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ABSTRACT

Syngnathid fishes (seahorses, pipefish, and sea dragons) possess
a highly modified cranium characterized by a long and tubular
snout with minute jaws at its end. Previous studies indicated
that these species are extremely fast suction feeders with their
feeding strike characterized by a rapid elevation of the head
accompanied by rotation of the hyoid. A planar four-bar model
is proposed to explain the coupled motion of the neurocranium
and the hyoid. Because neurocranial elevation as well as hyoid
rotation are crucial for the feeding mechanism in previously
studied Syngnathidae, a detailed evaluation of this model is
needed. In this study, we present kinematic data of the feeding
strike in the seahorse Hippocampus reidi. We combined these
data with a detailed morphological analysis of the important
linkages and joints involved in rotation of the neurocranium
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and the hyoid, and we compared the kinematic measurements
with output of a theoretical four-bar model. The kinematic
analysis shows that neurocranial rotation never preceded hyoid
rotation, thus indicating that hyoid rotation triggers the ex-
plosive feeding strike. Our data suggest that while neurocra-
nium and hyoid initially (first 1.5 ms) behave as predicted by
the four-bar model, eventually, the hyoid rotation is underes-
timated by the model. Shortening, or a posterior displacement
of the sternohyoid muscle (of which the posterior end is con-
fluent with the hypaxial muscles in H. reidi), probably explains
the discrepancy between the model and our kinematic mea-
surements. As a result, while four-bar modeling indicates a clear
coupling between hyoid rotation and neurocranial elevation,
the detailed morphological determination of the linkages and
joints of this four-bar model remain crucial in order to fully
understand this mechanism in seahorse feeding.

Introduction

Suction feeding is present in most vertebrate groups, including
frogs (Dean 2003), salamanders (Elwood and Cundall 1994),
turtles (Van Damme and Aerts 1997), and even mammals
(Bloodworth and Marshall 2005). However, suction feeding is
ubiquitous in some groups, such as teleost fish (Muller and
Osse 1984; Lauder 1985) and elasmobranchs (Wilga et al. 2007).
The kinematics of suction feeding have been studied and com-
pared between a wide variety of fish (e.g., Carroll and Wain-
wright 2003; Gibb and Ferry-Graham 2005; Van Wassenbergh
et al. 2005). Among the fish species studied, a striking variation
in head morphology can be found, ranging from the asym-
metrical morphology found in flatfish (Gibb 1997) to the more
general laterally compressed percomorph morphology in large-
mouth bass (Svanbick et al. 2002) to the extremely elongated
upper and lower jaw found in long-jawed butterfly fish (Ferry-
Graham et al. 2001). However, despite these great differences
in cranial morphology, all these species have converged be-
haviorally to perform suction feeding.

According to Lauder (1985), prey capture through suction
is characterized by four phases: preparation, expansion, com-
pression, and recovery. During the preparation phase, the buc-
cal cavity is compressed and consequently the buccal volume
is decreased. In the following expansion phase, the mouth opens
quickly through hyoid rotation or through the coupling be-
tween the lower jaw, the interhyal, and the operculum. After
mouth opening, the suspensorium abducts laterally, and the
cranium rotates dorsally. Because of this rapid expansion of the
head, the volume in the buccal cavity increases rapidly, sub-
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sequently sucking in the prey with the surrounding water. To
ensure a continuous posterior flow of water, the expansion
movement must proceed from the front to the back of the
head. This is often termed the rostrocaudal expansion sequence
and is observed in all suction-feeding teleosts studied to date
(e.g., Lauder 1985; Carroll and Wainwright 2003; Gibb and
Ferry-Graham 2005; Van Wassenbergh et al. 2005). During the
compression phase, the mouth of the fish closes, the suspen-
sorium adducts, and the hyoid elevates, together decreasing the
volume of the buccal cavity. Finally, the opercular and bran-
chiostegal valves open, allowing the sucked water to flow out
of the bucco-pharyngeal cavity through the gill arches. In the
last phase, the recovery phase, all the skeletal elements return
to their original position.

One of the most extreme cranial morphologies in teleost fish
is undoubtedly found in syngnathid fishes (seahorses, pipefish,
and sea dragons). These fish are characterized by an elongated
tubular snout with minute jaws at its end. Despite this peculiar
feeding morphology, it is unclear whether they have converged
on the general teleost suction-feeding pattern as mentioned
above. However, it is known that seahorses and pipefish use
suction to capture their prey (Muller 1987; Bergert and Wain-
wright 1997; de Lussanet and Muller 2007; Van Wassenbergh
et al. 2008). Moreover, their feeding strike is characterized by
a very fast rotation of the hyoid and a rapid elevation of the
head. Prey capture times within 6 ms are recorded, making
them among the fastest suction-feeding vertebrates (Bergert
and Wainwright 1997; de Lussanet and Muller 2007; Van Was-
senbergh et al. 2008). To execute such extremely rapid move-
ments, Muller (1987) suggested a need for power amplification.
More recently, Van Wassenbergh and coworkers (2008) verified
that the rapid elevation of the head is probably accomplished
by elastic recoil of the tendons of the epaxial muscles.

Muller (1987) also postulated a mechanical linkage between
the elevation of the neurocranium and the rotation of the hyoid
and described a four-bar linkage model by which the rapid
dorsal rotation of the neurocranium could power the expansion
of the oropharyngeal cavity and cause explosive suction. The
proposed four-bar model consists of the ceratohyal-interhyal
complex, the sternohyoideus-urohyal complex, the neurocra-
nium-suspensorium complex, and the pectoral girdle. If this
four-bar linkage is kept in a locked position and accompanied
by active muscle contraction, elastic energy could potentially
be stored and later released. In pipefish, it was originally hy-
pothesized and later demonstrated (Muller 1987; Van Wassen-
bergh et al. 2008, respectively) that the hyoid is kept in a locked
position while the epaxial and hypaxial muscles contract.
Through shortening of the muscles, the tendons of the epaxial
muscles lengthen and could store elastic energy. A small de-
viation of the hyoid from its stable position could then trigger
the release of previously stored elastic energy, resulting in very
fast movements of the head and the hyoid.

