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Abstract

Some species of Clariidae (air breathing catfishes) have extremely large (hypertrophied) jaw closure muscles. Besides producing

higher bite forces, the enlarged muscles may also cause higher accelerations of the lower jaw during rapid mouth closure. Thus, jaw

adductor hypertrophy could potentially also enable faster mouth closure. In this study, a forward dynamic model of jaw closing is

developed to evaluate the importance of jaw adductor hypertrophy on the speed of mouth closure. The model includes inertia,

pressure, tissue resistance and hydrodynamic drag forces on the lower jaw, which is modelled as a rotating half-ellipse. Simulations

are run for four clariid species showing a gradual increase in jaw adductor hypertrophy (Clarias gariepinus, Clariallabes longicauda,

Gymnallabes typus and Channallabes apus). The model was validated using data from high-speed videos of prey captures in these

species. In general, the kinematic profiles of the fastest mouth closure from each species are reasonably well predicted by the model.

The model was also used to compare the four species during standardized mouth closures (same initial gape angle, travel distance

and cranial size). These simulations suggest that the species with enlarged jaw adductors have an increased speed of jaw closure (in

comparison with the non-hypertrophied C. gariepinus) for short lower jaw rotations and when feeding at high gape angles.

Consequently, the jaw system in these species seems well equipped to capture relatively large, evasive prey. For prey captures during

which the lower jaw rotates freely over a larger distance before impacting the prey, the higher kinematic efficiency of the C.

gariepinus jaw system results in the fastest jaw closures. In all cases, the model predicts that an increase in the physiological cross-

sectional area of the jaw muscles does indeed contribute to the speed of jaw closure in clariid fish.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

By closing the mouth rapidly, predators may reduce
the chance of prey escape. Especially when feeding on
quickly moving, elusive prey, a fast snapping of the oral
jaws onto the prey can be an important aspect of the
predator’s prey capture success (Wainwright and Ri-
e front matter r 2004 Elsevier Ltd. All rights reserved.
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chard, 1995). In fishes, such fast mouth closings also
contribute to overall suction feeding performance as it
excludes the reversal of flow of water (and prey) sucked
into the buccal cavity (Muller and Osse, 1984; Muller
et al., 1982). Hence, several experimental studies on prey
capture kinematics of adult fishes have reported
extremely rapid mouth closures occurring even within
20ms (Aerts, 1990; Gibb, 1995; Lauder, 1980; Lauder
and Norton, 1980).

In Actinopterygian fishes, the musculus adductor

mandibulae complex powers these jaw closing move-
ments. According to Newton’s second law of motion,
increased forces generated by this muscle complex
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Fig. 1. Lateral view on the osteocranium and the jaw adductor

muscles (in dark grey) of four clariid species with increasing size of the

jaw adductors (from A to D). A ¼ Clarias gariepinus, B ¼ Clariallabes

longicauda, C ¼ Gymnallabes typus and D ¼ Channallabes apus. A and

C are modified after Cabuy et al. (1999), B after a study by L. Van

Meir (personal communication) and D after Devaere et al. (2001). In

C. gariepinus, a part of the muscle complex is covered by bones. A

modelling study by Herrel et al. (2002) showed that, for example,

maximal static bite force at the anteriormost teeth (oriented

perpendicular to the lower jaw) of specimens with cranial lengths of

39mm is much higher in G. typus (6.88N) and C. apus (13.81N) than

for C. gariepinus (1.2N).
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during lower jaw adduction will cause higher accelera-
tions. Consequently, a given jaw closing velocity can be
reached in less time. The importance of an increased
force from the jaw muscles to the speed of mouth closing
has also been illustrated experimentally in unloading
experiments in humans (Nagashima et al., 1997; Slager
et al., 1997, 1998; Van Willigen et al., 1997). In these
studies, during which resistance to a forceful isometric
bite is suddenly withdrawn, significantly higher mouth
closing velocities are reached when prior to mouth
closure (and consequently also during mouth closure)
higher bite forces are exerted.

Some species of Clariidae (air breathing catfishes)
have extremely well developed (hypertrophied) adductor
mandibulae muscles (Cabuy et al., 1999; Devaere et al.,
2001; Herrel et al., 2002) (Fig. 1). The biological role of
this jaw adductor hypertrophy, which is assumed to be a
derived feature that originated several times indepen-
dently in clariids (Teugels and Adriaens, 2003), is still
unclear. Diet analyses (Huysentruyt et al., 2004) found a
remarkably large proportion of hard prey types in the
species with the most extreme jaw adductor hypertro-
phy. On the other hand, most species also include small,
agile prey such as fishes into their diet. Furthermore, a
kinematic study of prey capture in a clariid species with
a moderate degree of jaw adductor hypertrophy
(Clariallabes longicauda; Fig. 1) has demonstrated that
even non-evasive prey types (which could be caught with
minimal movement of the oral jaws) are caught using
considerable expansions of the cranial system followed
by a fast snapping the jaws on the prey (Van
Wassenbergh et al., 2004).

Biomechanical modelling has demonstrated that the
enlarged jaw muscles in clariid catfishes drastically
increase the maximal biting force of these species under
fully static conditions (i.e. without any movement
involved; Herrel et al., 2002). As increased forces from
the jaw muscles can also result in larger moments of
force that drive the lower jaw rotation during jaw
closure, higher accelerations can be expected as well.
Thus, besides enhancing the performance during static
jaw closure (e.g., crushing hard prey or tearing pieces
from large prey) the enlargement of the jaw adductor
muscles could also be used to power fast snapping of the
jaws.

The main objective of the present study is to test
whether the observed increase in the dimensions of the
jaw adductor muscles in clariid catfishes could be used
to develop increased velocities of mouth closure. To test
this idea, a forward dynamic model of jaw closing is
developed and validated using experimental data from
prey capture in clariid catfishes. By comparing simulated
jaw closing events from clariid species with jaw closer
dimensions ranging from relatively slender (Clarias

gariepinus) to extremely large (Channallabes apus) (Fig.
1) under standardized conditions (same initial gape
angle, travel distance and absolute cranial size), the role
of the jaw adductor enlargement in generating higher
mouth closing velocities is evaluated. Additionally, the
effects of changes in several aspects of the oral
jaw apparatus (e.g. cross-sectional area, pennation
angle, fibre length, orientation of the jaw adductors,
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dimensions of the lower jaw, length and inclination of
the lower jaw in-lever) on the speed of mouth closure
can be assessed using this model.
2. Materials and methods

2.1. The model

The lower jaw adduction is modelled as a rotation of a
half-elliptic surface (Fig. 2). Detailed morphological
analyses (Adriaens and Verraes, 1997; Cabuy et al.,
1999, Devaere et al., 2001) have shown that the lower
jaw of clariid catfishes closely resembles the shape of a
half-ellipse. Also in other teleost fishes, for example
Cichlidae, this resemblance has been noticed and has
subsequently been used in modelling studies (Aerts
et al., 1987). As the space between left and right lower
jaws is largely taken up by skin and muscles (m.

protractor hyoideus, m. intermandibularis, m. hyohyoi-

deus inferior), a half-elliptic surface is chosen over a half-
elliptic bar as a model for the rotating lower jaw.

