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Coral reefs act as promoters of morphological diversity and
ecological novelty in fishes (Price et al., 2011). On many
occasions, ecological novelties have been associated with
original functional characters in the feeding mechanism with
respect to seizing, processing or transporting food. Some
examples of novelties are the intramandibular joint in
squamipinnes (Vial and Ojeda, '90; Purcell and Bellwood, '93;
Konow and Bellwood, 2005; Konow et al., 2008), the “beak-like”
jaws in parrotfishes (Bellwood and Choat, '90), the sling-jaw in
the wrasse Epibulus insidiator (Westneat and Wainwright, '89),
the modified pharyngeal jaw apparatus in Sciaenidae and
Carangidae (Grubich, 2003), or the raptorial jaws in the moray
eels (Mehta and Wainwright, 2007). All these novelties enabled
these taxa to feed in novel ways and to be competitive in their
environment.

ABSTRACT The yellowtail clownfish Amphiprion clarkii is able to close its mouth very quickly by means of the
cerato-mandibular (c-md) ligament, a synapomorphic trait of Pomacentridae joining the hyoid bar
to the medial part of the lower jaw. This fast closure induces tooth collision, thus producing sounds
that the clownfish uses during agonistic behaviors. To investigate whether this rapid jaw
movement is also used during feeding, we analyzed the kinematics of sound production and
feeding. Sound production, feeding on live planktonic prey, and feeding on food attached to
tweezers was filmed with a high-speed camera. Three kinds of kinematic patterns were detected
and were associated with the two different types of food presented: one performed to catch
planktonic prey (PP), and two (called B-1 and B-2) to bite attached food items. The kinematic
pattern of B-2 is similar to that observed during sound production (SP) and the transection of the
c-md ligament highlights that sound production and biting-2 motions are dependent on this
morphological trait. Our data show that the c-md ligament in addition to its role in sound
production allows duplication of the mouth-closing mechanism during feeding. This highlights the
key role played by the c-md ligament in sound production and feeding on attached prey. J. Exp.
Zool. 323A:227–238, 2015. © 2015 Wiley Periodicals, Inc.
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The Pomacentridae represent one of the most successful
radiations of coral/rocky reef fishes (Bellwood and Wainwright,
2002; Frédérich et al., 2013), almost 60% of them living in the
Indo-West Pacific (Allen, '91). This family currently contains
394 species (Eschmeyer, 2014) split into five subfamilies,
Lepidozyginae, Stegastinae, Chrominae, Abudefdufinae, and
Pomacentrinae (Cooper et al., 2009). Three primary feeding groups
are present i.e., (i) grazers: those that feed on filamentous algae or
small invertebrates in thebenthos, (ii) zooplanktivorous: those that
prey upon elusive organisms (mainly copepods) in the water
column,and (iii) omnivorous: those that feed onamixtureof algae,
plankton, and small benthic invertebrates (Frédérich et al., 2009).
Pomacentridae are also well-known vocal species that produce
sounds in various contexts such as courtship and agonistic
behaviors (Mann and Lobel, '98; Amorim, 2006; Parmentier et al.,
2010). Parmentier et al.(2007) showed that aggressive sounds
emitted by the yellowtail clownfishAmphiprion clarkii result from
the tooth collision induced by a fast jaw slam. This rapid mouth
closing movement is caused by the cerato-mandibular (c-md)
ligaments (right and left) joining the hyoid bar to themedial side of
the lower jaw (Fig. 1), a synapomorphic trait of the Pomacentridae
(Stiassny, '81). Preliminary dissections and manipulations of
euthanized clownfish revealed that the c-md ligament is first
strained during neurocranial elevation and hyoid depression, and
then acts as a cord, forcing the lower jaw to rotate around

its quadrate articulation and to close (see Movie 1 in
supplementary material). Thus far, Pomacentridae are the
only known teleosts that use that mechanism to close their
mouth.
The c-md ligament is a novelty which allows damselfishes to

produce acoustical signals, a major component of communica-
tion in damselfishes (Mann and Lobel, '98; Parmentier et al., 2010;
Colleye et al., 2011; Colleye and Parmentier, 2012). However, it is
unknown whether this novelty is involved in other tasks. As
suggested by Parmentier et al. (2007), such a slam of the jaws
could also be used for feeding but this hypothesis remains to be
tested. Thus, the aim of this study is to compare the kinematic
patterns between sound production and feeding in Amphiprion
clarkii and to describe the role of the cerato-mandibular ligament
in feeding.

