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Summary

This study tests the hypothesis that preparatory, distance during jaw closure and is concurrent with muscle
expansive, compressive and recovery phases of biting activity in the dorsal and ventral preorbitalis and the
behavior known for aquatically feeding anamniotes are levator palatoquadrati. Hydraulic transport events are
conserved among extant elasmobranch fishes. The feeding shorter in duration than ram ingestion bites. Prey
mechanism of the lemon sharkNegaprion brevirostrisis  ingestion, manipulation and hydraulic transport events are
examined by anatomical dissection, electromyography and all found to have a common series of kinematic and motor
high-speed video analysis. Three types of feeding events are components. Individual sharks are capable of varying the
differentiated during feeding: (1) food ingestion primarily ~ duration and to a lesser extent the onset of muscle activity
by ram feeding; (2) food manipulation; and (3) hydraulic and, consequently, can vary their biting behavior. We
transport of the food by suction. All feeding events are propose a model for the feeding mechanism in
composed of the expansive, compressive and recovery carcharhinid sharks, including upper jaw protrusion. This
phases common to aquatically feeding teleost fishes, study represents the first electromyographic and kinematic
salamanders and turtles. A preparatory phase is analysis of the feeding mechanism and behavior of an
occasionally observed during ingestion bites, and there is elasmobranch.
no fast opening phase characteristic of some aquatically
feeding vertebrates. During the compressive phase, Key words: elasmobranch, electromyography, kinematics, variability,
palatoquadrate protrusion accounts for 26 % of the gape jaw protrusion, feeding, lemon shaiegaprion brevirostris

Introduction

To understand the function and evolution of feedingOrectolobiformes and Heterodontiformes, the dominant
mechanisms in vertebrates, we must have a thorougiredaceous sharks of modern seas (Compagno, 1988; Shirai,
understanding of the anatomy and functional morphology 0£996). From the earliest cladodont ancestor that grasped and
the feeding apparatus of fishes. Our knowledge of the evolutigrossibly swallowed its prey whole or tore pieces from it
of aquatic feeding mechanisms, however, is limited by a lackSchaeffer, 1967; Moy-Thomas and Miles, 1971), sharks have
of studies on cartilaginous fishes. The Chondrichthyesadiated to cover a variety of prey ingestion mechanisms
diverged from a common ancestor with the Teleostomi beforimcluding biting, gouging and biting, ram-feeding, suction-
the Devonian period and have retained the same major skeleteéding and filter-feeding.
features for over 400 million years (Schaeffer and Williams, The transition from an amphistylic jaw suspension in the
1977; Long, 1995). Elasmobranchs have undergone two majearliest sharks to hyostyly in modern sharks (galeoids and
episodes of adaptive radiation, one of these being in thequaloids) (see Compagno, 1977; Maisey, 1980, regarding jaw
ctenacanthid lineage that gave rise to neoselachians (modesunspension terminology) presumably resulted in the
sharks, skates and rays) (Carroll, 1988). Within theexploitation of new feeding niches. Associated with this change
neoselachians, the most speciose group is the Galeomorpiajaw suspension was a shortening of the jaws, palatoquadrate
which includes the Lamniformes, Carcharhiniformes,or upper jaw protrusion, a dentition suited for shearing and
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sawing, and presumably greater bite force (Schaeffer, 1961993,b; Cortés and Gruber, 1990), (3) preliminary functional
Moy-Thomas and Miles, 1971). The evolution of a highlydata exist on its biting behavior (Mottd al. 1991) and (4) it
kinetic upper jaw and upper jaw protrusibility in elasmobranchss readily available and thrives in captivity.
is convergent with these same features in bony fishes (SchaeffeiThe goal of this study was to investigate the feeding
and Rosen, 1961; Schaeffer, 1967). mechanism of a carcharhinid shaik, brevirostris under

Compared with studies on teleosts, there have been fewsemi-natural conditions. We tested the following hypotheses:
anatomical studies on elasmobranch feeding structurgd) the kinematic pattern of preparatory, expansive,
(reviewed in Motta and Wilga, 1995). There are even fewecompressive and recovery phases common to other aquatically
data on the natural feeding behavior of sharks (Springer, 196feeding vertebrates is conserved\Nnbrevirostrisduring the
Gilbert, 1962; Tricas, 1985; Frazzetta, 1994), and the onlthree feeding events of prey ingestion, manipulation and
studies on the functional morphology and kinematics of théydraulic transport; (2) there is inter-individual variability of
feeding apparatus have been based either on manudhematic and motor patterns in the feeding events, such that
manipulation of dead specimens or on cine analyses of liv@uscle activity and kinematic events vary only in duration, not
feeding sharks (Moss, 1977; Tricas and McCosker, 1984n relative timing; (3) the three feeding events have a common
Tricas, 1985; Frazzetta and Prange, 1987; Wu, 1994). series of kinematic and motor patterns but are distinguishable

In contrast to our relatively limited knowledge of feeding inby their duration and relative timing; and (4) upper jaw
sharks, extensive studies on aquatic feeding in teleostsrotrusion is effected by contraction of the preorbitalis,
salamanders and turtles have revealed common patterns. Fégvator  palatoquadrati, levator  hyomandibuli  and
distinct phases occur during suction or ram prey capture: tiguadratomandibularis muscles. From the analysis of our
preparatory, expansive, compressive and recovery phases (Liefasults, we propose a gquantitative functional model of the
1978; Lauder, 1985; Lauder and Shaffer, 1985; Lauder arnféeding apparatus ™. brevirostris
Prendergast, 1992; Lauder and Reilly, 1994; Reilly, 1995). In
bony fishes, the kinematic patterns involved in hydraulic prey
transport towards the esophagus are very similar to those of ] _ )
initial prey capture by suction feeding (Lauder and Reilly, 1994). High-speed video recording

There are many sources of intra- and inter-individual Specimens of juvenilblegaprion brevirostrigPoey, 1868)
variation in muscle activity patterns during feeding in teleostvere collected in Florida Bay north of the Florida Keys, USA,
fishes. Most teleosts appear to be capable of modulating tla@d held in 5m diameter circular holding tanks in natural sea
timing and activity patterns of the jaw muscles in response tyater at Mote Marine Laboratory, Sarasota, Florida.
different prey (Liem, 1980; Lauder, 1981; Wainwright andSpecimens ranged from 66.5 to 78cm in total length,
Lauder, 1986). By comparison, the feeding behavior of sharksprresponding to ages of approximately 1-2 years old (Brown
has been considered to be a series of stereotyped movemetits Gruber, 1988). Approximately 2 weeks prior to the
(Gilbert, 1970; Tricas, 1985), although there is preliminaryexperiments, each animal was transferred to a 2.4 m diameter,
evidence of inter-individual variation in prey capture 14001 semicircular tank with a 0.5¢h.7m acrylic window
kinematics and modulation of the biting behavior (Frazzettand was fed cut pieces of fish three times a week. Pieces of
and Prange, 1987; Mottt al. 1991). fillets of Atlantic thread herringQpisthonema oglinujmand

The elasmobranch mechanism of jaw protrusion is vergrevalle jack Caranx hippo¥ were presented to the shark as
different from that of teleosts owing to a different anatomyit swam past the window. In most cases, the shark took the food
This raises the possibility that the biological role of protrusiorfrom plastic tongs or a plastic rod, which were used to position
is also different (see Motta, 1984, for a review of protrusion irthe food in the vicinity of the shark’s mouth as the animal
teleost fishes). The mechanism and biological role of jawontinued to swim forward. We offered approximately
protrusion in sharks have been speculative, and a variety 8fcmx7 cmxlcm pieces of fish for most bites. Towards
conflicting mechanisms involving muscles such as theatiation, usually after 12—20 bites, we occasionally offered
preorbitalis, levator palatoquadrati, levator hyomandibuli andiarger pieces of fish, approximately 7€frcmx2 cm.
guadratomandibularis have been proposed (Luther, 1909; All sharks were filmed during feeding with two high-speed
Moss, 1972, 1977; Frazzetta, 1994; Wu, 1994). video cameras (NAC HSV-200, 200 field¥spositioned beside