Upward rotation of the lower jaw is caused by the
contraction of the jaw adductor muscles. We modelled
the instantaneous force output of these muscles during
mouth closure, taking into account the physiological
characteristics of contracting muscle (activation rise
time, force–velocity relationship, force–length relation-
ship, passive parallel elastic forces). By modelling the
lower jaw and its inertial properties together with forces
that cause (jaw muscle force) and resist (drag, pressure
differences, tissue resistance) jaw closing movements,
adduction of the lower jaw can be simulated. Simula-
tions were run with a time step of 0.01ms. Until the next
simulated point, the acceleration was kept constant. To
avoid circularities in the formulae, the acceleration at
time t is calculated based on the velocity and gape angle
at t ¼ �0:01ms: At the start of the simulation (�0.01ms
Fig. 2. Representation of the half-elliptic surface (in blue) as a model

of the lower jaw in C. gariepinus, with a the length (in green) and b the

half width of the ellipse at the axis of rotation (in red). The half-

ellipsoid added mass component with radius r is shown in yellow.
before the start of jaw closing, i.e. time 0), an
acceleration of 0 rad/s2 was imposed.

2.1.1. Equation of motion

In a dynamic equilibrium situation, the equation of
angular motion for the rotating jaw is determined by the
sum of all moments of force acting on the system. The
following equation of motion was used:

I €a ¼ Mm þ Md þ Mpr; (1)

where I is the moment of inertia of the lower jaw with
respect to the quadratomandibular axis of rotation, €a
the angular acceleration of the lower jaw, Mm, Md and
Mpr are the moments of force from, respectively, the jaw
muscles, hydrodynamic drag and pressure differences
between inside and outside the buccal cavity, together
with tissue resistance. As the density of the lower jaw
and its surrounding soft tissues is approximately the
same as the density of the water, gravitational forces and
hydrostatic lift are assumed to counter each other, and
are not considered further.

2.1.2. Inertia of the lower jaw

When an object moves through water, it will put in
motion a significant amount of water as well (Daniel,
1984). Therefore, an added mass component was
included in the model (Fig. 2). As added mass, a volume
of water with the shape of a half-ellipsoid comprising
the half-ellipse was taken. This was done in accordance
with studies on fish swimming hydrodynamics (Vogel,
1994). At each point along the length axis of the lower
jaw, the radius of this half-ellipsoid equals the half width
of the half-ellipse. The moment of inertia (I) of a half-
elliptic surface and its half-ellipsoid added mass rotating
around the minor axis (b in Fig. 2) can be calculated
after expressing the mass distribution as a function of
the distance from the axis of rotation. We simplified the
calculations by assuming that the mass of each
cylindrical segment of the ellipsoid at a given distance
from the axis of rotation, is centred in the middle:

I ¼ ð2=15Þpra3b2; (2)

where r is the density of water (1000 kg/m3), a the length
of the lower jaw and b the half width of the lower jaw.
The assumption was made that the added mass
component remained constant during the entire mouth
closing phase.

2.1.3. Drag

We accounted for drag forces on the lower jaw surface
that were generated by the rotation of the lower jaw
itself, as if it were moving in motionless water. Drag
forces (Fd) are given by the following formula:

Fd ¼ �ð1=2ÞCdArv2; (3)
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where Cd is the shape-dependent drag coefficient, A the
area of the half-ellipse, r the density of the fluid
(1000 kg/m3) and v the linear velocity of fluid flow.
The drag coefficient of 2 from Lasher (2001) was used
(flow normal to a flat plate). During rotation, the linear
velocity of a given point on the half elliptic surface
depends on its distance to the axis of rotation. There-
fore, when calculating the moment of force from drag,
the area of the half-ellipse was expressed as a function of
its distance from the axis of rotation (x):

Md ¼ �

Z a

0

ðb=aÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � x2

p
ðoxÞ2rxdx; (4)

with a the length and b the half width of the half-ellipse,
o the angular velocity of rotation and r the water
density. Under these conditions, the moment of force
from drag forces on a rotating half elliptic surface is
given by

Md ¼ �ð2=15Þro2a4b: (5)
Fig. 3. Schematic representation of the lower jaw lever system in

Clariidae in lateral view. The musculus adductor mandibulae A2A30 and

A300 are represented by their lines of action (red and orange,

respectively). Both muscles insert on the coronoid process of the lower

jaw (in grey). The distance from the jaw muscle attachment to the

centre of rotation of the lower jaw (Lin, lower jaw in-lever, green line)

and the lower jaw length axis (a, yellow line) are shown. b is the angle

between the in-lever (Lin) and out-lever (a) (also referred to as the

inclination of the lower jaw in-lever). sA2A30 and sA3
00 are the angles

between Lin and the lines of action of, respectively, A2A30 and A300

(also referred to as the inclination of the jaw muscles with regard to the

in-lever).
2.1.4. Buccal pressure and tissue resistance

The buccal cavity will decrease in volume during jaw
closure. This usually results in a positive pressure inside
the buccal cavity (Van Leeuwen and Muller, 1983).
Although the magnitudes of these pressures are typically
much lower than the negative pressures during the
expansive phase (generating suction), they could still
have an important effect on the movements of the lower
jaw. Besides this positive intra-oral pressure, movements
of the jaws are also dampened by the surrounding soft
tissues (Koolstra and Van Eijden, 1996). Unfortunately,
estimates of pressures inside the buccal cavity during
prey capture of catfish, as well as data on the effect of
tissue resistance on jaw movements are lacking. There-
fore, a factor is added into the model that includes both
forces from positive buccal pressures and soft tissue
resistance. Both pressure and tissue resistance are likely
to increase when the lower jaw is lifted towards the roof
of the buccal cavity as the buccal cavity is increasingly
reduced in volume and tissues connecting the hyoid
apparatus to the lower jaw (musculus protractor

hyoideus) are stretched.
In Van Leeuwen and Muller (1983), estimates of

buccal pressure at specific positions along the sagittal
axis of the head are presented for a variety of fish
species. As positive pressure peaks at the end of prey
capture strongly depend on the approaching speed of
the predatory fish, the peak pressure of +1kPa halfway
the buccal cavity in the slowest fish (Onchorynchus

mykiss; Van Leeuwen and Muller, 1983) is likely the best
assessment of buccal pressure during jaw closure in a
catfish, which also approach the prey relatively slowly
(Van Wassenbergh et al., 2004). We (arbitrarily)
assumed that dampening as a result of tissue resistance
would be of the same order of magnitude. This factor
also includes some resistance to lower jaw rotation as a
result of friction at the jaw joint. Thus, the following
formula was used to account for intra-oral pressure and
soft tissue resistance:

Mpr ¼ �0:40373ðp=2Þa2bP; (6)

where (0.40373�a) is the distance from the rotation axis
of the center of area of the half-ellipse, (anbnp=2) the
total area of the half-ellipse. In this formula, pressure P

is a function that starts at 0 Pa (beginning of mouth
closure), increases linearly with decreasing gape angle,
and reaches the peak value of +2kPa at the end of
mouth closure. This pressure profile is assumed to be
uniform over the half-elliptic surface representing the
lower jaw.

2.1.5. Oral jaw apparatus

The lever system of the lower jaw and the jaw muscles
is schematically represented in Fig. 3. As the upper jaw
of catfishes is fixed to the neurocranium, no protrusion
of the jaws occurs in this group of fishes (Alexander,
1965). Consequently, the mouth is opened and closed by
a simply rotation the lower jaw around the quadrato-
mandibular joint. The adductor mandibulae muscle
complex of clariid catfishes consists of two parts: an
external A2A30 part and a smaller, medial A300 part
(Adriaens and Verraes, 1996). Whereas the A2A30 part
is a bipennate muscle, the A300 is not. For fast jaw
closure, a bilateral symmetrical activity of these jaw
muscles can be assumed. As in that case, left and right
transversal force components are expected to cancel
each other out, only the sagittal orientation of both jaw
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muscle parts (A2A30 and A300) was taken into account.
As the origin of the jaw muscles is fixed to the
neurocranium, the orientation of the lines of action of
these muscles is solely determined by the degree of lower
jaw depression. Biometric data on all variables repre-
sented in Fig. 3 were taken from the literature (Cabuy
et al., 1999; Devaere et al., 2001; Herrel et al., 2002) for
all four species (Fig. 1; Table 1). All linear biometric
variables were scaled to cranial length (defined as the
distance between the rostral tip of the premaxilla and
the caudal tip of the occipital process), assuming
isometric scaling of the morphological variables in
Table 1.