MATERIALS AND METHODS

Specimens and Husbandry

Twelve clownfish, Amphiprion clarkii, (Standard Length:
5–10 cm) were kept in a tank of 300 l in the laboratory at a
temperature of 25°C with a 12 hr:12hr (light:dark) photoperiod.
Fish were then individually placed in experimental 100 l tanks
with a shelter and were encouraged to feed by a narrow passage
between the aquarium front window and a background grid. Two
kinds of foodwere given: free planktonic prey (nauplii ofArtemia
salina) and pieces of food held in tweezers.Amphiprion clarkii is
mainly zooplanktivorous, feeding on copepods but some algae
can also be found in their stomachs (Kuo and Shao, '91). We
chose nauplii of Artemia salina for planktonic prey mainly
because their size is approximately that of copepods (�1mm)
although they are less elusive. Pieces of mussel held by tweezers
mimic food items fixed to the substratum such as algae. We also
placed pairs of clownfish in a narrow corridor between the front
glass of the aquarium and a background grid to trigger aggressive
behavior and the production of agonistic sounds.
Experiments and animals care protocols followed all relevant

international guidelines and were approved by the ethics
commission of the University of Liège (protocol no. 113).

Videography
Once fish were used to being fed in corridors (generally after
one week), a high-speed video camera (Model NX4-S1, IDT,
Tallahasee, USA; 640� 456 pixels) coupled with a 19-LED light
was used to record feeding events (500 fps). We only analysed
sequences in which the fish was in lateral view. Four fish were
filmed catching planktonic prey and three to five sequences
were analyzed per individual (Table 1). To study the biting of
fixed prey, we used the same four individuals as above and
added three new fish; with the exception of one individual
(individual 6) three to five sequences were analyzed per
individual (Table 1). The dataset for sound production

Figure 1. Left lateral view of Amphiprion clarkii skull and pectoral
girdle based on a cleared and stained specimen. The left oral jaws,
suspensorium, operculae, and hyoid bar have been removed
allowing a view of the right part of the hyoid apparatus in the
buccal cavity. The operculae and the suspensorium of the right side
are in dark grey and the right oral jaws are in light grey. The c-md
ligament inserts on the inner (medial) part of the coronoid process
of the angular and on the external (lateral) face of the ceratohyal.
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movements was obtained by placing a fish pair in the corridor,
which rapidly triggered aggressive behavior associated to
vocalizations. Once we obtained three sequences of sound
production for an individual, this one was removed and
replaced by a new fish. We used three individuals and we
obtained three analyzable sequences for each of them. Sound
production events were recorded in a previous study
(Parmentier et al., 2007), yet with a high-speed video cameras
set at 200 fps. All the movies for feeding behavior were
recorded at 500 fps, thus we decided to record new sound
production events at 500 fps to avoid any bias due to recording
rate.

Variables Measured
The variables recorded in the current study were based on our
desire to understand the potential role of the c-md mechanism
in the different behaviors. The detailed mechanics of c-md were
previously determined in a study on the sound production in
Amphiprion clarkii using both manipulations of fresh euthan-
ized fish and high-speed videos with X-ray and visible light
sources (Parmentier et al., 2007). When the neurocranium and
the hyoid apparatus are held at rest, the c-md ligament is loose
and cannot transmit force to the lower jaw (Fig. 2A). Pulling
along the working-line of the epaxial muscles rotates clockwise
the neurocranium (in left lateral view). This rotation, via a
four-bar linkage (see Muller, '87 for details), causes the hyoid
bar to rotate counterclockwise which induces the mouth
opening and gradually moves away the insertion points of
the c-md ligament until it is fully strained (Fig. 2B). In this
state, additional elevation of the neurocranium and/or
depression of the hyoid bar make(s) the taut ligament close
the mouth by inducing rotation of the lower jaw around its
quadrate articulation (Fig. 2C). The same mechanism of mouth
opening and closing can be obtained by pulling along the
working-line of the sternohyoideus muscle, but there is no
neurocranium elevation in this case.

