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Feeding'in'
Elasmobranchs'

Ashley'Stoehr'

Objec8ves'
•  Understand&how&minor&changes&

permits&diversity&in&feeding&modes.&&

•  Dis<nguish&anatomic&and&kinema<c&
differences&between&feeding&modes&
(bite,&suc<on,&filter)&and&behavior&
(capture&vs.&processing).&

•  Understand&how&GI&anatomy&and&
feeding&relate.&

•  Understand&&why&feeding&in&
elasmobranchs&is&important&and&
methods&to&study&morphology&and&
ecology.&&
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Feeding'Mechanism'
of'Elasmobranchs'

(mechanism'='anatomical'parts)''
• Jaw'Evolu8on'

• 'Elasmobranch'Anatomy'
• 'Muscoskeletal'divergences'

Jaw&Evolu<on:&Mandibular&Hypothesis&

•  Opposable,&ar<culated&
structure&

•  Serial&homology&based&on&
morphological&similarity&

•  Pharyngeal&arches&enlarged&
and&moved&anteriorly&to&
become&jaws&
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Jaw&Evolu<on:&Mandibular&Hypothesis&

•  Posi<on&of&gills&previous&
problem&for&arch&
homology&

Jaw&Evolu<on:&Velar&Hypothesis&

•  Velar&car<lage&becomes&the&jaws&

•  Velum&separates&pharynx&and&respiratory&tube&in&
lampreys&

•  Do&all&agnathans&have&a&velum?&&
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Why&study&elasmobranch&feeding&
mechanism?&

•  Interface&with&environment&
–  Jaws&=&Diversifica<on&

•  Elasmobranchs&are&basal&
gnathostomes&
–  “jawYmouth”&

•  Sharks&show&func<onal&
diversity&with&morphological&
simplicity&

Bon
y'F
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'
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Sha
rk'

•  Buccal&Cavity&
– Mandibular&Arch&

•  Hyoid&Cavity&
–  Hyoid&Arch&

•  Pharyngeal&Cavity&&
–  Pharyngeal&
(Branchial)&Arches&

Feeding&Mechanism&of&Elasmobranchs&
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•  Mandibular&Arch&

– Palatoquadrate&
– Meckel’s&car<lage&

•  Hyoid&Arch&
– Hyomandibulae&
– Ceratohyal&&
– Hypohyal&
– Basihyal&

•  Pharyngeal&Arch&(PECHYB)&
– Phargynobranchial,&Epibranchial,&Ceratobranchial,&
Hypobranchial,&Basibranchial&

Cr&
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Arch&Anatomy&

Mandibular&Arch&Anatomy&

•  Dual&quadratoY
mandibular&
joints&
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Changes&to&
Skeletal&Frame&

•  Few&skeletal&changes&&&
(3&major)&

•  Which&is&durophagous?&&

– Grinds'hard&prey&

Skeletal&Changes&
Jaw&Suspension&

Holostyly&
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Upper'Jaw'
Protrusion'

Hyostylic&Jaw&Suspension&

Orbitostylic&

Euhyostylic&
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PQ&=&palatoquadrate;&EP&=&ethmoid&process;&&
OP&=&orbital&process;&PN&=&postYorbital&process&

B&=&bite;&S&=&suc<on;&F&=&filter&

Why&Protrude&the&Upper&Jaw?&&

•  General&feeding&
–  Close&distance&to&prey&
– Hydrodynamic&

•  Bite&feeding&&
–  Exposes&teeth&
–  Facilitate&precision&
and&cugng&ac<on&

•  Suc<on&feeding&
–  &contributes&to&small&
gape&
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Preorbitalis:&&
Feeding&Musculature&

A.  Squaliformes:&basal&preorbitalis&
(PO)&&extends&from&jaw&joint&to&
nasal&capsule,&protracts&upper&
jaw&

B.  Orectolobiformes:&preorbitalis&
divides&and&extends&to&
chondrocranium,&protracts&
upper&jaw&

CD.&Carcharhiniformes&and&
Lamniformes:&preorbitalis&
divides&and&extends&further&onto&
upper&jaw;&levator&
palatoquadra<&&(LP)&protracts&
rather&than&retracts&upper&jaw.&&

E.  Batoids:&soooo&many&muscles.&&

A&

B&

C&

D&

Pierce&soi&prey&

Crush&hard&prey&

Grasp&and&Gouge&
large&prey&

Grasp&&
and&Gouge&large&prey&

Feeding&Musculature&

•  Adductors&compress&arches&and&adduct&jaws&
–  &adductor&mandibulae&complex&(quadrato&+&preorbitalis)&

•  Constrictors&elevate&or&compress&arches&

•  Hypobranchial&muscles&depress&jaw&and&hyoid&
–  Coracomanidbularis,&coracoarcualisYcoracohyiodeus&

