+323.45
TMDLJ (ms) 485.45+95.95 686.67+326.12
TMHDTO (ms) 341.81+103.71 595.00+311.02
TMVDTO (ms) 354.55+130.57 605.00+298.25
THTR (ms) 203.64+75.27 195.00+51.96
TVTR (ms) 190.91+53.19 216.67+176.60
STREPTO (degrees) 17.39+3.11 8.733+2.16

Values are means + s.0. (N=11 for intraoral transport; N=12 for
swallowing).

See Table 1 and Materials and methods for definitions of
abbreviations.
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data set composed of both intraoral transport and swallowing
cycles was constructed. A MANOVA performed on this data
set indicated significant species (Rao’sr=21.50, d.f.=18, 144;
P<0.01), stage (Rao’s r=28.39, d.f.=18, 144; P<0.01) and
interaction (Rao’'s r=4.88, d.f.=18, 144; P<0.01) effects.
Because of significant interaction effects, the data were
subdivided into separate intraoral transport and
swallowing data sets. MANOVAS performed on these data
sets clearly show species-dependent effects for both the
intraoral transport (Rao’s r=31.26, d.f.=18, 111; P<0.01)
and the swallowing (Rao’s r=12.19, d.f.=18, 16; P<0.01)
data.

Intraoral transport cycles differ in several jaw and tongue
displacement, as well as timing, variables (see Table 1). Gape
distance, gape angle, lower jaw depression and horizonta
tongue displacement are significantly larger in  U.
acanthinurus. The duration of the SC/PS phase, the duration
of the FC phase and the maximal vertical displacement of the
tongue are all significantly larger in P. stellio. Swallowing
cycles show fewer significant differences (Table 1). Whereas
the gape distance is larger, the duration of the FC phase and
the duration of horizontal tongue retraction are smaller in U.
acanthinurus (compare Table 4 of Herrel et al., 1996, with
Table 3 in this study).
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Discussion
General feeding kinematics

Asobserved in other lizard species (e.g. Delheusy and Bels,
1992; Delheusy et a., 1995; Urbani and Bels, 1995; Herrel et
a., 1996), a feeding sequence in U. acanthinurus can be
subdivided into three stages: food prehension, intraoral
transport and swallowing. Indeed, quantitative analyses show
significant differences between feeding stages for both
vegetable and insect food items. Differences between feeding
stages are consistently found in the maxima gape
angle/distance achieved in U. acanthinurus (see aso
Throckmorton, 1980) as well as in other iguanian (Delheusy
and Bels, 1992; Herrel et al., 1996) and scleroglossan (Goosse
and Bels, 1992; Urbani and Bels, 1995; Delheusy et al., 1995)
lizards. Still, in U. acanthinurus, differences between stages
are more pronounced while eating endive (see Table 1).

In general, the movements of the jaws and hyolingual
apparatus show strong similarities with those published for
other lizard species and support the models of Bramble and
Wake (1985) and Reilly and Lauder (1990) (but see Herrel et
al., 1996). However, some aspects of the jaw and tongue cycles
do seem to differ from the predictions of the model of Bramble
and Wake (1985). Whereas the duration of the SO phase should
increase with increasing prey size and mass (as was observed
for other iguanian lizards, see Herrel et al., 1996; J. Cleuren,
personal communication), this does not seem to be the case in
U. acanthinurus (see also Throckmorton, 1980). In particular,
the prediction that the second part of the SO phase should
increase in importance for heavier prey remains generaly
unsupported by the present data. Despite locusts being much
heavier and larger than endive, the SOII phase still occurs less
frequently (in only 43.5% of the examined cycles) and the
duration of the SO phase does not differ compared with endive
intraoral transport cycles. For the closely related P. stellio
(Herrel et al., 1996), the data did support this prediction of the
Bramble and Wake (1985) model. Since there are indications
that the tongue in U. acanthinurus might be less suited to
transport insect food items (see below), the functional demands
on the tongue during the SOIl phase might have changed for
U. acanthinurus.

When examining the literature on lizard feeding, a general
discrepancy seems to exist. Whereas the SOII phase is clearly
discernible during most intraoral transport cycles in some
iguanians (Schwenk and Throckmorton, 1989; Herrel et al.,
1996) and scleroglossans (Goosse and Bels, 1992; Delheusy et
al., 1995; Urbani and Bels, 1995), it is not recognisable in
others (Delheusy and Bels, 1992; So et a., 1992). Because
tongue movements are crucial to delineate the SOII phase, the
absence of information on tongue movements in a large
number of studies may be problematic. Since the datain some
studies do not always support the predictions of the model of
Bramble and Wake (1985), the occurrence of the SOII phase
and the variability of the SO phase in general need to be
quantified further by examining cineradiographic records of
intraoral transport in lizards.