In spite of these hypotheses, our understanding of these ex-
tremely fast movements is limited because of the relative low
temporal resolution of the recordings of the suction event in
previous studies (200400 frames per second [fps], Bergert and

Wainwright 1997; 1,000 fps, de Lussanet and Muller 2007; but
2,000 fps, Van Wassenbergh et al. 2008). However, to test the
proposed four-bar system, a quantitative analysis of the move-
ments of the cranial elements during the strike is essential.
Additionally, a detailed study of the spatial topography and
morphology of the joints and linkages of the proposed four-
bar system is crucial for our understanding of the functioning
of the system.

In this study, we examined the feeding kinematics and cranial
morphology in the seahorse species Hippocampus reidi, Gins-
burg 1933. Quantification of the movements of the cranial
elements during prey capture combined with a detailed 3-D
analysis of the morphology of the linkages in the proposed
four-bar system based on serial histological sections and com-
puted tomography (CT) scanning allows us to test the validity
of the model proposed by Muller (1987). Moreover, these data
can provide insight on how the extreme suction performance
of these animals is achieved.

Material and Methods
Animals

All Hippocampus reidi (Ginsburg 1933) were obtained com-
mercially and kept in a large aquarium (300 L) under natural
light and photoperiod. Temperature was kept constant at 24°C
and salinity at 35 ppt. Because seahorses feed mainly on small
crustaceans (Foster and Vincent 2004; Kendrick and Hyndes
2005; Felicio et al. 2006), these animals were fed krill, Arremia,
and Mysis, daily. Different animals were used for the morpho-
logical analyses and the collection of kinematic data.

Morphology

Specimens used for morphology were killed with an overdose
of MS 222 (tricaine methanesulfonate) and fixed in a 4% buf-
fered and neutralized formalin solution. Three specimens of H.
reidi (11.72 cm, 11.35 cm, and 10.97 cm standard length [SL]
and, respectively, 2.38 cm, 2.14 cm, and 2.44 cm head length
[HL]) were cleared and stained with alizarin red S and alcian
blue according to the protocol of Taylor and Van Dyke (1985).
Specimens were dehydrated through a series of alcohol solu-
tions before cartilage staining. Neutralization was done with
saturated borax solution followed by bleaching with a 10%
solution of H,0O, in 0.5% KOH solution and clearing in trypsin
enzyme buffer solution (0.45 g in 400 mL of 30% saturated
borax solution). Alizarin red S solution was used for bone
staining, and specimens were finally preserved in 100% glyc-
erine. On one specimen, dissections were performed on the
hyoid for a clearer view of the articulation facets. An Olympus
SZX-7 stereoscopic microscope was used for studying the
specimens.

Serial Sections

Serial histological cross sections of the head of one specimen
(10.35 cm SL, 2.40 cm HL) were made. Before sectioning, the
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specimen stored in 70% alcohol was decalcified with 25% De-
calc, dehydrated through a graded alcohol series, and embedded
in Technovit 7100 (Heraeus Kulzer) according to the Technovit
7100 user instructions. Next, semithin sections (5 um) were
cut using a Leica Polycut SM 2500 sliding microtome equipped
with a wolframcarbide-coated knife. Finally they were stained
with toluidine blue, mounted with DPX, and covered.

Computed Tomography Scanning

The fifth H. reidi specimen (11.90 cm SL, 2.52 cm HL) was
scanned at the modular micro-CT setup of Ghent University
(Masschaele et al. 2007; http://www.ugct.ugent.be). The source
is a dual-head x-ray tube with a transmission type head with
a focal spot size of 900 nm below 40 kV tube voltage. The
specimen was scanned using the directional tube head, at 80
kV tube voltage. The detector was an a:Si flat panel (Varian
Paxscan 2520) with Csl scintillator. In total, 1,000 projections
of 748 x 940 pixels were recorded with an exposure time of 1
s per projection and covering 360°. The voxel size in the sample
was 61 um. The raw data were processed and reconstructed
using the in-house developed CT software Octopus (Vlassen-
broeck et al. 2007) and rendered with VGStudio Max (Volume
Graphics, Heidelberg) and Amira 4.1.0 software (Mercury
Computer Systems, Mérignac, France).

Graphic 3-D Reconstructions

Computer-generated 3-D reconstructions were made to visu-
alize skeletal (using CT data) and musculoskeletal (using his-
tological sections) topography. Images of the histological sec-
tions were captured using a digital camera (Colorview 8, Soft
Imaging System) mounted on a Reichert-Jung Polyvar light
microscope and controlled by the software program analySIS
5.0 (Soft Imaging System, Miinster). The digital images of both
CT and histological data were imported in the software package
Amira 3.1 (Template Graphics Software, Mérignac, France).
Alignment of the histological sections and tracing of the ele-
ments was done manually by superimposition to get maximal
overlap of all structures. Each element was separately rendered
and smoothed and Rhinoceros 3.0 software (McNeel Europe,
Barcelona) was used for making composite images of the struc-
tures. Only those muscles, tendons, ligaments, and cartilaginous
elements related to the hyoid were reconstructed. For the CT
data, both volume-rendered and surface-rendered reconstruc-
tions were generated of the cranial skeleton.

The 3-D reconstruction, using the histological data, shows
a slight distortion at the level of the snout (Fig. 1C), which is
probably an artifact due to the alignment. Only serial sections
of the cranial skeleton were used, so the cleithrum could not
be fully reconstructed (Fig. 14, 1B).

Kinematics

Two days before a planned filming session, we stopped feeding
the animals. During the recording sessions, animals were placed

in a smaller tank (305 mm x 200 mm X% 50 mm) with a scale
bar attached to the tank. At the time of the experiments, five
animals were fed small crustaceans (krill, Arternia, and Mysis)
attached to the outflow of a pipette.

Movements of several cranial elements were quantified dur-
ing prey capture by means of lateral view high-speed video
recordings. The video recordings were made using a Redlake
Imaging MotionPro digital camera (Redlake, Tucson). Four
arrays of eight each red ultrabright LEDs were used for illu-
mination. Sequences were filmed at 2,000 fps with a shutter
time of 0.2 ms. Only videos in which the head was oriented
perpendicular to the lens of the camera were retained for further
analysis (eliminating correction for parallax). A total of 14 re-
cordings from five individuals were used (three videos of four
individuals and two of one individual).

