The Journal of Experimental Biology 203, 2781-2796 (2000)
Printed in Great Britain © The Company of Biologists Limited 2000
JEB2810

2781

DUROPHAGY IN SHARKS: FEEDING MECHANICS OF THE HAMMERHEAD
SPHYRNA TIBURO

CHERYL D. WILGA* anp PHILIP J. MOTTA
Department of Biology, University of South Florida, Tampa, FL 33620, USA

*Present address: Museum of Comparative Zoology, Harvard University, 26 Oxford Street, Cambridge, MA 02138, USA
(e-mail: cwilga@oeb.harvard.edu)

Accepted 20 June; published on WWW 22 August 2000

Summary

This study investigates the motor pattern and head
movements during feeding of a durophagus shark, the
bonnethead Sphyrna tiburg using electromyography and
simultaneous high-speed vide@phyrna tiburofeeds almost
exclusively on hard-shelled crabs, with shrimp and fish
taken occasionally. It captures crabs by ram feeding, then
processes or reduces the prey by crushing it between
molariform teeth, finally transporting the prey by suction
for swallowing. The prey-crushing mechanism is distinct
from that of ram or bite capture and suction transport.
This crushing mechanism is accomplished by altering the
duration of jaw adductor muscle activity and modifying
jaw kinematics by the addition of a second jaw-closing
phase. In crushing events, motor activity of the jaw

transport events during which motor activity (biting)
ceases at jaw closureSphyrna tiburo is able to take
advantage of a resource (hard prey) that is not readily
available to most sharks by utilizing a suite of durophagous
characteristics: molariform teeth, a modified jaw protrusor
muscle, altered jaw adductor activity and modified jaw
kinematics. Sphyrna tiburois a specialist feeder on crab
prey as demonstrated by the lack of differences in
kinematic or motor patterns when offered prey of differing
hardness and its apparent lack of ability to modulate its
behavior when feeding on other prey. Functional patterns
are altered and coupled with modifications in dental and
jaw morphology to produce diverse crushing behaviors in
elasmobranchs.

adductor muscles continues (biting of the prey occurs as
the jaws close and continues after the jaws have closed) Key words: durophagy, feeding, mechanics, hammerhead shark,
throughout a second jaw-closing phase, unlike capture and capture, ram feeding, prey transport, crush8mhyrna tiburo.

Introduction

Crushing of hard prey by the oral jaws during feeding hasrushing, but also slide past one another. Sharks that crush prey
been observed in only a few osteichthyan groups, such as thave teeth that have low cusps or that are molariform. The
Sparidae, Tetraodontidae and Cichlidae (Christiansen, 1978sped teeth are relatively small and have low rounded cusps,
Liem, 1979, 1980; Barel, 1983; Buxton, 1984; Buxton andhere are numerous teeth per row, with the teeth occurring in
Clark, 1989, 1991; Sedberry, 1987, 1989; Vandewalle et alnumerous rows and together producing a bumpy surface.
1995; Turingan and Wainwright, 1993; Wainwright andSmoothhound sharks, gendustelus have low rounded
Turingan, 1993; Turingan, 1994; Hernandez and Mottagusped teeth and feed on crustaceans (Russo, 1975; Talent,
1994). Similarly, durophagy (feeding on hard prey) in1982; Compagno, 1984; Rountree and Able, 1996). The
chondrichthyans has only been observed in horn sharkaolariform teeth are smoothly rounded and lack cusps, and
(Heterodontidae), some rays (Myliobatidae) and chimerathere are numerous teeth per row, with the teeth occurring in
(Holocephali) (Dean, 1906; Daniel, 1922; Smith, 1942;numerous rows and again forming a bumpy surface. Horn
Bigelow and Schroeder, 1953; Moss, 1972; Compagno, 1988harks (Heterodontiformes) and bonnethead sh&ghytna
Motta and Wilga, 2000) (Fig. 1). These studies have found @iburo, Sphyrnidae) have molariform teeth; the anterior teeth
suite of morphological characteristics related to durophagyre cuspidate and used for grasping, and the posterior teeth are
which include stout flattened teeth, hypertrophied jaw adductanolariform and used for crushing. Horn sharks feed primarily
muscles and robust jaws. on limpets, bivalve molluscs and blue crabs, while bonnethead

Crushing and grinding teeth are typically associated witlsharks feed almost exclusively on crabs (Garman, 1913; Smith,
sharks and rays that feed on hard prey, such as crustaceans 894l2; Segura-Zarzosa, 1997; Cortes et al., 1996; Lessa and
molluscs (Cappetta, 1987) (Fig. 2). We define crushing as th&imeida, 1998). Chimeras (Holocephali) and some myliobatid
forceful occlusion of the opposing dental surfaces and grindingays have pavement teeth (Daniel, 1922; Compagno, 1988;
so that the dental surfaces not only oppose each other, asTiricas, 1997) that are flat, usually hexagonal in shape and
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Holocephali *

Heterodontiformes *

Orectol obiformes *
Lamniformes

Carcharhiniformes *
Chlamydoselachiformes
Hexanchiformes
Echinorhiniformes

Dalatiiformes
Centrophoriformes
Squaliformes
Squatiniformes
Pristiophoriformes

Pristiformes
Rhynchobatoi dei
Rhinobatoidei *
Torpedinoidea

Batoidea

Rajoidea®
Myliobatoidea *

Fig. 1. Chondrichthyan cladogram showing groups (marked b
asterisks) in which durophagy (consumption of hard prey) is knowr
Holocephali,Callorhinchus Neoharriottg Harriota, Rhinochimaera
Chimaera  Hydrolagus Heterodontiformes, Heterodontus
Orectolobiformes, Ginglymostoma Carchariniformes, Mustelus
Sphyrna tiburg Rhinobatoidei, Rhinobatos Rajoidea, Raja
Myliobatoidea, Aetobatus AetomylaeusMyliobatis Pteromylaeus
Rhinoptera Compiled from Dean (1906), Daniel (1922), Smith
(1942), Bigelow and Schroeder (1953), Moss (1972), Compagn
(1988), Ebert et al. (1991), Shirai (1996) and Summers (2000).

Fig. 2. Selected dental types in elasmobranchs. Crushing type
represented byRaja (top), grinding by Myliobatis (middle) and
clutching-grinding byHeterodontuglower jaw only) (bottom) (after

interconnect to form an even dental plate. Durophagu
Cappetta, 1987).