In this paper, we provide the first electromyographic anaach other to capture a wide horizontal view. A mirror placed at
high-speed video analyses of the feeding mechanism of 46° below the transparent floor of the tank provided a
chondrichthyan under semi-natural feeding conditions. Theimultaneous ventral view of the shark. Illumination was
lemon sharkNegaprion brevirostris(Carcharhinidae) was provided by approximately 3000 W of quartz—halogen lights. To
chosen as a study animal because, compared with othgmchronize the electromyographic (EMG) signals with the video
carcharhinid species (1) its anatomy is well documenteckcordings, a repeating light-emitting diode stroboscopic light
(Compagno, 1988; Motta and Wilga, 1995), (2) its dietwas simultaneously recorded by one of the cameras and a voltage
(primarily small teleosts swallowed whole or larger teleostspike was recorded on one channel of the EMG analysis record.
bitten into pieces) and feeding behavior are well studied The following durations were determined for six sharks by
(Gruber, 1984; Wetherbext al. 1990; Morrissey and Gruber, counting the number of fields (1 field=5 ms) occupied by each

Materials and methods
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kinematic event: (1) time from start of mandible depression t Table 1.Sample sizes and statistical tests used for analysis
maximum mandible depression (mandible depression); (2 of kinematics on food ingestion and hydraulic transport in
time from maximum mandible depression to end of mandibl Negaprion brevirostris
elevatiorj (mandible ellevation.); (3) total ti.me. for manditlaleKinematic event
depression and elevation; (4) time from beginning of lower jav
depression to beginning of head elevation; (5) time from staMandible depression L2N=7,30  IN=7,30
of head elevation to maximum head elevation (head elevatiorMandible elevation . 13N:7' 30 iN:7' 30
(6) time from maximum head elevation to end of heac Ot ime of mandible depression N=7, 30 N=7, 30
depression (head depression); (7) total time of head elevatit and elevation .

X " ' i . ““'Lag of head elevation from start of ~IN=7, 30 IN=7, 30
and dep.ressmn; (8) time from start of mandible depression ' .2 ndible depression
start of jaw protrusion; (9) time from start of palatoquadratéqead elevation 12N=7, 30 3N=7, 30
protrusion to maximum jaw protrusion (palatoquadratéHead depression IN=7, 30 IN=7, 30
protrusion); (10) time from maximum palatoquadrateTotal time of head elevation and ~ 23N=7, 30 IN=7, 30
protrusion to end of jaw retraction (palatoquadrate retraction depression
(11) total time of palatoquadrate protrusion and retraction; (12Lag of jaw protrusion from start of ~12N=7, 28 IN=7, 28
time from start of mandible depression to maximum gape; (1 mandible depression
time from start of mandible depression to maximumPalatoquadrate protrusion IN=7,28  12N=7,28
hyobranchial depression: and (14) time from start of mandiblFa/atoguadrate retraction _ ;Nf7' 28 1Nf7' 28
depression to end of palatoquadrate retraction (usually th;’;Eg :g?r(;g[li‘op;]alatoquadrate protrusionN=7, 28 N=7, 28
duration of the entire bite). . . , . Start of mandible depression to 12N=7, 30 IN=7, 30

To test whether the electrode wires modified the kinematic ,avimum gape

of feeding, the timing of the above cranial movements wasiart of mandible depression to 1.2N=7, 30 IN=7, 30
compared statistically for four sharks with implanted wires maximum hyobranchial depression
versustwo sharks without implanted wires. Ingestion bitesStart of mandible depression to end 1.2N=7, 28 3N=7, 28
were analyzed separately from hydraulic transport events. F of palatoquadrate protrusion
subsequent analyses, kinematic data from implanted and nc
implanted sharks were pooled, and the variables compared { 'One-way ANOVA; 2SNK multiple-comparisons test by ranks,
ingestion bites and hydraulic transport (there were insufficierP<0-05;*Kruskal-Wallis one-way ANOVA on ranks.
manipulation bites for analysis). Of the 30 bites used for th, Analysis is by feeding event (ingestion, hydraulic transport) and by

. . . . individual shark.
‘I?;glrgitlfco?rt]c?tlgls :?Gr(:lrl;lgrlti‘ Zﬁgrigcs:gip;?géngsigﬂ)c; data (se Upper left superscript indicates statistical tésindicates number

of sharks and bites, respectively.

In addition to the .timing. vari'ab|eS,. pro.trusion Was  geven juvenile sharks, three male 66.5-76.5 cm in total length (TL)
characterized by analysis of eight ingestion bites from fougng four female 61—78.1cm TL were used.

sharks. Sequential video fields were captured with a Vide
Blaster video capture board (Creative Labs, Inc.) and stored «
computer. To measure the distance that palatoquadrateuscle were placed at a similar location and depth in all sharks.
protrusion decreases the gape during jaw closure, twinplanted muscles included: the levator palatoquadrati, dorsal
measurements were taken: maximum vertical height of the gapareorbitalis, ventral preorbitalis, quadratomandibularis dorsal,
and maximum vertical distance that the palatoquadrate protrudgeadratomandibularis ~ ventral, levator hyomandibularis,
below the upper labium. Protrusion distance was then expressearacobranchialis, coracoarcualis, coracomandibularis,
as a percentage of maximum gape. Measurements were mameacohyoideus and epaxialis (Figs 1, 2). These muscles are
using Sigma Scan software (Jandel Scientific Software). suspected of being or have been shown to be directly involved
with feeding in sharks (Luther, 1909; Edgeworth, 1935; Moss,
Electromyography 1972, 1977; Frazzetta, 1994; Motiaal. 1991). The anatomy
Prior to these experiments, bipolar electrodes were preparatid nomenclature of these muscles are discussed by Motta and
by gluing together two strands of single-strand, 0.06 mnWilga (1995). To verify the position of the electrodes, we
diameter alloy wire (Evanohm R ML enamel, ZD(@er foot, placed a third 2—-3 cm piece of insulated, barbed electrode wire
Carpenter Technology Corp.) with cyanoacrylate adhesivalongside the bipolar leads. If the bipolar leads pulled out, the
Approximately 5 mm of the insertion end was left unglued, withtell-tale’ wire usually remained embedded in the muscle,
2mm bent to produce a small barb. The most distal 1 mmrotruding slightly from the insertion hole.
portion of the wire was stripped of insulation. Sharks were then All pairs of electrode wire were glued together using
anesthetized with 0.133¢l tricaine methanesulfonate (MS polystyrene cement and attached by a loop of suture to the first
222) in a recirculating seawater/anesthetic ventilation systerdorsal fin. Each electrode pair (approximately 2 m length) was
Electrodes were implanted with 23 gauge hypodermic needle®nnected to a 3m cable, differential amplified at ¥0@M
in 11 cranial muscles per animal. A stereotactic map of the he&ystems Inc., model 1700) and bandpass- (100-3000 Hz) and
and musculature was used to ensure that the electrodes for eaolch- (60 Hz) filtered. Six muscles (channels) were monitored

Feeding event Sharks
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Fig. 1. Left lateral view of the head of a 229 cm total leggaprion f]
brevirostris with the skin removed and muscle fiber direction VSBC “

indicated. Myosepta of the epaxialis musdé-¢hape) are indicated
in addition to the muscle fiber direction. Nerves and blood vessels are

not indicated, with the exception of the hyomandibular nerve and the
mandibular branch of the trigeminal nerve. CHD, constrictor hyoideus HYP
dorsalis; CHV, constrictor hyoideus ventralis; EP, epaxialis; HN,
hyomandibular nerve; IMD, intermandibularis; LH, levator
hyomandibularis; LHPE, external hyomandibula—palatoquadrate —_

ligament; LHPI, internal hyomandibula—palatoquadrate ligament; LP, lcm

Ievatqr palatoquadrati; L_PN, . levator palpebrae nictitantis; MN’Fig. 2. Ventral view of the head of a 78cm total leniyjttgaprion
mandibular branch of trigeminal nerve; NC, nasal capsule; Nl o icostris with the skin removed and muscle fiber direction

nictitating membrane; POD, dorsal preorbitalis; POV, ventral,qicated. The superficial musculature is removed on the left side to

preorbitalis; . QD’_ quadratomandibu_laris ) d(?fsa'? QV"expose the deeper musculature. The head is slightly flexed to the right
quadratomandibularis ventral (reprinted with permission from Motte,, expose the position of the branchial arches, which are not detailed.