The goal of the current study was to make comparisons
between the kinematic patterns observed during sound produc-
tion and those observed during feeding. External view videos are
more easily obtained than X-ray videos and allowed us to collect
more data for quantitative studies. Although with this method we
cannot directly measure the movement between the c-md
insertion points (angle in dotted lines on Fig. 2), we were able
to monitor movements of the structures causing the movement of
these elements i.e., the neurocranium and the hyoid apparatus.
We use the angle measuring the relative movement between the
anterior parts of the neurocranium and the hyoid apparatus
(angle in full lines on Fig. 2) as a proxy for the relative movement
between the c-md insertion points.
Images were digitized frame by frame using the software

Motion Studio 64. Five landmarks were chosen (Fig. 3) to
quantify cranial movements during all studied behaviors. The
five landmarks were: (i) hyomandibular articulation; (ii) the
anterior part of the neurocranium; (iii) a point on the anterior part
of the urohyal (hyoid apparatus); (iv) the rostral corner of the
preopercular; and (v) the anterior tip of the dentary (lower jaw).
The hyomandibular articulation (landmark 1) is close to the joint
between the post-temporal and supracleithrum bones of the
pectoral girdle, which is the pivot point of the neurocranium
(Fig. 3). These points allowed the calculation of eight kinematic
variables including maximum angles (°), speed (°s�1), accel-
eration (°s�2), and the timing of kinematic events (ms) whichwere
used to describe the different kinematic patterns. The variables
measured were, #1) the maximum relative movement (MRM)
between the neurocranium and the hyoid apparatus which was
measured by the angle a (Fig. 3); #2) the maximal lower jaw
depression which was measured by the angle u (Fig. 3); #3) the
mean closing speed of the lower jaw; #4) the maximum
acceleration by which the neurocranium and the hyoid apparatus
moved away from one another; #5) the duration between the time
of the bite and the MRM; #6) the synchronization between hyoid
apparatus and lower jaw displacements measured as the time

Table 1. Sampling design with the twelve individuals of Amphiprion clarkii studied.

Individuals 1 2 3 4 5 6 7 8 9 10 11 12
SL (cm) 8.4 4.9 5.2 5.7 5.3 6.5 5.9 5.8 5.8 5.9 6.1 6.6

Number of video sequences per behavior Total

PP 5 3 3 — — 4 — — — — — — 15
B-1 5 4 3 2 — 2 — — — — — — 16
B-2 — — 2 3 4 — 4 — — — — — 13
SP — — — 3 — — — — — — 3 3 9
PP* — — — — — — — 5 3 4 — — 12
B-1* — — — 6 — 4 3 — — — — — 13
B-2 attempt* — — — — 4 — — — — — — — 4

PP, planktonic prey; B-1, biting-1; B-2, biting-2; SP, sound production.
*the c-md ligament is cut.
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between maximum acceleration of the hyoid apparatus (meas-
ured as a distance) and the maximum acceleration of lower jaw
elevation; #7) the mouth closing duration; and #8) the mouth
opening duration. Each analysis started with the onset of mouth
opening and finished at the seizure of fixed food items or at the
time of the bite for sound production. For the planktonic prey
capture, the end of the analysis was determined as the time when
the lower jaw elevation halted.

Transection of the Cerato-Mandibular Ligament
Seven specimens were anesthetized with 200 ppm of tricaine
methanesulfonate (MS-222) (Table 1). Fish were placed beneath a
stereoscopic microscope, their mouth was opened and the c-md
ligament was cut by inserting a thin blade between its insertion
points. The ligament can be clearly distinguished from others
structures which allows it to be cut without damaging other
structures. This surgery was performed on both right and left
sides. Disinfectant (Ingredient Propolis Alcohol) was then
injected in the buccal cavity. We determined whether the surgery
was successful by pulling on the epaxial or sternohyoideus
muscles to try to close the mouth. If the mouth could no longer be
closed by doing this, fish were replaced in a recovery bucket with
oxygenated seawater. Once fish started to move again, they were
replaced in their tank and their recovery was observed for 30min;

Figure 3. Illustration of the digitized variables. (1) hyomandibular
articulation; (2) neurocranium; (3) hyoid apparatus; (4) rostral
corner of the preopercular; (5) dentary of the lower jaw. The angle
a measures the relative distance between the neurocranium and
the protrusion of the hyoid apparatus, the angle u measures the
lower jaw rotation. The black landmark indicates the articulation
between neurocranium and pectoral girdle.

