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A biomechanical model of feeding kinematics for
Dunkleosteus terrelli (Arthrodira, Placodermi)

Philip S. L. Anderson and Mark W. Westneat

Abstract.—Biomechanical models illustrate how the principles of physics and physiology determine
function in organisms, allowing ecological inferences and functional predictions to be based on
morphology. Dynamic lever and linkage models of the mechanisms of the jaw and skull during
feeding in fishes predict function from morphology and have been used to compare the feeding
biomechanics of diverse fish groups, including fossil taxa, and to test ideas in ecological mor-
phology. Here we perform detailed computational modeling of the four-bar linkage mechanism in
the skull and jaw systems of Dunkleosteus terrelli, using software that accepts landmark morpho-
logical data to simulate the movements and mechanics of the skull and jaws during prey capture.
The linkage system is based on the quadrate and cranio-thoracic joints: Cranial elevation around
the cranio-thoracic joint forces the quadrate joint forward, which, coupled with a jaw depressor
muscle connecting the jaw to the thoracic shield, causes the jaw to rotate downward during skull
expansion. Results show a high speed transmission for jaw opening, producing a rapid expansion
phase similar to that in modern fishes that use suction during prey capture. During jaw closing,
the model computes jaw and skull rotation and a series of mechanical metrics including effective
mechanical advantage of the jaw lever and kinematic transmission of the skull linkage system. Es-
timates of muscle cross-sectional area based on the largest of five specimens analyzed allow the
bite force and strike speed to be estimated. Jaw-closing muscles of Dunkleosteus powered an ex-
traordinarily strong bite, with an estimated maximal bite force of over 6000 N at the jaw tip and
more than 7400 N at the rear dental plates, for a large individual (10 m total length). This bite force
capability is among the most powerful bites in animals. The combination of rapid gape expansion
and powerful bite meant that Dunkleosteus terrelli could both catch elusive prey and penetrate pro-
tective armor, allowing this apex predator to potentially eat anything in its ecosystem, including
other placoderms.
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Introduction

A major challenge in paleobiology is the re-
construction of biological function in extinct
organisms, which cannot be directly ob-
served. Often, the possible function of a fossil
morphology is based on similarity with mod-
ern structures, be they homologous structures
(Cowan 1979; Witmer 1995), analogous bio-
logical structures (Stanley 1970; Radinsky
1987; Labandeira 1997) or analogies to man-
made structures (Cowan 1975; Myhrvold and
Currie 1997). Functional morphology based
on comparisons with homologous structures
in closely related taxa is referred to as histor-
ical (phylogenetic) comparison (Lauder 1995;
Weishampel 1995; Ross 1999). Extant phylo-
genetic bracketing (Witmer 1995) is a histori-
cal method that compares the fossil organism
with two extant sister lineages to validate

functional hypotheses. However, the more
distantly related the taxa, or more detailed the
comparison, the less useful this method be-
comes (Plotnick and Baumiller 2000). Older
fossil taxa (particularly from the Paleozoic)
show unique morphologies that are not read-
ily comparable to anything seen in the mod-
ern animal kingdom (Coates and Sequeira
1998). Furthermore, the bracketing method
falls short when the functional structure being
examined first appears in the study group. An
alternative is the ahistorical (paradigmatic)
approach, which focuses on the specific mor-
phological structures of the taxa in question
(DeMar 1976; Lauder 1995; Ross 1999). This
method often relies on comparisons with bi-
ological or mechanical analogies.

Identification of an analogue for a fossil form
needs to be tested, commonly done by defining



252 PHILIP S. L. ANDERSON AND MARK W. WESTNEAT

an optimum structure or ‘‘paradigm’’ to com-
pare with the fossil (Rudwick 1964; Ross 1999).
Once a possible function is hypothesized for a
given fossil structure, the optimum structure for
that function (based on engineering and the na-
ture of the biological materials in question) can
be predicted. The degree to which the fossil
structure is similar in form to the ‘‘paradigm’’
is the test of the hypothesized function. The test
often can be subjective, based on visual com-
parison of the fossil and paradigm, although
quantitative methods have become more com-
mon (Ashley-Ross and Gillis 2002; Gaudin et al.
2006). This method also assumes that a single
optimum form exists for a given function, as op-
posed to the more likely scenario of there being
several local optima (Signor 1982; Alexander
1996). Furthermore, the paradigm method as-
sumes that the organism can achieve a theoret-
ical optimum for a particular function, neglect-
ing developmental constraints, historical contin-
gency, and functional trade-offs, all of which can
result in suboptimal form (Gould and Lewontin
1979; Niklas 1994; Seilacher and LaBarbera
1995; Plotnick and Baumiller 2000; Gould 2002).
Methods of functional analysis based on ho-
mology and/or analogy offer a good source of
hypotheses for function. However, a quantita-
tive method of testing that allows for subopti-
mality is needed to evaluate these hypotheses.
Recent analyses have eliminated some of these
issues by statistically comparing a fossil taxon
with a modern system considered an exemplar
for a particular function (Shockey et al. 2007).
While offering several insights into the possible
functional morphology of fossil groups, this
method still evaluates fossil forms based on
modern behaviors as opposed to testing actual
mechanics.

In this paper, we take a paleobiomechanical
approach to functional analysis. Whereas the
previous methods of functional analysis focus
on overall similarity between fossil and mod-
ern structures, paleobiomechanics focuses
more on specific similarities, which often
come from basic inescapable rules of physics
(Vogel 1998). Fundamentally, the field of bio-
mechanics examines the relationship between
biological form and structure in the context of
physical laws and processes (Wainwright et al.
1976). Paleobiomechanics is the uniformitari-

an extension of biomechanical methodology
(Alexander 1989). The basic laws of physics
have not changed over the last 500 Myr. The
same principles of lift and drag necessary to
understand the flight of a bird can be applied
to inferring pterosaur flight (Padian 1991).
However, fossil taxa cannot be directly ob-
served; therefore paleobiomechanics must
rely heavily on biomechanical models to aid in
inferring and testing mechanical consequenc-
es of form.

Biomechanical models attempt to represent
the reality of biological systems, materials, or
behaviors by reducing complex actions into
simple relationships, using mathematics and
physical laws (Nigg 1994). These models can
be used to make predictions of behaviors that
cannot be observed or to describe theoretical
situations not yet observed. Paleontologists
use biomechanical models based on modern
experimental data to make predictions of how
extinct species may have functioned. Blob
(2001) derived a biomechanical model of pos-
ture related to changes in limb bone stress for
fossil tetrapods. The model incorporated ex-
perimental data from force platform and bone
stress experiments in modern iguanas and al-
ligators (Blob 1998; Blob and Biewener 1999,
2001) and morphological data from fossil the-
rapsids (mammal-like reptiles) (Blob 2001).
The model shows that multiple postures were
biomechanically plausible in therapsids. The
model also led to insights into how principal
limb bone stresses may have changed through
evolution (Blob 2001). More recently, Gatesy
and Baier (2005) used modern experimental
data taken from motion analysis on avian
flight to identify six kinetic components to the
avian flight stroke that control trajectory.
Combining this with kinematic data from
both modern and fossil groups, Gatesy and
Baier (2005) were able to develop criteria for
testing hypotheses of flight origin in thero-
pods. Biomechanical models have also been
used to examine aspects of feeding behavior
in fossil taxa, such as prey capture (Bellwood
2003; Kammerer et al. 2006).