Eight landmarks were digitized (Fig. 2) frame by frame using
Didge software (A. Cullum, Creighton University, Omaha, NE):
(1) the tip of the nose spine, just anterior of the eye; (2) the
tip of the snout posterior to the maxillae and premaxillae; (3)
the symphysis of the ceratohyals; (4) the tip of the ventrolateral
spine on the pectoral girdle; (5) the tip of the process on the
second nuchal plate; (6) the upper jaw at the height of the
premaxillae; (7) the tip of the lower; and (8) a distinct point
on the prey that could be tracked down during the whole
sequence (e.g., the eye).

Based on the X and Y coordinates of these landmarks, five
variables were calculated: (a) mouth opening (distance 6-7),
(b) hyoid angle (angle between 1-2 and 3-p, p being the co-
ordinate of the center of the interhyal, of which the position
was first determined based on a CT scan and subsequently
recalculated for each time step based on the position of the
neurocranium landmarks 1-2), (¢) neurocranial elevation (an-
gle between 1-2 and 4-5), (d) cleithrum to hyoid distance
(distance 3-4), and (e) prey distance (distance 6-8).

In order to reduce digitation noise, the kinematic profiles
were filtered using a fourth-order low-pass zero phase shift
Butterworth filter with a cutoff frequency of 500 Hz, and ve-
locities and accelerations were calculated through numerical
differentiation of the smoothed displacement profiles. The
maximal displacements, velocities, and accelerations of each
variable were measured as well as the time needed to reach
maximal displacements. Time 0 was defined as the image before
the first visible movement.

Four-Bar Model

The coupling between the rotation of the neurocranium and
the hyoid was evaluated by calculating the output of the planar
four-bar system described by Muller (1987). The following
landmarks were defined as the joints in the four-bar system
(Fig. 2): the center of the interhyal (p), the point of articulation
of the neurocranium and the vertebral column-—pectoral girdle
complex (g), the medioanterior tip on the cleithrum near the
origin of the sternchyoideus muscle (r), and the symphysis of
the ceratohyals (s). CT-scan image reconstructions were used
to determine the positions of these four-bar joints relative to


http://www.ugct.ugent.be

10 Roos, Leysen, Van Wassenbergh, Herrei, Jacobs, Dierick, Aerts, and Adriaens

o-hm o-pop
o-prmx 0-ecp
¢ hs Trm o Fo
f o-ih Ji-™ * 1 m-ecp
\ EkLL ~ Sion o-prmx
0-mx
mnd-h
P m-int-a I-mnd-iop

I-ch-uh

o-pop

o-ch-a

I-ch-uh o-hm
0.eCp °"\P°'iivm o-pop c-hs I «P S
o-prmx
0-mx
0-a -mnd-iop | .
4 o-iop l-iop-h
l-ch-uh
o-ufi t-st
m-st 2 mm

Figure 1. Graphie 3-D reconstruction ofthe skull of Hippocampus reidi (neurocranium not reconstructed). A, Medial view ofleft side. B, Lateral
view of left side. C, Dorsal view, c-hs, hyosymplectic cartilage; /-ch-uh, ceratohyal-urohyal ligament; /-iop-h, interoperculo-hyoid ligament; /-

mnd-h, mandibulo-hyoid ligament; /-mnd-iop, mandibulo-interopercle ligament; m-im-p, intermandibularis posterior muscle; m-int-a, anterior
interhyoideus muscle; m-st, sternohyoideus muscle; mnd, mandible; o-ch-a, anterior ceratohyal; o-ch-p, posterior ceratohyal; o-corb, circumorbital

bones; o-c/, cleithrum; o-ecp, ectopterygoid; o-Am, hyomandibula; o-ih, interhyal; o-iop, interopercle; o-mp, metapterygoid; o-mx, maxilla; o-

op, opercle; o-pop, preopercle; o-prmx, premaxilla; o-pvm, prevomer; o-g, quadrate; o-sytn, symplectic; o-uh, urohyal; t-int-a, tendon ofanterior

interhyoideus muscle; #-st, tendon of sternohyoideus muscle.

the digitized landmarks on the high-speed video images (Fig.
2). The coordinates of p and g were calculated with respect to
a frame of reference defined by two points moving with the
neurocranium (landmarks 1-2; Fig. 2). Similarly, the coordinate
of ris calculated with respect to landmarks 4-5 (Fig. 2). Finally,
because the coordinate of s at time ¢ = 0 corresponds to a
digitized coordinate (landmark 3; Fig. 2), the initial configu-
ration of the four-bar system at ¢t = 0 is set.

From this moment on, the distances ofpg, ps, s, and gqr are
kept constant. The neurocranium-suspensorium bar gp was
chosen as the fixed bar (i.e., the frame). The time-dependent
change in the angle between pg and gr equaled the change in
the measured neurocranial elevation angle and was used as
input motion. The formulas presented in Aerts and Verraes
(1984) were used to calculate the resultant rotation ofthe hyoid
with respect to the frame under the four-bar conditions de-
scribed above. Because the in vivo measured hyoid angle (angle
1-2 to 3-p, Fig. 2) is also available, the four-bar model pre-
diction can be compared with this angle for each time step
sampled in the kinematic analysis.