Figure 2. Illustration of the cerato-mandibular ligament mech-
anism. As in Figure 1, the left oral jaws, suspensorium, opercles,
and hyoid bar have been removed to allow a view of right part of
the hyoid apparatus in the buccal cavity. White cones indicate two
muscles: epaxial muscles (EP) and sternohyoideusmuscles (SH). In
(A) no movement occurs and the c-md ligament is loose. In (B) a
contraction on the epaxial muscle (1) induces a rotation of the
neurocranium (2) provoking a rotation of the hyoid apparatus (3)
which results in mouth opening (4) and in the straining of the c-
md ligament. In (C) additional contraction of the epaxial muscles
(1) induces greater rotations of neurocranium and hyoid apparatus
(2 and 3) which results, as the c-md ligament is now fully strained,
in mouth closing (4). The same phenomenon of both mouth-
opening and closing can be obtained by pulling along the working-
line of the sternohyoideusmuscle (represented in A) but there is no
neurocranium elevation in this case. The angle measuring the
relative movement of the two insertion points of the c-md
ligament is represented in dotted lines. The angle measuring the
relative movement between the neurocranium and the hyoid
apparatus is represented by full lines.
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fish were then left at rest for 24 hr. After this recovery period,
individuals were presented with food and their behavior was
recorded with the high-speed video camera. Three and four
individuals were recorded while feeding on planktonic and
attached prey, respectively (12 and 17movies analyzed) (Table 1).
After recordings, fish were euthanized with 400 ppm of MS-222
and dissections were made to check the section of the c-md
ligaments and if no other structures were damaged during the
surgery.

Statistical Analyses
To reduce the dimensionality of the kinematic dataset and to
determine the degree of correlation between kinematic variables,
we performed a principal component analysis (PCA) using the
correlation matrix (Statistica, version 10). As the c-md ligament
was not involved in the mouth-opening phase, the variable
“mouth opening duration” was not included in the PCA.
The scores of the two main PCs were used to test the differences
in the kinematic patterns between sound production and the
various prey capture events. In addition, we were interested in
identifying which specific variables were different among
behaviors. Only two variables did not violate assumptions for
parametric analyses using the normality examination in
Statistica v. 10. We used ANOVAs followed by a Bonferroni
post-hoc test for these two variables and a Kruskal-Wallis
analysis followed by multiple comparisons of mean ranks post-
hoc test for the others. Mann Whitney U tests and t-tests were
used to compare the kinematic patterns with and without the c-
md ligament within the same behavior. Each strike has to be
categorized according to our kinematic variables as similar (or
not) to the motion performed during sound production. For this
reason, we considered each video an independent data point. The
effect of the body size was also tested by linear regressions
between the scores of the two main PCs and the standard lengths
of the individuals for each behavior.

RESULTS
Different patterns are described in the following sections: sound
production (SP), capture of planktonic prey (PP), and twoways of
biting fixed food item (B-1 and B-2). The kinematic patterns
observed after the transection of the c-md ligament are indicated
with an asterisk (for example: B-1*).

Description of the Kinematic Patterns
Sound production. The kinematic pattern during sound produc-
tion (SP) in Amphiprion clarkii can be divided into three phases:
initial, mouth-opening, and mouth-closing (Fig. 4A). (i) During
the initial phase, the mouth is closed, the neurocranium is held at
rest and the hyoid apparatus is not depressed. At this moment, the
cerato-mandibular ligament is loose and does not transmit any
tension to the lower jaw (Fig. 4B) as revealed by manipulation of
anesthetized specimens. (ii) During themouth-opening phase, the

lower jaw rotates 12.2� 5.2° and the relative movement between
the neurocranium and the hyoid apparatus (RM) increases to
5.6� 1.7° because the first structure is elevated and the second is
depressed (a, Fig. 4A). Because of these movements, the insertion
points of the c-md ligament are moved away from one another
(Fig. 4B). (iii) At the transition between mouth-opening and
mouth closing phases, the RM rapidly increases passing from
5.6� 1.7° to 10.1� 3.4 in 2ms reaching maximum value (MRM)
at the end of the phase (Fig. 4A, Table 2). A notable characteristic
of the sound production pattern is the short duration of the
movements: 10� 3ms and 4� 0.3ms for themouth-opening and
the mouth-closing phases respectively (Fig. 4A, Table 2).
Confrontation of data from specimen manipulations and videos
allows us to interpret that the movement inducing a separation
between the neurocranium and the hyoid apparatus strains the
c-md ligament. This enables the ligament to transmit force to the
upper part of the lower jaw which is forced to rotate around its
articulation and to close (Fig. 4B). The separation between the
neurocranium and the hyoid apparatus is very abrupt (the
maximum acceleration is 1431� 176�103 °s�2) which rapidly
tightens the c-md ligament which then closes the mouth in a fast
movement (Fig. 4A; Table 2). The lower jaw and the hyoid
apparatus are linked by the c-md ligament; a fast tightening of
the latter allows the accelerations of the hyoid apparatus and of
the lower jaw to be well-synchronized (Table 2). It is well-known
that neurocranial elevation and/or hyoid apparatus depression
are involved in the lower jaw opening (Ballintijn, 1969;
Osse, 1969; Schaefer and Lauder, 1986). The kinematic pattern
described highlights here that both structures can also induce
mouth closing, at least during sound production.