myliobatids, such as cownose (gerRisinoptera and eagle
(generaVlyliobatisand Aetobatu$ rays and chimeras use their
pavement teeth for grinding molluscs, gastropods and cral
(Daniel, 1922; Bigelow and Schroeder, 1953; Talent, 1982hat the line of action of the hypertrophied adductor muscles
Russell, 1983; Compagno, 1984; Cappetta, 1987; Di Giancongenerates the strongest force in the region of the largest
and Perier, 1996; Gray et al., 1997). Some skates amdolariform teeth, with force decreasing towards the jaw joint
guitarfish, such aRhinobatosspp. (Talent, 1982; Wilga and and symphyses (Nobiling, 1977). These hypotheses have yet
Motta, 1998b), also have low rounded cusped teeth and crush be tested in live feeding fishes.
or grind their prey. The mechanism of prey crushing in the oral jaws has been
A recent morphological study of durophagus myliobatidextensively studied only in queen triggerfifiglistes vetula
stingrays identified several morphological characteristic§Turingan and Wainwright, 1993; Wainwright and Turingan,
enabling these fishes to grind hard prey: flat, pavement-lik€993). Activity in the jaw adductor muscles lasted longer when
tooth plates, calcified strengthened cartilaginous jaws, calcifiei@eding on hard prey compared with soft prey (Wainwright and
struts within the jaws and a lever system that amplifieJuringan, 1993). In addition, the motor patterns during bite
the force of the jaw adductor muscles (Summers, 2000kapture and prey processing of crab were indistinguishable
Furthermore, fusion of the palatoquadrate and mandibuldrom each other, with both of these behaviors being different
symphyses, a restricted gape and asynchronous activation fodm that of suction capture (Turingan and Wainwright, 1993).
the jaw adductors are key elements in a proposed ‘nutcrackeltiggerfish specializations for durophagy include the loss of
model of jaw-crushing ability. A similar biomechanical studyjaw protrusion ability, a tighter upper jaw/cranial connection,
of crushing in horn shark$jeterodontus philippiproposed enlarged jaw adductor muscles and stout teeth (Turingan and
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Wainwright, 1993; Wainwright and Turingan, 1993). Theand a Panasonic (model AG-1970) video recorder. Cranial
mechanism of prey-crushing behavior in a chondrichthyan hasovements were then digitized from video images recorded
yet to be investigated functionally. during four capture, process and transport events from each of
In this study, we investigate the feeding behavior of a sharttree individuals for a total of 36 events. The following
that has a morphological characteristic related to durophaggndmarks were digitized from50ms prior to lower jaw
possessed by few sharks, molariform teeth, and that specializégspression until the end of jaw retraction (approximately 35
in feeding on hard-shelled crustaceans (crabs). We examine ttigitized fields per event): the tip of the lower jaw, the tip of
kinematics and motor pattern of prey capture, processing aride snout, the tip of the upper jaw, the hyoid region ventral to
transport behaviors in bonnethead shafshyrna tiburo the corner of the mouth, the hypobranchial point ventral to the
(Carcharhiniformes) with crab as hard prey, shrimp adirst gill slit, the eye at the anterior end, the dorsal surface of
intermediate prey and fish as soft prey using high-speed vidé¢le head above the first gill slit and the point on the prey item
and electromyography. In this study, we ask several questiomsost distal from the shark.
related to durophagous feeding mechanisms. (i) What
morphological characteristics of durophagy dd&shyrna Electromyography and analysis
tiburo possess that non-durophagous sharks lack? (ii) Boes Electromyographic (EMG) recordings were taken
tiburo alter motor or kinematic patterns among capturesimultaneously with video recordings to document the
manipulation and transport (feeding behaviors)? (iii) D8es sequence of muscle activation relative to kinematic pattern.
tiburo alter motor or kinematic patterns in response to preyipolar electrodes constructed from 1.8 m lengths of 0.0057 cm
hardness? Finally, the crushing mechanismSoftiburois  diameter insulated alloy wire (Carpenter Technology Corp.)
compared with that of other fishes to investigate commomwere used to record muscle activity. One millimeter at the tip
functional solutions to the problems of consuming hard preyof each wire was stripped of insulation and bent backwards to
form a hook. Another 3cm long piece of hooked insulated wire
) was placed behind each bipolar electrode to verify the position
Materials and methods of electrode insertion in case the electrode was inadvertently
Research specimens pulled out. Electrodes were implanted with 26 gauge
ThreeSphyrna tiburd_. individuals (56.5, 59.0 and 66.5cm hypodermic  needles into  six cranial  muscles:
total length,TL) were collected by gill net from the Gulf of coracomandibularis, epaxialis, levator hyomandibularis,
Mexico off Longboat Key, Sarasota, Florida, USA, and heldevator palatoquadrati, ventral preorbitalis and dorsal
in a 5m diameter circular holding tank with continuous frestquadratomandibularis. The number of muscles implanted was
flowing sea water. Sharks were fed three times a week with thept to a minimum because of the sensitive nature of this
following natural prey items (Cortes et al., 1996), speckledpecies to invasive surgery. The shark was anesthetized for
crab @renaeus cribrariu pink shrimp Penaeus duorarujn  surgery using 0.06 g} tricaine methanesulfonate (MS 222).
and Atlantic thread herring@pisthonema ogliulnA few days The shark was intubated and maintained on this dosage of
prior to the experiment, the shark was transferred to a 140@hesthetic during surgery using a recirculating pump. After the
semicircular experimental tank that was also provided witlelectrodes had been implanted, they were glued together and

continuous fresh flowing sea water. sutured to the skin anterior to the first dorsal fin. The surgical
procedure took approximately 20 min. The shark was returned
Morphology to the experimental tank and intubated, and fresh sea water was

The skeletal elements and muscles of the head ardirculated until it had recovered enough to commence
hypobranchial region of five fresh dead specimens (50-96.6 cewimming (5-15min). Feeding trials were initiated after
TL) were dissected and described to ensure consistent electradgmal swimming behavior had been observed for at least 3h
placement. Muscles that have been previously showpost-recovery and continued until the shark was satiated. Prey
or suspected to function during feeding (epaxialisjtems consisted of whole speckled cratenaeus cribrarius
coracomandibularis, levator  palatoquadrati, levatondead, carapace width approximately 5cm), whole pink
hyomandibularis, quadratomandibularis and preorbitalis) wershrimpPenaeus duorarurfdead, length approximately 6 cm)
implanted with electrodes (Moss, 1972, 1977, Frazzetta, 1994r Atlantic thread herringOpisthonema ogliumpieces

Motta et al., 1997; Motta and Wilga, 1995). (4cmx2cm). Crabs have a relatively hard robust shell, shrimp
_ _ _ _ have a softer shell and fish were the softest prey item.
High-speed video recording and analysis Electrode wires from the shark were attached to a multi-pin

A NAC HSV-200 high-speed video system at 200 fiefdlss connector in turn connected to 3m low-noise cables attached
was used to film the sharks during feeding experiments. Twm AM Systems (model 1700) a.c. differential amplifiers at a
cameras were used to film the lateral and ventral viewgain of 1000, bandpass 100-3000 Hz with 60 Hz notch filter.
simultaneously. Head and jaw kinematics of three individual&ll six cranial muscles were recorded simultaneously.
while feeding were analyzed using high-speed videoElectromyographic signals were simultaneously monitored on
Sequential video fields of selected feeding events wera Tektronix (model 2214) four-channel oscilloscope and
downloaded with a Creative Labs Video Blaster capture boangcorded using a Western Graphtec (model Mark-11) eight-
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channel thermal array recorder. Signals were multiplexed using
a Vetter (model 3000A) pulse code modulator and recorded
onto a TEAC (model MV 520) cassette recorder. A
synchronizer unit was used to synchronize the EMG and video
recordings, which emitted a programmed variable pulsed
pattern that was recorded onto one channel of the tape recorder
and by one video camera.

At the termination of each experiment, the shark was killed
with an overdose of MS-222 according to the University of
South Florida and Mote Marine Laboratory Institutional
Animal Care and Use Committee Guidelines. The positions of
the electrodes were verified by dissection, and total length was
measured to the nearest millimeter.

Motor activity patterns of selected head muscles were
recorded during simultaneous high-speed video during feeding
in S. tiburo(56.5, 59 and 66.5cL). Analog EMG data for
individual feeding events were digitized using a Cambridge
Electronics Design (model 1401 plus) analog-to-digital
converter controlled by Spike 2 software and a custom-
designed EMG analysis program. For the electromyographic
analysis, four capture, process and transport events from each
of three individuals were analyzed, giving a total of 36 events.
Motor patterns were analyzed for burst duration and onset
relative to the quadratomandibularis muscle (reference
muscle).

Statistical analyses

Motor patterns and kinematic variables from capture,
processing and transport data were analyzed using a mixed-
model two-way analysis of variance (ANOVA) using type Il
sums of squares. Individual is a random main effect, and
behavior is a fixed main effect tested by the individwal
behavior term. Variables tested included the onset and duration
of EMG activity and the start, peak, end, duration and
magnitude of kinematic activity. If a difference was detected
by ANOVA, a Student—-Newman—Keuls multiple-comparisonFig. 3. Left lateral view of the cranium, jaws and hyoid arch of an
test was applied. Statistical tests were calculated using S/84cm total length femal8phyrna tiburowith the skin and muscles
(version 6.12). Motor patterns and kinematic variables fron"eémoved. (A) In the retracted state, the jaws and hyoid lie under the
crab, shrimp and fish feeding data were analyzed usircranium and the orbital process lies in the ethmopalatine groove.

Kruskal-Wallis one-way ANOVA on ranks. The data Were(B) At peak lower jaw depression, the lower jaw and hyoid are
‘depressed posteroventrally away from the cranium. (C) At peak

tested for homogeneoug vgrlapces u§|ng the Levene mEd'upper jaw protrusion, the upper jaw is protruded ventroposteriorly
test. and for nprma_l distribution using the KolmogorOV—away from the cranium, the orbital process has cleared the
Smirnov test using SigmaStat (SPSS Software version 2.0). ethmopalatine groove up to the length of the ethmopalatine ligament
the data did not meet these assumptions of parametric statistiand the hyomandibula has been depressed anteroventrally away from
they were log-transformed, after which the assumptions wetthe cranium. BH, basihyal; CT, ceratohyal; CR, cranium; HMD,
satisfied. hyomandibula; LCP, ethmopalatine ligament; MD, mandible; NC,
nasal capsule; OP, orbital process; PQ, palatoquadrate; RC, rostrum.