In order to visualize the spatial configuration of the model
components before and after neurocranial elevation, the fol-
lowing procedure was executed. Based on the 3-D reconstruc-

tion of the CT data, 3-D coordinates (bilateral where possible)
were retrieved using Amira 4.1.0 software (Mercury Computer
Systems, Mérignac, France) from a selection of 23 articulation
points and skeletal reference points (Fig. 3). The coordinates
were then imported into Rhinoceros 3.0 software (McNeel Eu-
rope SL Barcelona) to construct a simplified model of those
structures involved in the hyoid rotation and neurocranial el-
evation: (1) articulation between lower jaw and quadrate, (2)
mandibular symphysis, (3) premaxillary symphysis, (4) rostral
tip of prevomer, (5) distal tip of nose spine, (6) articulation
between supraoccipital and first nuchal plate (corona), (7) distal
tip of the posterior dorsal process on the first nuchal plate, (8)
distal tip of the process on the second nuchal plate, (9) artic-
ulation between neurocranium and first vertebra, (10) articu-
lation between neurocranium and pectoral girdle, (11) distal
tip of the ventrolateral spine on the pectoral girdle, (12) tip of
the angle formed between the dorsal horizontal arm of the
pectoral girdle and the vertical arm, (13) rostral point of the
pectoral complex (formed by the cleithrum and several plates
of the bony armor), (14) caudal tip of the urohyal, (15) sym-
physis of the ceratohyals, (16) articulation between posterior
ceratohyal and interhyal, and (17) articulation between inter-
hyal and preopercle.
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Figure 2. Reconstructed computed tomography data of Hippocampus
reidi representing the digitized landmarks (yellow) and the calculated
four-bar system (red). The digitized landmarks are (/) the distal tip
of the nose spine, just anterior to the eye; (2) the tip of the snout
posterior to the maxillae and premaxillae; (3) the symphysis of the
ceratohyals; (4) the distal tip of the ventrolateral spine on the pectoral
girdle; (5) the tip of the process on the second nuchal plate; (6) the
upper jaw; (7) the lower jaw; and (8) a distinct point on the prey. The
point joints of the four-bar system are (p) the center ofthe interhyal,
(g) the rotation point ofthe neurocranium with respect to the vertebral
column-pectoral girdle complex, (r) the medioanterior landmark on
the cleithmm, and (s) the symphysis of the ceratohyals.

Statistics

In order to statistically determine whether a difference in timing
exists between cranial rotation, hyoid rotation, and mouth
opening, a contingency table (Fisher’s exact test) was used. Data
from feeding sequences in which movements occur at the same
time frame were omitted from the contingency table. In case
a temporal distinction occurs, the contingency table tests
whether or not this difference in timing is significant. Note,
however, that this statistical test does not rule out that the actual
movements might occur at exactly the same instant. This sep-
aration of the data set was used only for this specific statistical
analysis.

To compare our measurements with the predicted values of
the model, a paired f-test was used at each time frame to
determine at which instant the predicted and the measured
values statistically differ. In addition, a least squares regression
analysis was used to investigate whether a strong correlation
exists in our kinematic data between the angles of hyoid ro-
tation and cranial rotation during the feeding sequence.

Results
Morphology

The terminology of osteological components follows Harring-
ton (1955) and Arratia and Schultze (1990), and the termi-
nology of muscles follows Winterbottom (1974). The following
description based on the histological data was confirmed on in
toto cleared and stained specimens.

The hyomandibula bears three cartilaginous articulation
heads: two dorsally for the sphenotic and prootic and a latero-
caudal rounded condyle for the opercle (Fig. IA, 1C). Both the
opercular and neurocranial processes are surrounded by liga-
ments. A lateral and a medial wing on the hyomandibula form

a groove in which the levator arcus palatine muscle lies dorsally
and the preopercle interdigitates with the ventral side of the
lateral wing. The hyomandibulo-sphenotic ligament is con-
nected to the distal tip of the lateral wing, and a ligament
connected to the parasphenoid attaches on the medial wing.
Along its medial length, the hyomandibula is medially provided
with a tendinous attachment of the adductor arcus palatine
muscle. Rostroventrally, there is a synchondrosis between the
hyomandibula and the symplectic (Fig. 1A). A firm ligament
runs between the hyomandibula and the interhyal. The hyo-
mandibula in Hippocampus reidi is not connected to the metap-
terygoid or interhyal, as it usually is in teleosts (Gregory 1933;
Harrington 1955; Rojo 1991). According to Jungersen (1910)
the contact between the metapterygoid and the hyomandibula
is lost in the families Centriscidae, Aulostomidae, Solenostom-
idae, and Syngnathidae, whereas Anker (1974) showed that it
is still present in Gasterosteus aculeatus.

The preopercle is a very long L-shaped dermal bone (Fig.
IB). Its horizontal brandi stretches out rostrally and is attached
to the quadrate and the interopercle through ligaments. Cau-
dally, the vertical brandi is tightly connected to the lateral face
of'the hyomandibula through an interdigitation and connective
tissue. Medially, it bears a ridge that supports the symplectic
along its length, and the levator arcus palatini muscle fits into
a longitudinal groove (Fig. 1A). Laterally, it bears a spine. The
levator arcus palatini muscle inserts tendinously mediocaudally
onto the preopercle. The articulation with the interhyal is sit-
uated ventrally where the horizontal and vertical branches meet.
Ligaments attached to the ventral surface of the preopercle are
those enclosing the joint for the interhyal. The preopercle
supports the snout laterally and forms a large part of the
Suspensorium.

The perichondral interhyal is a small solid bone that bears
a lateral and a medial head ventrally (Fig. 4). Dorsocaudally,
the rounded cartilaginous surface forms a condyle that fits into
the socket joint of the preopercle. In between the lateral and
medial process of the interhyal, a saddle joint is formed where
the posterior ceratohyal articulates. The lateral process bears
ligaments that run to the posterior ceratohyal and preopercle,
while massive ligaments from the symplectic and the hyoman-
dibula attach onto the medial head dorsally and ventrally, re-
spectively. Ligaments from both processes thus enclose the joint
cavity between the interhyal and the posterior ceratohyal. The
plane of the articulatory facet between the preopercle and the
interhyal is oriented obliquely. The orientation of the long axis
of the interhyal runs from medioventrally to slightly dorsolat-
erally (Fig. 1A).