and Wilga, 1995). Nerves and blood vessels are not indicated. BA, branchial arches; CC,
coracoarcualis; CH, coracohyoideus; CHYV, constrictor hyoideus

. . . . ventralis; CM, coracomandibularis; FA, fin adductor; GR, gill rays;
simultaneously. S!gnals were dlsplayed simultaneously on HYP, hypaxial; IMD, intermandibularis; MC, Meckel’s cartilage:
four-channel oscilloscope (Tektronix, model 2214) ancnc, nasal capsule; OR, orbit; POV, ventral preorbitalis; PQ,

recorded on an eight-channel thermal array recorder (Westepalatoquadrate; QD,  quadratomandibularis ~ dorsal;  QV,
Graphtec, Mark-11) and pulse-code modulator (A. R. Vettequadratomandibularis ventral; VSBC, ventral superficial branchial
Co., model 3000A). The seventh channel of the pulse-cocconstrictor (reprinted with permission from Motta and Wilga, 1995).
modulator recorded a digital electronic pulse signal that wa

synchronized with the high-speed camera.

The surgical procedure took approximately 45min.an analog-to-digital converter (Cambridge Electronics Design,
Following surgery, the shark recovered from the anestheslad, model 1401plus controlled by Spike 2 software) and
within 5min and was then allowed to acclimate forstored digitally. A sampling rate of 8333 Hz was used (Jayne
approximately 1h in the experimental tank prior to theet al. 1990). Electromyograms for each muscle for each bite
experiment. During the latter part of recovery and throughouwere analyzed for burst duration, sequence and timing relative
the experiment, the shark generally swam at a slow rate aroutwl the activity of the coracoarcualis muscle. We used this
the perimeter of the tank. During the experiment, theeference because it was a large and easy muscle to implant
temperature of the tank sea water ranged from 22 to 28°@nd because, during most bites, lower jaw depression was the
Food was presented as outlined in the kinematics section. Atst kinematic event and, consequently, the coracoarcualis was
the termination of the experiment, the position of the electrodassually one of the first muscles to fire.
was surgically verified after the shark had been killed with an Electromyographs were categorized by shark and by feeding
overdose of MS 222 according to the University of Souttevents. Feeding events included the following: ingestion bites;
Florida and Mote Marine Laboratory Institutional Animal Caremanipulation bites, which immediately followed ingestion
and Use Committee guidelines. bites and during which the food was usually repositioned or

Analog EMG data for individual bites were digitized usingcut by the teeth; and hydraulic transport events in which the
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Table 2.Sample sizes and statistical tests used for analysis of electromyographic data on duration and onset of muscle activif
for eleven cranial muscles Megaprion brevirostris

Duration Onset

Muscle Feeding event Shark EvenBhark Feeding event Shark
Epaxialis IN=6, 60 1.3N=6, 60 N=5, 47 AN=5, 47

Coracoarcualis IN=5, 85 IN=5, 85 5N=5, 85

Coracomandibularis 1,3\=5, 39 IN=5, 39 4N=4, 26 4N=4, 26

Coracohyoideus IN=4, 36 1.3N=4, 36 4N=3, 22 4N=3, 22

Coracobranchialis IN=4, 27 13N=4, 27 IN=4, 25 13N=4, 25

Levator palatogquadrati IN=2, 47 IN=2, 47 13N=2, 44 IN=2, 44

Ventral preorbitalis 13N=4, 45 IN=4, 45 13N=3, 42 IN=3, 42

Dorsal preorbitalis IN=2, 9 IN=2, 9 IN=2, 8 no data

Levator hyomandibularis no data 2N=2, 8 no data no data
Quadratomandibularis ventral IN=5, 32 IN=5, 32 IN=4, 18 IN=4, 18

Quadratomandibularis dorsal IN=3, 15 IN=3, 15 no data no data

10ne-way ANOVA;2Mann-Whitney rank sum tes{SNK multiple-comparisons test by rank0.05;4Kruskal-Wallis one-way ANOVA
on ranks2two-way mixed-model ANOVA GLM procedure.

Analysis is by feeding event (ingestion, manipulation, hydraulic transport), by individual shark or by feedirgsharkt

Upper left superscript indicates statistical tésindicates number of sharks and bites, respectively.

Seven juvenile sharks, four male 66.5-76.5cm total length (TL) and three female 70-78cm TL were used.

food was moved rapidly from between the teeth through thbecause it would severely reduce our data set owing to the
pharynx into the esophagus. Hydraulic transport may beequirement for a balanced design in which all cells (sharks
preceded by multiple manipulation bites. However, only thdeeding events) must have data.

first manipulation bite of a sequence was analyzed. Because ofif  differences were detected by ANOVA, a
the inherent difficulties of recording from these constantlyStudent—Newman—Keuls (SNK) multiple-range test by ranks
swimming sharks, not all muscles were successfully recordaslas used to test all pairwise comparisd®s0(05) (Zar, 1984).

in every shark for every feeding event (Table 2). In a few cases, the parametric assumptions of the one-way
o _ ANOVA could not be met. In these cases, data were analyzed
Statistical analyses of electromyographic data using the Kruskal-Wallis test, or the Mann-Whithéyest in

For each muscle, burst durations and onset times (relative tioe case of two comparisor?<0.05).
the coracoarcualis muscle onset) for all bites were tested
separately for normality using the Kolmogorov—Smirnov test Statistical analyses of kinematic data
(P<0.05), and equality of variances was tested using the The durations of each of the 14 kinematic variables for four
Levene median tesP€0.05). If the data did not meet these sharks implanted with EMG wires were compared with those for
assumptions of parametric statistics, data were square-rodtvo sharks without implants. Because of the small and unequal
transformed or logtransformed. When normality or equality sample sizes, means for each variable were computed for each
of variances could not be achieved either way, nonparametréhark to avoid pooling data. Mann—Whitn&g(.05) tests were
statistics were used. All tests were performed using Sigma Stased to compare ingestion bites with and without EMG leads
Software (Jandell Scientific Inc., version 1.01). implanted, and hydraulic transport events with and without leads

For burst duration of each muscle, a one-way analysis dmplanted. Since there was no significant difference in
variance (ANOVA) was performed first on feeding eventskinematics for either bite type, all subsequent analyses combined
(sharks combined) and then on sharks (feeding eventkata from implanted and non-implanted animals.
combined) for each of the 11 cranial muscles. Similar analyses Normality and equality of variances were tested on the
were performed on the time of onset of activity data for eachombined data sets using the Kolmogorov—Smirnov test
muscle separately. Data from numerous individual bites ofP<0.05) and the Levene median teR&(@.05), respectively.
each shark were used in the calculations (not means from eathe duration of each of the 14 kinematic events (e.g. mandible
shark) (see Table 2). In one case involving the duration alepression) was separately analyzed using a one-way ANOVA
coracoarcualis activity, both a significant bite type and sharfirst for ingestion bitesversus hydraulic transport (sharks
effect were detected. To test for interactions between feedirgpmbined) and then by sharks (feeding events combined). Data
events and sharks, a two-way mixed-model ANOVA was usedtom numerous individual bites of each shark were used in
with feeding event as the fixed factor and individual shark athese calculations (not means from each shark) (see Table 1).
the random factor. We divided the bite type mean square B¥hen normality or equality of variances could not be achieved
the bite type by shark mean square to correct for the mixedyy loge-transformation, a Kruskal-Wallis one-way ANOVA
model ANOVA. We did not use two-way ANOVA throughout on ranks was used. If a difference was detected by ANOVA,
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a Student—Newman-Keuls multiple-range test by ranks weand (3) hydraulic transport of the food through the pharynx
used to test all pairwise comparisoRs(@.05). To test whether (Fig. 3). In a typical ingestion event, the shark captured the
upper jaw protrusion contributes to gape closure, the verticébod item by ram feeding, that is, by swimming over the food
gape distance remaining after jaw protrusion (maximum gapand grasping it in its jaws. In a few cases, suction of the food
distance minus maximum protrusion distance) was comparextcurred during ingestion bites (Norton and Brainerd, 1993).
with maximum gape distance using a pairgelst. In these cases, the food was transported rapidly past the jaws
and through the pharynx in one motion with relatively little
forward movement of the shark. After capturing the food, the
Results shark used one or more manipulation bites in rapid succession
Kinematics to reduce the size of the food and reposition it for swallowing.
In our analysis, we distinguished between three separat¥hen large pieces of food were offered, the shark shook its
feeding events: (1) prey ingestion bites; (2) manipulation bitedjead vigorously with the food clasped in its jaws, resulting in