Results

Jaw suspension cartilage (lower jaw) are oriented anteriorly. The symphysis

Sphyrna tiburohas a hyostylic type of jaw suspension inbetween the two halves of the palatoquadrate and Meckel's
which the hyomandibula suspends the jaws from the craniuncartilage is tight, but not fused, and allows little movement

the palatoquadrate or upper jaw articulates with the craniufpetween the two halves. In the resting position, the short orbital
through an orbital process and ethmopalatine ligament, amtocess of the upper jaw lies in a vertically oriented
the ceratohyal-basihyal complex articulates with theethmopalatine groove in the orbital wall. A relatively thick

hyomandibula (Fig. 3). The palatoquadrate and Meckel'®thmopalatine ligament extends from the edges of the
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Fig. 4. The dentition oSphyrna tiburq84 cm TL). Note the cutting- POV

type teeth in the anterior region of the jaws and the elongate
molariform teeth in the posterior region of the jaws.

QMD
ethmopalatine groove to the orbital process. In the retracte QMV
position, the ethmopalatine ligament folds back on itself cH
Anteroposterior movement of the retracted upper jaw i
restricted by the orbital process in the ethmopalatine groowv: oM
the ectethmoid condyles and the hyomandibula. The orbit:
process just clears the ethmopalatine groove at peak upper j:
protrusion. Ventral movement of the upper jaw is permitted uj cA
to the length of the unfolded ethmopalatine ligament and ski
between the upper jaw and chondrocranium. The anterior tee HP
are a grasping cuspidate type, while the posterior teeth a
molariform (Fig. 4). Fig. 5. Left lateral (A) and ventral (B) views of the head of a 96.6 cm

total length femaleéSphyrna tiburowith the skin removed over the
Myology muscles and muscle fiber direction indicated. Only the myosepta of

Six of the major muscles that have previously been showthe epaxialis muscle are indicated. In A, the left lateral cephalic lobe
or suspected to function during feeding were implanted: thwas removed, with x indicating the approximate position of the eye.
epaxialis, coracomandibularis, dorsal quadratomandibulariBC, branchial _COﬂStriCtOfS; CA, cc_)racoarcu_alis; CF, cephalofoil;
ventral preorbitalis, levator palatoquadrati and levatoCH, coracohyoideus; CHD, constrictor hyoideus dorsalis; CHV,
hyomandibularis (Fig. 5). The anatomy of all the craniajconstrictor hyoideus ventralis; CM, coracomandibularis; CR,
muscles is described for clarity. The levator palatoquadracran'u.m;, EP, epa?<|al|s; FA,'fm ac'iductor; HMD, hyomgnd@ula; HP,
muscle originates on the anterodorsal chondrocranium arhypa\xlahs; IMD, intermandibularis; LCP, ethmopalatine ligament;

bital h d extend i trally to i ; ", LH, levator hyomandibularis; LP, levator palatoquadrati; MD,
orbital wall and extends posteroventrally 10 nSert on WM&, ngible or lower jaw; NC, nasal capsule; POD, dorsal preorbitalis;

mid-dorsal surface of the palatoquadrate. The levaiCpoy, ventral preorbitalis; PQ, palatogquadrate or upper jaw; QMD,
hyomandibularis muscle originates on the dorsolateral edge gorsal quadratomandibularis; QMV, ventral quadratomandibularis.
the epaxialis from its anterior edge to the first branchia

constrictor and inserts on the dorsal surface of thi

hyomandibula. The dorsal preorbitalis muscle originates on theorizontal line between the dorsal and ventral divisions of the
mid-lateral raphe of the quadratomandibularis and extendguadratomandibularis). The ventral preorbitalis muscle

anterodorsally to insert on the dorsolateral edge of theriginates on the nasal capsule and orbital wall and extends
palatoquadrate from the orbital process to the margin of theosterolaterally to merge with the dorsal preorbitalis muscle at
dorsal quadratomandibularis muscle. The mid-lateral raphe its ventral edge and inserts on the mid-lateral raphe at the
a thin connective tissue that separates the dorsal and ventcakner of the mandible. The dorsal quadratomandibularis
divisions of the quadratomandibularis muscle (shown as muscle originates on the mid-lateral raphe and extends dorsally
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to insert on the dorsal surface of the palatoquadrate. TtTable 1.Statistical variables and results of ANOVA on timing
ventral quadratomandibularis muscle originates on the mic variables during ram capture, crush processing and suction

lateral raphe and fans out anteroventrally to posteroventrally 1 transport events iSphyrna tiburo
insert on the lateral surface of the mandible. The, .o
coracomandibularis muscle originates on the coracoid bar ai 4 iaple Capture Process TransporP-value SNK

pericardium and extends anteriorly to insert on the posteric
surface of the mandible on either side of the symphysis. TrEt Zta’tt_ ‘42;28 éiig -%igg 8.5822
coracohyoideus muscle originates on the anteroventral surfa uration .

f th i | d extend teriorlv to i HL peak 4434 62:16 6618 0.5560
of the coracoarcualis muscle and extends anteriorly to iNS€, 'y, ation 12258 95027 8022  0.1340
on the basihyal. The coracoarcualis muscle originates on thyp ang 15252 15733 14224  0.6700
anteripr surface of the coracoid bar an_d the veptral surface | jp peak 10335 6321 4510 0.0001 c>p>t
the fin adductor and extends anteriorly to insert on th(Jg duration 8323 4516 64:15  0.0001 c>t>p
posterodorsal surface of the coracohyoideus. The epaxialuJp start 10834 5719 4112  0.0001 c>p;t
muscle extends anteriorly to insert on the posterior surface UJP duration 6223 36:16 4413  0.0052
the otic capsule of the chondrocranium dorsal to the vertebrUJP peak 17431  9%*23  8%27  0.0001 c>p;t

column. The hypaxialis muscle extends anteriorly ventral tUJR duraton ~ 8%25 8321  3%19  0.0001  c,p>t
the vertebral column and inserts on the posterior half of thYJR end 25829 17424 12623 0.0008  c>p;t
basal plate (posterior ventral region) of the cranium. Th® 18639 10822 10221  0.0001  c>pt
intermandibularis muscle originates on the mid-ventral raph:gg pgz:: ;gg; ;igz 12%5; 8'883 1 copt
(shown as line at the medial edge of the muscle) and exten P ' P

anterolaterally to insert on the ventral edges of the mandibl Values are means + standard deviations (in ms) from four capture,

and the ventral quadratomandibularis muscle.  Theyrocess and transport events from each of three individuals.
interhyoideus muscle (not illustrated) is deep to the significant BonferronP-value=0.003.

intermandibularis muscle and originates on the mid-ventre SNK, results of Student-Newman—Keuls multiple-comparisons
raphe and extends laterally to insert on the ventromedial edgtest; c, capture; p, process; t, transport.

of the ceratohyal cartilage. HBD, hypobranchial depression; HD, head drop; HL, head lift;
HYD, hyoid depression; JC, jaw closure; LID, lower jaw depression;
Kinematics LJE, lower jaw elevation; UJP, upper jaw protrusion; UJR, upper jaw

retraction.

Several feeding behaviors were observedSbyiburothat
can be placed into five major categories: capture or initic
acquisition of prey, manipulation or repositioning of prey(mean distance 0.102cm) but the prey moves backwards a
within the jaws, processing or reducing prey integrity, transpogreater distance (mean distance 1.74 cm). Presumably, the prey
or movement of prey from the oral jaws to the esophagus, ansl transported through the esophagus to the stomach by a
swallowing or movement of prey through the esophagus. Iewallowing mechanism. Occasionally, transport of shrimp or
this paper, we focus on three behaviors (capture, processifigh occurred directly after a capture event with no intervening
and transport) and three prey types (crab, shrimp and fish). manipulatory or processing behavior.

Sphyrna tiburo typically captures prey using a ram Feeding events in lower vertebrates are typically defined by
mechanism, in which the predator approaches the prey with tlieur phases on the basis of cranial movements and include a
mouth wide open and engulfs it (Fig. 6). After capture of thereparatory phase, in which buccal compression may precede
prey, several manipulation or processing events are usualfgouth opening assisting in suction production, an expansive
performed on the prey to reposition and reduce it prior tphase, from the start of mouth opening to peak gape, a
swallowing. Processing irS. tiburo may consist of any compressive phase, from peak gape to jaw closure, and a
combination of lateral headshakes and crushing of the preyecovery phase, in which the cranial elements are returned to
Shaking of crab prey b$. tiburooften resulted in the clawed their resting position (Liem, 1979, 1980; Lauder, 1985). Since
legs being severed from the carapace. Only processing eveistiburois a ram feeder, a preparatory phase was not expected
in which the jaws were opened and closed again onto the pregnd was not observed.
such as for crushing hard prey, were chosen for analysis in thisThe expansive phase of ram captures begins with
study. Occasionallygphyrna tiburdndividuals over-swam the simultaneous lower jaw depression and head elevation (Figs 6,
prey. When this occurred, the head was bent down at a larg¢. The anterior end of the shark is flexed ventrally as it
angle, and the cephalofoil was used to immobilize the pregpproaches the prey. The entire cranium of the shark may be
against the substratum before proceeding to capture ibwered below the longitudinal axis of the fish. The lower jaw
Transport of the prey from the jaws to the esophagus is bg usually drawn close to or along the substratum until it
suction and is the last event that we analyzed. The prey cleadgntacts the prey, which is then grasped by the lower jaw teeth.
moves from the buccal cavity towards the pharyngeal regioReak head lift, although slight, occurs midway through the
faster than the forward movement of the swimming sharkexpansive phase. The specific time of onset and duration of
During transport, the shark does not move forward very muchead lift and head drop are highly variable. The compressive
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Fig. 6. Video images of a representative ram capture (A), crush processing (B) and suction transport (C) septeyroe itiburo Elasped
times are shown in milliseconds. sljd, start of lower jaw depression; phl, peak head lift; pljd, peak lower jaw deprgsstart sdjupper jaw
protrusion; phyd, peak hyoid depression; pujp, peak upper jaw protrusion; jc, jaw closure.