Studies of the feeding mechanics of modern
fishes have greatly benefited from the use of
biomechanical models derived from engineer-
ing theory (reviewed in Westneat 2006). Sev-
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eral studies on vertebrate feeding mechanics
treat the mandible as a third-order lever (Barel
1983) and show that mechanical advantage
values based on these lever mechanics in fish
correlate highly with preferred prey type
(Westneat 1994; Wainwright and Richard
1995). Recent studies have applied mechanical
advantage analyses to fossil gars (Kammerer
et al. 2006) and the evolution of herbivory in
fishes (Bellwood 2003). Researchers have also
identified more complex four-bar linkage
mechanisms in the opercular (Anker 1974;
Aerts et al. 1987; Durie and Turingan 2004),
hyoid (Muller 1987, 1989), and oral jaw (West-
neat 1990, 2004) systems of modern fish taxa.
Westneat (1990) modeled both the oral jaw
and hyoid systems in teleost fishes as four-bar
linkage mechanisms and showed that the link-
age models were highly accurate in predicting
the kinematics of the jaw mechanisms. These
models have since been modified and im-
proved to include aspects of muscle physiol-
ogy (Westneat 2003). The application of four-
bar linkage modeling has recently been ex-
tended to the skull mechanics of Dunkleosteus
terrelli, a fossil placoderm (Anderson and
Westneat 2007).

Placoderms are a class of basal gnathosto-
mes known from the Silurian and Devonian
Periods (Benton 2005) and characterized by
two-part dermal bony armor that covers the
head and the anterior portion of the trunk
(Denison 1978). Placoderms are an important
group in early gnathostome evolution because
most phylogenies place them as the earliest
jawed vertebrate clade, sister to the chondrich-
thyan-osteichthyan split (Goujet 2001; Trinajs-
tic and Hazelton 2007; con Zhu and Schultze
2001). A recent phylogenetic analysis of early
gnathostomes has split placoderms into a se-
ries of stem gnathostome groups, with the or-
der arthrodira (including Dunkleosteus) falling
just outside crown Gnathostomata (Brazeau
2009). This phylogenetic placement, coupled
with remarkable morphological variation in
the feeding system (Carr 1995), makes placo-
derms an early example of jaw diversification
that occurred in parallel to the diversification
of crown gnathostomes. Therefore, arthrodire
placoderms are an ideal clade for comparisons
with functional diversification in modern fish-

es, thus offering a natural experiment in jaw
design independent of the osteichthyan/chon-
drichthyan clade. Dunkleosteus terrelli (New-
berry 1873) is one of the largest placoderm
species known and is represented by several
full skull and thoracic armor specimens (Fig.
1A). Miles (1969) described a feeding mecha-
nism in arthrodire placoderms that included
both jaw depression and cranial elevation
driven by four muscle blocks. Miles (1969)
also offered hypotheses for the feeding behav-
ior of several specific taxa including Dunkleos-
teus, which he considers a slow-moving pred-
ator with a powerful bite.

In a recent analysis (Anderson and West-
neat 2007), we proposed a biomechanical feed-
ing model for Dunkleosteus terrelli based on a
novel four-bar linkage mechanism, and cal-
culated mechanical metrics including me-
chanical advantage, kinematic transmission,
and bite force. Results of that study showed
that Dunkleosteus terrelli combined a rapid
gape expansion with a powerful bite, a com-
bination not often seen in modern fish. These
results are based on certain assumptions
about the force and speed produced by the
muscles. This study expands on this model,
exploring these assumptions regarding mus-
cle mechanics and other aspects of the model.
The primary goals of this study are to (1) pre-
sent the anatomical and biomechanical basis
for the linkage model of Dunkleosteus in detail,
(2) perform a wide range of simulations using
alternative muscle conditions to establish con-
fidence limits on estimates of bite speed and
force, and (3) explore the utility of the linkage
model by assessing levels of muscle strain,
transmission of force and motion, and the
range of placoderm jaw rotation in compari-
son to living fishes.

Methods

Specimens and Imaging

We measured five articulated (skull and
thoracic armor) specimens of Dunkleosteus ter-
relli for use in the computer simulation. All
specimens were obtained from the Cleveland
Museum of Natural History (CM6090,
CM7054, CM7424, CM5768, CM6194). Frag-
mented and individual plate remains were ex-
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FIGURE 1. Anatomy and biomechanical model of the armored skull and thoracic region of Dunkleosteus terrelli. A,
Anatomy of Dunkleosteus terrelli. B, Thirty-three morphological landmarks used in this study. They outline the four-
bar linkage, muscle reconstructions and general shape of the skull and thoracic shield in Dunkleosteus. C, Drawing
of (A) showing the four rotational joints (open circles) forming the four-bar linkage that mediates skull and man-
dibular rotation. The lines of action of four muscles are shown, including two jaw openers (epaxialis and coraco-
mandibularis in black) and two jaw closers (cranial depressor and two alternate reconstructions of the adductor
mandibulae in gray, labeled A1 and A2). D, Four-bar linkage motion during opening driven by EP and CM muscles.
Scale, 20 cm. Specimen no. CM6090. Cleveland Museum of Natural History, Cleveland. (Figure modified from An-
derson and Westneat 2007.)

amined to confirm and validate muscle recon-
structions. Specimen CM5768 was used to ob-
tain estimates of muscle volume and cross-
sectional area for force measurements. Digital
photographs of the five Dunkleosteus skulls
were taken with a Nikon D70 SLR camera
with a Nikkor 18–70 mm lens. The images
were taken at maximum resolution: 3008 �
2000 pixels. These images were used to digi-
tize 33 morphological landmarks from a left
lateral view.

The Four-bar Linkage in Dunkleosteus

The head, jaws and pectoral girdle of Dun-
kleosteus terrelli are made of numerous inter-
locking plates, which often disarticulate after
death (Fig. 1A). Articulated specimens found

in the Cleveland Shale in Ohio, as well as sim-
ilar species found in the Gogo Formation of
Western Australia, help to reconstruct the
plates into life position. The extensive flat
overlapping surfaces along with a distinct
lack of many jointed connections indicate that
this species did not have many moving parts.
Some movement along the overlapping por-
tions might have been possible, especially in
the cheek area during breathing and maybe
even jaw opening (Long 1995). However, there
are only two places where real ‘‘joints’’ show-
ing a great deal of rotational movement of el-
ements can be identified (Fig. 1A). These two
areas, the quadrate articulation and the cra-
nial articulation, are described in detail below.

Miles (1969) described the feeding mecha-
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nism of the arthrodire placoderm Coccosteus
cuspidatus as involving a simultaneous lifting
of the cranium and lowering of the mandible.
The lower jaw is composed of an ossified in-
ferognathal element surrounded by Meckel’s
cartilage. Part of this cartilage forms the artic-
ular, with a dorsally oriented fossa. A condyle
fused to the inside of the cheek plate fits into
this fossa to form the quadrate joint. This joint
restricts the mandible to dorsoventral move-
ment (Miles 1969). The jaw suspension in ar-
throdires is considered to be autostylic, mean-
ing that the jaw is suspended directly from
skull elements without any involvement of the
hyomandibula. The palatoquadrate of Dun-
kleosteus was fused to the suborbital cheek
plate and reduced to only an anterior auto-
palatine element and the posterior quadrate
element, rendering it essentially immobile.
The condition of the hyomandibular element
is unknown. Although it is still unclear what
the primitive placoderm condition is, the hy-
omandibula likely has no role in jaw depres-
sion in arthrodires (Miles 1969; Johanson
2003; Anderson 2008).