. I 230

Fig. 3. Video fields of three feeding events kegaprion brevirostrisl1, lateral view and 12, ventral view of food ingestion bite; M, food
manipulation bite; T, hydraulic transport of food. The top fields show the start of lower jaw depresdior)( the second field, maximum
lower jaw depression; the third field, maximum cranial elevation; the fourth field, maximum palatoquadrate protrusion; ¢, fifta &nd
of cranial depression; and the sixth or bottom field, the end of palatoquadrate protrusion. If two of these events octhe samegframe
(M and T) they are both indicated by the same time. The food consists of pieces of fish held with plastic tongs or dh®dhhrk,ingests
the food with ram feeding, swimming over the food and grasping it in its jaws. Manipulation bites, M, consist of one aemafteibiood
ingestion in which the shark bites the food and often cuts it into two pieces. During hydraulic transport, T, the fodgt Buckeid from
between the jaws into the esophagus. In this particular series, the plastic rod holding the food has not been removetaros riwuth,
although in many of the analyzed sequences the tongs or rod are moved away from its mouth before hydraulic transpéctildihis/geatilic
transport offered a clear video image, although it was uncharacteristically long in duration. Hydraulic transport evemntsraire diration
than ingestion bites (see text). | and T, 76.5cm TL male; M, 78.1cm TL female. TL, total length.
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the cutting of the food into two or more pieces. In a few casesyaxima. Elevation of the mandible was followed closely by
there were no manipulation bites and the feeding sequendepression of the head. Palatoquadrate protrusion began shortly
proceeded directly to transport. This was a rapid hydrauliafter the beginning of mouth closure in the majority of bites.
suction transport of the food from between the teeth to th®laximum palatoquadrate protrusion, which contributed to
pharynx and into the esophagus. During this transport ever6 % of the gape distancB<0.0001), usually occurred at the
the shark continued to move forward, but slowly relative to thend of head depression and mandible elevation as the food was
movement of the food into the pharynx. After this event, thergierced by the upper and lower teeth. Maximum depression of
were no further swallowing events evident in either the videthe hyobranchial area occurred at the end of the bite as the
recordings or the electromyograms. mouth was closed on the food. The total time for protrusion and
Ingestion bites were composed of a series of craniaktraction of the upper jaw was highly variable, as indicated by
movements that varied both within and among sharks. Moshe relatively large standard errors in Fig. 4 and Table 3, and,
bites began with the initiation of mandible depression, althougtogether, both were longer than the entire preceding sequence.
the initiation of cranial elevation occasionally constituted theMean palatoquadrate retraction time was approximately three
first movement (Fig. 4). Cranial elevation usually began shortlimes longer than protrusion. However, palatoquadrate
after the beginning of mandible depression, such that the gapeotrusion was entirely lacking in some food ingestion bites, as
was widening as the shark swam over the food, and maximuwmas cranial elevation. The total duration for food ingestion bites
mandible depression usually occurred just before maximumwith palatoquadrate protrusion, from the beginning of mandible
head elevation. Maximum gape occurred between these tveepression to complete palatoquadrate retraction, ranged from

Fig. 4. Activity of jaw and head muscles and
associated kinematics during an ingestion bite : i : i Z ]
) . . . . LH | . ‘ |
in Negaprion brevirostris (A) Composite . ‘ -_‘ j j j

block diagram of electromyographic activity in vl i ' I ﬁ I i

the cranial muscles during a food ingestion bite ‘ ‘ ‘ ‘
with palatoquadrate protrusion. The mean QD |- : -—| I:I 33% 3 : .
onset (left edge) and offset (right edge) of the i : 3 : : ‘ :
blocks indicate the duration of muscle activity POD : ‘ -"J . : ‘ ]

in seconds. Time Os marks the onset of the =~ POV |- I I |:| 37% i I ]

coracoarcualis (CC) muscle activity. A mean Pl
for each shark was calculated, and a grand

mean was used to calculate the onset and CB - - j |
duration for each muscle. Error bars represent ‘ j j j j

the standard error of the grand mean. The bar CH - '_—] 36% : j j T
on the leading edge of each block is one cM | ' ‘ .

standard error of the onset, the bar on the I First burst
trailing edge is one standard error for duration CCl [ Second bursy
of muscle activity. In cases where there were Epl- 31% 1 : ]

data from a single shark, there is no error bar.
When a second burst of activity occurred more

than 25% of the time, it is shown with the B : ' ‘
percentage of occurrence and without errofran. mov}- »—{ }-—l : : j s
bars. CB, coracobranchialis; CC, :

coracoarcualis; CH, coracohyoideus; Cm,Man. mov.f- }" |
coracoma_mdibu_laris; EP, epaxialis; LH, Ievatqr PQ prot.| F_{ L]
hyomandibularis; LP, levator palatoquadrati; : ; ‘ . -

POD, dorsal preorbitalis; POV, ventral  Pk. gp.|- : .-~|»4I I j I : .
preorbitalis;  QD, quadratomandibularis I Z : ] Z I

dorsal; QV, quadratomandibularis ventral. Max. hy.|- Z : 5 : j j 7
(B) Composite block diagram of kinematics j j j ' ‘ ‘

during ~a food ingestion bite with ~0.050 . 0. 050 "o. 100 0150, 0200 0250 0300 0.350s
palatoquadrate protrusion. A mean for each

shark was calculated, and a grand mean used -
to calculate the onset and duration for each ? ’j g ) ?
kinematic event. Error bars represent the

standard error of the grand mean. Only a subset

of the bites used for the EMG analysis above are used for the kinematic analysis. The heavy vertical bars represent messo@argth
standard error bars. Line drawings below indicate the approximate positions of the head relative to a food item for seléctekiants
indicated by fine dotted lines. Cran. mov., cranial movement; Man. mov., mandibular movement; PQ prot., palatoquadrate piotggsio

peak gape; Max. hy., maximum hyobranchial depression.
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Table 3.Mean durations of cranial movements during food  Manipulation bites (Fig. 3) were not quantified owing to

ingestion and hydraulic transport events in lack of video data, but were composed of essentially the same
Negaprion brevirostris cranial movements as food ingestion bites. Palatoquadrate
Hydraulic protrusion was present in most of the bite;, even when there
Ingestion transport were repeated manipulation bites. Hydraulic transport events
: : were also composed of the same cranial movement events as
Cranial elevation (ms) 66x10 4816 food ingestion bites (Fig.5). However, maximum
Cranial depression (ms) 62¢7 5313 hyobranchial depression generally occurred before maximum
Mandible depression (ms) 7518 52+3 . . .
Mandible elevation (ms) 7746 63+4 palatoquadrate protrusion. The total duration ' of hydraulic
Palatoquadrate protrusion (ms) 59+10 46+4 transport events ranged from 135 to 350ms, with an average
Palatoquadrate retraction (ms) 159+31 93+17 duration of 207 ms (Table 3). Palatoquadrate protrusion and
Time to peak gape (ms) 81+7 58+3 cranial elevation were absent in a few hydraulic transport
Time to maximum hyobranchial 155+10 106+8 events.
depression (ms)
Total time of feeding event (ms) 309+41 207420 Kinematic analyses

When ingestion bites and hydraulic transport event data

The values are represented graphically in the lower parts of Figs\ﬁere pooled, only one kinematic event, the duration of
and 5. palatoquadrate protrusion, was different among individual
Values are means +SEu. sharks. However, the SNK multiple-comparisons test failed to
find a significant difference (Table 4). When results for

160 to 730 ms, with an average duration of 309 ms (Table 3jndividual shark data were pooled, differences between
The majority of this variation was attributable to variation iningestion bites and hydraulic transport events were found.
the duration of palatoquadrate protrusion and particularlyngestion bites had longer durations than hydraulic transport
retraction. events for the following variables: mandible depression; total

)
sl N
POD |- B :
ol L I

CH}

I

I First burst
1 Second burst_|

EP[

PQ prot.|-

Man. mov.}- i B : : : . .
Fig. 5. Activity of jaw and head muscles : 1 . P : :
and associated kinematics during hydraulic ~ Pk. gp.J- : : :
transport in Negaprion brevirostris
(A) Composite block diagram of
electromyographic activity in the cranial — '|

¢ . ) — T T T
muscles during hydraulic transport with 0050~ 0 0050 0.100~ 0.150 0200 0250 0.300 0.350s
palatoquadrate protrusion. (B) Composite : -

block diagram of kinematics during - ~ ~ k - } N ) ~
hydraulic transport with palatoquadrate D ( 2 P | . l .
protrusion. See Fig. 4 for details.