The perichondral posterior ceratohyal is very irregularly
shaped. Apart from the caudal saddle-shaped facet, which ar-
ticulates in between the two processes of the interhyal, two
heads are present on the proximal part of the posterior cera-
tohyal: a lateral one and a ventral cartilaginous one (Fig. 4).
The interoperculo-hyoid ligament, connecting the interopercle
with the posterior ceratohyal, attaches rostrally of this lateral
process. The slender tendon of the protractor hyoidei muscle
runs ventral to the interoperculo-hyoid ligament and attaches
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Figure 3. Skull morphology ofadult Hippocampus reidi and 3-D model. A, 3-D reconstruction ofthe skull based on CT data. B, 3-D reconstructions
indicating the position of the landmarks used constructing the model (point 9 not illustrated; for a description of the points, see “Material
and Methods”). C, Model drawn based on the landmarks and superimposed on a 3-D reconstruction. D, Model used for visualizing mechanical

units and the changes in relative position during feeding strike, cr, corona; np-II, second nuchal plate; o-ch-a, anterior ceratohyal; o 1/, cleithrum;
o-fr, frontal; o-hm, hyomandibula; o-iop, interopercle; o-leth, latera] ethmoid; o-meth, mesethmoid; o-mx, maxillary; o-para, parasphenoid; o-

pop, preopercle; o-postt, posttemporal; o-prmx, premaxillary; o-pvm, praevomer; o-q, quadrate; o-sph, sphenotic; o-soc, supraoccipital; o-ith,

urohyal; mud, mandibula; v/, first vertebra.

on the lateral side of the posterior ceratohyal (Fig. 15). Its
lateral border supports the two slender branchiostegal rays. At
its distal end, the posterior ceratohyal bears a thin, tapering
process that interdigitates with the anterior ceratohyal. Apart
from this interdigitation, there is a firm synchondrotic and
ligamentous connection between the anterior and posterior
ceratohyals.

The anterior ceratohyal that incorporates the small hypohyal
is larger than the posterior one and is more or less triangularly
shaped (Fig. 4). The apex of the triangle is situated rostrally,
where there is a small but very firm medial symphysis composed
of connective tissue between the distal end of the left and right
anterior ceratohyal. More proximally, a ligament connects the
latter with the very small cartilaginous basihyal. Ventrally, at
the apex, a ligament running to the urohyal attaches (Fig. 1).
The mandibulo-hyoid ligament runs from the dentary as a

single unit along the snout. When it reaches the hyoid, it sep-
arates into three parts. All parts attach together medially in a
cavity of the anterior ceratohyal. Caudally, the anterior cera-
tohyal bears several slender processes in between that the long
rod of the posterior ceratohyal fits.

The urohyal is a small, more or less cylindrical bone. Ros-
trally, it bears a thin mediodorsal ridge, giving the urohyal a
triangular shape at its front in cross section (Fig. 4). A short
and stout ligament attaches on both sides of the ridge and runs
to the anterior ceratohyal. The tendon of the sternohyoideus
muscle encloses the urohyal caudally (Fig. 1).

The large cleithrum forms the majority ofthe pectoral girdle.
In lateral view, it is roughly comma shaped, with abigger dorsal
part and an anteriorly bent ventral part (Fig. 15). The dorsal
component is flattened laterally except for a medial branch that
interdigitates firmly with the processus transversus of the first
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0-pop

o-iop

1-iop-h

m-int-a

t-int-a

I-mnd-iop

Figure 4. Detail of the 3-D reconstruction of the retracted hyoid complex in Hippocampus reidi. A, Lateral view of left side. B, Caudal view
(other structures not reconstructed), af-ih, articulation facet of interhyal with preopercle; c-ch, ceratohyal cartilage; /-ch-uh, ceratohyal-urohyal

ligament; /-iop-h, interoperculo-hyoid ligament; /-mnd-iop, mandibulo-interopercle ligament; /h-ch-p, lateral head of posterior ceratohyal; 7h-
ih, lateral head of interhyal; mh-ih, medial head of interhyal; m-int-a, anterior interhyoideus muscle; o-ch-a, anterior ceratohyal; o-ch-p, posterior

ceratohyal; o-ih, interhyal; o-iop, interopercle; o-pop, preopercle; o-uh, urohyal; t-int-a, tendon ofanterior interhyoideus muscle; vi-ch-p, ventral

head of posterior ceratohyal.

vertebra (Fig. 1A). Laterally, this part is mostly covered by the
dorsocaudal edge of the opercle. There is also a dorsocaudal
interdigitation with the second nuchal plate, which lies pos-
terior to the corona (first nuchal plate). Anteriorly, a solid
ligament runs from the rostral tip ofthe cleithrum to the caudal
end of the exoccipital. This tip fits between the caudal end of
the posttemporal laterally and the exoccipital medially, forming
the articulation between the pectoral girdle and the neuro-
cranium. A ligamentous connection with the posttemporal,
which forms part of the neurocranium in H. reidi, is lacking.
The ventral part of the cleithrum is bifurcated, with a medial
branch contacting the scapulacoracoid and a lateral branch
running ventrally, where it interdigitates with the bony armor
forming some sort of pectoral complex (Fig. 1C). As such, the
medial and lateral branches enclose a heart-shaped cavity into
which lies the sternohyoid muscle and pectoral fin musculature.
These two branches fuse more caudally and form a bony sheet
dorsal to the muscles.

The protractor hyoidei muscle is generally considered to be
embryologically formed by the fusion of'the intermandibularis
posterior and the anterior interhyoideus muscle (Winterbottom
1974), but see Geerinckx and Adriaens (2007) for a discussion
of possible misinterpretations on the true nature ofthis muscle.
In H. reidi, however, both parts can still be clearly distinguished

from each other because they are well separated by a tendinous
connection (Fig. 1C). Rostrally, two short tendons are con-
nected to the medial face of the left and right dentary, ventral
to the anterior intermandibularis muscle (connecting the two
dentaries). The posterior intermandibularis part starts as two
individual bundles of fibers fusing almost halfway along their
length when reaching the tendinous connection. Fibers ofboth
the posterior intermandibularis and the anterior interhyoideus
muscle run in a longitudinal direction. Although not visible on
the reconstruction, the serial sections show that along its entire
length, the anterior interhyoideus consists of two bundles sep-
arated in the middle by a thin layer of connective tissue. More
caudally, the bundles diverge, giving the muscle its typical X
shape. Attachment by a long and slender tendon occurs on the
lateral face of the posterior ceratohyal, just ventral to attach-
ment of the interoperculo-hyoid ligament (Figs. 15, 4A).