Arthrodires (including Dunkleosteus) likely
utilized cranial elevation during feeding to in-
crease gape (Fig. 1D) (Miles 1969). A pair of
endoskeletal and dermal cervical joints facili-
tates this movement. The endoskeletal joints
lie between the endocranium and fused syn-
arcual elements of the vertebrate. The dermal
joints (called ‘‘cranial joints’’ in this paper)
consist of transversally elongate condyles on
the anterior dorsolateral plates of the thoracic
armor, which fit into a set of posterior-facing
fossa on the paranuchal plates of the skull. The
orientation of these joints restricts movement
to a purely dorsoventral rotation of the skull
(Miles 1969).

Four hypothesized muscle blocks drive the
movement of these elements in Coccosteus, and
likely other arthrodires including Dunkleos-
teus (Fig. 1C) (Miles and Westoll 1968). The
cranium is raised by the anteriormost por-
tions of the epaxial muscles, which originate
on the dorsal plates of the thoracic armor and
insert onto the dorsal face of the occipital re-
gion of the brain case, as in recent fishes (Miles
1969). The skull is lowered by a series of mus-
cles that originate on the upper postbranchial

laminae of the anterior dorsolateral plates of
the thoracic armor and insert onto large em-
bayments on the medial surface of the par-
anuchal plates of the skull (Miles 1969). The
jaw is depressed via hypobranchial muscles
that run between the ventral portion of the
thoracic armor and the anterior portion of the
Meckel’s cartilage at the symphysis of the
jaws. This muscle is likely homologous to the
coracomandibular muscle of modern chon-
drichthyans (Johanson 2003; Anderson 2008).
The adductor muscle originates from the
thickened lateral part of the visceral surface of
the skull roof and part of the omega-shaped
palatoquadrate and inserts onto the lateral
surface of the inferognathal element (Miles
1969). Possible mandibulohyoid ligament at-
tachment surfaces are most likely not func-
tional (Johanson 2003), and there is no evi-
dence for a hyoid-mandible coupling control-
ling jaw depression in placoderms as it does
in teleosts (Lauder 1980).

Dunkleosteus exhibits the same basic mor-
phology that Miles (1969) described in Coccos-
teus (Fig. 1A,C). In Dunkleosteus, the cranial
and quadrate joints create a potential four-bar
linkage in the skull and thoracic armor (Fig.
1D). The thoracic armor remains stationary
relative to the rest of the system. The cranial
armor acts as one of the rotation elements, ro-
tating around the cranio-thoracic joint. The
free element is the inferognathal (lower jaw)
itself and the fourth element is the hypobran-
chial muscle, which tethers the inferognathal
to the thoracic armor (as reconstructed by
Miles [1969]). As the cranial armor is rotated
dorsally, the quadrate joint is pulled forward
and the inferognathal is forced to drop due to
its connection to the thoracic armor (Fig. 1D).
This hypothesis of cranial lift driving jaw de-
pression through a series of links is modeled
as a four-bar linkage mechanism unlike those
seen in modern teleosts, which use jaw de-
pression to drive premaxillary protrusion
(Westneat 1990; Anderson and Westneat 2007).

The Computer Model

The placoderm feeding mechanism was
modeled as a four-bar linkage, in a manner
similar to previous dynamic linkage analyses
of fish jaws (Westneat 1990, 2003; Anderson
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and Westneat 2007). A computer model was
developed using Metrowerks CodeWarrior
Pascal (application available from M. West-
neat). The model accepts sets of 33 Cartesian
coordinates in lateral view that quantify pla-
coderm skull morphometrics. The computer
model (PlacoderModel 2.0) allows simulation
of epaxial and jaw depressor muscle contrac-
tion, and predicts cranial elevation, jaw rota-
tion, gape, and other kinematic variables.

The software program NIH Image (with Jeff
Walker’s Quick Image add-on; http://www.
usm.maine.edu/�walker/software.html) was
used to determine the coordinates of land-
marks, as well as scale. The landmarks repre-
sent the four-bar linkage model, muscle recon-
structions, and general shape as shown in Fig-
ure 1B. Landmarks 5, 16, 22, and 26 delimit
the points of rotation for the four-bar linkage.
Landmarks 21 and 27 represent the extent of
the epaxial muscles used to lift the cranium.
Miles (1969) concluded that the epaxials in-
volved in cranial elevation were only the very
anteriormost blocks. Landmarks 15 and 32 in-
dicate the ends of the cranial depressor muscle
based on the ventral morphology of the skull
roof. Landmarks 5 and 26 indicate the attach-
ments of the jaw depressor muscle. Most
Dunkleosteus specimens lack a preserved pal-
atoquadrate cartilage, so it is not possible to
determine exactly where the adductor would
originate on the suborbital plate. We estimate
that the adductor originated on the cranial
roof, behind the postorbital process and lat-
eral to the endocranium (Long 1995). This or-
igin was chosen because the omega shape of
the placoderm palatoquadrate indicates that
this cartilage abutted against the cranial roof.
Therefore, the adductor muscles attaching to
the palatoquadrate were separated from the
skull roof only by the cartilage itself (Long
1995). This makes the cranial roof a good up-
per estimate for the length of the adductor
muscles. However, it is still not clear where
along this edge the palatoquadrate lies, so we
selected two points (12–13) to give a range for
the muscle. Landmarks 11 and 20 give the ex-
tremes of a range of possible sites of adductor
insertions along the inferognathal. The rest of
the landmarks describe the general shape of
the various elements.

We estimated muscle volume for the four
muscle blocks for one of the specimens
(CMNH5768). Polyurethane foam blocks were
carved to fit into the space available for the
four muscles of interest (adductor mandibu-
lae, jaw depressor, epaxials, and cranial de-
pressor). We then wrapped the muscles in
shrink-wrap and submerged them to obtain
the volume via displacement. Calculated geo-
metric volumes verified the submersion esti-
mates. Further data on these muscle recon-
structions in Dunkleosteus could affect these
assumptions and alter the resulting bite force
estimates reported below. Assuming a con-
stant cross-sectional area for the muscle, the
volume value divided by the length of the
muscle equals cross-sectional area. For initial
muscle simulations, we assumed a muscle
contraction speed of 5 muscle lengths/s (sim-
ilar to modern marlin). Maximal muscle stress
was varied from 150 to 300 kPa, the range
found in modern vertebrate muscle (Bone et
al. 1986; Curtin and Woledge 1988; Medler
2002). It is not possible to know the exact mus-
cle architecture of a fossil fish, so we assumed
parallel-fibered muscles because many cranial
muscles in fishes exhibit this arrangement.

Biomechanical Simulations of Placoderm
Feeding

Mechanical advantage (MA) is the ratio of
the inlever to the outlever and is a measure of
force transfer by a lever mechanism such as
the lower jaw. The inlever is the distance from
muscle insertion on the jaw (landmarks 10 or
17) to the jaw joint (landmark 16) (Figs. 1B, 2),
and the outlever is the distance from jaw joint
to the jaw tip (landmark 4) or back dentition
(landmark 9) (Westneat 2003). Effective me-
chanical advantage (EMA) is the MA multi-
plied by the sine of the angle of insertion of
the muscle. In a four-bar linkage system, the
ratio of the output rotation to input rotation is
commonly called the kinematic transmission
coefficient or KT. It is a measure of the motion
transferred across the linkage. The reciprocal
of this ratio is the force transmission, and it
measures the force transfer across the linkage,
analogous to mechanical advantage in levers.
Both levers and linkage systems show a trade-
off between force and motion transfer in
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FIGURE 2. Vector diagrams of the biomechanics of feeding in Dunkleosteus terrelli illustrating jaw opening (A) and
jaw closing (B). A, During jaw opening, the muscle input force vectors (epaxialis vector 1- EPv1) and coracoman-
dibularis vector 1 (CMv1) cause cranial elevation (EPv2) and lower jaw depression (EPv3–4 via the linkage). B, Jaw-
closing mechanics are driven by force vectors of the cranial depressor (CDv1) and the adductor mandibulae, re-
constructed in two configurations (AM1v1, AM2v1). Bite force is exerted by both lever and linkage force vectors if
a prey item is caught between the anterior fangs (BF1 and BF2) or between the rear dental blades (BF3 and BF4).
(Modified from Anderson and Westneat 2007.)

which an increase in mechanical advantage
comes at a cost to velocity transmission, and
vice versa.