. : : ' : :
Cran. mov.|- »I::F .
|

Max. hy.|-
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Table 4. ANOVA of duration of kinematic events involved from the start of mandible depression to maximum gape; time

with the feeding events of food ingestion (I) and hydraulic from the start of mandible depression to maximum
transport (T) inNegaprion brevirostris hyobranchial depression; and time from the start of mandible

depression to the end of palatoquadrate protrusion (the total

Kinematic event Feeding events, I, T Sharks -
time of the bite) (Table 4).
Mandible depression *** (18.05, 1) I>T NS
Mandible elevation NS NS Motor patterns

Total time of mandible depression ***(15.01, 1) I>T NS
and elevation

Lag of head elevation from start of NS NS
mandible depression

The muscles of mandible abduction or depression were
usually the first muscles activated during food ingestion,
processing and hydraulic transport. The coracoarcualis,

Head elevation #(7.35, 1) 1> T NS coracomandibularis and coracohyoideus muscles were active
Head depression NS NS during mandible and hyoid depression. Cranial elevation was
Total time of head elevation and **(7.49,1)1>T NS concomitant with epaxialis muscle activity (Figs 4-6). In 31%
depression of the ingestion bites, there was a second burst of activity in
Lag of jaw protrusion from start of **(7.57,1) 1> T NS the epaxialis muscle, as well as in 36% of the bites for the
mandible depression coracohyoideus muscle (Fig. 4). For ingestion bites and
Palatoquadrate protrusion NS **(3.8316) nydraulic transport events, maximum mandible depression was
Palatoquadrate retraction NS NS approximately coincident with the cessation of firing of the
Total time of palatoquadrate NS NS . . . .
protrusion and retraction m_andlble depressors, gnd maX|mL!m_cran|aI eIevapgn ogcurred
Start mandible depression to (148, 1) | > T NS slightly after the cessa’qon of epaxialis muscle qctlwty (I_Zlgs 4,
maximum gape 5). The coracobranchiales muscles usually fired during the
Start mandible depression to %1560, 1) | >T NS activity period of the mandible depressors, presumably
maximum hyobranchial depression abducting the branchial arches. However, maximum
Start mandible depression to end of **(6.98, 1) I > T NS  hyobranchial depression occurred much later, towards the
palatoquadrate protrusion termination of jaw elevation (Figs 4, 5).

Adduction of the jaws occurred during activity of the

'SNK test indicates no significant difference among all pairwisqyuadratomandibularis dorsal and ventral. The initiation of their
Coii‘par(')sgniﬂsy not significant. muscle activity generally began before the cessation of activity
F-;:lti'stit andpggéorgié of freedom are given in parentheses of the mandible and hyoid depressors during ingestion and

. . .manipulation bites, but after cessation of activity in hydraulic

Tests were performed separately on each kinematic event first for L
feeding events with sharks pooled, and then for individual sharks WitﬁanSport events (but see statistics below). In 33% of the

feeding events pooled.

Ingestion bites, there was a second burst of activity in the
guadratomandibularis dorsal; in 50% of the manipulation
bites, there was a second burst of activity of the
time of mandible depression and elevation; head elevatioguadratomandibularis ventral (Figs 4-6).

total time of head elevation and depression; time lag from the Coincident with activity in the quadratomandibularis
start of jaw protrusion to the start of mandible depression; timmuscles, the dorsal and ventral preorbitalis and the levator

[ Jsow-

Qv
QD
POD
POV
LP
cB
CH
CM
cc

I First burst
[ Second burgt

EP

Fig. 6. Composite block diagram of : X : :
electromyographic activity in the cranial muscles of f f T T 1 T
Negaprion brevirostrisduring a manipulation bite —0.050 0 0.050 0.100 0.150 0.200 0.250 0.300 0.350

with palatoquadrate protrusion. See Fig. 4 for detalils. Time (s)
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palatoquadrati muscles fired during palatoquadrate protrusiohydraulic transport were confined to the muscles of mandible
Maximum  palatoquadrate  protrusion  occurred  atdepression and palatoquadrate protrusion. The duration of
approximately the cessation of activity of the latter threectivity of the mandible depressors, that is, the coracoarcualis
muscles. The ventral preorbitalis muscle had second bursts @fid coracomandibularis, was shortest for hydraulic transport.
activity, some quite lengthy, in 37% of the ingestion bitesfor the coracoarcualis, hydraulic transport events were shorter
37% of the manipulation bites and 57% of the hydraulidn duration than ingestion bites, but not manipulation bites. The
transport events. In manipulation bites, the dorsal preorbitalduration of activity of the coracomandibularis did not differ for
had second bursts of activity in 75% of the bites. Finally, théngestion or manipulation bites, but both of these feeding
levator hyomandibularis muscle was the last muscle to initiatevents were longer in duration than hydraulic transport events.
activity in the food ingestion bites (no data were available for The duration of muscle activity of the ventral preorbitalis
this muscle for the other feeding events) (Figs 4-6). was shorter for ingestion bites and did not differ for
During both ingestion and manipulation bites, simultaneoumanipulation bites or hydraulic transport. The onset of the
video images and electromyographs showed thdevator palatoquadrati was shorter for hydraulic transport
palatoquadrate protrusion was coincident with activity in theeompared with those of the other two feeding events, which
dorsal and ventral preorbitalis and the levator palatoquadratiere the same. Similarly, the onset for the ventral preorbitalis
muscles, with strong activity in the latter two (Figs 7, 8). Thewas longer for the ingestion bites compared with hydraulic
ventral preorbitalis muscle showed prolonged activity, eithetransport, whereas the manipulation bites did not differ from
in one or more bursts, compared with the dorsal preorbitalis @ither the ingestion bites or hydraulic transport. The duration
levator palatoquadrati muscles (Figs 4—7). Prolonged activitgf activity in the coracoarcualis muscle, which was different
of the ventral preorbitalis was coincident with prolongedfor both feeding events and among sharks, had no interaction
protrusion of the upper jaw, thus supporting its control oveamong sharks and feeding events. The other muscle of

palatoquadrate protrusion. palatoquadrate protrusion, the dorsal preorbitalis, was only
comparable for ingestion and manipulation bites because of
Motor pattern analyses lack of data for hydraulic transport events (Table 5). The

For all feeding events combined, there were differencesomposite block diagrams of electromyographic activity
among sharks for the onset of the coracobranchiales musclgsgs 4, 5) indicate that the quadratomandibularis dorsal and
and for the duration of muscle activity of the epaxialis,ventral fired after the cessation of activity in the muscles of
coracoarcualis, coracohyoideus, coracobranchiales and levajaw depression in hydraulic transport but before the cessation
palatoguadrati muscles (Table 5). For all sharks combineaf activity in ingestion bites. However, insufficient data existed
differences among ingestion bites, manipulation bites antb test this (Table 5).