phase begins with elevation of the lower jaw and is followedTable 1). Hyoid depression is followed by hypobranchial
by protrusion of the upper jaw. Peak hyoid depression occudepression in all types of feeding behavior, regardless of
just after the lower jaw begins to elevate. Note that the lowenechanism (ram capture or suction transport).

jaw closes on the prey at the end of capture events, theThe kinematics of protrusion and lower jaw movements in
beginning and end of processing events, and the beginning ofush processing and suction transport events differs from that
transport events, as seen by the failure of the lower jaw tof ram capture events (Figs 6, 7). In processing and transport
return to the resting position. This is also reflected in the gapeyents, the expansive phase begins with the prey already
in which the upper and lower jaws do not meet because tlggasped between the jaws, as shown by the non-zero starting
prey is being held between the teeth. Upper jaw protrusiomalue for lower jaw depression and gape distance. In
peaks just prior to complete jaw closure with the prey helgirocessing events, the jaws are opened from the initial non-
between the jaws. During the recovery phase, the jaws aresting position and the prey is moved to the region of the
elevated back to the resting position. Upper jaw retraction isiolariform teeth, where the jaws are then closed again. At the
not completed until well after the jaws have closed. The meaend of processing events, the jaws are closed again onto the
duration of ram capture events from the start of lower jawprey such that the upper and lower jaws do not meet. The upper
depression (0 ms) to the end of upper jaw retraction is 250 miaw remains partially protruded during the recovery phase in
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Fig. 7. Mean kinematic profiles of four capture (A), processing (B) and transport events (C). Mean displacements of headsmaoeement
shown from one representative individ@ghyrna tiburo Axes are not scaled equivalently for all plots. Values are means +

crushing events since grasping of the prey prevents the uppduration from the start of lower jaw depression (Oms) to the
jaw from retracting fully. Finally, the prey is moved from the end of upper jaw retraction is 174 ms for crush processing
jaws to the esophagus by suction during transport. The meawents and 120 ms for suction transport events (Table 1).
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Table 2.Statistical variables and results of ANOVA on the P=0.191, upper jaw protrusion versus gape minus upper jaw
maximum magnitude of kinematic variables during ram  protrusion) towards reducing the gape (mean peak 3.87cm)
capture, crush processing and suction transport events in (Table 2).

Sphyrna tiburo No differences in the magnitude of kinematics among the
Kinematic behaviors were detected (Table 2). This suggestsSthdiuro
variable Capture Process TransportPvalue IS capable of adjusting the velocity of cranial kinematics

depending on behavior. Calculation of mean velocity reveals
that depression of the lower jaw during processing and
transport events is 2.5% and 3.3 %, respectively, more rapid

HL (degrees) 8.9%6.1 6.184.3 6.9%5.74  0.2085
LJD (degrees) 33#5.88 31.813.61 36.%3.14  0.2690

GAP (cm) 3.820.51 3.630.36 4.220.75 0.0686 than that duri t t

UJP (cm) 0.490.12 0.5@0.10 0.320.08  0.0490 an that during capture events. ,

HYD (cm) 147036 129027 182032  0.1649 No differences in kinematics according to prey type or
HBD (cm) 068031 1.28044 079039 0.0868 hardness were detected (Table 3). Although the number of

prey types was the same (capture, processing) or similar

Values are means + standard deviation of four capture, proce§gransports), the sample sizes may be too small to reveal
and transport events from each of three individuals. differences among the prey types. Also, if individual variation
Significant BonferronP-value=0.008. is high, then combining individual data in a one-way analysis

GAP, gape; HBD, hypobranchial depression; HL, head lift; HYD.may make it harder to detect differences by prey type.
hyoid depression; LJD, lower jaw depression; UJP, upper jaw

protrusion. Motor activity patterns

Representative EMG tracings from a ram capture, crush
Statistical analysis of the kinematics during ram captureprocessing and suction transport event in the same individual
crush processing and suction transport events reveals seveshbw the motor pattern of the muscles (Fig. 8). Initial head
differences (Table 1). Generally, the onset of jaw andlepression is probably due to contraction of the hypaxial
hypobranchial kinematics occurs later in capture events thanuscle (not implanted), as Nakaya (1995) foun&.inewini
in processing and transport events because of the long€he expansive phase (Fig. 8, between dotted lines 1 and 2) is
duration of lower jaw depression and elevation in captureharacterized by activity in the jaw depressor and cranial
events compared with processing and transport eventevator muscles (Fig. 9). Activity in the coracomandibularis
Consequently, upper jaw protrusion and retraction also occumuscle begins just before the start of lower jaw depression and
later, since upper jaw protrusion does not occur until afteends just before peak lower jaw depression. Activity in the
peak lower jaw depression is reached. Upper jaw protrusiogpaxialis muscle begins immediately prior to the start of head
(mean peak 0.49cm) does not contribute significantttgst,  lift and ends immediately before peak head lift. The hyoid

Table 3.Means of kinematic variables by prey typ&phyrna tiburo

Capture Process Transport

Kinematic Crab Shrimp Fish Crab Shrimp Fish Crab Shrimp Fish
variable \=4) (N=4) (N=4) (N=4) (N=4) (N=4) (N=3) (N=4) (N=5)
HL start —22+55 -8+47 25t64 -4+19 42424 219 -27+37 -5+40 -24+46
HL dur 35t15 48t19 56t23 6718 62+23 5811 80+32 6937 8738
HL peak 1252 4031 8140 58t19 65+24 72:21 52+23 6415 63t26
HD dur 93+40 13532 15449 95t27 94+35 96t22 8732 8325 74:20
HD end 12940 1444 19559 15329 15852 15941 14335 14721 13#32
LJD peak 10432 11452 9123 5#16 70:31 63t23 42+18 459 4610
LJE dur 7%33 8114 9118 3#12 52:21 415 7527 6015 63t23
UJP start 10¥32 126t57 96+36 50t14 5#25 63t24 40:21 4115 42412
UJP dur 6433 6153 60t23 3012 4527 3420 A4H24 4317 4317
UJP peak 17461 1831 15728 8016 10539 11G:19 8733 84t25 85t34
UJR dur 6#27 7545 10621 TH24 82+23 827 40:18 32t10 36t19
UJR end 23942 25539 25%35 16347 17441 18332 12727 11631 12131
JC 18%27 19530 18235 94+32 12337 11G:35 11731 10526 10226
HYD peak 6235 86t34 5334 5515 70:38 9021 62+31 76:24 73t22

Values are means * standard deviations (in ms) of four capture, process and transport events from each of three Mchyicksasis the
number of individual trials for each prey type.

dur, duration; HD, head drop; HL, head lift; HYD, hyoid depression; JC, jaw closure; LJID, lower jaw depression; LIE, |@exajzom;
UJP, upper jaw protrusion; UJR, upper jaw retraction.

No effects of prey type reached significance at BonfeParalues of 0.003.
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1 ljds 2 ljdp 3 ujpp 4jc+5ejc
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Fig. 8. Electromyographic profile of six CM
muscles during representative examples of

ram capture on crab, crush processing on : T
crab and suction transport on fishSphyrna — poy ————stieg—+——
tiburo. The line drawings (from a ram o Lo
capture) above the traces and the dotted lines S 110

on the traces illustrate major kinematic QMD m- M.H,LH
events: 1, ljds, lower jaw depression start; 2, :

lidp, lower jaw depression peak; 3, ujpp, : Dot
upper jaw protrusion peak; 4, jc, jaw closure; g 4

5, ejc, extended jaw closure ends. The . .
elliptical area around the eye represents : . Do
the ‘hammer. EP, epaxialis; CM, Lp . X i

w

coracomandibularis; LH, levator Y : P
hyomandibularis; LP, levator palatoquadrati; R Lot S : Co
POV, ventral preorbitalis; QMD, dorsal Do F .o : ‘.
guadratomandibularis. The scale bar on the EP = — — ] *
lower left indicates 200 ms. Capture Process Transport

is depressed posteroventrally by the coracohyoideus ary pulling the hyomandibula dorsally, which in turn is attached

coracoarcualis muscles during feeding § brevirostris  to the jaws at the jaw joint, resulting in retraction of the jaws

(Motta et al., 1997) an8qualus acanthia@Vilga and Motta, as well as the hyoid back into their resting position (Fig. 9).