Jaw Opening. Cranial elevation and lower
jaw depression were computed by simulating
contraction of the jaw opening muscles, in-
cluding the epaxial (EP) muscles, which orig-
inate on the thoracic shield and insert on the
rear of the skull, and coracomandibularis
(CM) muscle, which originates on the scapu-
locoracoid and inserts on the lower jaw. The
EP muscle rotates the skull dorsally around
the cranio-thoracic joint between the thoracic
shield and the posterior skull (Fig. 2, EPv2),
and rotates the four-bar linkage open near the
jaw joint (Fig. 2, Epv3) whereas the CM mus-
cle rotates the mandible ventrally. Because of
tension in the CM, EP force is transmitted all
the way to the jaw (Fig. 2, Epv4) to contribute
to mandibular rotation. The jaws open in a
readily computable pattern due to the me-
chanics of the four-bar linkage, for which the
thoracic shield is the fixed link, the skull is the
input link, the CM muscle is a second an-
chored input link, and the lower jaw is the out-

put link whose motion is determined by skull
motion and CM length (Fig. 2).

Jaw Closing. The cranial depressor and ad-
ductor mandibulae muscles were simulated to
lower the skull and close the jaws, starting
from maximal gape position (set at 45� gape
angle in our simulations). For each specimen,
two adductor orientations were examined: A1
(muscle originates at landmark 12, the anter-
iormost point right behind the eye, and inserts
at the posteriormost point along the lower jaw,
landmark 20); A2 (muscle originates at the
posteriormost point along the skull roof, land-
mark 13, and inserts on the lower jaw at the
anterior most point behind the dentition,
landmark 11) (Fig. 1C). Jaw closing is also gov-
erned by the mechanics of the four-bar link-
age, assuming that the CM muscle is relaxing
but remains in tension as the linkage returns
to its rest position. Jaw-closing muscles were
simulated to shorten through a series of iter-
ations until the skull and jaws returned to
their closed positions.

Feeding Kinematics and Forces. Dynamic
contractions of the jaw-opening muscles were
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simulated in increments of 0.5% resting length
up to approximately 10% shortening, then the
pattern was reversed, driving the system with
the cranial depressor and jaw closers. These
simulations focused on linkage motion, as-
suming that the skull closes without encoun-
tering a prey item. The simulation steps and
variables calculated were (1) EP and CM con-
traction in increments of 0.5% until 45� gape
angle achieved; (2) skull rotation angle due to
EP contraction (Fig. 1C); (3) lower jaw rotation
angle due to linkage action and CM contrac-
tion (Fig. 1C); (4) kinematic transmission co-
efficient (KT), a heuristic measure of linkage
speed that equals output rotation of the jaw di-
vided by input rotation of the skull; (5) gape
distance and gape angle; (6) closing-muscle
stretch restricted to physiologically feasible
muscle percentages of 10–20%, (7) jaw-closing
motions driven by the jaw closing muscles, in-
cluding gape, gape angle, linkage rotations,
and KT in computations similar to those for
jaw opening.

Bite Force. We examined each of the posi-
tions of the closing jaws for the potential to ex-
ert bite force on a prey item, if a prey item
were encountered between the jaws at that po-
sition. The CD rotates the skull downward
and pushes the jaw joint rearward (Fig. 2,
CDv2). The AM force vector rotates the jaw
around its joint with the skull and forces the
jaw joint rearward (Fig. 2, AM2v2). Thus,
downward force from the upper jaw (Fig. 2,
BF1 and BF3) is composed of CD output force
exerted by the large skull lever and by AM2v2
force, which is transmitted to the skull by the
four-bar linkage. Lower jaw bite force (Fig. 2,
BF2 and BF4) is generated solely by the pow-
erful lever advantage of the AM muscles. We
used the physiological cross-sectional area of
the cranial depressor and jaw adductors (A2
reconstruction) to calculate their force poten-
tial during closing and computed the fraction
of that force that was effectively transmitted
through the four-bar linkage as bite force. The
A2 reconstruction has a higher mechanical ad-
vantage than the A1, and will give us an up-
per limit to bite forces. These computations,
performed dynamically at each iteration of the
model through the closing cycle, involved re-
solving the force balance of each muscle at

each joint and calculating mechanical advan-
tage, torque, linkage force transmission, and
final bite force. The variables calculated were
(1) mechanical advantage (MA), the ratio of
inlever to outlever of the jaw; (2) effective me-
chanical advantage (EMA), mechanical ad-
vantage multiplied by the sine of the angle of
muscle insertion; (3) torque and output force
of CD and AM muscles at the jaw tips and at
the posterior point of the inferognathal blade;
and (4) bite force, the total resultant bite force
vectors for both muscles in both bite positions,
multiplied by 2.0, assuming bilateral contrac-
tion on both sides of the skull.

Bite force estimates for the smaller skulls
were based on the computations for the large
skull and its direct muscle volume measure-
ments. We assumed that the muscle volumes
of the smaller specimens had the same pro-
portion to total skull size and volume as the
single measured specimen, and we used those
volume estimates to compute cross-sectional
area and bite force.

Effects of Skull Mass. The computational
model assumes that the muscles are capable of
transmitting their forces and resulting mo-
tions through the linkage joints with no fric-
tion loss and are capable of lifting the skull
with no loss of velocity or force potential due
to the mass of the skull or the density of water.
These assumptions result in an overestimate
of rotation speeds for the large skulls modeled
here, so we assessed the effects of skull mass
and entrained water mass during rapid head
lifting by computing the cranial center of mass
and the rate of acceleration that the epaxial
muscle force would provide for rotating the
cranial mass around the cranio-thoracic joint.
We calculated this for the skull alone and for
the skull plus the sphere of water entrained in
the ‘‘added mass’’ due to inertial drag of the
surrounding water.

Results

The biomechanical feeding model based on
a novel four-bar linkage mechanism in the
skull and thoracic armor of Dunkleosteus ter-
relli provided a wide range of kinematic pa-
rameters and bite force estimates for the feed-
ing strike of one of the largest aquatic preda-
tors of the Devonian (Fig. 3). The primary re-
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FIGURE 3. Screen shot of PlacoderModel 2.0. The interface allows the landmark data from specimens to be loaded
and analyzed. The line drawing is a rough shape of the skull, for visualization purposes, and the boxes on the left
show the entered measurements and resulting metrics based on the epaxial and/or jaw depressor contractions
entered. EP, epaxial muscle; CD, cranial depressor muscle; A1, adductor reconstruction 1; A2, adductor reconstruc-
tion 2; CM, coracomandibular muscle. The simulated positions of kinetic skeletal elements are shown as the three
smaller skull schematics.

sults of this study are the following. First, the
novel four-bar linkage system appears to be a
realistic hypothesis for the jaw and cranial
movements in Dunkleosteus terrelli during
feeding, and the reconstructed muscles un-
dergo realistic amounts of strain during sim-
ulated gape cycles. Second, the model sug-
gests that Dunkleosteus could expand its gape
very rapidly, with higher KT (2.0–4.0) values
than the oral linkages measured in modern
fish. Finally, bite force estimations (�6000 N)
are among the highest of any living or fossil
fish group measured. These high bite forces
are due not only to the overall size of the mus-
cles involved, but also to the linkage system,
which adds around 1000 N to the overall bite
force. The estimated maximum stress as-
sumed for cranial muscles in Dunkleosteus has
a profound effect on bite force as well, provid-
ing a set of confidence limits on bite forces in
this species.