Within feeding stages, remarkably few food-type-dependent
differences are observed in U. acanthinurus. During intraoral
transport, the average maxima gape distance is the only
significantly different variable, being larger during locust
intraoral transport (see Tables 2, 3). Other variables showing
anon-significant tendency to differ between food items are the
duration of the FO phase and the horizontal tongue retraction
time (both tending to be larger for locust intraoral transport).
These differences are hardly surprising because grasshoppers
are bulky food items in comparison with endive, requiring a
larger gape and a somewhat longer jaw opening time.
Similarly, owing to the larger size of locusts, tongue retraction
times tend to be larger because more effort and/or time are
required to pull the prey backwards within the oral cavity.
During the subseguent swallowing stage, no significant
differences were found between food items. Thisis predictable
since prey items have been reduced previously. Together, these
data support previous observations on the conserved character
of swallowing cycles (see also Herrel et al., 1996).

Nevertheless, it is rather surprising that so few food-type-
dependent differences are observed in U. acanthinurus given
the large differences in texture, toughness, size, shape and
mobility of the food items offered. In insectivorous lizards,
changesin food type result in changes in both tongue- and jaw-
related kinematic variables (Urbani and Bels, 1995; Herrel et
al., 1996) and in number of intraoral transport cycles observed
(Bels and Baltus, 1988). Although only two food types were
tested in the present study, the data available for the related
species U. aegyptius, eating several other food types (sweet
potato, dog food), also show strong similarities in the average
maximal gape and the duration of kinematic phases (see
Table 2 in Throckmorton, 1980).

Since locust feeding cycles differ very little from endive
feeding cycles in U. acanthinurus, a comparison of the
kinematic variables with those collected for the closely related
P. stellio feeding on similarly sized locusts (see Herrel et al.,
1996) alows an assessment of the impact of the dietary
specialisation in U. acanthinurus on its feeding kinematics.
Clear species-dependent differences are observed within both
the intraoral transport and swallowing stages. Whereas in U.
acanthinurus during intraoral transport, maximal excursions of
the lower jaw and the average horizontal displacement of the
tongue arelarger, in P. stellio the duration of the closing phases
and the maximal vertical and horizontal tongue displacement
are larger. What might be the origin of these differences
between these species? One possible explanation is that the
tongue in U. acanthinurus might have decreased adhesive
properties and thus be less suited for transporting insects. This
observation is supported by the larger number of attempts
generally required to capture locusts in this species. Clear
differencesin the tongue-surface topology of both specieshave
been identified (Herrel et a., 1998c). Whereas the medial
foretongue surface in P. stellio is composed of plumose
papillae and numerous secretory cells, in U. acanthinurus the
tongue surface is composed of dense papillae with extensive
microstructure. The larger mouth opening in U. acanthinurus



causes less friction between the prey and the mouth upon
retraction, thus decreasing the chances of losing the prey.

In P. stellio, the fitting of the tongue to the prey is more
pronounced, asindicated by thelarger TMVDTO and MVDTO
values and the more frequent absence of an SOII phasein U.
acanthinurus. The durations of the closing phases are also
significantly longer in P. stellio. Apparently, thorough prey
reduction is a key element in the feeding cycle of P. stellio.
Clearly, it is of prime importance for insectivorous lizards (1)
to ensure tight prey contact to avoid prey loss upon tongue
retraction, and (2) to utilise fast immobilisation/killing of the
prey, again to avoid its potential loss and escape. Given these
differences between species, it seems that, at first sight,
herbivorous lizards such as U. acanthinurus do not ‘ recognise’
the importance of afast reduction of insect prey. However, this
might not be completely true; although they apparently do not
modul ate the feeding cycle itself, they do tend to increase the
number of intraoral transport cycles before ingestion of the
prey (10+4 endive, versus 16+5 locust intraoral transport bites
are generaly observed; means + s.0. N=25 for endive; N=15
for locust), despite their much larger potential bite force (see
Herrel et al., 1998a,b). Presumably, the animals are able to kill
the prey quickly as a result of their larger bite force but,
because the prey is rather large, more cycles are needed to
reduce the prey adequately before swallowing. When eating
vegetable food items, small pieces can be cropped very easily
because of the specialised dentition of U. acanthinurus, which
allows an accurate shearing bite (Throckmorton, 1979). Still,
a decrease in modulatory capacities seems to have occurred in
U. acanthinurus as a result of its specialised herbivorous diet,
as predicted for trophic specidists (Ralston and Wainwright,
1997).