2.1.6. Muscular torque

At each point in time, the moment exerted by the jaw
muscles (Mm) is a function of gape angle and the force
generated by the jaw muscles (FA2A30 and FA300):

Mm ¼ FA2A30 sinðsA2A30 ÞLin þ FA3 sinðsA300 ÞLin; (7)

where s will decrease with increasing gape angle (Fig. 3).
The instantaneous muscle force depends on several
dynamical muscle properties. In our model, we ac-
counted for the force–velocity dependence (FFV factor),
force–length dependence (FFL factor), parallel elastic
forces (FPar factor) and a ‘‘rise time’’ of activation of the
muscle (FAct factor):

FMuscle ¼ FMax � F FV � FFL � FAct þ F Par; (8)

where FMax (maximal force along the line of action of
the muscle) is given by the following formula:

FMax ¼ PCSA � FMax Fibre � cosðyÞ; (9)

with PCSA the physiological cross-section area of the
muscle (volume divided by average fibre length), FMax

Fibre the maximal isometric force that can be generated
by the muscle fibres and y the average pennation angle
of the muscle fibres. The value of 19N/cm2 (Akster
Table 1

Biometric data of lower jaw lever system

Species a b Lin b

Clarias gariepinus 0.2869 0.2145 0.0750 23.66 A2A30

A300

Clariallabes longicauda 0.3027 0.2624 0.1197 31.26 A2A30

A300

Gymnallabes typus 0.3797 0.2686 0.1373 24.97 A2A30

A300

Channallabes apus 0.3609 0.2558 0.1456 43.64 A2A30

A300

a ¼ lower jaw length, b ¼ half width lower jaw, Lin ¼ length of lower jaw

a ¼ mouth opening angle (see also Fig. 3), PCSA ¼ physiological cross sect

angle. All length values are in numbers of cranial lengths. All angle variab

insertion in the sagittal plane. *data for Clariallabes melas. Data on muscle di

obtained from Adriaens and Verraes (1996) (C. gariepinus), Liesbeth Van

(G. typus) and Devaere et al. (2001) (C. apus). Note that the A300 muscle is n
et al., 1985) was used for FMax Fibre, as this is the highest
value from experimental measurements of contractile
properties of fast fibred fish head muscles out of several
studies (Akster et al., 1985; Flitney and Johnston, 1979;
Granzier et al., 1983; Johnston, 1982, 1983).

When a pennate muscle is stretched, the pennation
angle of muscle will decrease and subsequently the
component of force parallel to the line of action of the
muscle will increase (see Eq. (9)). Therefore, during
lower jaw movements, FMax depends on the degree of
lower jaw depression. For calculating the relation
between length of the muscle (origin to insertion) and
average pennation angle, we followed Narici (1999):

y2 ¼ tan�1 FL1 sinðy1Þ
FL2 cosðy1Þ þ ðL2 � L1Þ

� �
; (10)

with FL ¼ average fibre length, y ¼ average pennation
angle and L ¼ origin to insertion muscle length, at two
muscle elongation positions (subscript 1 and 2). As FL,
y and L in a closed mouth situation is known for the
four clariids from Herrel et al. (2002), these variables
can be calculated for each muscle length by the above
formula. Next, the instantaneous fibre length can be
calculated using the following equation:

FL2 ¼ FL1 sinðy1Þ= sinðy2Þ: (11)

2.1.7. Force– velocity factor

Once a muscle fibre starts shortening, the maximal
force that can be generated by this fibre will decrease.
The relationship between contraction velocity of muscle
fibres and their force output is characterized by the
following Hill’s equation:

F FV ¼ ðV Max � vÞ=ðV Max þ GvÞ; (12)

where FFV is the force–velocity factor, VMax the
maximal unloaded contraction velocity, v the fibre
shortening velocity at a given time and G a constant
sða ¼ 01Þ Muscle length

(a ¼ 01)

PCSA Avg. pen

angle

Avg. fibre

length

39.35 0.2588 0.01194 27.35 0.115

57.40 0.2086 0.00626 0.125

51.35* 0.3887* 0.02563* 44.37* 0.104*

59.08* 0.2910* 0.00776* 0.098*

49.30 0.4304 0.03907 50.72 0.113

63.47 0.2710 0.00702 0.093

61.27 0.4086 0.08351 35.14 0.135

76.93 0.2877 0.01124 0.117

in-lever, s ¼ angle between Lin and the jaw muscle line of action,

ional area (both sides included), Avg. pen angle ¼ average pennation

les are in degrees. The given muscle lengths are distances of origin to

mensions and orientations are from Herrel et al. (2002). Other data are

Meir (personal communication) (C. longicauda), Cabuy et al. (1999)

ot pennate.
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determining the shape of the Hill-curve, with G roughly
being equal to 4 in vertebrate muscle (Hill, 1970;
Alexander, 2003). The value of 8.4 muscle lengths per
second from Johnston and Brill (1984) was used for
VMax, as this is the highest value for fast-fibred fish
muscles out of numerous studies (reviewed in Aerts
et al., 1987).

2.1.8. Force– length factor

The relationship between normalized force (FFL) and
muscle fibre lengths (FL) has been approximated for
mammalian skeletal muscle (Woittiez et al., 1984;
Epstein and Herzog, 1998) and accords to the following
equation:

FFL ¼ �6:25
FL

FL0

� �2

þ 12:5
FL

FL0

� �
� 5:25; (13)

with FL0 the optimal fibre length. To include this
force–length relationship in our model, we made the
following assumption: the optimal fibre length for jaw
muscles from a given species is reached when the
muscles are stretched according to a mouth opening of
mean maximum gape angle decreased with 101. In this
situation, the jaw muscles are well adapted to work
within the range of fibre lengths with favourable
sarcomere-overlap and, unlikely to reach the unstable,
descending limb of the force–length curve (FFL41.1).

2.1.9. Muscle activation rise time

Maximal activation of muscle is not reached instan-
taneously, but is gradually built up. The shortest time to
peak twitch force from in vitro studies on contractile
properties of fast fibred fish muscles was used (20ms;
James et al., 1998). To reach maximal activation
after 20ms, a sinusoidally rising activation profile was
used:

FAct ¼ 0:5� 0:5 cosðpt=TrÞ; (14)

with FAct the muscle activation factor, TR the activation
rise time (20ms) and t the time (between 0 and 20ms).
After 20ms, full stimulation of the muscles was
maintained (FAct ¼ 1). Activation of left and right
muscles is assumed to be identical.