Feeding behavior. The kinematic pattern observed during the
capture of planktonic prey (PP) is not similar to sound production
(SP) (Fig. 5). Movements associated with planktonic prey capture
are much slower: the mouth-opening phase lasts 66� 25ms on
average and the mouth-closing phase lasts 38� 24ms. The angle
between the neurocranium and the hyoid apparatus increases less
abruptly and remains smaller than during sound production
(Fig. 5; Table 2). The movements of the neurocranium and hyoid
apparatus do not continue during the entire mouth-closing
phase; their MRM never occurs simultaneous with the bite (Fig. 5;
Table 2). This shows that the movements of these two structures
do not allow the closing of the mouth. Finally, movements of
hyoid apparatus and lower jaw are not synchronized (Table 2)
since their maximal accelerations are separated by 30� 19ms.
Consequently we do not observe the slamming of the jaws as in
sound production, and the lower jaw closes with an average speed
of only 371� 233 °s�1 (vs. 3210� 779 °s�1 for SP).
While biting a fixed food item,A. clarkii is able to produce two

kinds of patterns that we term biting-1 (B-1) and biting-2 (B-2)
(Fig. 5; see Movie 2 in supplementary material). The two patterns
seem to be very different and only B-2 seems to be highly similar
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to that observed during sound production (Fig. 5). As for the
kinematic pattern of planktonic prey (PP), movements duringB-1
aremuch slower: themouth-opening phase lasts 105� 23ms and
the mouth-closing phase 46� 16ms. The MRM is close to the one
observed during SP but high accelerations are never observed in
the relative movement between the neurocranium and the hyoid
apparatus (Fig. 5, Table 2). Moreover, the MRM never occurs
simultaneously with the bite (Fig. 5; Table 2). The neurocranium
and hyoid apparatus movements thus cannot close the mouth on
their own. Finally, maximal accelerations of the hyoid apparatus
and lower jaw are separated by 34� 14ms. Consequently, jaw
slams similar to the ones observed during sound production are
not observed (Fig. 5, Table 2). The second kinematic pattern, B-2,
seems to be very similar to the movements during sound
production (Fig. 5, Table 2, see Movie 3 in supplementary
material). The MRM between the neurocranium and the hyoid
apparatus is high and both structures are abruptly moved away

from each other. Movements of hyoid apparatus and lower jaw
are perfectly synchronized and the mouth is closed in a slam
(Fig. 5, Table 2).

Quantitative Comparisons Between the Kinematic Patterns
The PCA reveals two major axes of variation in the kinematic
data. Six variables load strongly on the first PC, which explains
63.46% (eigenvalue: 4.4) of the variance in the dataset and one
variable loads strongly on the second PC, which explains an
additional 14.07% (eigenvalue: 0.98) of the variance (Fig. 6,
Table 3). The MRM between neurocranium and hyoid apparatus
and the variables of speed and acceleration load positively on PC1
(#1, #3, and # 4 on Fig. 6, Table 3); the variables of time load
negatively on PC1 (#5, #6, and #7 on Fig. 6, Table 3) and the lower
jaw depression loads positively on PC2 (#2 on Fig. 6, Table 3). The
PC1 axis significantly isolates the groups SP and B-2 from PP
and B-1 (Fig. 6, Table 4). The high positives values along PC1 are

Figure 4. Sound production mechanism in Amphiprion clarkii. (A) Representation of the angular changes (°) over time (ms) describing the
relative movement between the neurocranium and the hyoid apparatus (a) and of the lower jaw rotation (u). Only one sequence is illustrated
for clarity. Full lines 1, 2, and 3 represent the initial, mouth-opening and mouth-closing phases respectively. TF: final time corresponding to
the time of the bite. (B) Schematic illustration of the skull kinematics during the different phases. As for the Figure 1, the left oral jaws,
suspensorium, opercles and hyoid bar have been removed to allow a view of right part of the hyoid apparatus in the buccal cavity. Arrows
indicate the direction of the movement.
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Table 2. Mean (�SD) of the kinematic variables studied during sound production and the different feeding behaviors in Amphiprion clarkii.