Feeding Kinematics in Dunkleosteus

During the jaw-opening cycle (Figs. 3, 4,
from specimen CM5768), the epaxials and jaw
depressor muscles contract at the same rate
until a gape of �45� is achieved. Rotating the
skull dorsally causes the quadrate articulation
to swing up and forward. The jaw depressor
muscle acts as a tether and forces the lower
jaw to swing downward, opening the mouth.
Contraction on the jaw depressor enhances
this movement. Figure 4A–D shows the pat-
tern of skull rotation, jaw rotation, and gape
angle for all five skulls. Table 1 shows the per-
cent epaxial and jaw depressor (CM) contrac-
tions when peak gape is attained.

The maximum possible gape (45�) is con-
strained by the placement of the adductor
muscles. As the jaws open, the lines of action
of the adductors move posteriorly relative to
the lower jaw (Fig. 3). At a gape of 45�, the
muscles press up against the quadrate artic-



260 PHILIP S. L. ANDERSON AND MARK W. WESTNEAT

FIGURE 4. Simulated kinematics of skull kinesis in five
specimens of Dunkleosteus terrelli generated using a bio-
mechanical model of four-bar linkage motion, including
skull rotation (A), mandibular rotation (B), gape dis-
tance (C), and gape angle during the feeding cycle (D).
These motions are perfectly reversed in angle and po-
sition during closing, but the timing of opening and
closing may differ because contraction duration of open-
er and closer muscles may vary.

TABLE 2. Static mechanical advantages for all five spec-
imens. Specimens are ordered from largest to smallest.
Abbreviations: CD, cranial depression; CM, coraco-
mandibular; A1, closing mechanical advantage based
on the anteriormost adductor insertion; A2, closing me-
chanical advantage based on the posteriormost adduc-
tion insertion.

Specimen Epaxial CD CM A2 A1

CM5768 0.21 0.34 0.95 0.77 0.47
CM7054 0.22 0.29 0.81 0.54 0.31
CM6090 0.26 0.32 1 0.79 0.58
CM7424 0.18 0.27 0.93 0.64 0.37
CM6194 0.19 0.31 0.89 0.59 0.3

Mean 0.21 0.31 0.92 0.67 0.41
Coef. var. 0.147 0.088 0.078 0.165 0.292

TABLE 1. Muscle contraction and strain percentages in five Dunkleosteus specimens at a gape angle of 45� (peak
gape). Specimens are ordered from largest to smallest. Abbreviations: CM, Coracomandibularis (jaw depressor
muscle); CD, cranial depressor muscle; A1, first adductor muscle (speed insertion); A2, second adductor muscle
(force insertion); Coef. var., coefficient of variation (the variance of the data), scaled to the average.

Specimen Epaxial CM CD A1 A2 Skull length (cm)

CM5768 9% 11% 14% 21% 29% 72
CM7054 13% 14% 9% 10% 19% 56
CM 6090 11% 13% 13% 12% 11% 46
CM7424 18% 19% 15% 12% 14% 41
CM6194 10% 10% 8% 11% 20% 25

Mean 12% 13% 12% 13% 19%
Coef. var. 0.292 0.262 0.264 0.336 0.37

ulation, preventing further opening. When the
opening muscles (epaxial and CM) are con-
tracted PlacoderModel 2.0 measures the re-
sulting positive strain on the cranial depres-
sor and adductor muscles as they are

stretched. This is equivalent to the contraction
necessary for the depressor and adductors to
return the cranium and jaws to their initial po-
sitions. For each specimen both the A1 and A2
adductor orientations were examined (A1:
landmark 12 to landmark 20; A2: landmark 13
to landmark 11). Both reconstructions show
strain values of 10–30% for a maximum gape
angle of 45� (Table 1).

Mechanical Advantage, Opening Speed,
and Bite Force

PlacoderModel 2.0 computes several me-
chanical metrics including static mechanical
advantages for all of the muscles involved (Ta-
ble 2). Cranial elevation and depression MA
use the distance from the cranio-thoracic joint
(landmark 22) to the front of the upper den-
tition (landmark 3) as an outlever and the
lengths from the cranio-thoracic joint to the
epaxial (landmark 21) and cranial depressor
(landmark 15) muscle origins respectively as
inlevers (Fig. 1B). The A1 and A2 jaw MAs re-
fer to the two possible adductor insertions on
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TABLE 3. Effective mechanical advantages and kinematic transfer coefficients (KT) when jaws are at a 45� gape
angle and closed. Specimens are ordered from largest to smallest. Abbreviations: CD, cranial depression; CM, cor-
acomandibular; A1A, A1 muscle, outlever measured to anterior fang; A1P, A1 muscle, outlever measured to pos-
terior blade point; A2A, A2 muscle, outlever measured to anterior fang; A2P, A2 muscle, outlever measured to
posterior blade point.

Specimen Position Epaxial CD CM A1A A1P A2A A2P KT

CM5768 Open 0.19 0.18 0.59 0.396 0.515 0.548 0.712 2.76
Closed 0.2 0.17 0.71 0.213 0.277 0.31 0.403 3.3

CM7054 Open 0.16 0.11 0.48 0.214 0.362 0.345 0.583 2.79
Closed 0.18 0.10 0.63 0.059 0.1 0.143 0.241 3.58

CM6090 Open 0.16 0.12 0.77 0.306 0.414 0.322 0.437 2.25
Closed 0.2 0.12 0.98 0.06 0.081 0.046 0.062 2.73

CM7424 Open 0.12 0.14 0.64 0.217 0.322 0.274 0.407 2.47
Closed 0.13 0.13 0.8 0.051 0.075 0.079 0.118 3.07

CM6194 Open 0.13 0.13 0.35 0.21 0.36 0.375 0.643 3.2
Closed 0.15 0.12 0.44 0.064 0.11 0.164 0.28 4.64

Mean Open 0.15 0.14 0.526 0.269 0.395 0.373 0.556 2.69
Closed 0.172 0.128 0.712 0.089 0.129 0.148 0.221 3.46

Coef. var. Open 0.183 0.199 0.335 0.304 0.19 0.281 0.236 0.133
Closed 0.181 0.202 0.281 0.775 0.654 0.688 0.611 0.21

FIGURE 5. EMA and KT over gape angle in Dunkleos-
teus. A, EMA values for four different combinations of
adductor reconstruction and placement along dentition
in CM5768. B, EMA of adductor reconstruction A2 as
the inlever and the anterior tip of the dentition as the
outlever (A2anterior) in all five Dunkleosteus specimens.
C, KT values over gape angle for all five Dunkleosteus
specimens.

the lower jaw (landmarks 11 and 20). The cra-
nial depressor muscle shows a range of MA
values from 0.27 to 0.34 and the adductor
muscles show ranges of 0.54–0.79 for the an-
terior insertion and 0.30–0.58 for the posterior
insertion (Table 2). These are static mechanical
advantages as measured directly from the jaw
elements; they do not recognize changing ge-
ometry during the feeding cycle.