2.1.10. Parallel elastic force

A parallel elastic force increasing with muscle length
and proportional to maximal isometric force of the jaw
muscles is included in the model (FPar). In our model,
FPar increases linearly starting from the situation when
muscles are stretched to the mean maximal gape angle
(for that species) decreased with 51. In our model, FPar

reaches 0.03 times FMax when muscle fibres are stretched
to 1.5 times the optimal fibre length. This value was
determined for human jaw muscles by Koolstra and Van
Eijden (1996).
2.2. Kinematic analysis

In order to test the model predictions, mouth closing
movements during prey capture in the four species
represented in Fig. 1 were analysed. In total 16
individuals were used in the experiments (8 Clarias

gariepinus, 4 Clariallabes longicauda, 2 Gymnallabes

typus and 2 Channallabes apus). The C. gariepinus

specimens were either aquarium-raised specimens of
which larval stages were initially obtained from the
Laboratory for Ecology and Aquaculture (Catholic
University of Leuven) or specimens obtained from
aquacultural facilities (Fleuren and Nooijen BV, Som-
eren, The Netherlands). Cranial lengths (CL) of these
catfish were 28.01, 28.39, 44.4, 46.1, 47.5, 47.5, 51.7 and
56.2mm. The C. longicauda individuals (CL ¼ 32.4,
34.7, 35.7, 49.0) and C. apus individuals (CL ¼ 22.6,
24.2) were caught in Northern Gabon. The G. typus

specimens (CL ¼ 20.80, 22.15) were imported from the
western region of tropical Africa. Animals were kept
separate in 20L test aquaria and were trained to capture
food presented inside a narrow, projecting corridor
(25 cm length, 8 cm width, 15 cm water height) of the
aquarium, which induced the animals to feed in a
position perpendicular to the camera.

Two different prey types were used: (1) a piece of cod
fillet (Gadus morhua) of about 3 cm3 and (2) a North Sea
shrimp (Pandalus borealis). Both prey types were
attached to a thin, plastic coated steel wire and were
suspended about 5 cm above the bottom of the corridor.
The cod was pinned onto the steel wire, while the shrimp
was clipped around its middle.

High-speed video recordings (250 frames s�1) were
made from a lateral position, using a Redlake Imaging
Motionscope digital high-speed video camera (shutter 1/
2500). Two floodlights (600W) provided the necessary
illumination. Only those prey capture sequences that
were approximately perpendicular to the camera lens
were selected and retained for further analysis. To do so,
lateral recordings in which skull roof, skull bottom or
origin of the maxillary barbel of the opposite side of the
fish was visible, were discarded. For each individual, 10
recordings (each consisting of 5 cod and 5 shrimp
captures) were analysed.

Three anatomical landmarks were digitised on the
recorded images using Didge (version 2.2.0, Alistair
Cullum), and the horizontal (x) and vertical (y)
coordinates for each point were exported to a spread-
sheet. These landmarks are the interior sides of the
upper and lower jaw tips and the approximate rotation
point of the lower jaw. The latter landmark was
digitized after careful examination of its relative position
on the head using morphological drawings from the
literature and X-ray photographs. To improve the
accuracy of the digitizations, each point was digitized
separately throughout the entire prey capture sequence.
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Table 2

Average start gape, end gape and travel distance of mouth closings

Species Initial gape End gape Travel distance

Clarias gariepinusa 32.079.4 11.877.1 20.377.0

Clariallabes longicaudab 54.778.8 36.1711.4 18.679.3

Gymnallabes typusc 55.6710.2 35.7711.7 19.977.3

Channallabes apusc 44.176.3 31.4 78.6 12.776.8

All values in degrees7standard deviation.
aN ¼ 80.
bN ¼ 40.
cN ¼ 20.

Fig. 4. Model output of the forces (graph B) involved during a

simulated C. apus jaw closure from a lower jaw angle of �651 to �201

(graph A). The direction of the calculated forces is in between the lines

of action of both muscle parts (A2A30 and A300). The total (active and

passive) muscular force, (passive) parallel elastic forces and the forces

needed to overcome drag, positive buccal pressures, tissue resistance

and the inertia of the lower jaw are represented. Note that pressure and

tissue resistance have equal magnitudes in the model. See text for

further explanation.
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After data filtering (Butterworth low pass filter, cut-off
frequency between 20 and 25Hz) and differentiation,
angular displacement, velocity and acceleration profiles
were obtained.

2.3. Simulations

In order to compare the speed of mouth closure in the
four species with increasing degree of hypertrophy of the
jaw adductor muscles, model simulations were run using
the species-specific biometric data (Table 1) for a large
number of jaw closures in which the lower jaw starts
rotating from a given gape angle referred to as the initial
gape angle, and from which it performs a specific
rotation of which the magnitude is referred to as the
travel distance. As the initial gape and travel distance of
jaw closures in vivo are highly variable and interspecific
differences are often observed (Table 2), simulations
were run for several initial gape angles and travel
distances. The time it takes to fulfil a specific rotation
was used as a relative measure of average jaw closing
velocity. In simulations used in interspecific compar-
isons, the species cranial length was set to 30mm, which
approximates the average cranial length of the animals
used in the recording sessions. To evaluate the
importance of the variables used in the model (to
describe the shape of the jaw system and the dynamical
properties of the jaw muscles) for jaw closing speed, a
sensitivity analysis was performed. In this analysis, the
effects of a 10% increase or decrease of these variables
on the speed of jaw closure were reported.
3. Results

3.1. Model output: forces during jaw closure

Fig. 4 gives an overview of the model output of the
forces that are involved during a specific jaw closure of
C. apus. Initially, muscular forces are mainly used to
accelerate the lower jaw (Fig. 4B). After this phase, the
model predicts that forces from jaw muscle activity are
largely used to overcome the increasing positive pressure
in the buccal cavity and the resistance from soft tissues.
In all cases, the importance of drag forces on the
rotation of the half-elliptic plate is negligible (Fig. 4B)

As the activation of the jaw muscles is initiated at time
0, the active force production starts increasing from that
moment on. Consequently, mainly the elastic forces
included in the model (Fpar) contribute to the accelera-
tion of the lower jaw during the first millisecond of jaw
closure. Once the muscles become fully active (after
20ms), parallel elastic forces usually become an insig-
nificant factor and in general, their overall contribution
to the jaw closure is limited. However, the model
predicts that these elastic forces can be much more
important when clariid catfish feed at high gape angles.
This is for example the case when C. apus opens its
mouth to a �651 lower jaw angle (Fig. 4). In this case C.

apus will have 0.035N of parallel elastic force when it
opens its lower jaw to �651, which is about 12% of the
peak total muscle force during the following jaw closure
(Fig. 4B).

3.2. Model predictions vs experimental data

In general, simulations of jaw closing movements by
the model correspond well to the fastest jaw closures of
prey captures by the four species of clariid catfish, as
determined on the high-speed video recordings (Fig. 5,
first row). In all cases, the shape of the simulated
kinematic profiles is realistic. For example, jaw closing
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Fig. 5. Comparison of filtered kinematic profiles from the prey capture sequence in which the highest jaw closing velocity is reached for each species

(dots) with the model output (black line). The model simulations are initiated and stopped at angles corresponding to initial and final gape based on

the kinematic analysis. Note that the model does not account for reaction forces as a result of prey impact, and thus should not follow the kinematic

data after the moment of prey impact (indicated by the arrows). Also note that the error of the kinematic data points increases from plots of angles

(first row) to plots of accelerations (third row), due to data-differentiation. Consequently, a better fit between experimental data and model is

expected in the graphs of lower jaw angles compared to velocities or (especially) accelerations.

S. Van Wassenbergh et al. / Journal of Theoretical Biology 234 (2005) 49–6556
velocity profiles start at zero degrees per second at the
time the lower jaw is put in motion, reach their peak
values in the first half of the jaw closing phase, and show
a gradual decrease towards the end (Fig. 5, second row).
Note, however, that effects of prey impact were not
modelled. Consequently, in contrast with the model
simulations, jaw closing movements based on videos of
prey captures are counteracted by reaction forces from
the prey after prey contact and will ultimately prevent
any further movement of the lower jaw. As for the
observed data, the model predicts peak accelerations to
be reached within the first 5ms of the jaw closing phase.
Again, due to prey impact, the negative accelerations are
much more pronounced in the kinematic data when
compared to the model simulations (Fig. 5, third row).