PP (n¼ 4) B-1 (n¼ 5) B-2 (n¼ 4) SP (n¼ 3) PP* (n¼ 3) B-1* (n¼ 3)

#1) MRM between neurocranium
and hyoid apparatus (°)

8.61 � 1.93 11.3 � 1.98 16.97 � 3.37 13.95 � 1.47 7.83 � 0.73 10.74 � 0.94

#2) Max. lower jaw depression (°) 13.49 � 1.85 20.42 � 4.32 12.01 � 1.68 12.24 � 5.18 14.56 � 3.87 22.43 � 4.6
#3) Mean closing speed of lower
jaw (°s�1)

371 � 233 434 � 190 3013 � 562 3210 � 779 231 � 36 422 � 38

#4) Max. acceleration of relative
movement between neurocranium
and hyoid apparatus (103 °s�2)

251 � 188 187 � 53 1904 � 390 1431 � 176 159 � 9 189 � 71

#5) Time between (#1) and the
bite (ms)

30 � 24 29 � 17 0 � 0 0 � 0 41 � 22 28 � 7

#6) Synchronization between hyoid
apparatus and lower jaw
accelerations (ms)

12 � 5 18 � 8 0.8 � 0.2 0.6 � 0.6 27 � 15 12 � 3

#7) Lower jaw closing duration (ms) 38 � 24 46 � 16 4 � 0.8 4 � 0.3 62 � 26 43 � 7

PP, planktonic prey; B-1, biting-1; B-2, biting-2; SP, sound production.
*the c-md ligament is cut.

Figure 5. Mean (�SD) kinematic profiles of feeding and sound productionmechanisms in Amphiprion clarkii. Representation of the angular
changes (°) over time (ms) describing the relative movement between the neurocranium and the hyoid apparatus (a) and the lower jaw
rotation (u) in the different behaviors studied in Amphiprion clarkii. Planktonic prey capture (PP); biting-1 (B-1); biting-2 (B-2; open
symbols), and sound production (SP; black symbols). TF: Final time corresponding to the time of the bite in biting and sound production
events, and as the time when the elevation of the lower jaw does not change anymore for PP. Patterns of PP and B-1 start at the onset of the
lower jaw depression; an initial phase was added for patterns of B-2 and SP to better visualize the rapidity of the movement in comparison
to the other patterns.
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associated with fast movements with high MRM and a good
synchronization between lower jaw and hyoid apparatus move-
ments (Fig. 6). According to the pair-wised comparisons, the
sound production pattern does not differ from biting-2 along the
seven variables used in the PCA (Table 4). Except for the lower jaw
depression, SP and B-2 patterns differ significantly from the one
of PP in all the variables (Table 4). Only B-2 differs significantly
from B-1 along MRM between neurocranium and hyoid
apparatus (Table 4). The lowering of the lower jaw is of similar
amplitude in all the groups except B-1 where the lower jaw
depression is significantly greater (Table 2, Table 4).
The patterns of SP and B-2 are not affected by the size of

individuals (Table 5). Body size has only an effect on the PC1
scores of PP and B-1 patterns and on the PC2 scores of B-1
(Table 5).

Transection of the Cerato-Mandibular Ligament
The transection of c-md ligament does not alter mechanisms
related to planktonic prey and biting-1 (Fig. 6). The operated fish
are still able to perform kinematic patterns of planktonic prey
(PP*) and biting-1 (B-1*). Both PP* and B-1* cannot be
dissociated from the patterns performed with intact ligaments

Figure 6. Plot of principal components 1 and 2 for all groups studied. The variables that load on each axis are indicated by the arrows,
each arrow has a figure representing the variable: #1) maximum relative movement (MRM) between the neurocranium and the hyoid
apparatus; #2) maximal lower jaw depression; #3) mean closing speed of lower jaw; #4) maximum acceleration of relative separation
between neurocranium and hyoid apparatus; #5) duration separating the time of the bite and the MRM between neurocranium and
hyoid apparatus; #6) synchronization between hyoid apparatus and mandible accelerations; #7) mouth closing duration. The different
kinds of behaviors are color-coded; white: planktonic prey (PP); light grey: biting-1 (B-1); dark grey: biting-2 (B-2) and black: sound
production (SP). The areas including all video sequences of one behavior are also color coded from light grey for PP to very dark grey for
SP. The data where the c-md ligament is cut are additionally separated by symbol type; white triangle: planktonic prey (PP*); light grey
triangle: Biting-1 (B-1*).

Table 3. Principal component analysis on the average kinematic
data of sound production and feeding behaviors in Amphiprion
clarkii.

