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Abstract

The notorious jaws of the white shark Carcharodon carcharias are widely feared,

yet poorly understood. Neither its bite force, nor how such force might be

delivered using relatively elastic cartilaginous jaws, have been quantified or

described. We have digitally reconstructed the jaws of a white shark to estimate

maximum bite force and examine relationships among their three-dimensional

geometry, material properties and function. We predict that bite force in large

white sharks may exceed c. 1.8 tonnes, the highest known for any living species,

and suggest that forces may have been an order of magnitude greater still in the

gigantic fossil species Carcharodon megalodon. However, jaw adductor-generated

force in Carcharodon appears unremarkable when the predator’s body mass is

considered. Although the shark’s cartilaginous jaws undergo considerably greater

deformation than would jaws constructed of bone, effective bite force is not greatly

diminished.

Introduction

The threatened white shark Carcharodon carcharias, is the

world’s largest extant predatory fish. Its gigantic, whale-

eating relative, Carcharodon megalodon, was arguably the

most formidable carnivore ever to have existed (Gottfried,

Compagno & Bowman, 1996; Purdy, 1996). Unsurprisingly,

the biology of Carcharodon has received much attention

(e.g. Klimley & Ainley, 1998; Boustany et al., 2002), but bite

force and the mechanical behaviour of its feeding apparatus,

key factors in understanding feeding ecology and for-

m–function relationships in sharks and other vertebrates

(Huber & Motta, 2004; Huber et al., 2005; Wroe, McHenry

& Thomason, 2005; Christiansen & Wroe, 2007) have

remained largely unknown. This lack of information has

led to considerable speculation regarding white shark feed-

ing performance, which has in turn influenced public per-

ceptions.

Further uncertainty regarding Carcharodon, and chon-

drichthyan fish in general, concerns the influence of rela-

tively compliant cartilage (compared with bone) as the

structural basis for their feeding mechanisms (Summers,

2000). Chondrichthyan cartilage is several orders of magni-

tude less stiff than vertebrate bone (Summers & Long Jr

2006). Thus, questions are warranted regarding both the

effectiveness of cartilage as a force-transmitting material in

musculoskeletal lever systems and its ability to withstand

loading. Answers will be fundamental to understanding the

radiation of chondrichthyan fishes beginning over 450mya

(Turner, 2004) and to shed light on the role of chondrichth-

yan fish as apex predators in virtually all marine ecosystems.

We have investigated the bite force and mechanical

behaviour of the jaw cartilages of the white shark using a

finite element (FE) approach, building and analyzing com-

puter simulations based on serial computed tomography

(CT) with inputs determined on the basis of in vivo data (Fig. 1).

FE has emerged as a powerful tool for the examination of

form and function for both living and extinct species

(Thomason, 1995; Rayfield et al., 2001; McHenry et al.,

2007; Wroe et al., 2007a; Moreno et al., 2008), and is an

asset for studying experimentally intractable organisms such

as Carcharodon. FE-derived results for bite force were also

compared with those generated using a more traditional,

empirically validated method after Huber et al. (2005), using

a three-dimensional (3-D) static equilibrium model to esti-

mate maximum theoretical bite force.
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Materials and methods

Overview

Analyses are based on 3-D FE models of the chondrocra-

nium and jaws of a 2.5m, 240 kg specimen of C. carcharias

(NSWDPI-WS2006/4), assembled fromCT scan data (Fig. 1).

Model construction largely followed recently developed

protocols (McHenry et al., 2007; Wroe, 2007; Wroe et al.,

2007a).

Four FE models of the feeding mechanism of C. carchar-

ias were constructed. A heterogeneous cartilage model was

assigned multiple material properties based on CT scan

density data (see ‘Material properties’). In order to assess

the degree to which the use of relatively compliant cartilage

might influence maximal bite forces, a second homogeneous

model was assembled. This simulation assumed a single

stiffness for cortical bone, with a Young’s Modulus of

27.08GPa and a Poisson’s ratio of 0.4 (McHenry et al.,

2007; Wroe et al., 2007b). In these two models, each muscle

was modeled with multiple trusses in order to distribute

forces more realistically (see the loading cases below). Gape

angle in both instances was set at 351 based on observation

of still images of prey capture (Martin et al., 2005).

A second heterogeneous model was assembled with gape

at 01 to facilitate comparison of bite force results with those

obtained applying the methodology of Huber et al. (2005).

Muscles were modeled as in the above two instances. In a

third heterogeneous simulation (gape at 01), each muscle

was modeled as a single truss to still more closely approx-

imate the methodology of Huber et al. and examine the

effect of using multiple as opposed to single muscle vectors.