The best match between the model and the kinematic
data is for C. gariepinus and C. longicuada (Fig. 5). The
time to close the mouth from its initial (maximal)
opening to the moment of impacting the prey is well
predicted by the model (within 10% of values from the
kinematic data). Also, predictions of peak jaw closing
velocities are not beyond 12% of the experimental
values for these species. Peak positive accelerations,
however, are apparently overestimated by the model of
C. longicauda (Fig. 5).

In G. typus and C. apus , the kinematic data show that
the peak velocities of jaw closure are underestimated by
the model for these species (Fig. 5). Whereas for G.

typus, the model prediction of peak jaw closing velocity
is still not more than 20% less than the result from the
kinematical analysis, a considerable difference is shown
for C. apus (peak velocity 41% underestimated). As C.

apus is the only species for which the velocity profiles do
not accurately predict the observed in vivo results, we
decided not to fine-tune the model to improve the fit for
this species specifically (for example by increasing the
maximal contraction velocity of the muscle fibres).
Nevertheless, when comparing the model output be-
tween the four modelled species, this underestimation of
maximal jaw closing velocity for C. apus will have to be
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considered in the interpretation of the results (see
Discussion).

3.3. Interspecific comparison of model output

3.3.1. Velocity of mouth closure

In most cases, no positive relation could be demon-
strated between the size of the jaw muscles (Fig. 1; Table
1) and the duration of mouth closure (Fig. 6). There are,
however, two exceptions: (1) jaw closures of intermedi-
ate travel distance (151) from initial gape angles above
501 and (2) jaw closures of short travel distance (51)
from initial gape angles above 401. Still, even in these
cases, G. typus apparently has no advantage over C.

longicauda, despite the fact that its jaw adductors
roughly have a 50% larger physiological cross-sectional
area (Table 1). Furthermore, for jaw closures of long
travel distance (301) and intermediate travel distance
(151) with initial gape angles below 451, the species
without jaw adductor hypertrophy (C. gariepinus) is able
to carry out the fastest jaw closing movement (Fig. 6).

3.3.2. Moment and force from the jaw muscles

To illustrate the model output, the jaw closing
velocity, muscular torque and force output are presented
for two situations mimicking biting onto small and large
prey: a jaw closure of long travel distance starting from
a low gape angle (40–101, Fig. 7) and a jaw closure of
short travel distance starting from a high gape angle
(55–501, Fig. 8). As demonstrated in Fig. 6, both
situations yield a different result in terms of average
jaw closing velocity.
Fig. 6. Three-dimensional plot of the interspecific comparison of jaw closin

starting from different gape angles. All species are represented by a single sym

the model was scaled to 30mm.
For the jaw closure with long travel distance, higher
jaw closing velocities are reached during the initial phase
by C. longicauda (during the first 4.2ms) and C. apus

(during the first 4.8ms) when compared to C. gariepinus

and G. typus (Fig. 7). For the latter species, the predicted
jaw closing velocity is initially approximately equal to
values for C. gariepinus but becomes significantly lower
after 3.5ms. After this initial phase, however, the species
with the smallest jaw muscles (C. gariepinus) is able to
achieve the highest mouth closing velocity (13041/s)
(Fig. 7). Peak velocities from C. longicauda, G. typus and
C. apus are, respectively, 26.8%, 30.9% and 36.6%
lower than the maximal value for C. gariepinus. Finally,
after reaching peak values, jaw closing velocities
decrease (Fig. 7). Although this drop of velocity is more
substantial in C. gariepinus compared to the other
species, the jaw closing velocity of this species remains
the highest until the end of the simulated mouth closure.

The interspecific comparison of the moment of force
from both jaw muscle parts (Fig. 7), shows that initially
(first 2.5ms) the magnitude of these moments is in
proportion to the size of the jaw muscles: the moments
increase from C.gariepinus, over C. longicauda and G.

typus to C. apus. However, towards the end of the jaw
closure, the moments generated by C. gariepinus are
approximately equal to those of C. longicauda. Now, G.

typus instead of C. apus, reaches the highest values.
Due to differences in the constructional parameters of

the jaw system (length and inclination of the lower jaw
in-lever, inclination of the jaw muscles; see Table 1), the
interspecific comparison of jaw muscle force profiles
differs from the profiles of moments (Figs. 7 and 8).
g time based on model simulations with different travel distances and

bol (see legend on the upper left side). For all species, cranial length in
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Fig. 7. Model output of a jaw closure from a gape angle of 401 to 101.

Moment of force, and force include results from both jaw closer

muscles (A2A30 and A300). The lines represent C. gariepinus (dotted

line), C. longicauda (dashed line), G. typus (grey line) and C. apus

(black line).

Fig. 8. Model output of a jaw closure from a gape angle of 551 to 501.

Moment of force and force include results from both muscle parts

(A2A30 and A300). The lines represent C. gariepinus (dotted line), C.

longicauda (dashed line), G. typus (grey line) and C. apus (black line).
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No higher forces are generated during the 401 to 101 jaw
closure in the species with enlarged jaw adductors,
except for a very short interval from 0.5 to 5.5ms after
the start of the simulated jaw closure. Furthermore,
after this interval, the relatively slender muscled
C. gariepinus reaches the highest muscle forces.

In contrast with the 401 to 101 jaw rotation (Fig. 7),
C. gariepinus shows an impaired capactity to close the
mouth quickly during a short rotation that starts at a
large gape angle (Fig. 8). In this case, the highest jaw
closing velocity is reached by C. apus, followed by
C. longicauda, G. typus, and C. gariepinus. As a result of
the short travel distance (51 rotation), velocities are still
rising when the end of the simulation is reached. The
moment of force profiles follow the trend of increasing
jaw adductor size in the species studied (Fig. 8). The
same is true for the force profiles of C. gariepinus,
C. longicauda and G. typus, while the extremely hyper-
trophied jaw muscles of C. apus generate forces that are
lower than the less hypertrophied G. typus (Fig. 8).
3.3.3. Effects of increasing jaw muscle cross-sectional

area

Previous results might suggest that hypertrophy of the
jaw adductors in Clariidae (the most obvious modifica-
tion of the jaw system of the species used in the present
study) is of no use for generating higher jaw closing
velocities, except when feeding at high gape angles and
short travel distances. However, when we increase the
physiological cross sectional area (PCSA) of the jaw
muscles in C. gariepinus in the model to values equal to
PCSAs from the other species, we see that the mouth
can be closed significantly faster (Fig. 9A). The inverse
effect is observed when the PCSA of C. apus, the species
with most extreme jaw closer hypertrophy, is decreased
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Fig. 9. (A) Jaw rotation profile of C. gariepinus (line indicated by arrow) together with the profiles derived from a simulation where the physiological

cross-sectional area (PCSA) of the muscles is increased to values observed for the other species. In (B), the jaw rotation profile of C. apus (arrow) is

presented together with results of simulations using a decreased value for PCSA, again corresponding to the values measured for the other species.

Dotted line ¼ PCSA of C. gariepinus, dashed line ¼ PCSA of C. longicauda, grey line ¼ PCSA of G. typus and black line ¼ PCSA of C. apus.
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to values equal to the species with less large jaw muscles
(Fig. 9B).