Section through fish at level of pharynx (P)

P

epibranchial
muscles

branchiomeric
muscles

hypobranchial
muscles

3. Levators
1. Dorsal constrictors

2. Ventral constrictors

4. Adductors

How the gill arches actually
appear from front view

ventral aorta

pharynx

basibranchial

hyobranchial

cerato-
branchial

epibranchial

pharyngeo-
branchial
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Teeth&
Clutching&–&&
bamboo&sharks&

(Dignathic&heterodonty)&
Lower&jaw&tearing–&&
sand&<ger&sharks&

Cugng–&&
spiny&dogfish&

Crushing–&linle&skates& Grinding–&&
rays&

(Monognathic&heterodony)&
clutching&and&grinding&–&
horn&sharks&

Crushing&Y&&bamboo&sharks&

Teeth&
Clutching&–&&
bamboo&sharks&

(Dignathic&heterodonty)&
Lower&jaw&tearing–&&
sand&<ger&sharks&

Cugng–&&
spiny&dogfish&

Crushing–&linle&skates& Grinding–&&
rays&

(Monognathic&heterodony)&
clutching&and&grinding&–&
horn&sharks&

Crushing&Y&&bamboo&sharks&
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Consider&Car<lage&
•  Tessellated&in&areas&of&stress&
–  Single&shape&repeated&without&gaps&or&overlap&

•  Ligaments&or&fibrous&outer&layer&above&tesserae&above&soier,&
car<laginous&core&

•  S<ffness,&flexibility,&and&energy&dissipa<on&
–  Resist&loads&but&deforms&to&dissipate&energy&

Movement'to'and'
through'the'Mouth'

• 'Foraging'
• 'Prey'Capture'and'

Processing'
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Foraging:&Finding&Food&

Direct
&Conta

ct&

(Touch
&and&T

aste)&
Electr

orece
p<on&

Vision
&
Pressu

re&
Smell& Hearin

g&

<50cm& <100m&<100m&>100m& >1km&

100&10&1&0& 1000& 10000m&

Prey&Capture&Modes&

•  Suc<on:&sequen<al&expansion&
–  &Interminent,&iner<al&suc<on&
feeding&
•  High&velocity,&low&volume&

– Con<nuous,&ram&suc<on&
feeding&(swim&agape)&
•  Low&velocity,&high&volume&

– Filter&feeding:&straining&food&
by&passing&par<cles&through&
specialized&“filter”&structure&

•  Bite:&approach,&cease,&bite&
•  Func<onal&Con<nuum&&
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Stages&of&Prey&Capture&

A.  Preparatory&&
–  Cranial&eleva<on&

B.  Expansive&&
–  Lower&jaw&depression&
–  Sequen<al&cavity&expansion&

C.  Compressive&
–  Lower&jaw&eleva<on&
–  Upper&jaw&protrusion&

D.  Recovery&
–  Jaws&and&arches&revert&

A&

B&

C&

Stages&of&Prey&Capture&

Su
c<
on

&a
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&&
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Expansive&and&Compressive&Phases&

•  Coracomandibularis&depresses&
lower&jaw&

•  Coracoarcualis&and&coracohyoideus&
depress&&basihyal&&

•  Preorbitalis&protrudes&upper&jaw&
•  Adductor&mandibulae&elevates&

lower&jaw&

Cr&

E&

C&

U&

L&

B&

Section through fish at level of pharynx (P)

P

epibranchial
muscles

branchiomeric
muscles

hypobranchial
muscles

3. Levators
1. Dorsal constrictors

2. Ventral constrictors

4. Adductors

How the gill arches actually
appear from front view
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Compressive&Phase:&Jaw&Protrusion&

hypobranchial&muslces&&

Preoribitalis&

Upper&Jaw&slides&
out&and&down&

Labial&car<lages&
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Skeletal&Change:&Hyomandibula&
•  Carchariniformes&and&

Lamniformes:&long&posterior&
hyomandibulae&and&long&jaws&
(bite)&

•  Orectolobiformes&and&
Heterodon<formes:&Short&lateral&
hyomandibulae&and&short&jaws&
(suc<on)&

•  Squaliformes:&longish&
posterolateral&hyomandibulae&and&
short&jaws&(general)&

•  Batoids:&long&anterior&&
hyomandibulae&and&short&jaws&
(general)&

Bite&Feeders&
•  Long&jaws&
•  Long&posteriorly&orientated&
hyomandibulae&

•  Large&gape&&
•  Tall,&wide&heads&
•  Hypertrophied&adductor&muscles&
•  Large&teeth&
•  Bite&kinema<cs&more&variable&
– Large&species&less&constrained&
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Bite&Feeding&