Each FE model comprised 1.94 million tetrahedral 3-D

‘brick’ elements assembled using Strand7 (Vers. 2.3) FE

software. Our methods allowed inclusion of multiple mate-

rial properties and 3-D simulation of force production by

the jaw adducting musculature (Wroe, 2007; Wroe et al.,

2007a,b), with the jaw joint modeled as in Wroe (2007).

The relationship between muscle force (a function of area)

and bodymass (a function of volume) is negatively allometric

and described by a two-thirds power rule. For most taxa,

including sharks, this holds true for bite force (Huber et al.,

2005). Our estimates for bite force in larger specimens of

Carcharodon assume that bite force increases at 0.67 the

power of body mass relative to the modeled specimen.

Material properties

For heterogeneous models, individual elements were desig-

nated as one of eight material property types, based on

X-ray attenuation (measured in Hounsfield Units, HU) of

the corresponding voxels within the CT scan data (McHenry

et al., 2007; Wroe, 2007). Elements were assumed to be

isotropic. For each element, the HU was converted to

density (r) (Rho, Hobatho & Ashman, 1995; Schneider,

Pedroni & Lomax, 1996; McHenry et al., 2007); see Table 1

for absolute values. The relationship between r and Young’s

modulus (E) is different for cartilage than for bone, and

values for E in chondrichthyan prismatically calcified and

extra-cellular cartilage were used to derive an equation

relating r to E (E=0.0014r2.054). For a given value of r,
E in cartilage is substantially less than values for bone

(Table 1).

The material properties of the calcified and uncalcified

portions of the tessellated elasmobranch skeleton (Dean &

Summers, 2006) were determined over very fine linear scales

using a Nanoindenter XP (Berkovich, Nanoinstruments

Innovation Center, MTS Systems, TN, USA) with the

pyramidal tip displaced 500–1000 mm into cross-sections of

round stingray Urobatis halleri tissue. Values for E of

uncalcified cartilage were further estimated via stress-relaxa-

tion tests of cylindrical cartilage samples from horn Hetero-

dontus francisci, lemon Negaprion brevirostris and blacktip

Figure 1 (a) Three-dimensional object assembled from computed

tomography scan data totaling 237 slices of Carcharodon carcharias.

(b) 1.94 million tetrahedral three-dimensional ‘brick’ finite element

model of the same specimen showing jaw adducting musculature:

preorbitalis (green), quadratomandibularis dorsal (pink) and ventral

(orange) divisions. Muscles simulated using 256 pretensioned trusses

connected to central beams.
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Carcharhinus limbatus sharks. Samples were axially com-

pressed to 25% strain for 2mins on an MTS 858 Material

Testing System (MTS Systems Corporation, Eden Prairie,

MN, USA) with a 500N load cell. E was estimated from the

upper 75% of the elastic region of the stress–strain curve.

The mean E and Poisson’s ratio for calcified cartilage were

4.05GPa and 0.30, respectively, whereas those for uncalci-

fied cartilage were 55.1MPa and 0.30, respectively.

Muscle forces

In vivo data on muscle geometry were collected from

NSWDPI-WS2006/4 and a maximal bilateral muscle force

of 4532N was calculated in accordance with the methods of

Huber et al. (2005). The theoretical maximum tetanic

tension (PO) of each muscle was estimated by multiplying

its anatomical cross-sectional area (ACS) by the specific

tension (TSP) of elasmobranch white muscle [289 kNm�2

(Lou, Curtin & Woledge, 2002)]:

PO ¼ ACS � TSP

ACS was measured using Sigma Scan Pro 4.01 (Systat Soft-

ware Inc., Point Richmond, CA, USA) from digital images

of cross-sections taken through the center of mass, perpen-

dicular to the principal muscle fiber direction. Bilateral

forces were 1642, 2772 and 118N for the dorsal quadrato-

mandibularis, ventral quadratomandibularis and preorbita-

lis, respectively.

Loading cases

Analyses were linear static. Muscles were modeled as pre-

tensioned trusses that thereby provided a means of applying

forces as well as determining force vectors. Truss numbers

were proportional to muscle origin areas (McHenry et al.,

2007). Respective pretensions applied to these trusses and

truss numbers for each muscle were 13.03N, 126 (dorsal

quadratomandibularis); 22.00N, 128 (ventral quadrato-

mandibularis) and 29.50N, four (preorbitalis). The mid-

lateral raphe of the quadratomandibularis, to which each of

these muscles attach, was simulated using a divided beam

(Fig. 1). Fixed nodes at the anterior-most and posterior-

most extremes of these two beams represented the only

constraints aside from bite points.