The simulations with a range of PCSA values in the
jaw system of C. gariepinus (Fig. 9A) and C. apus

(Fig. 9B) reveal a clear difference in jaw closing velocity
independent of the size of the cross-sectional area.
Indeed, the C. gariepinus jaw system is able to fulfil the
401 to 101 jaw closure in about half the time the C. apus

jaw system needs with an equal PCSA. Therefore, other
interspecific differences in the jaw system besides PCSA
are also important, and cancel out the potentially faster
jaw closure due to jaw adductor enlargement for this
specific jaw closing movement.
4. Discussion

4.1. The role of enlarged jaw adductors in Clariidae

Our model simulations of jaw closing movements
show different results, depending on the rotation of the
lower jaw that is being considered (Figs. 6 and 7 vs. Fig.
8). In most cases (e.g. all jaw closures with initial gape
angles below 451 performing rotations of larger than
101), the jaw systems of clariid species with enlarged jaw
adductors is not well suited to perform fast mouth
closures (Fig. 6). The observed underestimation of peak
and average jaw closing velocity before prey impact of,
respectively, 40% and 10% in C. apus (Fig. 5) will not
change this result. Even if we correct for this 10%
underestimation of average jaw closing velocity in
C. apus, C. gariepinus is still able to perform the fastest
mouth closures.

Yet, even for the lower jaw rotations in which the
species with jaw adductor hypertrophy perform much
poorer than the non-hypertrophied species (e.g. the 401
to 101 rotation), the size of the jaw muscles remains an
important aspect for fast mouth closing in these fishes.
Indeed, if C. gariepinus would have had jaw muscle the
size of those of C. apus, our model suggests that it would
be able to close its mouth from a 401 to 101 gape angle
within 20.1ms instead of 33.2ms; i.e. one-third faster
(Fig. 9A). The same is true for C. apus: a decrease in the
cross-sectional area of its jaw muscles results in
considerably lower speeds of jaw closure (Fig. 9B).
However, when we compare the species shown in Fig. 1,
the enlarged jaw muscles work within jaw systems that
show other difference besides the differences in the size
of the jaw muscles (Table 1). Consequently, while the
jaw muscle enlargement speeds up jaw closure consider-
ably, this effect is cancelled out if the different sized
muscles are placed in their respective jaw systems.

On the other hand, an advantage in average jaw
closing velocity (or in time to fulfil a certain lower jaw
adduction) is predicted for short lower jaw rotations and
prey captures with large gapes (Fig. 6). In addition,
compared to the non-hypertrophied C. gariepinus, the
kinematic analysis of prey captures in clariids with
enlarged jaw adductors showed that these species
typically also tend to feed at these larger gape angles
and indeed use shorter lower jaw rotations to grab the
prey (Table 2). We included a more detailed overview of
model predictions of the advantage or disadvantage in
jaw closing velocity of the hypertrophied species
compared to the non-hypertrophied species and how
the experimentally observed prey captures fit in these
predictions (Fig. 11). In C. longicauda, G. typus and
C. apus, about half of all analysed prey captures have
the initial gape and travel distance for which the model
predicts an advantage in average jaw closing velocity of
5% and more compared to C. gariepinus (Fig. 11). This
indicates that, given their particular prey capture
behaviour, the observed specializations in the jaw
system of these species are still functionally important
in vivo when it comes to fast jaw closing.

The species with enlarged jaw adductors thus appear
‘‘adapted’’ to feed at higher gape angles when compared
to C. gariepinus. Biometric data also show that they
have an increased inclination of the jaw muscles and a
larger and more inclined lower jaw in-lever (Table 1).
These characteristics of the jaw system enable the jaw
muscles to continue generating torques resulting in
lower jaw adduction when the lower jaw is depressed to
large gape angles (Gans and De Vree, 1987). Note that
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when C. gariepinus starts its jaw closing movement from
a gape angle higher than 52.71, the line of action of the
A2A30 jaw muscle initially lies behind the articulation of
the lower jaw. Consequently, in this situation the A2A30

muscle cannot contribute to the mouth closing move-
ment. For the other species, the gape angle by which this
occurs is considerably higher (C. longicauda: 67.91,
G. typus: 66.21 and C. apus: 81.81). This suggests that the
advantage for jaw closing in these species compared to
C. gariepinus is largely due to the geometry of their jaw
system, and would also occur without the hypertrophy
of the jaw muscles. However, the model predicts that the
range of jaw closures in which this advantage occurs
would be strongly restricted if all species would have jaw
muscles the size of those of C. gariepinus (Fig. 11). For
example, whereas for jaw closures in which C. long-

icauda would have a velocity advantage of 5%
compared to C. gariepinus with equal sized jaw muscles,
an advantage of 30% is predicted with the observed
hypertrophy of the jaw adductors (Fig. 11). Thus, not
only when feeding at intermediate gape angles (Fig. 9),
but also for feeding at high gape angles the increased
size of the jaw adductors will increase jaw closing
velocity considerably. However, only when feeding at
large gape angles (and also for short jaw closings at
lower gape angles) the species with enlarged jaw muscles
are expected to have an increased jaw closing perfor-
mance over the species without jaw adductor hyper-
trophy included in this study (Fig. 11).

The maximal size of the mouth opening is a very
important aspect of feeding in fishes as it may limit the
size of the prey the can be eaten (Keast and Webb, 1966;
Schael et al., 1991; Gill, 1997; Huskey and Turingan,
2001; Magnhagen and Heibo, 2001). Especially for
G. typus and C. apus, the adult head size is much smaller
than for C. gariepinus, which can grow up to more than
1.5m total body length (Cabuy et al., 1999). Conse-
quently, being able of feeding at high gape angles and
snapping the jaws relatively fast on large, moving prey
may be an important aspect of the feeding success in
these species with reduced head sizes and elongated
bodies. Furthermore, engulfing the prey at a high gape
angle may enable these catfishes to start biting or
crushing the prey at a more caudal position at the jaws,
in which much larger bite forces can be exerted on the
prey (Herrel et al., 2002). The fact that the teeth are
positioned more caudally on the oral jaws in these
species (Cabuy et al., 1999; Devaere et al., 2001),
confirms the importance of biting the prey closer to
the jaw articulation.

4.2. Disadvantage for large lower jaw rotations in species

with jaw hypertrophy

As the model predicts that an increased physiological
cross-sectional area (PCSA) of the jaw muscles is an
important aspect for fast mouth closure within the
clariid species studied (Fig. 9), the question arises why a
species like C. apus with its 5 times higher jaw muscle
PCSA compared to C. gariepinus (Table 1) is not able to
develop increased jaw closing velocities for most of the
jaw closings simulated here (Figs. 6 and 11). The reason
why the model predicts a considerably lower speed of
jaw closure in most jaw rotations of long travel distance,
despite the enlarged jaw adductors, has to be sought in
the geometry of their jaw system (Table 1, Fig. 3).

Once the lower jaw starts its closing movement, fibres
from the jaw muscles start shortening and, due to the
force–velocity relationship, the force that can be
generated by the jaw muscles drops. We noted an
interspecific difference in the amount of force reduction
as a result of changes in the force–velocity relationship.
During mouth closure in C. apus, the force–velocity
factor (FFV, Eq. (8)) causes a much faster and more
extensive drop in force compared a jaw closure of
C. gariepinus. G. typus and C. longicauda are inter-
mediate in this regard. For example, during the 401 to
101 gape angle simulation (Fig. 7), the active muscle
force of C. apus is reduced to 2% of the maximal active
isometric force in the first 6ms of the jaw closure. For
C. longicauda and G. typus, this force drops to 7% in the
first 8ms. In C. gariepinus, however, the decrease in
active muscles force is limited and reaches the value of
17% of its maximal isometric force (after 16ms).