Table 5.ANOVA for the burst duration and onset from the initial firing of the coracoarcualis muscle for eleven cranial muscles
controlling three feeding events [food ingestion (1), manipulation (M) and hydraulic transport (Nggaprion brevirostris

Duration CC onset

Muscle Feeding events, I, M, T Shark BieShark Feeding events, |, M, T Shark
EP NS **(3.52, 5) NS NS
CcC **(459,2) IMT **(4.42, 4) NS
CM **(4.78,2) IM T NS NS NS
CH NS **%(19.2, 3) NS NS
CB NS *(3.25, 3) NS **(6.71, 3)
LP NS *(4.37, 1) *(4.15,2)IMT NS
POV (717, 2) M T I NS **(5.41,2)IMT NS
POD NS NS NS No data

(Only types I, M) (Only types I, M)
LH No data NS No data No data
Qv NS NS NS NS

(Only types I, M)

QD NS NS No data No data

NS, not significant.

*P<0.05; **P<0.01; ***P<0.001.

F-statistic and degrees of freedom are given in parentheses. Tests were performed separately on each muscle first fontleedihg eve
sharks pooled, and then for individual sharks with feeding events pooled, for both duration and onset data.

Lines below feeding events indicate values that do not differ.

CB, coracobranchialis; CC, coracoarcualis; CH, coracohyoideus; CM, coracomandibularis; EP, epaxialis; LH, levator hyoisah&pular
levator palatoquadrati; POD, dorsal preorbitalis; POV, ventral preorbitalis; QD, quadratomandibularis dorsal; QV, quadratarisaveiitral.
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ZE-ms Fig. 8. Electromyograms of five muscles during a food manipulation

bite in a 78 cm total length femaiegaprion brevirostrigeeding on
Fig. 7. Electromyograms of five muscles during a food ingestion bity piece of fish. Select kinematic events from the simultaneous video
(1), two manipulation bites, (M1, M2) and hydraulic transport of theimages are marked by vertical lines and numbers along the bottom as
food (T ) in a 78cm total length femalegaprion brevirostris  fo|lows: 1, start of mandible depression; 2, start of cranial elevation;
feeding on a piece of fish. Prior to the food ingestion bite (I), the shaz maximum gape; 4, start of cranial depression; 5, start of
opened its mouth and lifted its head slightly, as indicated by activityalatoquadrate protrusion and simultaneous mandible elevation; 6,
in CC and EP, respectively. Palatoquadrate protrusion was visible mandible elevated and biting food with palatoquadrate still protruded;
the video approximately at the points indicated by small black arrow7 pajatoquadrate still slightly protruded as it ends this manipulation
The lower signal indicates the synchronization pulse for the videpite and begins another (not shown). The lower signal indicates the
camera. CC, coracoarcualis; CH, coracohyoideus; EP, epaxialis; Lsynchronization pulse for the video camera. CC, coracoarcualis; CH,
levator palatoquadrati; POV, ventral preorbitalis. coracohyoideus; EP, epaxialis; LP, levator palatoquadrati; POV,
ventral preorbitalis.
Discussion

Functional conservation of kinematic pattern have also been observed in kinematic and motor pattern
Negaprion brevirostrigprimarily uses ram feeding to ingest analyses of suction prey capture in teleost fishes and aquatic
food under our experimental conditions. The kinematic pattersalamanders, and ram feeding in turtles. Many fishes lack a
of expansive, compressive and recovery phases known fpreparatory phase, particularly during hydraulic prey transport
other aquatic anamniotes is conserved during ingestion bited,iem, 1978; Lauder, 1985; Lauder and Shaffer, 1985; Reilly
manipulation bites and hydraulic transport events in this sharland Lauder, 1990; Lauder and Prendergast, 1992; Lauder and
We occasionally observe preparatory phases of ingestion biteilly, 1994; Reilly, 1995). The expansion phase Nn
during which the mouth is closed prior to the bite. These phasésevirostrisbegins with either mandible depression or cranial
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elevation and terminates with maximum gape. The In contrast, kinematic analysis of the white shark
compressive phase generally begins with elevation of th€archarodon carcharias feeding on large bait near the
mandible and the head is depressed shortly thereaftesurface, shows that this lamnid exhibits a different sequence of
Palatoquadrate protrusion occurs during the compressiugper jaw movements during feeding. Likebrevirostris the
phase, although protrusion (and cranial elevation) is lacking ihite action ofC. carchariasbegins with the nearly coincident
some bites, as was also noted for carcharhinid sharks Hifting of the head and depression of the mandible, which
Frazzetta and Prange (1987). The compressive phase ends wtithether produce the maximum gape. However, unhke

the jaws closed on the food. The expansive phase is not fast@evirostris extension of the palatoquadratedn carcharias

than the compressive or closing phaseNinbrevirostrisor  is maximal well before full elevation of the lower jaw and
Squalus acanthias(C. A. D. Wilga and P. J. Motta, depression of the cranium. Furthermore, the palatoquadrate can
unpublished data). From this, we conclude that there is no fasdtract to its subcranial resting position while the snout is lifted,
opening phase characteristic of some bony fishes, aquatitit normally does not remain protruded after the snout is
amphibians and some aquatically feeding amniotes (Laudéwered. We suggest that this difference in jaw kinematics
and Prendergast, 1992; Lauder, 1985; Lauder and Reillyeflects the contrasting feeding behavior of these two species
1994). The recovery phase involves retraction of thef sharks which normally feed on different-sized prey. Unlike
palatoquadrate and the hyoid and branchial apparatus. juvenile N. brevirostris adultC. carchariascommonly use a

It has been proposed that maximum hyoid depression occuieeding strategy in which they attack a large pinniped at or near
after maximum gape during prey capture by aquatic suctiotihe surface, inflicting a massive, usually singular, wound
feeders (Reilly and Lauder, 1992). We have demonstrated th@ricas and McCosker, 1984; McCosker, 1985; Klimégal.
maximum hyobranchial depression also occurs after maximut996). The prey is often released after this bite and is usually
gape during ram bites and hydraulic transports Nn  not consumed further until a subsequent attack. In this case,
brevirostris Therefore, this appears to be a general property dhe early protrusion of the upper jaw relative to the elevation
aquatic feeding in this animal, not just of suction feeding. Ibf the lower jaw may maximize the penetration of the upper
recovery of the hyobranchial apparatus occurred before closujew into the large mammalian prey. In addition, the prolonged
of the mouth in either ram or suction feeding, it would producelevation of the cranium i€. carchariaspermits the delivery
a reverse water current that would tend to force the prey badk a rapid series of multiple bites by sequential protrusions and
out of the mouth. retractions of the palatoquadrate, a feeding behavior sometimes

The sequence of expansive, compressive and recovenged for excision of large pieces of flesh from whale carcasses
phases and its variability are similar to those found previousl¢Prattet al. 1982).
in N. brevirostrisand in two other carcharhinids, the blacknose The mean duration of the complete feeding bout (which
(Carcharhinus acronotys and blacktip Carcharhinus included ingestion and manipulation bites) in addt
limbatug sharks (Frazzetta and Prange, 1987). The dibt of carchariasis 985 ms, with a range of 750-1708 ms (Tricas and
brevirostris and most other carcharhinid sharks consistdvicCosker, 1984). In contrast, we measured a mean duration
primarily of bony fishes (Wetherbest al. 1990; E. Cortés, of an ingestion bite in juvenil®&. brevirostris of 309 ms,
personal communication). Natural feeding on fish prey byanging from 160 to 730ms. The longer duration in a@ult
carcharhinid sharks usually involves a brief period of pursuitarchariasmay be due to the greater inertia required to move
followed by capture of the prey below the snout.Nn the larger mass of the head and jaws. Alternatively, the data
brevirostris the closure of the mouth is coincident with thefor N. brevirostrisand C. carchariasare consistent with the
peak protrusion of the palatoquadrate, which can be sustainéddings of Richard and Wainwright (1995), who observed a
for a prolonged period. One result of upper jaw protrusion iselative slowing of muscle shortening rate with increasing size
the anteroventral movement of the upper jaw and attached largemouth bas#licropterus salmoidesThe shark gape
teeth, which enhances grasping and retention of the prey in togcle data are congruent when fitted to the scaling regression
jaws. for the bass (A. P. Summers, unpublished data).