The sternohyoideus muscle inserts anteriorly on the urohyal
by a firm tendon that caudally splits into two and continues
to run in between the fibers (Fig. 1). The muscle is enclosed
by ventral bony plates ofthe body and partly by the lateral and
medial branch of the cleithrum nearly along its entire length.
More caudally, the bony armor extends laterally, with the pec-
toral fin musculature being situated dorsally. The site of origin
of the sternohyoideus is the cleithrum, the scapulacoracoid,
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Table 1: Summary kinematics of the prey capture event in Hippocampus reidi (N = 14)

Variable Mean SE

Peak hyoid rotation (°)* 68.45 4.32
Peak velocity hyoid rotation (°/s) 29.85 x 10> 242 x 10°
Peak acceleration hyoid rotation (°/s%) 23.22 x 10°  1.84 x 10°
Onset hyoid rotation (ms) .50 .00
Time to peak hyoid rotation (ms) 17.29 1.58
Time to peak velocity hyoid rotation (ms) 1.29 .07
Time to peak acceleration hyoid rotation (ms) .50 .00
Peak cranial elevation (°)* 31.10 2.13
Peak velocity cranial elevation (°/s) 13.88 x 10° 976.77
Peak acceleration cranial elevation (°/s?) 10.36 x 10° 709.71 x 10°
Onset cranial elevation (ms) .64 .08
Time to peak cranial elevation (ms) 18.46 1.59
Time to peak velocity cranial elevation (ms) 1.36 .06
Time to peak acceleration cranial elevation (ms) .50 .00
Peak mouth opening (mm)* 2.70 .16
Peak velocity mouth opening (m/s) 1.58 A2
Peak acceleration mouth opening (m/s’) 1.22 x 10° 116.53
Onset of mouth opening (ms) .75 .07
Time to peak mouth opening (ms) 3.50 .28
Time to peak velocity mouth opening (ms) 1.21 .09
Time to peak acceleration mouth opening (ms) 46 .04
Peak shortening pectoral girdle—certatohyal tip (mm)* 1.05 18
Peak velocity shortening pectoral girdle—certatohyal tip (m/s) 55.12 8.45
Peak acceleration shortening pectoral girdle—certatohyal tip (m/s”) 7024 x 10> 7.80 x 10°
Onset of shortening pectoral girdle—ceratohyal (ms) .82 .19
Time to peak shortening pectoral girdle—certatohyal tip (ms) 12.80 .25
Time to peak velocity shortening pectoral girdle—certatohyal tip (ms) .54 18
Time to peak acceleration shortening pectoral girdle—certatohyal tip (ms) .20 .05
Duration of prey capture (ms) 5.50 44
Prey distance at time 0 (mm) 6.71 .53
Peak velocity prey (m/s) .27 .06
Peak acceleration prey (m/s’) 190.37 57.62
Time to peak velocity prey (ms) 5.10 .86
Time to peak acceleration prey (m/s”) 4.00 91

* Calculated as the difference between the value at time 0 ms and the maximum value.

and the ventral bony plates onto which the sternohyoideus
attaches through a layer of connective tissue. The two large and
firm bundles of the sternchyoideus muscle course rostroven-
trally and unite anteriorly. Caudally they join the fibers of the
hypaxial muscle.

Kinematics

During the preparatory phase, the animal approaches its prey
relatively slowly. Next, the expansion phase, is characterized by
a fast rotation of the hyoid and a rotation of the head and
snout. The mouth starts to open a few milliseconds later (Table
1; Fig. 5). Cranial elevation causes the mouth opening to be
positioned in close proximity to and directed toward the prey,
which is finally sucked into the mouth. After prey capture, a
relatively long period is needed to restore the original config-
uration of the skeletal elements (Fig. 5).

The cranium starts to elevate 0.14 + 0.08 ms (mean *+ SE)
after the onset of hyoid rotation (Table 1; Fig. 6). In eight of
the 14 analyzed sequences, feeding began with hyoid rotation.
In six sequences, hyoid rotation and neurocranial elevation
started at the same video image. Therefore, the onset of neu-
rocranial elevation did not preceded the onset of hyoid rotation
in any of the sequences. Consequently, in the eight sequences
where a clear temporal distinction between both movements
is present, the onset of hyoid rotation is significantly earlier
than the onset of neurocranial elevation (Fisher’s exact test,
P = 0.04) This result was supported by preliminary data based
on videos recorded at 8,000 fps.

The onset of mouth opening takes place 0.11 + 0.01 ms after
the onset of neurocranial elevation (and thus 0.25 £ 0.07 ms
after the onset of hyoid rotation). The onset of cranial elevation
preceded the onset of mouth openingin 10 of the 14 sequences.
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Figure 5. Example of a feeding sequence of Hippocampus reidi feeding on a mysid shrimp in the upper-left corner. Important events are
indicated by an arrow. A, Image of one frame just before the first visible movement. B, Onset of hyoid rotation. C, Onset of cranial rotation
and mouth opening. D, Mouth reaches maximal opening. E, Hyoid reaches maximal rotation. F, Neurocranium reaches maximal rotation. G,
Mouth fully closed. H, Neurocranium restored to its original position. 7 Hyoid fully protracted.

In the four remaining sequences, the onsets of neurocranial
elevation and mouth opening occurred at the same video image.
Consequently, the onset of neurocranial elevation is signifi-
cantly earlier on average than the onset of mouth opening
(Fisher’s exact test, P = 0.02) in 10 videos where a clear tem-
poral distinction was apparent. Mouth opening reaches a peak
value 0f 0.27 £ 0.16 cm 3.50 £ 0.28 ms after the beginning of
hyoid rotation.

The prey is sucked in 2.00 + 0.16 ms after the mouth reaches
its maximum gape (5.50 = 0.44 ms after the onset of hyoid
rotation). Next, the hyoid reaches its peak excursion of
68.45° + 4.32° 1729 + 1.58 ms after the onset of hyoid rota-
tion. The neurocranium is the last element reaching its peak
elevation of 31.10° + 2.13° 1846 + 1.59 ms after the onset of
hyoid rotation. During the entire feeding strike, there exists a
strong correlation between the cranial elevation and the hyoid
rotation (correlation test, N = 51, R2 = 0.99, Pc0O.0Ol).