The relation between fibre shortening velocity and jaw
closing velocity explains these results (Fig. 10). To rotate
the lower jaw by a given velocity, the muscle fibres of
C. apus have to contract much faster compared to the
same situation in C. gariepinus. Again, C. longicauda

and G. typus are intermediate between these extremes
(Fig. 10). As the force–velocity factor is directly related
to the shortening velocity of the jaw muscle fibres, the
reduction in active force for a given jaw closing velocity
increases from C. gariepinus over G. typus and
C. longicauda to C. apus. This stronger decrease in force
will result in smaller fractions of the peak isometric force
(FMax) available to accelerate the lower jaw to higher
velocities. In this way, the increased acceleration
potential of the enlarged jaw muscles in the catfish
studied will be lost relatively early during the jaw closing
phase.

To facilitate further discussion, we introduce a ratio
(fibre velocity transmission ratio or FVTR) describing
the relationship between velocity of lower jaw rotation
and fibre shortening velocity. This gape-dependent
variable is calculated by dividing the decrease in gape
angle (expressed in degrees) by the average decrease in
length of the jaw muscle fibres (expressed in numbers of
fibre lengths). The FVTR describes how efficient
velocity from the muscles fibres is transmitted to a
lower jaw rotation. If we assume that the jaw muscle
fibres from different species have the same maximal
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Fig. 11. Characteristics of the prey captures observed in the

experiments (initial gape and travel distances of the lower jaw) plotted

together with lines indicating the predicted differences in average jaw

closing velocity between the species with jaw adductor hypertrophy

and the non-hypertrophied C. gariepinus. These differences are

expressed as a relative increase/decrease when comparing jaw closing

times from C. longicauda (A), G. typus (B) and C. apus (C) to the

corresponding values of C. gariepinus (lines connecting equal values,

legends are on the upper right side of each graph). For jaw closures

from the white region of a graph, the model predicts a disadvantage

(+0% and lower) or very little advantage in the time needed to close

the mouth (+5% and lower) for the hypertrophied clariids compared

to C. gariepinus. In the grey or black region of the graphs, an increase

of 5% and more in average jaw closing velocity is expected. Points

represent the positions of all prey captures analysed based on high

speed video recordings from C. gariepinus (black points, graph A), C.

longicauda (white triangles, graph A), G. typus (white squares, graph B)

and C. apus (white points, graph C). The white dashed line represents

the +5% in average jaw closing velocity if the jaw muscles would not

be hypertrophied (PCSA of C. gariepinus used in the model

simulations of the other species).

Fig. 10. Relationship between the shortening velocity of fibres from

the main jaw closing muscle (adductor mandibulae A2A30) and the

angular velocity of jaw rotation during a jaw closure from 401 to 101

gape angle in C. gariepinus (dotted line), C. longicauda (dashed line), G.

typus (grey line) and C. apus (black line). Note that the model input of

maximal shortening velocity of the muscle fibres used in the model is

8.4 fibre length/s.
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shortening velocities and if we ignore the inertial effects
of the rotating lower jaw, the FVTR induces limits on
the peak angular velocity that can be reached during jaw
closure. Indeed, if the muscle fibres reach their maximal
contraction velocity, the corresponding angular jaw
closing velocity is solely determined by the FVTR.
Furthermore, it describes to what extent the active jaw
muscle force is decreased (due to Hill’s force–velocity
relationship) for a given angular jaw closing velocity.

Together with the increasing jaw adductor hypertro-
phy (Fig. 1), a trend can be observed in the species
studied to increase (1) the length of the lower jaw in-
lever, (2) the inclination of the lower jaw in-lever and (3)
the inclination of the line of action of the jaw muscles
(Table 1). These three changes in the geometrical
constitution of the jaw system reduce the mechanical
efficiency of the jaw system by decreasing the FVTR.
Apparently, for lower jaw rotations of large travel
distance, where higher angular jaw closing velocities are
reached, the difference in FVTR among the species
studied becomes increasingly important. Indeed, in Fig.
10 we see that C. apus nearly reaches the maximal
shortening velocity of its muscle fibres in the A2A30

during the 401 to 101 simulated jaw closure. In this
situation, due to its impaired mechanical efficiency in
transmitting velocity of the muscle fibres to lower jaw
rotation (FVTR), C. apus is unable to reach the peak
jaw closing velocity that was predicted by the model for
C. gariepinus, a species with a much higher FVTR.
4.3. Effects of changes in the jaw system on the speed of

jaw closure

To examine what changes in the biometrics of the jaw
system (see Fig. 3) are most important to improve the
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performance of jaw closures in clariid catfishes, a
sensitivity analysis was performed using the jaw system
of the generalized clariid C. gariepinus. In this analysis,
we changed this species jaw system characteristics from
Table 1 (and also the lower jaw width) by +10% and
�10% and calculated the relative change in speed of the
401 to 101 jaw closure (Fig. 12). To examine potential
functional trade-offs, we also listed the effects on static
bite force, kinematic efficiency of the jaw system
(FVTR) and the highest possible gape angle from which
the mouth can be closed (Fig. 12).

Increasing the average fibre length of the muscles is
apparently the most advantageous change in the jaw
system to enhance the speed of jaw closure in
C. gariepinus for the lower jaw rotation induced here
(Fig. 12). Also important are the width of the lower jaw
(a narrow lower jaw reduces the moment of inertia, as
well as the impact of drag and pressure on the lower jaw
rotation), the length of the lower jaw in-lever (a shorter
in-lever increases the kinematic efficiency) and the
physiological cross-sectional area of the jaw muscles
(a higher PCSA increases the acceleration of the lower
jaw). Reducing the inclination of the jaw muscles and
the lower jaw in-lever is less important for speeding up
jaw closure. Changes in the average pennation angle and
in the length of the lower jaw hardly influence the
average jaw closing velocity for this lower jaw rotation
(Fig. 12).

An increase in the PCSA of the jaw muscles does not
compromises other functions of the lower jaw during
feeding. However, it has been shown for clariid catfishes
that this morphological modification can interfere with
the mechanics of suction feeding (Van Wassenbergh et
al., 2004). Also, spatial constraints may occur when
accommodating an increased muscle volume into the
cranial system and, as shown for cichlid fishes by De
Visser and Barel (1996, 1998), this potentially limits the
Fig. 12. Sensitivity analysis of changes in the jaw system architecture (lengths

performing a jaw closure of 401 to 101 gape angle. Only the changes that ha

opposite changes (�10% instead of +10% or reversed) yielded approximat

variables are given (legends on the right side of the graphs): (1) average jaw clo

fibre velocity transmission ratio of 401 and 101 gape), (3) bite force perpendic

distance from which the mouth can still be closed. In the model simulation

absolute mouth opening corresponds to the 401 to 101 gape of normal jaw len

these changes is not always the sum of the separate effects.
suction force that can be generated by the hyoid
apparatus. In contrast, several other aspects of the jaw
system in C. gariepinus may cause a direct mechanical
trade-off between jaw closing performance and the
maximal size of the mouth opening (Fig. 12): decreasing
the length of the lower jaw in-lever, the width of the
lower jaw, the inclination of the jaw muscles and the
inclination of the lower jaw in-lever have positive effects
on the speed of jaw closure, but limit the maximal size of
the oral aperture and consequently the size of the prey
that can be eaten. As predicted in previous studies
(Barel, 1983;Wainwright and Richard, 1995; Westneat,
1994), our model also showed that the size of the in-lever
of the lower jaw cause a trade-off between the maximal
bite force that can be exerted by the lower jaw and the
velocity of jaw movement. However, it should be kept in
mind that these results strongly depend on the nature of
the lower jaw rotation that is considered: the distance in
which the lower jaw can freely travel before impacting
the prey, and the position from which it starts its
rotation are very important in this regard (Fig. 11).