The position of the teeth during the compressive phase of Ingestion and manipulation bites as well as hydraulic
the ingestion bite also facilitates the processing of teleost preyransport events iN. brevirostris have similar motor and
When offered large pieces of fodd, brevirostrisoften grasps  kinematic patterns. A preparatory phase during ingestion bites
the prey between the lower jaw and the protruded upper jaws occasionally present and involves activity of the
This is usually followed by vigorous shaking of the body andjuadratomandibularis muscles as the jaws are closed prior to
head in a side-to-side motion, such that the upper jaw cuts thige expansive phase. The expansive phase is characterized by
food into two or more pieces. Similar head-shaking behaviomandible depression coincident with activity in the
occurs in numerous other carcharhinid sharks (Springer, 196dgracoarcualis, coracomandibularis and coracohyoideus
Moss, 1972, 1977; Frazzetta and Prange, 1987; Frazzettauscles, hyobranchial depression during activity of the
1988, 1994). The behavior of slashing the exposed teeth of teeracohyoideus and coracobranchiales, and head elevation
protruded upper jaw through the prey, propelled by lateraduring firing of the epaxialis muscle (Fig. 9A). During the
movements of the head, presents an efficient cuttingxpansive phase, the distal end of the hyomandibula pivots
mechanism that reduces the prey to a consumable size.  anteroventrally, while the distal end of the ceratohyal pivots
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LCP Fig. 9. A model of chondrocranial, mandibular and hyoid arch
f kinetics during feeding iNegaprion brevirostribased on dissection,
computer axial tomography, electromyography and video analysis.
(A) Expansive phase, characterized by depression of the mandible and
elevation of the cranium; (B) compressive phase, characterized by
elevation of the mandible, cranial depression and palatoquadrate
protrusion; (C) recovery phase, characterized by hyomandibular and
palatoquadrate retraction. Only the major components of the
chondrocranium, mandibular and hyoid arch are represented; the
branchial arches are not included. Thick dark lines indicate muscles,
large arrows indicate the movement of specific elements, and small
arrows indicate the direction of muscle contraction. See Discussion
for a description of the specific phases, contractile events and kinesis
of the cranial elements. BH, basihyal; C, ceratohyal; CC,
coracoarcualis; CH, coracohyoideus; CM, coracomandibularis;
CPTS, chondrocranial-palatoquadrate connective tissue sheath (oral
mucous membrane); EP, epaxialis; HMD, hyomandibula; LCP,
ethmopalatine ligament; LH, levator hyomandibularis; LP, levator
palatoquadrati; MC, Meckel's cartilage; OP, orbital process; PG,
pectoral girdle; POD, dorsal preorbitalis; POV, ventral preorbitalis;
PQ, palatoquadrate; QD, quadratomandibularis dorsal; QV,
guadratomandibularis ventral.

our methods in the present study did not allow visualization of
their movement. The hyoid arch and the branchial apparatus
remain in the abducted state until the onset of activity of the
levator hyomandibuli in the recovery phase.

The recovery phase, therefore, is characterized by the
retraction of the hyomandibula into its resting position
concomitant with activity in the levator hyomandibuli, and the
retraction of the palatoquadrate cartilage by the elastic
ethmopalatine ligament (Motta and Wilga, 1995) (Fig. 9C).
We did not investigate the role of other branchial muscles, such
as the adductor arcuum branchialium and the arcualis dorsalis,
in this or other phases (Vetter, 1874; Marion, 1905; Shirai,
1992).

As in our previous study on the biting mechanismNof
brevirostris (Motta et al. 1991), we recorded reciprocal co-
posteroventrally owing to its ligamentous attachments (Mottactivation of agonist—-antagonist muscle pairs, such as the
and Wilga, 1995). The compressive phase is characterized byandible adductor (quadratomandibularis dorsal) and the
elevation of the mandible and depression of the headnandible depressors (coracoarcualis and coracohyoideus).
coinciding with contraction of the quadratomandibularis dorsaDverlap of activity in antagonistic muscle complexes during
and ventral, although the stored elastic energy from thf&eding has also been noted in bony fishes and aquatic
bending of the anterior part of the axial skeleton and stretchirgplamanders (Liem, 1980; Lauder, 1980; Lauder and Shaffer,
of the ligaments, skin and other tissues probably als©985). During rapid movements (e.g. rapid jaw opening), such
contributes (Fig. 9B). Palatoquadrate protrusion occurs duringntagonistic activity may help to stiffen the joint and regulate
the compressive phase. the speed and degree of jaw movements, controlling movement

Maximum depression of the hyobranchial apparatus occueround the joint and reducing potential damage to joints and
at the termination of the compressive phase when the mouthuscle (Mottaet al. 1991). Rapid multiple bursts of muscle
has closed on the food. This is after the cessation of the firattivity often accompany strong sustained kinematic events,
and second bursts of activity in the mandibular and hyoiduch as closure of the jaw on the food or sustained
abductors. Computer axial tomography (CAT scans) of deaghalatoquadrate protrusion (Fig. 8). These muscle activity
manipulated sharks indicates that this ventral bulge is due tmursts probably result in sustained contraction of the muscles,
the movement of the basihyal from its anterior position jussince elasmobranch fast glycolytic white muscle fibers produce
posterior to the mandibular symphysis to a more posteroventralsed tetani at multiple stimulation frequencies of 5-10 Hz and
position (Motta and Wilga, 1995). Undoubtedly, the branchiamaximum isometric tensions at approximately 20Hz
arches contribute to the depression of the pharyngeal floor, biitohnston, 1980, 1981).
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Variability in kinematic and motor patterns phase of ingestion bites, manipulation bites or hydraulic

We found no differences in the kinematic variables amongfansport events when the dorsal and ventral preorbitalis and
individual sharks, although our small sample size requirethie levator palatoquadrati muscles become active, as suspected
caution. This lack of kinematic variation is interesting in tha®y Luther (1909), Haller (1926), Zlabek (1931), Moss (1962,
the durations of muscle activity do vary among sharks. Therd972) and Frazzetta (1994). There is no activity in the levator
are differences among the sharks in the duration of firing dlyomandibularis during protrusion, refuting the hypothesis
the head elevator (epaxialis), jaw depressors (coracoarcualtgat it contributes to protrusion by pulling the hyomandibula
coracohyoideus), branchial depressor (coracobranchiales) afgteriorly (Moss, 1972).
at least one muscle effecting palatoquadrate protrusion (levatorThe ~ dorsal  preorbitalis ~ originates ~ on  the
palatoquadrati). Further support for our hypothesis that relativ@uadratomandibularis muscle mass and inserts on the
timing does not vary is found in the activity onset data. Théalatoquadrate at the base of the orbital process. It presumably
only difference in the muscle activity onset among individuaRcts to pull the palatoquadrate ventrally, such that the orbital
sharks is in that of the coracobranchiales. So, while there apsocess of the palatoquadrate is at least partially withdrawn
differences among sharks in the durations of the muscféom the orbital notch of the chondrocranium. This action
activity bursts, the relative timing of the activity patternsfequires co-activation by the quadratomandibularis muscles
appears to be quite consistent. from which it originates.