The effective mechanical advantages (EMA)
and kinematic transmissions (KT) for each in-
dividual (Table 3) vary depending on the mus-
cle insertion angle, which changes with gape
angle. The four jaw EMAs are based on the
two possible adductor muscle placements (A1,
A2) with outlevers measured to either the an-
terior fang (A) or the posterior most point of
the bladed dentition (P). Because the EMA is
influenced by the angle of force applied to the
beam, in this case the angle of muscle inser-
tion, these values will change through the
feeding cycle (Fig. 5). The cranial depressor
muscle shows EMA values of 0.13–0.2 when
the jaws are closed and 0.12–0.19 at peak gape.
The highest adductor EMAs occur when us-
ing the A2P configuration (0.062–0.43 when
jaws are closed, 0.407–0.712 at peak gape) and
the lowest EMA values occur using the A1A
configuration (0.051–0.213 when closed, 0.21–
0.396 at peak gape; see Table 3 for full results).
Neither the cranial elevator nor depressor
EMA changes much during the feeding cycle.
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TABLE 4. Bite force estimates for specimen CM5768.
Maximum muscle stress set at 289 kPa. Abbreviations as
in Table 3.

When closed At gape of 45�

A1A 5265 N 2766 N
A1P 6371 N 3380 N
A2A 6170 N 3133 N
A2P 7495 N 3858 N

FIGURE 6. Forces produced during jaw closing for the
largest Dunkleosteus specimen (CM5768). Symbols rep-
resent different reconstructions. Squares: bite fore mea-
sured from the back of the dentition. Circles: bite force
measured from the front of the dentition. Open sym-
bols: A2 adductor reconstruction. Closed symbols: A1
adductor reconstruction. A, Resulting force transferred
by the adductor muscles through the jaw lever. B, Forces
produced by the adductor muscles transferred through
the linkage system. C, Resulting forces from the cranial
depressor muscles transferred through the skull lever.
D, Overall resultant bite forces estimated by summing
all the individual bite force components.

However, jaw EMA decreases as the mouth
opens and the muscle angle becomes more
and more acute (Fig. 5B). In all specimens the
highest EMA is just as the mouth is closed and
the lowest is at maximum gape. KT also de-
creases as gape angle increases, illustrated in
Figure 5C, which shows the change in KT
across gape angle in the five specimens, rang-
ing from 2.73 to 4.64 when jaws are closed and
from 2.25 to 3.2 at peak gape (Table 3).

The bite-force estimate for CM5768 (Table 4)
is based on three different sources of force
during closing: (1) Force produced by the cra-
nial depressor muscle (Fig. 2, CDv1). The
force generated by the CD muscle is trans-
ferred through the skull and results in peak
forces of 800 N on the anterior fang and close
to 1000 N on the back of the jaw (Fig. 6). (2)
Adductor force through the jaw levers. As
with the EMA measures, only two of the ad-
ductor reconstructions were considered (Fig.
2, AM1v1 and AM2v1). The force produced
by these muscles is transferred through the
jaw lever and results in peak forces from 800
N using the A1 reconstruction on the front of
the jaw to 1600 N using the A2 reconstruction
on the back of the jaw (Fig. 6). (3) Adductor
(and CD) forces acting through the linkage
system (Fig. 2, CDv2 � AM2v2). The muscles
acting to lower the skull and raise the lower
jaw also act to pull the quadrate joint back-
ward and transfer force through the linkage
system (Fig. 2). This action adds 80–1000 N of
force at closed gape (Fig. 6).

The numbers above are based on forces at a
closed gape (maximal bite force); however,
each position of the closing jaws was exam-
ined for the potential to exert bite force on a
prey item, if a prey item were encountered be-
tween the jaws at that position. The highest
overall peak force (7495 N) was obtained

when the jaws were fully closed and these
force estimates are among the highest report-
ed for any modern sharks or fish (Wroe et al.
2008; see Huber et al. 2005, for a comprehen-
sive list of measured taxa). They are also high-
er than any reported for terrestrial carnivores
except for some alligators (13172 N [Erickson
et al. 2003]). Bite force varies both with skull
size and with the underlying maximum mus-
cle stress used for the analysis (Fig. 7).

For CM5768, it was also possible, using the
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FIGURE 7. Maximum muscle stress versus bite force for
the A2 reconstruction at closed gape for all five skulls.
Muscle volume was measured directly from foam mod-
els for CM5768. Muscle estimates for the other four
skulls are based on a scaling factor of CM5768. The size
of the skull affects not only the magnitude of bite force,
but also the range of bite forces based on varying max-
imum stress estimates.

muscle volume estimates, to calculate the time
necessary to achieve peak gape. However, to
get at the realistic speed for gape expansion in
Dunkleosteus we had to account for the mass
of the skull and entrained water during open-
ing. The skull of CM5768 was 72 cm long and
approximately 36 cm tall and wide, for a total
volume of 93,312 cubic centimeters, or about
98 kg, assuming the density of seawater. If the
volume of entrained seawater around the skull
during feeding were a sphere of 72 cm diam-
eter, the result would be a mass (including
skull plus water) of about twice that, or 205 kg.
The force of the epaxial muscle was 6013 N,
transmitted through a lever mechanism with
a mechanical advantage of 0.42 to the center
of mass of the skull. Assuming that this force
was constant (an acknowledged simplification
of muscle kinetics), the effective output force
available to lift the skull at the CM was thus
2525 N (torque � 909 N·m). Dorsal accelera-
tion of the skull, averaged over the 15� rotation
of the cranium, equals 25.8 m· �2 for the skull
alone and 12.3 m· �2 for the skull plus en-
trained sphere of water. Total skull rotation
was 15�, displacing the center of mass about 10
cm. When neither skull mass nor entrained
water was accounted for, skull lifting took
only 18 ms. Under the ‘‘skull only’’ simula-
tion, lifting the skull would require 45 ms,
whereas under the ‘‘skull � water sphere’’ as-
sumption, less than 60 ms would be required.

Discussion

The novel four-bar linkage model of the
skull and armor designed to predict cranial

and jaw movements is a realistic and infor-
mative model for prey capture ability and
function in the arthrodire placoderm Dun-
kleosteus terrelli. The model we developed here
offers new insights into the feeding behavior
of this fossil group, with four main points. (1)
The maximum gape attained by Dunkleosteus
is restricted by the strain and position of the
adductor muscles rather than the geometry of
the nuchal gap. The large nuchal gap in Dun-
kleosteus has other mechanical consequences
related to the linkage system. (2) Dunkleosteus
appears to have had rapid gape expansion
and possibly utilized suction forces during
prey capture. (3) Estimated bite force capabil-
ity is among the most powerful bites mea-
sured in either living or fossil animals. (4) The
metrics produced by the model support the
idea that Dunkleosteus was an apex predator of
the Late Devonian, well adapted to capturing
and processing the prey species found in its
habitat.