Compared to the previously discussed effects of
changes in the geometrical constitution of the jaw
system in C. gariepinus (Fig. 12), altering the magnitudes
of the moment of inertia, drag, tissue resistance and
pressure only has relatively little influence on the speed
of jaw closure. If we reduce these parameters by 10% for
the 401 to 101 jaw closure in C. gariepinus, jaw closing
will be, respectively, 0.15%, 0.03%, 1.8% and 1.8%
faster. However, the contractile properties of the jaw
muscle fibres are more important. For example, if the
maximal shortening velocity is increased by 10%, the
average speed of jaw closure will be 6.8% higher. Also
the input values for G (the shape of the Hill-curve)
describing the force–velocity relationship (2.5%), the
maximal isometric force that can be generated by the
jaw muscle fibres (3.5%) and the rise time of muscle
and angles +10% and �10%) of a 30mm cranial length C. gariepinus

d an advantageous effect on the speed of jaw closure are listed, as the

ely the inverse relative changes. The relative changes of the following

sing velocity, (2) kinematic efficiency of the A2A30 jaw muscle (average

ular to the jaw tip (average 401 and 101 gape) and (4) the maximal gape

s with altered lower jaw length, the lower jaw rotation of which the

gth are performed. Note that the combined effect of more than one of
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activation (2.1%) appear to be important factors that
affect the velocity of mouth closure. On the other hand,
the parallel elastic forces (0.03%) and the optimal fibre
length (0.21%) have less of an effect on the speed of jaw
closure in this case. Therefore, accurate estimates of the
relatively important variables are more critical for the
model output than for example the values from the
calculations of the moment of inertia or drag, which
only seem to have a minor effect on the speed of jaw
closure.

4.4. The use of jaw closing lever ratios

Previous studies dealing with the mechanics of jaw
movement in teleost fishes (Richard and Wainwright,
1995; Wainwright and Richard, 1995; Wainwright and
Shaw, 1999; Westneat, 1994) have used the jaw closing
lever ratio (ratio of lower jaw in-lever to out-lever, or Lin

divided by length of the lower jaw (a) in Fig. 3) as a
comparative measure of potential speed of jaw closure.
Also in ecomorphological studies (Albertson et al., 2003;
Cutwa and Turingan, 2000; Turingan, 1994; Sibbing and
Nagelkerke, 2001; Turingan et al., 1995; Wainwright
and Richard, 1995; Westneat, 1995), lever ratios are
used to evaluate feeding performance. When using jaw
closing lever ratios as a measure of kinematical
efficiency of the jaw system for closing, it is assumed
that velocity of jaw movement is inversely proportional
to this lever ratio. The amplification of velocity occurs in
direct trade-off with the force exerted at the jaw tip, as
force will be directly proportional to the lever ratio
(Wainwright and Richard, 1995). Thus, in these studies,
low jaw closing lever ratios are considered to enable a
relatively rapid jaw closing, which is useful for capturing
soft, mobile prey.

However, the results of our model show several
limitations to the use of simple jaw closing lever ratios as
a relative measure for speed of jaw closing in compara-
tive studies:
(1)
 Kinematic efficiency of transmitting velocity from the
jaw muscle fibres to the tip of the jaws includes other
aspects besides length of in-lever and out-lever of the
lower jaw. A sensitivity analysis on a more complete
measure of kinematical efficiency (fibre velocity
transmission ratio or FVTR) shows that fibre length,
inclination of the jaw muscles and inclination of the in-
lever are also very important parameters of the
transmission system of jaw muscle to lower jaw (Fig.
12). For example, if in C. gariepinus the length of lower
jaw in-lever is decreased by 10% (improved kinematic
efficiency according to the lever theory) together with
an increase in the inclination of the in-lever by 10%,
the average FVTRs of the main jaw closing muscle
(A2A30) will remain equal during a rotation of 401 to
101 gape angle.
(2)
 Kinematic efficiency strongly depends on the gape
angle: for example at a 451 gape angle, the A2A30

muscle FVTR is 974.31/fibre length, while at a 51
gape angle this FVTR becomes 169.21/fibre length.
Therefore, it is important to know at which gape
angles the species studied usually feeds, before
evaluating the kinematical efficiency of its jaw
system.
(3)
 Our model illustrates that measures of efficiency of
kinematic transmission (jaw closing lever ratios, or
alternatively FVTR) cannot be simply translated to
‘‘speed of jaw closure’’. For the example shown in
Fig. 12, the �10% change in jaw closing lever ratio
only results in +3.8% average jaw closing velocity.
Also relative changes in FVTR tend to overestimate
the speed of jaw closure considerably in this case
(Fig. 12).
(4)
 Our study also demonstrates that in a comparative
analysis of jaw closure velocity, the result depends
on the gape angle from which the jaw closure starts
and on the travel distance of the jaw closure (Fig.
11). For example, if a fish feeds on very small prey
and has to adduct its lower jaw over 51 only during
capture, a less kinematic efficient jaw system can
even be advantageous for the speed of this specific
jaw closure because of its increased force transmis-
sion (increased acceleration potential).
Yet, a simple approach is often needed to evaluate the
speed of jaw movement in studies that compare trophic
morphologies in a broad range of species. Especially
when there is no information on the orientation and the
geometrical structure of the muscles attached to the
lower jaw, the use of jaw lever ratios is probably the best
feasible assessment of maximal jaw velocity and can
provide valuable insights into the evolution of trophic
structures in fishes.

Recently, a dynamical model for the analysis of jaw
movements of fishes that includes muscle dynamics has
been published (Westneat, 2003). Yet, in contrast to our
model and dynamical models of jaw movements in
humans (Koolstra, 2002; Koolstra and Van Eijden,
1996, 1997; Peck et al., 2000; Slager et al., 1997), the
relationship between muscle dynamics, external load
and inertial effects (established by the equation of
motion) was not included. Nevertheless, these elements
are rather essential to be able to predict motions from
simulated muscle contractions. This could explain, for
example, why the velocity profiles from the model of
Westneat (2003) show jaw rotations starting with the
highest velocity at time 0 after which it decreases in a
hyperbolic way. Rather unexpectedly, even though this
would imply infinitely high muscle forces preceding this
movement, it was stated that accurate predictions of
lower jaw kinematics of labrid fishes are achieved
(Westneat, 2003).
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4.5. Validity of our model

Like most biomechanical models, the jaw closing
model of clariid catfishes presented here has its
limitations, as it reduces the complexity of the real
process. Inevitably, several assumptions had to be made.
First, the drag forces do not include flow patterns
resulting from the suction feeding event preceding, and
continuing during the jaw closure phase. Secondly,
muscle geometry is far more complex than included in
our model. For example, we used average values for
fibre length and pennation angle whereas the jaw
muscles consist of fibres of different size that are placed
under different angles with respect to the central tendon
(Herrel et al., 2002). Thirdly, the contractile properties
of the jaw muscle are taken from physiological experi-
ments that were conducted on fish muscles other than
jaw adductor muscles that were taken out of fishes from
other taxonomic groups. These data could thus differ
considerably from the actual contractile properties of
the jaw adductor muscles of the catfishes studied in this
paper. Fourthly, the magnitudes of forces resulting from
pressure differences and tissue resistance in the model
can be rough estimates only. However, the rather good
fit between the model and the experimental data
suggests that the model can be used as a tool to explore
the effects of functional modifications of the jaw system
in these fish, including the effects of an increased jaw
muscle size on the speed of jaw closure.
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