When ingestion bites are compared with manipulation bites The ventral preorbitalis originates on the nasal region of the
and hydraulic transports, the muscle activity data are in genergiiondrocranium and inserts on the quadratomandibularis
agreement with the kinematic analyses (although only ingestigiPmplex. Together with the levator palatoquadrati, which
bites and hydraulic transports were compared in the kinemat®figinates on the orbital region and inserts on the
analysis), considering only 50% of the feeding events werBalatoguadrate, the ventral preorbitalis pulls the palatoquadrate
used for both the electromyographic and kinematic analyseE! an anterodorsal direction. In the retracted position, the upper
Differences in muscle activity patterns among feeding eventi@w resists movement in an anterodorsal direction because the
are confined to the muscles of mandible depression arf@unded orbital process sits in the orbital notch. Upper jaw
palatoquadrate protrusion. Hydraulic transport events havrotrusion occurs when the dorsal preorbitalis pulls the orbital
shorter durations of muscle activity for the coracoarcualis anBrocess partially or totally out of the orbital notch. The ventral
the coracomandibularis than ingestion bites. This correspondeorbitalis and levator palatoquadrati then pull the upper jaw
with quicker mandible depression in hydraulic transport. Fastétnteriorly so that the orbital process is forced to glide on the
head elevation in hydraulic transports compared with ingestioanterior wall of the orbital notch, and the resultant force drives
bites is not reflected in the duration of epaxialis muscle activityfhe upper jaw anteriorly and ventrally into the protruded
Palatoquadrate protrusion occurs earlier in hydraulic transpor@9sition. Motion of the hyomandibula assists upper jaw
than in ingestion bites, since the onset for the levatdprotrusion by swinging anteroventrally. However, it moves
palatoquadrati and the ventral preorbitalis are shorter fdpassively because of its tight ligamentous connection to the
hydraulic transport events; the lack of data for the dorsdfWs. Prolonged palatoquadrate protrusion appears to be
preorbitalis prevents its comparison with other muscles. IRrimarily effected by the repeated contraction of the ventral
contrast, the duration of the first burst of the ventral preorbitaliBreorbitalis, which shows multiple bursts of activity during this
(only first bursts were statistically analyzed) is shortest for thExovement (Fig. 8). The ethmopalatine ligament and the
ingestion bites. However, this does not reflect the duration ¢thondrocranial-palatoquadrate connective tissue sheath limit
subsequent bursts of activity of this muscle, which frequentip@latoquadrate protrusion (Motta and Wilga, 1995).
occur during palatoquadrate protrusion. As a consequence,Protrusible jaws and the array of tooth types that appear in
maximum gape and maximum hyobranchial depression occifpe euselachian radiation of modern sharks are generally
earlier in hydraulic transport than in ingestion bites and, overalgssociated with increased ingestion and prey handling diversity
hydraulic transport events are shorter in duration that ingestid®chaeffer, 1967; Moss, 1977). However, the biological role of
bites. Manipulation bites appear to be somewhat intermedial@W Protrusion in sharks is not clear (Moss, 1972, 1977; Tricas
in muscle activity duration and onset compared with ingestioAnd McCosker, 1984; Frazzetta, 1994; Wu, 1994). Our study
bites or hydraulic transport events. indicates that protrusion of the upper jawNn brevirostris

In comparing suction capture with suction transport inorobably decreases the time necessary for the teeth to impale
Lepomis macrochirusand Ambystoma tigrinumGillis and ~ the prey since protrusion accounts for an average of 26 % of
Lauder (1995) found that the time course for prey transpof'® gape distance during jaw closure in the majority of feeding
kinematics is often much faster than that of prey capture. The§¥ents. During ingestion bites Nf brevirostris anteroventral

suggest that this difference may be widespread during aquafi€otrusion of the upper jaw, which can occur independently of
feeding by anamniotes. Our findings with brevirostris ~ cranial depression, begins as the cranium starts its descent and

. teeth when the upper jaw is maximally protruded, the cranium
Palatoquadrate protrusion depressed and the mandible elevated. Thereafter, the upper jaw

Palatoquadrate protrusion occurs during the compressivs retracted as the food remains impaled on the teeth. Without
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upper jaw protrusion, the mandible would have to be elevated lemon shark,Negaprion brevirostris using tetracycline radiated
more to seize the food between both jaws. vertebral centraCopeial988 747-753.
Many teleost fishes can regulate the degree and velocity &RRROLL, R. L. (1988)Vertebrate Paleontology and Evolutiddew
jaw movements as well as modulate the timing and patterns of York: Freeman and Co. _ o N
activity of the jaw muscles in response to different prey (Liem,Ccl’r“;;’;G:r?{ Lz'gc')lvl';lggg)'szgylet'c relationships of living sharks and
ic?Z?éelsg? iﬁ?r?:g’ gﬂnc:jttﬁhé ?ﬁ%n%ﬂg{ V\\;g::;ggr? fi?]unrgur:(f}g&OMl?AGNO, L. J. V. (_1988)Shar_ks of_ The Order Carcharhiniformes
L . . . . Princeton, NJ: Princeton University Press.
activity patterns during feeding (Lauder., 19_81; WalnwnghtCORTES E. Avb GRuBER, S. H. (1990). Diet, feeding habits and
and Lauder, 1986; Sanderson, 1988; Wainwright, 1989). Little egtimates of daily ration of young lemon shark&egaprion
is known about the ability of sharks to vary kinematic or previrostris Copeial99q 204—218.
muscle activity patterns during prey ingestion or whether pregpceworty F. H. (1935). Cranial Muscles of Vertebrates
ingestion is similar to prey manipulation or hydraulic transport. Cambridge: Cambridge University Press.
Earlier studies assumed that feeding behavior (implying prefrazzetTa, T. H. (1988). The mechanics of cutting and the form of
ingestion) in any shark was composed of a series of stereotypedhark teeth (Chondrichthyes, Elasmobranch@ipomorphology
movements (Gilbert, 1970; Tricas, 1985). This study is 108 93-107. _ o
significant because it is the first electromyographic and higFRAZZETTA, T. H. (1994). Feeding mechanisms in sharks and other
speed video analysis of the feeding mechanism of any elasmobranchsdv. comp. env. Physidg, 31-57.

- . - . RAZZETTA, T. H.AND PRANGE, C. D. (1987). Movements of cephalic
chondrichthyan under semi-natural feeding conditions. Our components during feeding in some requiem sharks

hypothesis that the kinematic pattern of preparatory, (Carcharhiniformes: Carcharhinida€opeial987 979-993.
expansive, compressive and recovery phases common to otRgfacrr P, W. (1962). The behavior of shari&cient. Am 207,

aquatic feeding teleosts, salamanders and turtles is conserve@g_gs.

in the carcharhinid shaik. brevirostriswas largely supported, Gisert, P. W. (1970). Studies on the anatomy, physiology and
although a preparatory phase was often absent. Our secondehavior of sharksFinal Report, Office of Naval Research,
hypothesis proposing inter-individual variability of kinematic ~Contract Nonr-401(33): Project NR 104-4745pp.

and motor patterns in the feeding events, where muscle activi§jtLis, G. B.AND LAUDER, G. V. (1995). Kinematics of feeding in
and kinematic events vary only in duration but not in relative bluegill sunfish: is there a .general di;tinction between aquatic
timing, was partly supported. Among individual sharks, there_Capture and transport behaviodsxp. Bial 198 709-720. ,
was variation in duration but little variation in the relative onsef?RUBER S: H. (1984). Bioenergetics of the captive and free ranging

of muscle activity, resulting in no detectable kinematic lemon sharkProc. Am. Ass. zool. Parks Aqu80, 340-373.
Ys 9 HALLER, G. (1926). Uber die Entwicklung, den Bau und die Mechanik

variation. Our third hypothesis, that ingestion, manipulation ;.o Kieferapparates des Dornhaisdnthias vulgaris Z. mikrosk.
and hydraulic transport all have a common series of kinematic anat. Forschs 749-793.

and motor events but are distinguishable by their duration angyne, B. C., Lauber, G. V., ReiLLy, S. M. AND WAINWRIGHT, P. C.
relative timing, both kinematically and electromyographically, (1990). The effect of sampling rate on the analysis of digital
was supported. Finally, upper jaw protrusion is coincident with electromyograms from vertebrate musdleexp. Biol154, 557-565.
activity of the preorbitalis dorsal and ventral and the levatodornsTon I. A. (1980). Contractile properties of fish fast muscle
palatoquadrati, and not with activity of the levator fibres.Mar. Biol. Lett.1, 323-328.

hyomandibuli and quadratomandibularis. Further studies ofPHNSTON I. A.(1981). Structure and function of fish muscigmp.
elasmobranch feeding mechanisms should address the?°0!- Soc., Londig, 71-113. _
generality of these findings among the diversity ofKLIMLEY, A. P., BLE, P.aND ANDERSON S. D. (1996). The behavior

. ; . f white sharks and their pinniped prey during predatory attacks.
elasmobranch fishes and address the issue of behavioral an Great White Sharks. The Biology@archarodon carcharias (ed.

physiological modulation when feeding on different types of , Kiimley and D. G. Ainley), pp. 175-191. New York:
natural prey. Academic Press.
LAaupER, G. V. (1980). Evolution of the feeding mechanism in
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The Mote Marine Laboratory and the University of South ChalceusCopeial9gl 154-168.
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