1998a) and presumably alsoSphyrna tiburo Detailed comparison of kinematics and motor activity
The compressive phase (Fig. 8, between dotted lines 2 and

4) is characterized by activity in the jaw adductor and uppe o ]
jaw protrusor muscles (Fig. 9). Activity in the dorsal Table 4.Statistical variables and results of ANOVA on the

quadratomandibularis muscle begins immediately prior to thtiming of motor patterns in ram capture, crush processing and

start of lower jaw elevation and ends immediately aftel suction transport events Bphyrna tiburo
complete closure of the jaws. Protrusion of the upper jaw iMuscle Capture  Process TransporP-value  SNK
achieved by c_oordinated activity in the pr_eo_rbitalis and Iev_a'Fo M onset 20620 1146 18t5 0.0003  c,p<t
pala_toqgadratl_ muscles. Ventral pre(_)rbltalls mu_scle activiom duration 10344 46622 3914 0.0001  c>pit
begins just prior the onset of upper jaw protrusion and entgp gnset 254 16:33 o5 0.8813
immediately after peak upper jaw protrusion. Activity in thegp duration 3722 5221 146 0.2862
levator palatoquadrati muscle begins just prior to the onset QM onset 9848 6125 3517 0.0002 c>p,t
upper jaw protrusion and ends just before peak upper jaQM duration 9940 10436 5024 0.0004  c,p>t
protrusion. Upper jaw protrusion is limited by the relatively PO onset 8846 6328 266 0.0006  c,p>t
short ethmopalatine ligament connecting the upper jaw tPO duration 6629 6320 5825  0.6567
the ectethmoid process of the chondrocranium and bLP onset 9852 525 4610  0.0246

Th(LP duration 2615 4021 Gt12 0.0071
LH onset 16624 10%38 48:10 0.0001 c>p>t
LH duration 3327 4A33 6A24 0.0665

the surrounding skin and connective tissue.

gquadratomandibularis may assist in protruding the upper ja

as it adducts the jaws by pulling it ventrally. Protrusion of the

upper jaw does_ not contribl_Jte s_ignif_icantly towards _reducing Values are means + standard deviations (in ms).

the gape; thus, jaw closure is primarily due to elevation of th  gjgnificant BonferronP-value=0.004.

lower jaw, with only 13% attributable to protrusion of the SNk, results of Student-Newman—Keuls multiple comparisons

upper jaw. test. Means are for four capture, process and transport events from
The recovery phase is characterized by activity of the levateach of three individuals.

hyomandibularis muscle, in which activity begins immediately ¢, capture; p, process; t, transport; CM, coracomandibularis; EP,

prior to upper jaW retraction and just before Comp|ete jav\epaxialis; LH, levator hyomandibularis; LP, levator palatoquadrati;

closure (Fig. 9). The levator hyomandibularis retracts the jawP©: Preorbitalis; QM, quadratomandibularis.




Feeding mechanics of the hammerhead sharkl

Quadratomandibularis activity ends 11ms after, 57 ms after
and 24 ms prior to jaw closure in capture, process and transport
events respectively. Even though the overall duration of
quadratomandibularis activity does not differ between capture
and processing events, the jaw is already closed during
processing as the muscle continues to contract. In addition, the
duration of motor activity in the coracomandibularis muscle in
capture events is also significantly longer than in processing or
transport events, reflecting the longer duration of lower jaw
depression (Table 4).

In suction transport events, a preparatory phase is
occasionally observed prior to mouth opening. A small burst
of activity in the quadratomandibularis muscle may occur just
before lower jaw depression, indicating that compression of the
buccal cavity may be occurring (see Fig. 8). In suction
transport events, a large burst of activity in the levator
hyomandibularis muscle occurs after the onset of lower jaw
elevation in the compressive phase.

No differences in motor pattern according to prey type or
hardness were detected (Table 5). Although the number of
prey items was the same (capture, processing) or similar
(transports), the sample sizes may be too small to reveal
differences among the prey types. Also, if individual variation
is high, then combining individual data in a one-way analysis
may make it harder to detect differences by prey type.

Discussion

The bonnethead shafphyrna tiburouses ram feeding to
capture the crab, shrimp and fish presented in this study.
Following capture, the prey is processed, which involves
placing the prey between the molariform teeth where it is
crushed. Finally, suction is used to transport the prey to the
. . ) . _esophagus for swallowing. By combining a suite of
;\'\?V' QF;r;?ﬂ:irgr?t'::éag;ggc::ei:;;ﬁ;?::' Egmzo?i)n tsR'Q;'t?rll\éed Ir&iurophagous characteristics with altered kinematic and motor

atterns,S. tiburotakes advantage of a resource that is not

position; (B) peak gape; (C) peak upper jaw protrusion. See text f i i ; -
details. Black arrows indicate movements of the head and ja\ﬁaad'ly available to most sharks. The duration of jaw adductor

elements, thick lines indicate muscles and grey arrows indicat@uscle activity is prolonged and jaw kinematics modified
the direction of muscle contraction. CR, cranium: CH-CA,during processing, indicating that the jaws are continuing to
coracohyoideus—coracoarcualis complex; CM, coracomandibularigrush prey well after they have closed. This characteristic
CT-BH, ceratohyal-basihyal complex; EP, epaxialis; HMD,appears to distinguish prey crushing from simply biting in
hyomandibula; HP, hypaxialis; LCP, ethmopalatine ligament; LH.elasmobranchs. No differences were found in kinematic or
levator hyomandibularis; LP, levator palatoquadrati; MD, mandibleqotor patterns when feeding on prey of different hardness,
or lower jaw; OP, orbital process of palatoquadrate; POD, dorsghgicating thatS. tiburoconsumes crab, shrimp and pieces of
preorbitalis; POV, ventral preorbitalis; PQ, palatoquadrate cartilagggp, gimijarly. This suite of morphological, behavioral and
glrjalfﬁgte; n{g‘g&iﬂl\gﬁé dorsal quadratomandibularis; QMV, Ventra'physiological characteristics permitSphyrna tiburo to

' specialize on crabs (which make up over 92% IRI, index of

relative importance, of its diet) (Cortes et al., 1996; Lessa and

among capture, processing and transport events during thdémeida, 1998), yet apparently restricts its ability to modulate
electromyography experiments (Table 4) reveals a majdts feeding behavior when feeding on other prey.
functional difference in feeding mechanics that may be
attributed to durophagous behavior. In processing events only, Strategies for durophagy
activity in the dorsal quadratomandibularis muscle does not Hard-shelled prey require special processing to break the
end at jaw closure as in capture and transport events, bprtotective armor for easier swallowing and digestion. Several
continues until well after complete closure of the jaws and magnorphological and functional characteristics appear to allow
even extend until the end of the recovery phase (Fig. 8Bphyrna tiburoto specialize on hard-shelled prey that are
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Table 5.Mean timing of motor pattern variables by prey typ&jhyrna tiburo

Capture Process Transport
Crab Shrimp Fish Crab Shrimp Fish Crab Shrimp Fish
Muscle (N=4) (N=4) (N=4) (N=4) (N=4) (N=4) (N=4) (N=4) (N=5)
CM ons -26£22 -10£23 -25+11 -17+6 -11+6 -8+6 16t5 165 20t6
CM dur 12441 95+14 9a67 5627 53t26 3819 2412 4311 42+16
EP on -61+77 52t58 14+68 1Gt43 3149 12+11 125 H6 7+4
EP dur 2410 4520 41429 1510 14+20 3224 126 157 16+6
QM on 11243 9(t38 8A65 5A19 819 5#29 35102 312 3811
QMs dur 10641 TH25 11352 16244 10250 6724 56t23 3521 6327
PO on 10254 95t49 6131 4621 85t21 69t32 26t12 2113 314
PO dur 5538 6930 7420 88t59 4421 5929 7140 4626 5#19
LP on 11@57 8151  104t59 49+38 6132 60t21 46+18 4521 4A12
LP dur 3318 20t15 2613 5133 26t20 4Q£15 G5 5+8 7+6
LH on 166:29 14328 17322 10845 94+36 11547 6217 4117 4914
LH dur 4945 209 308 59+20 25t15 4923 3%*18 62t20 8327

Values are means + standard deviations (in ms) of four capture, process and transport events from each of three individuals.