The Novel Four-bar Linkage of
Dunkleosteus terrelli

The computer model and simulations of the
skull and thoracic armor of Dunkleosteus ter-
relli suggest that a four-bar linkage mecha-
nism is a valid hypothesis for the dynamics of
feeding in this group. Physiologically typical
epaxial and CM contractions produced real-
istic values of cranial and jaw rotation, com-
parable to those in modern fishes. Cranial fast
muscles in modern fishes typically contract
5–20% during a feeding cycle (Bone et al. 1986;
Curtin and Woledge 1988; Medler 2002). The
strains placed on the adductor muscles during
jaw opening fall within this range for four of
the skulls tested, the exception being speci-
men CM5768, whose muscle strain percent-
ages for the adductor muscles for a gape of 45�
are well above those for the other specimens.
It is not clear whether this discrepancy is due
to the larger size of this specimen (skull length
is 16 cm longer than the next largest, CM7054)
or some other aspect of the skull shape. In ef-
fect, it possibly reduces the peak gape capa-
bilities of this large specimen, but further
speculation must wait for additional taxa to be
examined.

The combination of muscle strain values
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and adductor muscle position allows a maxi-
mum gape angle to be established for Dun-
kleosteus. At a gape angle of 45�, the adductor
muscles fall within the typical 5–20% strain
for vertebrate muscle. If the gape is increased
beyond this point, the adductors begin to
show unrealistic strain values and shift to a
position behind the quadrate joint (Fig. 3),
which is a physical impossibility for contin-
ued function. It has long been assumed that
the nuchal gap, located dorsally between the
nuchal plate on the skull and the median dor-
sal plate of the thoracic armor (Fig. 1A), in-
dicates the total amount of cranial rotation
possible in arthrodires. Miles (1969) rein-
forced this hypothesis in his study of coccos-
teids, which showed that the nuchal gap must
ultimately limit arthrodire gape. However, the
model presented here shows that peak gape is
achieved well before the nuchal gap in Dun-
kleosteus is closed (Fig. 3).

The larger nuchal gap in Dunkleosteus af-
fected cranial lift in another way. The nuchal
gap of Coccosteus is much smaller relative to
body size and may be the limiting factor in
that taxon. Increasing the size of the gap in
Dunkleosteus increases the length of the epax-
ial muscle used to lift the cranium and the le-
ver arm between the cranial joint and the
point of attachment for the epaxials on the
skull roof. Lengthening the muscle increases
the contraction length, whereas lengthening
the lever arm results in higher mechanical ad-
vantage during opening. A higher mechanical
advantage would allow greater force during
cranial lift, important when lifting a large cra-
nial shield like that in Dunkleosteus.

The current four-bar linkage model does
not take the hyoid element of Dunkleosteus into
account. Most modern osteichthyans initiate
gape expansion during feeding by depressing
the hyoid and lower jaws together through a
hyomandibular ligament (Lauder 1980). Mod-
ern chondrichthyans do not exhibit coupled
depression. Two muscles, the coracohyoideus
and coracomandibularis, both originate on the
pectoral girdle and depress the hyoid and
mandible separately (Wilga et al. 2000). Pieces
of the hyoid arch have not been definitively
identified in placoderms though possible hy-
oid fragments have been found out of life po-

sition (Long 1997). Possible attachment sur-
faces for a mandibulohyoid ligament on the
articular cartilage have been identified in a
few placoderms (Johanson 2003). Although a
ligament may be present, it is not necessarily
functional in the way seen in teleosts, as cer-
tain chondrichthyans with uncoupled jaw ac-
tion also have this ligamentous connection
(Allis 1923). If additional anatomical details
on the Dunkleosteus hyoid come to light, it
would be an interesting additional musculo-
skeletal element for biomechanical modeling.

Speed and Force of Dunkleosteus Feeding

Miles (1969) asserted that Dunkleosteus had
a slow, powerful bite. However, the results of
the skull model developed here indicate that
Dunkleosteus had fairly rapid jaw rotation dur-
ing the opening phase, with gape angle in-
creasing at more than 2� per millisecond in
most individuals. The range of KT values dur-
ing opening between the five specimens rang-
es from 2.0 to 4.0, considerably higher than the
KT range of 0.5–1.52 for 300 labrid fishes with
diverse prey preferences (Wainwright et al.
2004) Most teleosts have both an oral jaw link-
age and a hyoid linkage that controls depres-
sion of the hyoid bar and suction feeding
(Westneat 1990). The range found by Wain-
wright et al. (2004) for the hyoid linkage was
0.07–4.7 among modern labrids. Dunkleosteus
KT values fall in the mid to high area of this
range. Dunkleosteus had a rapid opening
mechanism, well above the range of modern
oral linkages and comparable to the upper
range for many hyoid linkages.

It is possible that Dunkleosteus produced
suction forces for feeding during jaw opening.
The production of suction pressure during
feeding in modern fishes requires both rapid
gape expansion and a large increase in the
volume of the throat and mouth cavities (Fer-
ry-Graham and Lauder 2001; Sanford and
Wainwright 2002; Carroll et al. 2004; see West-
neat 2006 for a review). Estimates based on
muscle reconstructions in the largest speci-
men (CM5678) and assumed muscle speeds of
5 lengths/s give value for gape expansion of
�60 ms, which closely matches the opening
durations for modern suction feeding nurse
sharks (Motta et al. 2002). This estimate ac-
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counts for both skull mass and entrained wa-
ter volume during opening as well. Further
evidence for suction comes from the increase
in oral volume seen in the model during gape
expansion (Fig. 3). This expansion is entirely
in the dorsoventral dimension, but several
modern suction feeders are able to generate
sufficient volume changes with solely dorso-
ventral movement as well (Van Wassenbergh
et al. 2004). Although less complex than the
suction mechanisms of modern fishes, a large
and rapid increase in oral volume during gape
expansion would lead to a large pressure gra-
dient, creating a suction force in front of the
opening. The utility of this suction force is un-
clear, because it is unknown how big the oral
opening would have been in Dunkleosteus. Fos-
sil remains indicate a wide gape and open
sides, which would reduce the flow velocities
into the oral cavity. However, it is unknown if
soft tissues were present, which would pre-
vent leakage out of the ‘‘cheeks.’’ Alternative-
ly, initial feeding may have involved a ram
strategy, with intraoral suction used for con-
tinuing rearward prey transport in a manner
similar to aquatic feeding in snapping turtles
(Lauder and Prendergast 1992).

Dunkleosteus had one of the most powerful
bites estimated in vertebrate history. The bio-
mechanical source of high bite forces in Dun-
kleosteus is large adductor muscles with high
cross-sectional area, the efficient force trans-
mission characteristics of a four-bar linkage
(Figure 2), and high mechanical advantage of
the jaw-closing lever. The jaw-closing muscles
(CD and AM2, Fig. 2) transmit their forces to
the skull, the lower jaw, and the four-bar link-
age to generate maximum bite forces of 6170
N on the anterior fang and 7495 N on the pos-
terior part of the blade (Fig. 6). Simulation of
an alternative muscle position (AM1, Fig. 2)
resulted in slightly lower bite forces, from
5265 N anteriorly to 6371 N posteriorly. The
high bite force values are partly due to extra
force being transferred through the linkage
system. One of the links in this system is the
jaw depressor muscle, linking the lower jaw to
the thoracic armor (Fig. 1). Because this is a
muscle, it will act as a link only under tensile
strain, not compressive strain. However, dur-
ing jaw closing, if the lower jaw is lifted at a

faster rate than the cranium is lowered, this
muscle could remain in tension and pull the
quadrate joint backward, the reverse of the
motion seen during gape expansion. The use
of the linkage system during closing adds up
to 1000 N of force to the bite.