Both the heterogeneous models comprising calcified and

uncalcified cartilage and the hypothetical homogeneous

model (constructed of cortical bone) were subjected to loads

simulating maximal bilateral muscle activation at a 351 gape

angle with resulting bites at four nodes (one on each side of

both the upper and the lower jaws). These bite points were at

either 75 or 50% of the total jaw length anterior to the jaw

joint, functionally representing anterior and posterior bit-

ing, respectively. Together with reaction forces, the mean

Von Mises ‘brick’ element stress, strain and displacement

were calculated from these simulations. Bite force was also

taken from the two 01 gape angle simulations for compar-

ison with the static equilibrium model.

Results

At a gape angle of 351, our heterogeneous FE model of the

2.5m, 240 kg white shark generated an anterior bite force of

1602N and a posterior bite force of 3131N. Modeling at a

gape angle of 01 during an anterior bite in the heterogeneous

model with multiple trusses distributing loads for each

muscle yielded a bite force of 1393N, and that in which

muscles were modeled using single trusses yielded a figure of

934N. Applying the approach of Huber et al. (2005) yielded

an anterior bite force of 1018N.

Assuming isometry, scaling the 351 gape angle data for a

6.4m, 3324 kg white shark yields maximum anterior and

posterior bite forces of 9320 and 18 216N, respectively

(Table 2). Applying this methodology to mass estimates of

C.megalodon places this gigantic carnivore’s bite force at

Table 2 Bite force for great white and megatooth sharks

Body

mass (kg)

Scaling

factor

Anterior bite

force (N)

Posterior bite

force (N)

Carcharodon

carcharias

240 – 1602 3131

C. carchariasa 423 1.46 2341 4577

C. carchariasb 3324 5.82 9320 18 216

Carcharodon

megalodonc

47 690 34.81 55 522 108 514

C. megalodond 103 197 58.13 93 127 182 201

aMinimum body mass at sexual maturity based on total length data.
bLargest verified body mass of C. carcharias (Tricas & McCosker,

1984).
cConservative maximum body mass (Gottfried, Compagno & Bow-

man, 1996).
dMaximum body mass (Gottfried, Compagno & Bowman, 1996).

Bite force estimates for a, b, c and d based on two-thirds power rule

relationship between muscle force and body mass (Liem et al., 2001).

Table 1 Values used to assign material properties to elements in a

heterogeneous model

Material

property

type

Mean

(HU)

Density

(kg m�3)

Young’s

modulus

(MPa) –

chondrichthyan

cartilage

Young’s

modulus

(MPa) –

mammalian

bone

1 �825 75.06 9.96 308.92

2 �427 115.43 24.09 546.56

3 �29 155.79 44.60 813.44

4 369 694.78 961.62 5906.40

5 768 1233.78 3127.68 12 647.69

6 1166 1432.84 4252.50 15 422.30

7 1564 1631.91 5554.98 18 325.82

8 1962 1830.97 7036.37 21 347.37

The HU values are used to assign density (McHenry et al., 2007; Wroe

et al., 2007a,b). Density values are converted to values for Young’s

modulus using data for shark cartilage – values of modulus for

mammalian bone (McHenry et al., 2007) are shown for comparison.

HU, Hounsfield units.
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between 55 522 and 93 127N in an anterior bite and between

108 514 and 182 201N in a posterior bite (Table 2).

While these figures are considerable in absolute terms,

where comparable, they are not high relative to mammals or

reptiles of similar size. For example, applying a similar FE

methodology, computation of the maximal anterior bite

force in a 267 kg African lion yields a figure of c. 3300N

(McHenry et al., 2007), that is, more than twice that of a

240 kg white shark.

The results for stress, strain and displacement are shown

in visual plots (Figs 2 and 3). The mean ‘brick’ element

values for stress (Fig. 2) are lower in our more realistic,

cartilaginous simulation of the white shark’s jaws

(2.12MPa) than for hypothetical jaws assigned properties

for cortical bone (3.04MPa). The reverse is true with

respect to mean ‘brick’ element strain (Fig. 2), with the

cartilaginous model recording 1.29E�02mmmm�1 as

opposed to 1.57E�04mmmm�1 in the homogeneous simu-

lation. The greatest displacement was around the jaw joints.