CM, coracomandibularis; dur, duration; EP, epaxialis; LH, levator hyomandibularis; LP, levator palatoquadrati; on, onssbriitalig
QM, quadratomandibularis.

No effects of prey type reached significance at BonfefParalues of 0.003.

unavailable to many fishes: alteration of motor activity in thel987, 1988). Prolonged biting using the posterior molariform
jaw adductor muscles, modification of jaw kinematics, arteeth may be used to crack the hard shells of crab to facilitate
extended insertion of the upper jaw protrusor muscle, reducesvallowing and digestion or to disable the prey, as reflected in
upper jaw mobility and durophagus tooth morphology. Thehe prolonged motor activity of the jaw adductors during
altered motor activity of the quadratomandibularis andprocessing.
preorbitalis muscles when processing hard prey results in the The morphology of the upper jaw protrusor muscle may be
extension of muscle contraction past jaw closure and into advantageous in crushing behavior. The dorsal preorbitalis
second phase of jaw closure, well beyond that during theuscle has a broad and more posterior insertion on the upper
capture and transport of hard prey. This is in contrast to thaw that parallels the region of molariform teeth on the upper
queen triggerfisBalistes vetulain which the motor pattern of jaw compared with that of the carcharhiniform lemon shark
bite captures were indistinguishable from bite processing oNegaprion brevirostris (Motta and Wilga, 1995). This
crab (Turingan and Wainwright, 1993). Li8etiburg Atlantic ~ arrangement favors force transmission of muscle contraction
sheepshead\rchosargus probatocephalumanipulate hard- along the molariform teeth of the upper jaw (Loeb and Gans,
shelled prey to the molariform teeth, where the prey is theh986) and may increase the crushing force of the upper jaw
crushed (Hernandez and Motta, 1997). onto hard prey as the jaws are being adducted. In support of
Simultaneous electromyography and video analyses wethis, preorbitalis muscle bursts are qualitatively larger during
not presented in these studies, so it is not known whether initiptocessing events than capture events.
closing of the jaws onto hard prey is sufficient or if additional Reduced mobility of the upper jaw is often regarded as a
adduction is required to crush it. This distinction is crucialspecialization for durophagy in bony fishes (Turingan and
because different strategies may be used to crush hard préyainwright, 1993). Sphyrna tiburo exhibits negligible
Organisms with hypertrophied adductor musculature angrotrusion of the upper jaw compared with other sharks as the
robust jaws, such as those of triggerfish and sheepsheesbult of a relatively firm connection between the cranium and
(Turingan and Wainwright, 1993; Hernandez and Mottathe upper jaw (Motta and Wilga, 2000). The ventral
1997), may be capable of crushing hard prey during capturpreorbitalis and levator palatoquadrati muscles place an
Alternatively, organisms with less specialized morphologyanteriorly directed force on the posterior region of the upper
such as bonnethead sharks, may require the prey to [mv, which forces the orbital process of the upper jaw to slide
repositioned to a more strategic location within the mouthyentrally along the ethmopalatine groove of the cranium into
such as between the posterior molariform teeth, and a longtte protruded position. A relatively short ethmopalatine
period of adduction of the jaws during processing to crush digament connects the upper jaw to the cranium, restricting its
disable hard prey. A strategy similar to this is found in teleosiobility. This tighter connection provides a relatively rigid and
fishes that crush hard prey in the pharyngeal jaws. During presnmovable upper jaw. In the retracted position, the orbital
processing in these bony fishes, the prey is often transportpdocess lies in the ethmopalatine groove and resists anterior
hydraulically to the molariform pharyngeal teeth, where theand lateral movement of the upper jaw, such as may occur
hypertrophied pharyngeal muscles crush the prey (Wainwrightluring prolonged biting or crushing. Together, these increase
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the support and bracing of the upper jaw against the craniurappeared with the development of molariform teeth and
particularly in transmitting crushing forces during processingnodification of the jaw muscles, such as in bonnethead and
of hard-shelled prey (Barel, 1983; Otten, 1983). horn sharks. Finally, with features such as pavement-like tooth
Sphyrna tiburois unique among hammerhead sharks inplates, fused mandibular and palatoquadrate symphyses and
possessing molariform teeth in the posterior dental areaalcified struts within the jaws, the most derived crushing
Molariform teeth are present at birth $1 tiburo(C. Manire,  mechanism, grinding, evolved in durophagous myliobatid rays.
personal communication); therefore, the cusps are not woilore studies are needed on crushing and grinding in
down by consumption of hard prey. This feature appears to londrichthyans to understand better the evolution of crushing
the only morphological characteristic 8f tiburothat is not mechanisms.
possessed by other hammerhead sharks, although a detailed
morphological study of the cranial musculature of Variation among prey types
hammerhead sharks is needed. It is possible that its small sizeNo differences in response to prey hardness were found in
(130-150cmTL for adults) and molariform teeth all®@  any of the kinematic or motor pattern variables, indicating that
tiburo to forage in seagrass beds and take advantage ofSatiburodoes not modulate its feeding behavior when feeding
resource not available to other hammerhead sharks. The d@t crab, shrimp and fish pieces. The bonnethead shark is a
of other hammerhead sharks is dominated by fish (Clarkelietary specialist, with over 92 % (IRI) of its diet consisting of
1971; Compagno, 1984, 1988; Wetherbee et al., 1990; Stevetimbs (Cortes et al., 1996; Lessa and Almeida, 1998). Several
and Lyle, 1989; Strong et al., 1990). studies have documented the lack of modulation in prey-
The crushing mechanism $ tiburois somewhat similar to capture behavior by prey type, size or elusivity in aquatic
that of horn sharks (Heterodontiformes). Horn sharks are theertebrates, axolotlsAmbystoma mexicanuniReilly and
only other sharks that possess molariform teeth; howevekauder, 1989), swellsharkCephaloscyllium ventriosum
unlike S. tiburq they have robust jaws and hypertrophied(Ferry-Graham, 1997) and leopard sharkiakis semifasciata
adductor musculature. After capture, horn sharks crush thejFerry-Graham, 1998). All these studies reported significant
hard-shelled prey using several processing bites to reduceindividual variation among feeding trials that was greater than
prior to swallowing (Pretlow-Edmonds, 1999). SimilarSo the variation among prey categories. The lack of modulation
tiburo, the line of action of the upper jaw protrusor and jawin response to prey type i8. tiburo appears to be a real
adductor muscles iHleterodontus philippappears to be in a biological phenomenon. In contrast, modulation in feeding
position to generate their greatest force in the region of theehavior was found in another durophagous fedglelistes
molariform teeth (Nobiling, 1977). vetula in which capture and processing of crab prey elicited
Guitarfish and stingrays appear to use divergent mechanismagnificantly longer adductor activity compared with soft prey
to feed on hard prey. Atlantic guitarfisiRhinobatos (Wainwright and Turingan, 1993).
lentiginosushave a crushing dentition similar to thatRédja
spp. (Fig. 2) and feed on relatively hard-shelled prey, such as Variation among feeding behaviors
mole crabs and shrimp. Similar & tiburg activity in the The bonnethead shafphyrna tiburocaptures its prey by
quadratomandibularis and preorbitalis muscles is alscam feeding. It has been predicted that ram feeders should have
prolonged and continues well past jaw closure during crush large gape, a large buccal area-to-volume ratio and a body
processing events compared with capture and transport eventerphology that contributes to rapid acceleration of the body
(Wilga and Motta, 1998b). However, in myliobatid stingrays,(Norton, 1995). Fishes that bite their prey are predicted to have
the mechanism is very different from that of sharks andhypertrophied musculature and powerful jaws with a cutting or
guitarfish, in which crushing appears to occur more towardsrushing dentitionSphyrna tiburcare relatively fast cruising
the symphyses rather than towards the jaw joint, as in horn amdd agile pelagic sharks (Nakaya, 1995) that are readily
bonnethead sharks. Crucial to this mechanism is fusion a@apable of pursuing and catching elusive prey such as portunid
the palatoquadrate and mandibular symphyses overlaid lgrabs. In Florida and Brazilian wateiSphyrna tiburofeed
pavement-like tooth plates, calcified strengthened jawalmost exclusively on portunid crabs (Compagno, 1984; Cortes
containing calcified struts, a restricted gape and asynchronoasal., 1996; Lessa and Almeida, 1998), which are agile pelagic
activation of the jaw adductors with a force-amplifying leverswimmers capable of turning rapidly in any direction (Barnes,
system similar to a nutcracker (Summers, 2000). Th&968). The large gape angle, lack of lateral labial folds to
bonnethead. tiburois capable of crushing crabs without suchenclose the gape, rapid and agile cruising behavior and
morphological specializations as fused tooth plates and fusedushing dentition indicate thatSphyrna tiburo has
symphyses. Asynchronous adductor activity, however, has noharacteristics of both ram and bite feeders.
yet been investigated in sharks. Differences among the feeding behaviors are mainly due to
The ancestral mechanism for crushing, such as that wariations in jaw opening, jaw closing and protrusion
smoothhounds and guitarfish, might have simply involved anovements. Overall, ram capture events are twice as long as
modified motor pattern of the jaw muscles and slightlycrush processing and suction transport events, as indicated by
modified teeth. More derived mechanisms for crushinghe later onset times of jaw depression (coracomandibularis),
allowing for the consumption of relatively harder preyelevation (quadratomandibularis), protrusion (preorbitalis) and
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retraction (levator hyomandibularis) variables (Tables 1, 4)crushing from simply biting in elasmobranchs. By utilizing a
More specifically, jaw-closing kinematics and jaw adductorsuite of durophagous characteristi8stiburotakes advantage
activity clearly distinguish crush processing events fronof a resource of hard prey that is not readily available to most
capture and transport events. After the jaws initially close ontsharks. This suite of specializations for feeding on hard prey
the prey in crush processing, there is a short pause after whiotay have contributed to its apparent lack of modulatory ability
the jaw resumes closing onto the prey (see plateau near the emden feeding on other prey types. Comparison of capture and
of lower jaw depression in Fig. 7). It is during this secondorocessing events in elasmobranchs indicates that functional
period of lower jaw elevation, well after the jaws have closedpatterns are altered and coupled with modifications in dental
that large bursts of activity occur in the quadratomandibulariand jaw morphology to produce diverse crushing behaviors.
(jaw adductor), preorbitalis (upper jaw protrusor) and levatoMore detailed quantitative studies are needed to assess the
hyomandibularis (jaw elevator) muscles. It is possible thagvolution of functional and morphological patterns associated
during this plateau phase the jaws are applying pressure to thith these diverse feeding behaviors.
prey until it is crushed, after which the jaws resume their
motion. The upper jaw virtually maintains its protruded The authors gratefully acknowledge the contributions of
position throughout crush processing, unlike capture antime, materials and assistance provided by Robert Hueter,
transport events, when the upper jaw cycles between compld®eter Wainwright, Charles Manire, John Tyminski, Heike
peak protrusion and retraction. This is supported by the ne&euthen, Karen Overholtzer, Dawna Briner and Amee
doubling of preorbitalis activity (compared with upper jaw Cywinski. Mote Marine Laboratory and the University of
protrusion duration) during processing compared with captureSouth Florida provided facilities and equipment. The authors
and transports. Thus, simultaneously, the jaws are adductade indebted to Enric Cortes, Charles Manire and John
and the upper jaw is protruded as the jaw apparatus is brac&gminski for providing footage of fresh-caugl8phyrna
against the cranium. This extended biting activity after jawiburo feeding in a semi-natural tank. This project was
closure during processing events may be a mechanism feupported by an NRC Ford Foundation Predoctoral
crushing or disabling hard prey prior to swallowing. Fellowship, a Mote Marine Laboratory and University of