Suc<on&Feeders&
•  Short&jaws&
•  Short,&lateral&hyomandibulae&
•  Labial&car<lages&
•  Small&gape&

•  Small&teeth&
•  Hypertrophied&abductor&
muscles&

– Rapid&buccal&expansion&
•  Suc<on&kinema<cs&
stereotyped&

•  Orectolobiformes&specialized&
(mostly&iner<al)&
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Whale&Shark&Feeding&
(Orectolobiformes)&

•  Interminent&Iner<al&Suc<on&&FilterYFeeding&
–  Sta<onary,&Ver<cal&

•  Ram&FilterYFeeding&
–  Con<nuous,&Passive&

Megamouth&Feeding&
(Lamniformes)&

•  Interminent,&Iner8al/Ram'Suc<on&

•  Large&terminal&mouth,&buccal&cavity&
•  Upper&jaw&protrusion&and&basihyal&

depression&

•  Elas<c&skin&
•  Small&gill&slits&unlike&whale&shark&
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Basking&Shark&Feeding&
(Lamniformes)&

•  Con<nuous&ram&filterYfeeding&

•  Large,&subterminal&mouth&
•  Large&gills&
•  Linle&jaw&protrusion,&lateral&jaw&rota<on&

Megamouth'Shark'

'Whale'Shark'

Basking'Shark'

Filter&Feeding&
•  Basking&(A)&and&

Megamouth&(B)&Sharks&
– Gill&rakers&

•  Whale&sharks&(C)&
– Gill&seive&
–  Shed&in&winter&



2/18/16&

19&

Combina<on&Feeding:&Func<onal&
Con<nuum&&

Ecomorphology&&
•  Carchariniformes&and&

Lamniformes:&long&posterior&
hyomandibulae&and&long&jaws&
(bite)&

•  Orectolobiformes&and&
Heterodon<formes:&Short&lateral&
hyomandibulae&and&short&jaws&
(suc<on)&

•  Squaliformes:&longish&
posterolateral&hyomandibulae&and&
short&jaws&(general)&

•  Batoids:&long&anterior&&
hyomandibulae&and&short&jaws&
(general)&
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Prey&Capture&Kinema<c&Measurements&
• &The&jaws&and&hyoid&poten<ally&
evolved&from&pharyngeal&arches.&
Are&movements&stereotyped&
during&ven<la<on&and&feeding?&&

Prey&Capture&Kinema<c&Measurements&
• &Hyoid&and&pharyngeal&arches&
move&similarly&during&ven<la<on.&&
• &Pharyngeal&arches&move&similarly&
during&ven<la<on&and&feeding.&&
• &Hyoid&arch&plays&key&role&in&
feeding.&&
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Differences&in&Expansive&Phase&

•  How&does&the&hyoid&
arch&expand&during&
feeding?&&
–  Basihyal&depresses&
during&expansion&

•  Suc<on&feeders&(lateral,&&
<&110°)&decrease&hyoid&
width.&&Bite&feeders&(>&
110°)&expand&cavity&in&
all&direc<ons.&&

–  Orienta<on&relates&
to&changes&in&gape&
size?&&

to more posteriorly directed from the first to the last arch. The
pharyngeal arches adduct and abduct relative to each other
during a ventilatory cycle (Ferry-Graham, 1999; Summers and
Ferry-Graham, 2001; Dolce, 2009). Therefore, function of the
pharyngeal arches during feeding is likely to be similar in
pattern to that of ventilation but greater in amplitude.
The goal of this study is to determine whether the function

of the hyoid and pharyngeal arches is similar during ventila-
tion (the basal behavior) and feeding (the derived behavior). If
similar during ventilation, then the function of the hyoid arch
has been conserved from that of a pharyngeal arch. If different
during ventilation, then the function of the hyoid arch has
been altered along with the morphology from that of a
pharyngeal arch. To answer these questions, hyomandibular
angle (not measured previously) and kinematics of the hyoid
and second pharyngeal arch during ventilation and feeding is
compared in six species representing a wide range of hyoid
morphologies. Several questions are addressed to better
understand how morphological and functional changes are
related through evolution. Does hyomandibular orientation
influence the pattern of pharyngeal arch movement during
ventilation or feeding? Are pharyngeal arch movements during
feeding similar but more exaggerated than those during
ventilation? Is pharyngeal cavity width movement related to
arch orientation or feeding style? At what point is a change in
orientation angle of the hyomandibular cartilage accompanied
by a change in hyoid function during feeding or ventilation?