PC 1 PC 2

Variance explained 63.46 14.07
#1) MRM between neurocranium and
hyoid apparatus

0.71 0.56

#2) Max. lower jaw depression �0.50 0.78
#3) Mean closing speed of lower jaw 0.84 0.14
#4) Max. acceleration of relative movement
between neurocranium and hyoid apparatus

0.89 0.11

#5) Time between (#1) and the bite �0.84 0.01
#6) Synchronization between hyoid apparatus
and lower jaw accelerations

�0.76 0.14

#7) Lower jaw closing duration �0.92 0.11

Results from the two principal component axes: proportions of variance
and loading scores of each variable. Significant loadings (>0.6) are
bolded.
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(PP and B-1) on the PCA (PP vs. PP*: Z¼ 1.73, P> 0.05 and
t¼ 0.69, P> 0.05 for PC1 and PC2, respectively; B-1 vs. B-1*:
Z¼ 0.5, P> 0.05 and t¼ -1.57, P> 0.05 for PC1 and PC2,
respectively). However, the c-md ligament transection mutes the
fish (Parmentier et al., 2007) and impedes them to perform B-2
kinematic pattern (B-2*). All but one fish performed B-1* pattern
after the transection. One individual attempted to perform a
biting-2 (B-2*) i.e., we observed high accelerations in the relative
movement between the neurocranium and the hyoid apparatus
that were much faster than in B-1 (760� 142�103 °s�2 vs.
187� 53�103 °s�2) with maximal amplitudes of 11.30°� 2.31
(Fig. 7). However, no slams of the oral jawwere observed in any of
the four sequences recorded (Fig. 7). In all of them, the lower jaw
was rapidly depressed but instead of rapidly closing, the lower
jaw stayed at a plateau (from 2 to 54ms) before rotating slowly
and ultimately closing (Fig. 7A-D, see Movie 4 in supplementary
material).

Table 4. Summary of ANOVAS/Kruskal-Wallis and Bonferroni/Multiple comparisons of mean ranks post-hoc tests along the two main PC
factors and the kinematic variables.

Kruskal-Wallis
results (Chi²3,53) Multiple comparisons of mean ranks post-hoc test results

PP 6¼ B1 PP 6¼ B2 PP 6¼ SP B1 6¼ B2 B1 6¼ SP B2 6¼ SP

PC 1 38.67 ns * * * * ns
*

#1) MRM between neurocranium and
hyoid apparatus

24.34 ns * * * ns ns

*
#3) Mean closing speed of lower jaw 39.51 ns * * * * ns

*
#4) Max. acceleration of relative
movement between neurocranium
and hyoid apparatus

39.06 ns * * * * ns

*
#5) Time between (#1) and the bite 32.48 ns * * * * ns

*
#6) Synchronization between hyoid
apparatus and lower jaw accelerations

33.85 ns * * * * ns

*
#7) Lower jaw closing duration 39.66 ns * * * * ns

*
Anova results Bonferroni post-hoc test results

F3,49
PC 2 14.59 * * ns ns * ns

*
#2) Max. lower jaw depression 22.94 * ns ns * * ns

*

*indicates significant result (P< 0.05).

Table 5. Linear regressions between PCs scores and individuals'
size.

F df R squared P-value

PC1 versus SL
PP 18.03 1,13 0.58 *
B-1 37.81 1,14 0.73 *
B-2 2.51 1,11 0.19 ns
SP 0 1,7 0 ns

PC2 versus SL
PP 0.44 1,13 0.03 ns
B-1 8.67 1,14 0.38 *
B-2 0 1,11 0 ns
SP 2.63 1,7 0.27 ns

*indicates significant result (P< 0.05).
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DISCUSSION
We identified three kinematic patterns related to feeding events in
the clownfish Amphiprion clarkii. One is associated with the
capture of free planktonic prey (PP) and the two others with bites
onfixed pieces of food (B-1 andB-2). Only one kinematic pattern,
observed during biting events (B-2), is similar to the one used in
sound production (SP). The transection of the c-md ligaments
prevents both of these behaviors.
The slam of the oral jaws is the most striking difference