All elasmobranchs examined to date utilize suction tdSouth Florida Graduate Fellowship in Elasmobranch Biology,
transport prey (Ferry-Graham, 1997, 1998; Motta et al., 1998 USF Lesser Fund Scholarship and a Cook Inlet Region
Wilga and Motta, 1998a,b), including the bonneth®ptyrna Grant to C.D.W. Equipment used in this research was
tiburo. A preparatory reduction in buccal volume duringsupported by a National Science Foundation grant to P.J.M.
suction transport events may increase the amount of suctigpEB 9117371). We thank Lara Ferry-Graham, Justin
thatS. tiburogenerates to transport the prey to the esophage@rubich, Mark Westneat and two anonymous reviewers for
region. Also, early elevation of the hyoid arch by the levatoproviding helpful comments that greatly improved the
hyomandibularis muscle in suction transport events, comparedanuscript.
with capture and processing events, may assist in compressing
the buccal cavity, thereby pushing water and prey posteriorly
towards the esophagus. $ tiburg the magnitude of hyoid References
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similar to that of capture events; however, it occurs in a cichlid fishes (Teleostei: PerciformeB)eth. J. ZooISS, 357—424.
significantly shorter period during processing and transpor?"“sr';‘zsr'{dEr"S Ec):'o(l%S). Invertebrate Zoology Philadelphia: W. B.
This impli i ity : , I
v o o oo i, . . Shvosda, W92 Sauises s

’ . ) ._skates and rays. Fishes of the Western North Atlanfed. J. Tee-

were found when comparing capture_ and transport events INyan), pp. 1-514. New Haven: Sears Foundation for Marine
the swellsharkCephaloscyllium ventriosur(Ferry-Graham, Research.
1997). Speed is an important factor in the generation Q8uxton, C. D.(1984). Feeding biology of the rom&hrysoblephus
suction: the faster the hyoid and hypobranchial region can |aticeps(Pisces: Sparidae$. Afr. J. Mar. Sci2, 33-42.
expand, the greater the suction inflow that can be produceélixton, C. D. and Clarke, J. R.(1989). The growth o€ymatoceps
(Osse, 1969; Liem, 1980; Lauder, 1980; Muller and Osse, nasutus (Teleostei: Sparidae), with comments on diet and
1984). reproductionS. Afr. J. Mar. Sci8, 57—65.

In summary, the bonnethead sh&ghyrna tiburauses ram Buxton, C. D. and Clarke, J. R.(1991).. The biology pf the white
feeding to capture its exclusive diet of hard-shelled elusive MusclecrackerSparodon durbanensigPisces: Sparidae) on the

. P . .. Eastern Cape coast, South Afri€.Afr. J. Mar Sci, 8, 285-296.
crabs, crushing the prey with its molariform teeth to process I(Tiappetta H. ‘()1987). Chondrichthyes. Il. Mesozoic and Cenozoic

and “S".‘g suction tq transport th_e pre){ to the esophagus forEIasmobranchiiNeW York: Gustav Fischer Verlag.
swallowing. By altering the duration of jaw adductor rnlJSCIeChristiansen, M. S.(1978). Trophic relations in juveniles of three

activity and modifying its jaw kinematicS,. tiburois able to gpecies of sparid fishes in the South African marine litt@iah.
crush its prey during a second jaw-closing phase characterizedgy|. 76, 389-401.

by prolonged activity of the adductor muscles after jawClarke, T. A. (1971). The ecology of the scalloped hammerhead
closure. This characteristic appears to distinguish prey shark,Sphyrna lewiniin Hawaii. Pac. Sci25, 133-144.



Feeding mechanics of the hammerhead shark5

Compagno, L. J. V.(1984).FAO Species Catalogugol. 4,Sharks  Motta, P. J., Tricas, T. C., Hueter, R. E. and Summers, A. P.
of the World Rome: Food and Agricultural Organization of the (1997). Feeding mechanism and functional morphology of the jaws

United Nations. of the lemon sharkNegaprion brevirostris(Chondrichthyes,
Compagno, L. J. V.(1988).Sharks of The Order Carcharhiniformes Carcharhinidae)J. Exp. Biol.200, 2765-2780.

Princeton, NJ: Princeton University Press. Motta, P. J. and Wilga, C. D.(1995). Anatomy of the feeding
Cortes, E., Manire, C. A. and Hueter, R. E.(1996). Diet, apparatus of the lemon shaifkegaprion brevirostrisJ. Morph.

feeding habits and diel feeding chronology of the bonnethead 226 309-329.
shark,Sphyrna tiburg in southwest FloridaBull. Mar. Sci 58, Motta, P. J. and Wilga, C. D.(2000). Advances in the study of

353-367. feeding mechanisms, mechanics and behaviors of sharks. In
Daniel, J. F. (1922). The Elasmobranch Fishe®Berkeley, CA: Biology and Sensory Biology of Sharks: Past, Present and Future

University of California Press. Studies(ed. S. Gruber and T. Tricadpev. Env. Biol. Fish(in
Dean, B. (1906). Chimaeroid Fishes and their Development press).

Washington: Carnegie Institution. Muller, M. and Osse, J. M. W.(1984). Hydrodynamics of suction

Di Giancomo, E. E. and Perier, M. R.(1996). Feeding habits of feeding in fishTrans. Zool. Soc. Lon@®7, 51-135.
cockfish, Callorhinchus callorhynchus (Holocephali:  Nakaya, K. (1995). Hydrodynamic function of the head in the

Callorhynchidae), in Patagonian waters (Argentindjar. hammerhead sharks (Elasmobranchii: Sphyrnid@ejpeia1995
Freshwater Res47, 801-808. 330-336.