The duration ofthe expansion phase (which begins with the
onset of hyoid rotation and ends with the beginning of mouth
closing) is 5.77 £ 0.66 ms. The compression phase (which is
defined here as starting at the onset of mouth closing and
ending when the mouth is fully closed) lasts much longer, with
a duration of 415.74 =+ 48.20 ms. The final recovery phase

(which begins at the moment the jaws are fully closed and ends
at the time all skeletal elements have acquired their original
position) has a duration of 16823 + 36.27 ms. The total du-
ration of the feeding sequence (beginning one frame before the
onset of hyoid rotation and ending at the end of the recovery
phase) is 598.73 + 25.12 ms, on average.

Four-Bar Model

The hyoid angle calculated through the four-bar model reaches
a maximum peak of 88.99° + 529° (mean =+ SE) after
18.46 + 1.49 ms. The measured hyoid angle is on average 10.99°
larger, while the timing of peak excursion differs only by 1.17
ms (Fig. 7). During the first 1.50 ms, the measured hyoid angle
statistically shows no difference from the predicted hyoid angle
(i-test, ¢t = 1.514, df = 13, P = 0.154). After this initial phase,
the predicted angle started to underestimate the measured hy-
oid angle significantly (i-test, 1 = 3.034, df = 13, P< 0.01 after
time = 2.00 ms) and finally ends at 91.08% of the measured
angle (Fig. 7). This pattern is consistently observed for each
individual feeding sequence analyzed.

The morphological analysis confirms that the neurocranium
and the Suspensorium can be represented as a single unit (as
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Figure 6. Time-averaged kinematic profiles (N = 14) of the mean
hyoid rotation (black dots), the mean neurocranial rotation (gray dots),
and the mean mouth opening (white dots) of all 14 sequences.

Time = 0 ms was consequently defined for each sequence as the frame

before the first visible movement. Prey capture occurs on average 5.5
ms after the onset of hyoid rotation.

assumed in the four-bar model) articulating with the following
structures: the pectoral girdle, the vertebral column, the cera-
tohyals (through the interhyals), and the lower jaws (Fig. 8).
The upper jaws articulate with the neurocranium, but with
respect to the four-bar linkage system, they can be considered
as mechanically coupled to the neurocranial unit. The degrees
of freedom between the neurocranium, pectoral girdle, and
vertebral column are reduced because the vertebral column is
immovably connected to the pectoral girdle. As such, the pec-
toral girdle can be considered to be part of the postcranial
skeletal unit. This also implies that this postcranial skeletal unit
articulates with the neurocranium with three joints: two for
the pectoral girdle and one for the first vertebra. All three joints
show a topography where they are well aligned (so the vertebral
articulation is lining up with the axis between the left and right
pectoral articulation).

As neurocranial rotation must occur around the axis going
through the three neurocranial joints, its elevation is coupled
to a posterior displacement of the supraoccipital crest with
respect to the nuchal plates. As the second nuchal plate is
strongly connected to both the pectoral girdle and the neural
spine of the first vertebra, a posterior rotation of the supraoc-
cipital crest must be compensated for by a sliding or tilting
action of the corona, the first nuchal plate, with respect to the
second one and/or the neurocranium. At this point, it cannot
be discerned whether this movement involves one or both ac-
tions, but the model does suggest that a forward movement of
the corona with respect to the supraoccipital crest occurs (in-
dicated by the shortened distance of the bar connecting the
supraoccipital crest and the distal tip of the process on the
corona; Fig. SB).

Using the image of a feeding H. reidi at the maximum of
neurocranial elevation, where the depressed hyoid bars could
clearly be observed, the model could only be fitted properly if

the interhyals were rotated forward (thus contrary to what
would be expected for hyoid rotation). Observations of dis-
sected specimens also indicated the interhyal to be directed
rostrally when the hyoid is depressed. Whether or not the in-
terhyal is also directed rostrally at the onset of neurocranial
elevation could not be determined based on the model (Fig.
8).

Discussion

Comparison with Other Teleosts

A comparison of the kinematics of the feeding strike of Hip-
pocampus reidi with the rostrocaudal expansion sequence of
typical suction-feeding teleosts reveals differences in the timing
of the movements of the skeletal components. When there was
a clear temporal distinction, the hyoid (and not the mouth, as
observed for typical teleost suction feeders; see, e.g., Lauder
1985; Carroll and Wainwright 2003; Gibb and Ferry-Graham
2005; Van Wassenbergh et al. 2005) in H. reidi is the first
component ofthe cranial system that is set in motion. However,
in six of a total 14 sequences, hyoid rotation and cranial ele-
vation occur at the same time frame; therefore, we cannot
statistically justify whether or not a difference in timing exist.
In those cases where our temporal resolution was adequate and
the two behaviors showed temporal separation, hyoid move-
ments always preceded cranial rotation. Considering the very
fast movements, this apparent overlap in timing could be
caused by the low temporal resolution ofthe recordings. There-
fore, further analyses using higher temporal resolution are
needed to confirm this finding and test its generality. The
mouth is directed to the prey via cranial elevation, which occurs
just after the onset of hyoid rotation. Cranial elevation thus
appears to be used for positioning the mouth opening toward
the prey rather than contributing to mouth opening (also found
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Figure 7. Comparison ofthe average measured hyoid angle (black dots)
and the average hyoid angle predicted by the four-bar model (white
dots; N = 14). In the first 1.5 ms, the graphs do not statistically differ
(t-test, = 1.514, df = 13, P> 0.05); at time = 2 ms, the graphs
significantly diverge (t-test, = 3.034, df = 13, P< 0.05).
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Figure 8. Model showing extensive neurocranial elevation in Hippo-
campus reidi A, Video frames used for positioning the components of
the model at the onset of neurocranial elevation (7eft) and at maximal
elevation (right). B, Model at onset of elevation. C, Position of skull
at maximal elevation superimposed and aligned based on the position
of the pectoral girdle.

in clariid catfish; Van Wassenbergh et al. 2006), which also
differs from the typical teleost pattern (e.g., Lauder 1985). Prey
capture occurred within 5-6 ms, which makes H. reidi one of
the fastest suction feeders to date, comparable with the reported
prey capture times of antennariid anglerfish (Grobecker and
Pietsch 1979).