At c. 47.5mm, this was over 70 times greater in the

cartilaginous model than was generated in the cortical bone

model (Fig. 3). The least displacement was at the anterior

tips of the jaws at o2.9mm. Effective bite force was 4.4%

higher in the hypothetical ‘bone’ jaws in an anterior bite

(1672 vs. 1602N).

Discussion

Feeding behaviors and kinematics are complex in sharks

(Motta et al., 2002). A full bite sequence may involve five

distinct components: cranial elevation, lower jaw depression

and upper jaw protrusion, followed by lower jaw elevation

and head depression. Moreover, ram feeding behaviors by

C. carcharias may vary considerably depending on factors

including the type, size and depth of prey (Tricas, 1985).

Modeling presented here is limited to the prediction of

mechanical behavior in relation to lower jaw elevation.

Some observed behaviors, such as lateral shaking (Martin

et al., 2005), might incorporate significant postcranially

generated forces. These could amplify readings recorded at

the bite points in our model as has been found in some

mammalian carnivores (McHenry et al., 2007). Thus, de-

pending on how bite force is defined, it is likely that the total

delivered forces experienced by prey are higher than those

estimated here.

Gape angle clearly impacts bite force, which was lower

when modeled at 01 in the FE models. Although at 351

mechanical advantage is probably approaching its opti-

mum, modeling at a wider range of gape angles will be

required to establish absolute maximal jaw adductor-driven

bite force (Bourke et al., 2008).

Nonetheless, when modeling at a gape of 01, our FE-

based result for the model with multiple trusses for each

muscle was considerably higher than that obtained using the

static equilibrium approach of Huber et al. (2005) at the

same angle (1018N). Comparable differences with FE-

based results, wherein muscles were approximated using

multiple pretensioned trusses, have yielded bite forces

approaching or exceeding 30% higher than those obtained

using simpler 2-D approaches (McHenry et al., 2007; Wroe,

Figure 2 Von Mises stress (a, c) and strain (b, d)

distributions for maximal bilateral bites in simu-

lations using heterogeneous, eight-property

cartilaginous jaws (a, b) and homogeneous

jaws assigned a single property for cortical

bone (c, d). Note that stress is much lower in

the cartilaginous model, but strain is much

higher in heterogeneous than in homogeneous

simulations.
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2007). Huber et al. (2005), as well as the static equilibrium

analysis presented here, simplify lines of action for each of

the primary adductors to single vectors, whereas our FE

models more realistically spread loads across origin and

insertion points using multiple vectors. Because the second,

less realistic 01 gape FE simulation (muscles modeled as

single vectors) gave a bite force much closer to that using the

approach of Huber et al. (2005), we consider it probable that

muscle architecture in the more realistic simulation imparts

greater mechanical advantage.

Bite force adjusted for body mass correlates with relative

prey size in extant mammalian carnivores (Wroe et al., 2005;

Christiansen & Wroe, 2007). However, this relationship

does not necessarily hold for extinct predators with

morphologies that differ markedly from those of living taxa

(Wroe et al., 2005). The sabre-toothed cat Smilodon fatalis,

is one such example (McHenry et al., 2007), and killing

tactics used by white sharks have been broadly likened to

those hypothesized for S. fatalis (Diamond, 1986). It has

been suggested that both taxa apply behaviors wherein

lethal physical trauma is rapidly induced by a single bite

into soft tissue, minimizing the risk of injury to the predator

from struggling prey (Diamond, 1986; McHenry et al.,

2007). In the white shark, this entails a high-speed ambush

of typically pinniped prey, followed by a period of prey

exsanguination during which the white shark waits for its

meal on the periphery (Martin et al., 2005).

Interestingly, results of FE modeling suggest that jaw

adductor-generated bite force in S. fatalis is also relatively

weak (c. 1100N in an anterior bite for a 229 kg animal), but

indicate that postcranially generated forces may have played

an important role in the kill (McHenry et al., 2007). Further

analogy might be drawn in that the killing teeth of both

sabrecat and shark are sharp compared with the robust,

conical killing teeth of many other large predators, including

pantherine cats, most extant crocodylians and many living

and extinct marine predators.

A number of other taxa that are known or thought to

take relatively large prey that are also characterized by

sharp, relatively gracile teeth, also appear to generate

relatively weak bite forces, for example, allosauroid dino-

saurs (Rayfield et al., 2001) and some monitor lizards

(Moreno et al., 2008). Thus, while bite force may be a useful

predictor of relative prey size for conical-toothed carnivores

across a wide range of taxa, this will not directly apply to

species possessing gracile, laterally compressed teeth. How-

ever, it remains to be seen whether higher bite forces might

correlate with relatively larger prey within subsets of sharp-

toothed taxa. Additionally, the interaction between the high

absolute bite forces and sharp dentitions of these predators

likely exceeds the mechanical constraints imposed by prey

connective tissues, thus relaxing selective pressure for high

mass-specific bite forces at large body sizes (Huber et al.,

2008).