Ebert, D. A., Cowley, P. D. and Compagno, L. J. V(1991). A Nobiling, G. (1977). Die Biomechanik des Kiefferapparates beim
preliminary investigation of the feeding ecology of skates Stierkopfhai Heterodontus portusjacksacrtileterodontus
(Batoidea: Rajidae) off the west coast of Southern Afi&aAfr. philippi). Adv. Anat. Embryol. Cell Biob2, 1-52.

J. Mar Sci 10, 71-81. Norton, S. F. (1995). A functional approach to ecomorphological

Ferry-Graham, L. A. (1997). Feeding kinematics of juvenile  patterns of feeding in cottid fisheésnv. Biol. Fish 44, 61-78.
swellsharks Cephaloscyllium ventriosumJ. Exp. Biol 200 Osse, J. W. M.(1969). Functional morphology of the head of the
1255-1269. perch Perca fluviatilisL.): an electromyographic studileth. J.

Ferry-Graham, L. A. (1998). Effects of prey size and mobility on  Zool. 19, 289-392.
prey-capture kinematics in leopard shafkikis semifasciatal. Otten, E. (1983). The jaw mechanism during growth of a generalized

Exp. Biol 201, 2433-2444. Haplochromis species: H. elegans Trewavas, 1933 (Pisces,
Frazzetta, T. H. (1994). Feeding mechanisms in sharks and other Cichlidae).Neth. J. Zoal33, 55-98.

elasmobranchg\dv. Comp. Env. Physidl8, 31-57. Pretlow-Edmonds, M. (1999). Prey capture kinematics of the horn
Garman, S.(1913). The Plagiostom&lem. Mus. Comp. Z0o0B86, shark, Heterodontus francisciMS thesis, University of South

pp. 515. Florida.

Gray, A. E., Mulligan, T. J. and Hannah, R. W.(1997). Food Reilly, S. M. and Lauder, G. V. (1989). Physiological basis of
habits, occurrence and population structure of the bat ray, feeding behavior in salamanders: do motor patterns vary with prey
Myliobatis californica in Humbolt Bay, Californiagnv. Biol. Fish. type?J. Exp. Biol 141, 343-358.

49, 227-238. Rountree, R. A. and Able, K. W. (1996). Seasonal abundance,

Hernandez, L. P. and Motta, P. J(1997). Trophic consequences of  growth and foraging habits of juvenile smooth dogfiglistelus
differential performance: ontogeny of oral jaw-crushing canis in a New Jersey estuafyish. Bull 94, 522-534.
performance in the sheepshea&tchosargus probatocephalus Russell, B. C.(1983). The food and feeding habits of rock reef fish
(Teleostei, Sparidae). Zool., Lond243 737-756. of north-eastern New Zealand. Z. J. Mar. Freshwater Re%7,

Lauder, G. V. (1980). Hydrodynamics of prey capture by teleost 121-145.
fishes. InBiofluid Mechanicqed. D. J. Schneck), pp. 161-181. Russo, R. A.(1975). Observations on the food habits of leopard
New York: Plenum Press. sharks Triakis semifasciataand brown smoothhoundM@stelus

Lauder, G. V. (1985). Aquatic feeding in lower vertebrates. In henle). Calif. Fish Game61, 95-103.

Functional Vertebrate Morphologyed. M. Hildebrand, D. M. Sedberry, G. R.(1987). Feeding habits of sheepshe&athosargus
Bramble, K. F. Liem and D. B. Wake), pp. 210-229. Cambridge, probatocephalusin offshore reef habitats of the southeastern

MA: Harvard University Press. continental shelfNortheast Gulf Sci9, 29-37.

Lessa, R. P. and Almeida, Z.(1998). Feeding habits of the Sedberry, G. R.(1989). Feeding habits of the whitebone porgy,
bonnethead sharl§phyrna tiburg from Northern Brazil Cybium Calamus leucosteuéTeleostei: Sparidae), associated with hard
22, 383-394. bottom reefs off the southeaster United Stakésh. Bull 87,

Liem, K. F. (1979). Modulatory multiplicity in the feeding 935-944.
mechanism in cichlid fishes, as exemplified by the invertebrat&egura-Zarzosa, J. C(1997). Observations on the feeding habits of

pickers of Lake Tanganyikd. Zool., Lond189 93-125. the sharkHeterodontus franciscGirard 1985 (Chondrichthyes:
Liem, K. F. (1980). Adaptive significance of intra- and interspecific Heterodontidae), in San Francisco lagoon, Baja California Sur,

differences in the feeding repertoires of cichlid fiske®. Zool Mexico. Ciencias Marina23, 111-128.

20, 295-314. Shirai, S. (1996). Phylogenetic interrelationships of neoselachians
Loeb, G. E. and Gans, C. (1986). Electromyography for (Chondrichthyes: Euselachii). Imterrelationships of Fisheged.

ExperimentalistsChicago: The University of Chicago Press. M. Stiassney, L. Parenti and D. Johnson), pp. 9-34. San Diego:
Moss, S. A.(1972). The feeding mechanism of sharks of the family Academic Press.

Carcharhinidael. Zool., Lond167, 423-436. Smith, B. G.(1942). The heterodontid sharks: Their natural history
Moss, S. A.(1977). Feeding mechanisms in shakm. Zool 17, and the external developmenttééterodontus japonicusased on

355-364. notes and drawings by Bashford Dean. The Bashford Dean



2796 C. D. WiLca AnD P. J. MbTTA

Memorial Volume: Archaic FishesAm. Mus. Nat. Hist 8, Vandewalle, P., Saintain, P. and Chardon, M(1995). Structure and

649-770. movements of the buccal and pharyngeal jaws in relation to feeding
Stevens, J. D. and Lyle, J. M(1989). Biology of three hammerhead in Diplodus sargusJ. Fish Biol 46, 623-956.

sharks Eusphyrna blochjiSphyrna mokarromandS. lewin). Aust. ~ Wainwright, P. C. (1987). Biomechanical limits to ecological

J. Mar. Freshwater Re€0, 129-146. performance: mollusc-crushing by the Caribbean hodfish,
Strong, W. R., Jr, Snelson, F. F. and Gruber, S. H(1990). Lachnolaimus maximu@.abridae).J. Zool., Lond213 283-297.

Hammerhead shark predation on stingrays: an observation of pr&yainwright, P. C. (1988). Morphology and ecology: functional basis

handling bySphyrna mokarranCopeial99Q 836-840. of feeding constraints in Caribbean labrid fishEsology 69,

Summers, A. P.(2000). Stiffening the stingray skeleton — an 635-645.
investigation  of durophagy in  myliobatid stingrays Wainwright, P. C. and Turingan, R. G. (1993). Coupledversus
(Chondrichthyes, Batoidea, Myliobatidae)]. Morph 243 uncoupled functional systems: motor plasticity in the queen
113-126. triggerfish,Balistes vetuldTeleostei, Balistidae)l. Exp. Biol 180,
Talent, L. G. (1982). Food habits of the gray smoothhouvidstelus 209-227.
californicus the brown smoothhoundMustelus henlei the Wetherbee, B. M., Gruber, S. H. and Cortes, E(1990). Diet,

shovelnose guitarfishRhinobatos productusind the bat ray, feeding habits, digestion and consumption in sharks, with special
Myliobatis californica in Elkhorn slough, CaliforniaCal. Fish reference to the lemon sharkNegaprion brevirostris In
Game68, 224-234. Elasmobranchs as Living Resources: Advances in the Biology,

Tricas, T. C. (1997). Sharks. Iisharks and Ray&ed. T. C. Tricas, Ecology, Systematics and the Status of the Fish@ik4. L. Pratt,
D. Deacon, P. Last, J. E. McCosker, T. I. Walker and L. Taylor), Jr, S. H. Gruber and T. TaniuchNOAA Tech. Re®0. 29-47.

pp. 90-113. Australia: The Nature Company Guides. Wilga, C. D. and Motta, P. J.(1998a). Conservation and variation
Turingan, R. G. (1994). Ecomorphological relationships among in the feeding mechanism of the spiny dogf&fualus acanthias.
Caribbean tetraodontiform fishek.Zool., Lond233 493-521. J. Exp. Biol 201, 1345-1358.
Turingan, R. G. and Wainwright, P. C.(1993). Morphological and Wilga, C. D. and Motta, P. J.(1998b). The feeding mechanism of
functional bases of durophagy in the queen triggerigiistes the Atlantic guitarfishRhinobatos lentiginosusmodulation of

vetula(Pisces: Tetraodontiformes). Morph.215 101-118. kinematic and motor activity]. Exp. Biol 201, 3167-3184.