Kinematics and Morphology Related to
the Four-Bar Mechanism

The four-bar linkage proposed by Muller (1987) consists of the
neurocranium-suspensorium complex, the hyoid, the sterno-
hyoideus-urohyal complex, and the vertebral column-pectoral
girdle complex. In H. reidi, the articulation between the Sus-
pensorium and the hyoid is provided by the interhyal. In a
generalized teleost, this small bone is usually rod shaped and
bears a rounded head that fits into a facet of the Suspensorium,
forming a ball-and-socket joint (Anker 1989; Aerts 1991). This
configuration permits the interhyal to rotate in every direction
with respect to the Suspensorium (unless restricted by the Sus-
pensorium itself). In H. reidi, however, the interhyal is reduced
to only the ball of the ball-and-socket joint, which bears two
distinct ventral processes (Fig. 4). The posterior ceratohyal,
forming a rigid unit with the anterior ceratohyal, articulates in
between these heads. The two heads of the interhyal reduces
the degrees of freedom between the hyoid and the Suspenso-
rium. Thus, movements are largely confined to a sagittal plane
going through the long axis of the interhyal. This movement
is very important for hyoid rotation during the expansion phase
of suction feeding (Aerts 1991). The morphological speciali-
zation of'the interhyal does suggest that this bone and its move-

ments play an important role in the suction-feeding mechanism
and cannot be neglected.

The hyoid bar and the sternohyoideus-urohyal complex are
connected through a ligament that runs from the ventral apex
of the anterior ceratohyal to the mediodorsal ridge of the uro-
hyal (Figs. 1,4). The attachment ofthis ligament is the position
where the force is applied during sternohyoid contraction. As
the distance between the attachment and the rotation center
(the articulation with the interhyal) is maximal, the moment
arm and, as a consequence, the moment of force will be large
as the hyoid becomes depressed (and thus the angle between
the hyoid and the sternohyoideus becomes more favorable).
Caudally, the tendon ofthe sternohyoideus muscle encloses the
urohyal. Surprisingly, several figures in Muller (1987) show a
working line of the sternohyoid muscle forming an angle with
the urohyal. This is in contradiction to his previous definition
of the sternohyoideus-urohyal complex, which comprises the
sternohyoideus muscle and the urohyal as a single bar. Also,
anatomically, this is impossible, because the urohyal in teleosts
typically ossifies within the tendon of the sternohyoideus and
will therefore always be positioned in the working line of this
muscle (and thus in the line through the tendon; De Beer 1937;
Patterson 1977).

Our comparison between the results of the four-bar system
(Muller 1987) and the observed kinematics showed good agree-
ment during the first 1.5 ms of'the feeding strike (Fig. 7). After
the initial 1.5 ms, the trajectories started to diverge, and a clear
difference between the two movement profiles becomes ap-
parent. Given the above morphological considerations, this is
most likely caused by shortening ofthe sternohyoideus-urohyal
“bar” (rs in Fig. 2). Indeed, calculating the distance between
the hyoid and the tip of the cleithrum shows an average short-
ening of 1.54 mm. A second possible explanation of the dis-
crepancy between the four-bar model and the measured ki-
nematics (Fig. 7) is abduction of the hyomandibula; because
this implies a lateral (outward) displacement of the interhyal
joint, the projected length ofthe ceratohyals on the dorsoventral
plane (i.e., the four-bar plane) will decrease. However, calcu-
lating the distance between the hyoid tip and the interhyal in
the dorsoventral plane never showed a significant decrease dur-
ing the phase of rapid neurocranial elevation. Therefore, it
appears that defining the sternohyoideus-urohyal complex as
a bar of constant length and not Suspensorium abduction is
responsible for the underestimation of the actual rotation of
the hyoid. It should also be noted that given the functional
continuum of the sternohyoideus and the hypaxial muscles in
H. reidi, hypaxial muscle shortening may contribute to the
observed decrease in length between the hyoid tip and the
cleithrum tip.

Due to the immobile connection between the pectoral girdle
and the vertebrae, the pectoral girdle and vertebral column
should be considered a single mechanical unit (at least with
respect to the four-bar linkage system). This simplification has
also been made by Muller (1987); he eliminates the movable
connection between the pectoral girdle and neurocranium and
continues to work with the vertebra-neurocranium articulation.
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This configuration seems to indicate a strengthened but mobile
connection between neurocranium and vertebral system by this
pectoral-vertebral ankylosis, as the neurocranio-vertebral ar-
ticulation lies onto the axis connecting the left and right pec-
toral articulations with the neurocranium. From a mechanical
point of view, any deviation from this axis would be prone to
a dislocation during extensive neurocranial elevation.
According to Bergert and Wainwright (1997), the compo-
nents of the Muller four-bar linkage model are the hyoman-
dibula, the ceratohyal, the sternohyoideus muscle together with
the urohyal, and the pectoral girdle. They give a description of
the Hippocampus erectus skull, with the hyomandibula covering
the preopercle and articulating with the interhyal (Bergert and
Wainwright 1997). However, this configuration cannot be
found in H. reidi, Hippocampus capensis, or Hippocampus kuda.

Final Conclusion

In conclusion, our morphological and kinematic data clearly
show an important coupling between the hyoid rotation and
neurocranial elevation in H. reidi, as suggested by Muller’s four-
bar mechanism (1987). However, our results do show a sig-
nificant difference between the model and the observed kine-
matics near the end of the neurocranial elevation phase, which
points out that the model does not entirely describe the actual
movements during a feeding strike in H. reidi. Because the
sternohyoideus runs through the pectoral girdle and is conflu-
ent with the hypaxial musculature, modeling the sternohy-
oideus-urohyal complex as a bar of constant length is not ap-
propriate. Our data show that the extreme performance of the
feeding system in seahorses is made possible through a series
of morphological specializations of the cranial system.
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