These calculations assume a maximal mus-
cle stress of 289 kPa, equivalent to that in mod-
ern sharks. In a previous publication (Ander-
son and Westneat 2007) 200 kPa was used for
maximum muscle stress, resulting in lower
values. However, even for the lowest muscle
stress tested (150 kPa), the resulting bite forc-
es are 3202 N for A2 (Fig. 7) and 3890 N for
A1. These values greatly exceed the bite forces
for most other fish species that have been re-
ported (Huber et al. 2005) and most modern
mammalian predators, including the lion,
black bear (Wroe et al. 2005), and spotted hy-
ena (Binder and Van Valkenburgh 2000), this
last having the highest bite force among car-
nivorous mammals, known to crack large
bones with its jaws. The only higher bite forces
are those calculated for large (�3000 kg) great
white sharks (Wroe et al. 2008) and some al-
ligators, and those estimated for dinosaurs
(Erickson et al. 1996, 2003). Bite forces scale
with size (Huber et al. 2005) and this is seen
in the five Dunkleosteus skulls analyzed (Fig.
7). This scaling factor also helps explain the
vast difference in magnitude between our es-
timated bite in Dunkleosteus, and the mea-
sured bite forces other fish. The largest fish
with a bite force measurement in Huber et al.
(2005) is Carcharhinus limbatus (blacktip
shark), which measured 22 kg and has a bite
force of 423 N (Weggelaar et al. 2004). The
largest Dunkleosteus specimen we used is es-
timated to be 6 m long and 1000 kg. The bite
force estimates for this largest skull fall above
a recently compiled scaling trend of increas-
ing bite force with body mass (Huber et al.
2005). However, when the 200 kPa muscle
stress is used, the bite force values fit the trend
closely (Anderson and Westneat 2007). Based
on this scaling factor, estimated bite forces in
Carcharodon carcharias (great white) exceed
9000 N for a shark over 3000 kg (Wroe et al.
2008). Carcharodon megalodon at 48,000–100,000
kg may have had a bite force exceeding a stag-
gering 100,000 N (Wroe et al. 2008).
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The bite force estimates reported here are
based on specific muscle reconstructions for
Dunkleosteus. The two alternative muscle re-
constructions simulated here bracket the
range of likely muscle configurations that are
physically possible within the Dunkleosteus
skull, with both origin and insertion modeled
as anteriorly and posteriorly located. New an-
atomical work on Dunkleosteus and other ar-
throdires indicates that the fossa we used to
estimate the size of the cranial depressor mus-
cle may have housed more than just that mus-
cle (R. Carr personal communication 2008).
This would reduce the size of the CD muscle
and lower our estimated bite force. One of the
strengths of our model is its adaptability to
new data such as this. If revisions to muscle
volume or cross-sectional area are required,
the new measurements can be entered into the
model and a new set of bite force estimates can
be calculated.

Prey Choice in Dunkleosteus

Our estimates of rapid expansion during
jaw opening coupled with high bite forces
during jaw closing indicate that Dunkleosteus
was potentially using suction feeding for cap-
turing evasive prey, as well as breaking
through armor or bony materials once the
prey was grasped in the jaws. The bladed den-
tition and fangs seen in Dunkleosteus and other
arthrodire groups provided for extremely
high local bite stress as the bite force was fo-
cused into a small area, the fang tip or blade
edge. The focused high pressure likely en-
abled Dunkleosteus to puncture or cut through
hard materials such as cuticle or dermal ar-
mor, thereby reducing large prey into smaller
pieces.

Prior studies have suggested that placo-
derms with more blade-like dentition (such as
Dunkleosteus) could take bites out of larger
prey that are too big to swallow whole (Gross
1967; Miles 1969). The shape and form of den-
tal elements are related to the mechanical
properties of the food material being masti-
cated, particularly to the energy necessary to
propagate cracks and fragment the material
(Lucas 2004). The bladed dentition of Dun-
kleosteus would be most useful for dealing
with tough, extensible materials, such as the

soft tissue of an animal (Lucas 2004). How-
ever, a recent study on the effects of bladed
tooth shape on cutting ability has shown that
certain bladed morphologies could be quite
effective at slicing through more resilient ma-
terials such as cuticle (Anderson and La-
Barbera 2008). Further, one of us (Anderson)
has observed specimens of both Dunkleosteus
(CM5302) and another related taxon, Titanich-
thys (CM9889) that show obvious damage due
to puncturing by Dunkleosteus anterior
‘‘fangs’’ (G. Jackson personal communication
2005).

The Cleveland Shale is known primarily for
its placoderms, but it also contains chondrich-
thyans (selachians, stethocanthids, and frag-
ments of other forms), palaeoniscoid os-
teichthyans (including the predator Tegeolepis),
various arthropods, and ammonoids (Feld-
mann and Hackathorn 1996). The arthropods,
ammonoids, and placoderms were all free-
swimming organisms with the shared char-
acter of a tough outer armor (cuticle, calcium
carbonate or dermal bone), which had to be
punctured and fractured before the flesh un-
derneath could be consumed. The Devonian
sharks and palaeoniscoids were relatively
small (Tegeolepis was amongst the largest,
reaching 1.8 m), free-swimming species that
were likely prey items for Dunkleosteus (Jan-
vier 1996). Consuming these mobile and often
hard prey would have required both capture
speed and bite force, for which the feeding
system of Dunkleosteus, with its high forces
and high KT values, appears particularly well
suited. The combination of power and speed
seen in Dunkleosteus would have allowed it po-
tentially to consume virtually all other aquatic
species, making it one of the first true apex
predators seen in the vertebrate fossil record.

Conclusions

This paper reports the development of a
computer model of the skull and thoracic
shield of Dunkleosteus terrelli along with a
wide range of simulations of the cranial ki-
nematics and bite forces during feeding of this
large Devonian predator.

1. Results suggest that a four-bar-linkage is a
valid hypothesis for the dynamics of feed-
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ing in Dunkleosteus. The linkage system
and simulation of physiologically typical
amounts of cranial muscle contraction pro-
duced realistic measures of cranial and jaw
rotation, as well as muscle strains compa-
rable to those in modern fishes.

2. The maximum gape angle for Dunkleosteus
is estimated to be approximately 45�. The
main restriction for gape angle was the
structure of the adductor muscles relative
to the jaw joint, rather than the closing of
the nuchal gap, which had been previously
suggested to limit gape.

3. Kinematic transmission values calculated
for the five skulls fall above the KT values
of a different linkage system measured in
modern fishes, and in the upper end of the
range of hyoid linkage system values for
modern groups. These high KT values cou-
pled with a large volume expansion within
the oral cavity as the cranium is lifted may
have been able to produce pressure gradi-
ents capable of creating suction forces.

4. Mechanical advantage of the lower jaw was
high in Dunkleosteus, similar to high MAs
found in some modern biting fishes, indi-
cating high force transmission from muscle
to the bite point.

5. Bite force estimates of over 6000 N at the
jaw tip and over 7000 N at the rear blade
edge place Dunkleosteus as one of the most
powerful biters on record. This value is
greater than for any living group except
great white sharks and certain alligators.
However, it falls either above or in line with
the bite force/size regression done by Hub-
er et al (2005), depending on the assumed
maximum muscle stress used, indicating
that the large bite forces are a product of
large size and efficient force transmission
not only through the jaw and skull levers,
but through the linkage system as well.

6. The high KT value coupled with the blade-
like occlusal surface and large ‘‘fang’’ on
the jaw tip indicates a potential lifestyle of
capturing fast evasive prey, possibly other
placoderms. The high bite forces show that
Dunkleosteus also had the capability to frag-
ment hard prey. This combination of fast
skull kinematics and forceful jaw lever me-
chanics points toward predation on evasive

free-swimming and armored prey, such as
arthropods, ammonoids, and other placo-
derms.
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