Cranial kinesis

One major difference in feeding kinematics between U.
acanthinurus and P. stellio is the mobility of the quadrate in
the former species. It is of course tempting to try to relate the
presence of streptostyly in U. acanthinurus to its herbivorous
diet because, in mammals and numerous extinct reptiles,
relative jaw movements are key features associated with a
herbivorous diet. Previoudy, it has been suggested that
quadrate mobility in Uromastix functions to facilitate cropping
and that the retraction of the lower jaw acts to hold the food
in position as the teeth shear through it (Throckmorton, 1976).
However, this hypothesisis not supported by the data gathered
in the present study. Three lines of evidence indicate this: (1)
the most important agent playing a role in the holding and
transport of food items is clearly the tongue, (2) no quadrate
movement is observed during the SC/PS phase, during which
the actual shearing of the food takes place, and (3) no
significant differences are observed in quadrate mobility
during endive intraoral transport and swallowing (during
which no shearing takes place).

Other functions of streptostyly that have been proposed
previously, such as allowing a firm grasp on large prey (De
Vree and Gans, 1994), aiding in food transport (Throckmorton
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and Clarcke, 1981; Smith, 1982) and giving increased grasping
abilities by dlowing both jaws to contact the prey
simultaneously (Frazzetta, 1962), are not directly supported by
the results presented here for U. acanthinurus. In U.
acanthinurus and several other lizard species (Throckmorton,
1976; Throckmorton and Clarcke, 1981; Smith, 1982; De Vree
and Gans, 1987; Herel et da., 1998ab), no meso- or
metakinesis are observed, thus refuting Frazzetta's (1962) and
lordansky’s (1990) hypothesis that amphikinesis is a general
characteristic of most lizard families. Even if the results
presented here do not indicate a functiona alternative to the
proposed hypotheses, they do indicate that streptostyly is
closely correlated with maximal gape; the larger the gape, the
larger the maximal streptostylic angle (compare gape and
streptostylic angles during intraoral transport and swallowing
in Tables 2, 3). Although some functional adavantages are
probably associated with streptostyly (e.g. see Smith, 1980),
streptostyly, in general, may be a plesiomorphic character for
lizards related to the opening of the lower tempora arch
(lordansky, 1996).

Dietary correlates

Given the fact that lizards of the species U. acanthinurus are
food specialists, feeding on a very demanding food type, what
modifications of the feeding apparatus (both mouth and gut)
are expected on theoretical grounds? Apart from modifications
in gut structure allowing longer food retention, an increased
surface area facilitating the uptake of nutrients and a suitable
microhabitat for commensal micro-organisms and nematodes
(for an overview, see lverson, 1980, 1982; King, 1996), several
modifications of the jaw apparatus are expected (for an
overview, see King, 1996). First, modifications in tooth
structure allowing accurate occlusion and an efficient shearing
bite are expected and, indeed, are observed in U. acanthinurus.
Second, a short snout and high skull, increasing the mechanical
advantage of the jaw adductors at the front of the jaws, are
again both expected and observed. Indeed, as a result of its
specialised craniocervical apparatus, U. acanthinurus is
capable of efficiently cutting small pieces from leaves
(indicated by alow number of intraoral tranport bites), which
isimportant in increasing its dietary efficiency (Bjorndal et al.,
1990; Bjorndal and Bolten, 1992).

A comparison of the feeding kinematics in U. acanthinurus
with those in the herbivorous scincid lizard Corucia zebrata
(Herrel et al., 1999) clearly indicates that the former speciesis
extremely specialised. A larger number of intraoral transport
bites is observed in Corucia zebrata while eating the same
food. Apparently, in lizards, no ‘universal’ changesin feeding
mechanics in response to the demands of vegetable food are
observed. For both species, the reduction of particle size is of
prime importance, but the solutions employed to achieve this
goal are clearly different. One drawback of a herbivorous diet
(at least in U. acanthinurus) seems to be a reduction in the
versetility of the feeding mechanics, which might eventualy
lead to a reduction of the potentia dietary scope of these
lizards.
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