Our maximal bite force prediction of 18 216N for the

largest white shark is the highest thus far calculated for any

living species, and among the highest if comparison is

extended to extinct taxa (discussed below). At

108 514–182 201N, our estimated maximum bite force in

C.megalodon is extraordinary. These huge forces must be

considered in the context of the great size of this fossil

predator (maxima of 48 000–103 000 kg) and paleontologi-

cal evidence suggesting that megatooth was an active pre-

dator of large whales (Purdy, 1996). A predominance of

tooth marks on tail vertebrae and flipper bones (Purdy,

1996) suggests that this giant shark first immobilized its

leviathan prey before feeding.

With respect to previous estimates of bite force in gigantic

taxa, a bite force of 5300N has been proposed for the

Devonian placoderm fish Dunkleosteus terrelli (Anderson &

Westneat, 2007), and using a reverse engineering approach it

has been calculated that a bite force of 13 400N was

required for a large maxillary tooth of Tyrannosaurus rex

to cause measurable damage to the pelvis of a Triceratops

(Erickson et al., 1996). The assumption that all potentially

biting teeth were similarly loaded yields a figure of 156 120N

(Rayfield, 2004), a figure of a magnitude comparable to the

estimate of 183 000–235 000N for T. rex obtained by Meers

(2003) based on the scaling relationship of bite force to body

mass in extant reptilian and mammalian carnivores. How-

ever, although the skull of T. rex was clearly adapted to

offer considerable resistance (Snively, Henderson & Phillips,

2006), it is unlikely that all teeth would have contacted a

prey item simultaneously and if force is scaled for tooth size,

then bite force for T. rex in this instance was 31 000N

(Rayfield, 2004). Furthermore, it is impossible to determine

whether this force was generated solely by jaw adducting

musculature or amplified by cervical or other postcranial

Figure 3 (a) Displacement for maximal bilateral

bites in simulations using heterogeneous, eight-

property cartilaginous jaws and homogeneous

jaws assigned a single property for cortical

bone. (b) Absolute displacement amplified by a

factor of 1.5� in both models. Despite much

greater deformation, the bite force is only

slightly lower in the more realistic simulation

incorporating material properties for cartilage

than in the hypothetical and far stiffer homo-

geneous simulation (i.e. 1602 vs. 1672 N).
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muscles. Regardless, in terms of bite force, if the assump-

tions of our scaling analysis are valid,C.megalodon is clearly

one of the most powerful predators in vertebrate history.

Our finding that mean brick stress was considerably lower

while strain and displacement were much higher in the

cartilaginous simulation than in the hypothetical ‘bone’

simulation of the white shark’s jaws was not unexpected.

However, the relatively small difference in recorded reaction

forces between the two simulations suggests that, theoreti-

cally, the use of cartilage is no great impediment to the

generation of high bite forces. On the other hand, whether

the shark’s cartilaginous jaws could withstand the strains

recorded in the present analysis, particularly at the jaw joint,

remains to be determined.

While we believe that the approach applied here repre-

sents an important step towards a fuller understanding of

shark biomechanics, as with all modeling methods, the

veracity of results is dependent on the validity of various

assumptions. The most obvious of these include those that

moduli of elasticity and muscle forces in Carcharodon

approximate those of other cartilaginous fish used as proxies

here. Moreover, our modeling assumes isotropy, whereas it

is likely that some anisotropy characterizes the jaws of all

large sharks (although it is worth reiterating here that at

least with respect to bite force, major differences between

cartilaginous and hypothetical ‘bone’ simulations have rela-

tively little impact on results). Regarding larger Carcharo-

don, the further assumption of a two-third power

relationship between bite force and body mass is reasonable

based on first principles of geometric scaling and supported

in part by previous work (Huber et al., 2005). However, the

fact remains that the largest specimens to which we have

extended this assumption lie well beyond the verifiable data

range, particularly in the case of C.megalodon.

With respect to such large, rare and potentially dangerous

animals, full validation is unlikely to be ever achieved and is

impossible in the case of extinct taxa. However, it is hoped

that work in progress will offer further validation in smaller

shark species and this will improve confidence in the results

of such analyses.
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