between SP/B-2 and PP/B-1. This slam closes the mouth in
2–4ms. To our knowledge, such a fast mouth-closing has never
been documented before infishes. Transection experiments of the
c-md ligament highlight that this structure is required to perform
these movements. However, B-2 and SP patterns also imply the
ability to develop rapid movements of the hyoid apparatus and
neurocranium to provide the rapid tightening of the c-md
ligament required to slam the jaws. The MRM is higher in SP/B-2
than in PP but does not differ between SP and B-1. We can thus
conclude that the c-md ligament does not play a role in feeding
on planktonic prey (lowMRM and no acceleration). Although the
c-md ligament must be functional in B-1 since the MRM is as
high as in SP, the lower jaw is never slammed because no strong
acceleration in the MRM occurs. Moreover, ligament transection
does not alter B-1 movement. The role of the c-md ligament in
this pattern is not well-understood since the same movement can
be achieved after its transection. One hypothesis is that the c-md
ligament can aid the action of the adductor mandibulae in closing
the jaws. The action of these muscles can also alter the

synchronization between lower jaw and hyoid apparatus which
must be functionally linked through the fully strained ligament.
Manipulation on fresh anesthetized fish allowed us to

determine how the c-md mechanism works. It is possible to
mechanically open and close the mouth by simply pulling along
the working-line of the epaxial and/or the sternohyoideus
muscles. Therefore, the mouth can be closed without the action
of the adductor mandibulae, which closes the mouth in all other
teleosts (Ferry-Graham and Lauder, 2001). Since we do not have
electromyographic data, we cannot rule out that the adductor
mandibulae is involved in SP/B-2 patterns. However, in the
individual attempting to perform a B-2 after ligament trans-
ection, there was no clear closing movement of the mouth at least
during the 2ms following the maximal lower jaw depression
(Fig. 7). In B-2/SP, the mouth is closed in the 2–4ms following
this maximum depression. Even if the adductor mandibulae
would be activated during these patterns, it does not appear to
initiate the mouth closing movement.
In teleosts, the adductor mandibulae muscles are the most

important way to close the mouth (Ferry-Graham and Lauder,
2001). The hyohyoideus and intermandibular muscles can also
participate in this movement (Osse, '68; Aerts, '91). In the
cichlid Haplochromis elegans, the working-line of the pro-
tractor hyoideus can run above the angular/quadrate joint and
thus adduct the lower jaw (Otten, '82). The c-md ligament
represents a new way to close the mouth in teleosts and is, so
far, unique to Pomacentridae. This ligament is a key trait for
sound communication in clownfishes (Colleye and Parmentier,

Figure 7. Kinematic profiles during attempts of biting-2 movements after the transection of the c-md ligament. Four sequences (A-D) are
illustrated separately. The relative movement between the neurocranium and the hyoid apparatus (a in grey) and the lower jaw rotation (u in
black) are represented on the same graphs. TF: Final time corresponding to the time of the bite. The dashed line represents the peak of gape
expansion.
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2012), but it is more difficult to draw a similar conclusion for
feeding behavior in the context of this study. This morpho-
logical novelty provides a diversification in the feeding
mechanism allowing the development of a new kind of biting,
but this trait is probably not that important in Amphiprion
clarkii because it is mainly zooplanktivorous (Kuo and
Shao, '91). In this case, the ligament in Amphiprion clarkii
is important for sound production and less for feeding.
However, the c-md ligament is a synapomorphy in pomacen-
trids and biting abilities could be important in other species
having different diets. A diversification in biting mechanisms
can be important for grazers that manage their own algal farm
by actively cleaning territories from unwanted algae (Hata and
Kato, 2004; Ceccarelli, 2007; Frédérich et al., 2013). These
farming species can maintain monocultures or mixed-species
algal farms through intensive and extensive management (Hata
and Kato 2004). This farming behavior may cost a lot of energy
and/or the seizure of this kind of filamentous algae may require
specific functional demands. The duplication of a
mouth-closing mechanism might then be advantageous to
perform such intense and specific activities. Future studies need
to investigate the use of this novel feeding mechanism in
grazing species to better understand what kind of advantage(s)
would be offered by this double mechanism.
The c-md ligament provides a functional advantage by

allowing a fast slam of the oral jaws. This pattern is used by
pomacentrids to produce sound making the c-md ligament a
key trait in communication of these fish. This study highlights
that the c-md ligament is also involved in biting behavior,
providing a second major mouth closing mechanism. Thus, the
c-md ligament is a particular trait of damselfishes which clearly
impacts two fundamental tasks i.e., feeding and acoustical
communication, two of the main axes of diversification in
vertebrates (Streelman and Danley, 2003). However, the eco-
logical advantage of this jaw closing duplication in damselfishes
is still unknown and requires further works. Moreover, how the
c-md ligament has influenced the ecological, morphological, and
functional diversification in Pomacentridae is an interesting
question for the future.
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