Material and methods

The angle of the hyomandibular cartilage was measured in
photographs of the head in dorsal view from a line drawn
along the length of the hyomandibular cartilage to the midline
of the chondrocranium in five individuals of each species. Five
shark and one batoid species were studied: little skates
Leucoraja erinacea (Rajiformes: Rajidae); white-spotted bam-
boo sharks Chiloscyllium plagiosum (Carcharhiniformes:
Orectolobidae); spiny dogfish Squalus acanthias (Squaliformes:

Squalidae); smooth-hounds Mustelus canis, sandbar sharks
Carcharhinus plumbeus (Carcharhiniformes: Carcharhinidae),
and mako sharks Isurus oxyrinchus (Lamniformes: Lamnidae).
Species were compared using an ANOVAANOVA (SigmaStat V. 3.11)
and hyomandibulae determined to be anterior, lateral or
posterior directed based on the dividing the possible angles (0–
180!) into three directions: anterior 0–60!; lateral 60–120!;
posterior 120–180!.
Internal jaw, hyoid, and pharyngeal kinematics were quan-

tified during feeding using sonomicrometry (for detailed
methods see Wilga and Sanford, 2008) in four of the
elasmobranch species: Chiloscyllium plagiosum,Mustelus canis,
Squalus acanthias, and Leucoraja erinacea. Sonomicrometry
(Sonometrics Corp.) uses ultrasound to quantify distance
between crystal pairs. Crystals were placed to record changes
in mouth opening distance and changes in hyoid and pharyn-
geal area cavity width and vertical height (Fig. 2). Hyoid
cavity width was measured between crystals on the right and
left hyomandibular-ceratohyal joints (5 and 6). Hyoid depth
was measured by triangulating the perpendicular distance of a
crystal (7) on the basihyal to a line between crystals placed on
the roof of the mouth anterior and posterior to the basihyal
crystal (1 and 4). Similar to the hyoid, pharyngeal cavity width
was measured between crystals at the 2nd epibranchial-
certaobranchial joint (9 and 10). Pharyngeal depth was
measured by triangulating the perpendicular distance of a
crystal on the 2nd basipharyngeal (11) to a line between
crystals placed on the roof of the pharynx anterior and
posterior to the basipharyngeal crystal (12 and 13). Buccal and
hyoid experiments were conducted separately from buccal and
pharyngeal experiments due to the large number of crystals
being implanted and standardized using onset of mouth
opening. Five feeding sequences from each of four individuals
for each of four species during hyoid and pharyngeal exper-
iments were used for a total of 160 sequences.
The same sonomicrometry methods were used to manually

manipulate feeding in two dead shortfin mako, Isurus oxyrin-
chus, and two dead sandbar sharks, Carcharhinus plumbeus.

Fig. 1. Change in archmovement from
resting to feeding position modelled as
bars. The cube represents the cranium,
the two bars represent the dorsal
(hyomandibula ⁄ epibranchial) and
ventral (ceratohyal ⁄ ceratobranchial),
and the disk represents the single
midline (basi-) elements of the hyoid
or pharyngeal arch. Lateral, posterior,
and anterior directed elements are
shown in dorsal view at rest (top),
anterolateral view in the resting
position (middle) and anterolateral
view in the feeding position (bottom).
Black arrows indicate direction of
basihyal action, gray arrows indicate
!joint" or cavity width movement
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Prey&Processing&–&“Chewing?”&
•  External&and&Internal&
– Head&shaking,&spigng&
– Expansion&and&compression&to&break&down&prey&

•  Does&arch&morphology&(hyoid&and&pharyngeal)&affect&
kinema<cs&and&prey&processing,&does&it&differ&from&
capture?&&&

•  Does&the&mechanism&differ&between&suc<on&and&bite&
processing?&&
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Hyoid&Arch&During&Prey&Processing&

110º 110º 

Added&Slide:&Results&Overview&
•  Linle&skates&(anterior&hyomandibulae)&decrease&hyoid&width&during&

suc<on&capture&and&suc<on&processing,&but&variably&change&width&
during&bite&processing.&May&relate&to&loss&of&skeletal&basihyal&and&
muscle&diversifica<on&to&create&diversity&in&feeding&behaviors.&&

•  Bamboo&sharks&decrease&hyoid&width&during&suc<on&capture&and&
suc<on&processing.&They&decrease&width&during&bite&processing.&
They&are&specialized&for&suc<on,&so&during&bite&the&hyoid&arch&
simply&moves&the&opposite&way.&&

•  Spiny&dogfish&increase&or&decrease&hyoid&width&during&suc<on&
capture.&This&could&depend&on&the&degree&of&suc<on&(rapidity&of&
cavity&expansion)&or&the&gape&size&necessary&for&prey&item&(increase&
hyoid&width&!&greater&gape?).&This&variability&likely&stems&from&the&
lateralYposterior&(rather&than&truly&posterior&like&a&mako)&
hyomandibular&posi<on.&During&suc<on&processing&they&increase&
hyoid&width&(like&a&bite&feeder)&and&during&bite&processing&they&
decrease&hyoid&width.&&


