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ABSTRACT In swimming sharks, vertebrae are sub-
jected, in part, to compressive loads as axial muscles
contract. We currently have no information about which
vertebral elements, centra, arch -cartilages, or both,
actually bear compressive loads in cartilaginous verte-
brae. To address this issue, the goal of this experiment
was to determine the load-bearing ability of arch and
centrum cartilages in compression, to determine the ma-
terial properties of shark vertebrae, and to document
fracture patterns in the centra with and without the
arches. Intact vertebrae and vertebrae with the arch
cartilages experimentally removed (centra alone) were
subjected to compressive loading to failure at a single
strain rate. The maximum compressive forces sustained
by the vertebrae and the centra are statistically indistin-
guishable. Thus we conclude that under these testing
conditions the arch does not bear appreciable loads. In-
dependent evidence for this conclusion comes from the
fact that vertebrae fail in compression at the centra, and
not at the arches. Overall, the results of these mechani-
cal tests suggest that the neural arches are not the pri-
mary load-bearing structure during axial compression.
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INTRODUCTION

Vertebral centra, the mineralized skeletal seg-
ments that create joints along the notochord, have
evolved independently at least four times, in elas-
mobranchs, actinopterygians, dipnoans, and tetra-
pods (Schaeffer, 1967; Laerm, 1979; Gardiner,
1983; Arratia et al., 2001). What adaptive value
did centra provide? We propose that the evolution
of vertebrae was driven, in part, by selection for
enhanced swimming performance (Doorly et al.,
2009). With the addition of centra to a notochord,
the axial skeleton becomes stiffer in bending (Long
et al., 2004). In addition, centra are hypothesized
to stiffen the axial skeleton in compression (Clark,
1964; Laerm, 1976; Wainwright et al., 1978). Such
structural stiffness of the axial skeleton is linearly
proportional to steady swimming speed in robotic
fish models (Long et al.,, 2006), and might be
expected to have similar effects in animal lineages.
Although from mechanical first principles it
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appears obvious that adding stiff elements to a
flexible notochord would stiffen the whole column,
we must keep in mind that other skeletal ele-
ments, i.e., the neural and hemal arches (see
Fig. 1), were already part of the vertebral column
before centra evolved. To what extent was verte-
bral column stiffness increased by the addition of
centra? Although we know that centra are able to
handle large compressive loads (Porter et al., 2006,
2007), what remains untested is the mechanical
behavior of vertebrae with and without arches.

For our study system, we chose sharks because
(1) their centra and arches are not fused together,
allowing easy dissection of the two structures, (2)
their centra can be modeled as simple cylinders
(Goodrich, 1930), simplifying interpretation of me-
chanical behavior, and (3) their arches are formed
by a continuous series of skeletal elements that
span the intervertebral joints, allowing for the pos-
sibility that they bear significant compressive loads
over many body segments. In contrast, the verte-
brae of bony fish are often structurally complex,
with arch elements fused to centra, robust zygapo-
physeal articulations, and neural and hemal arches
extended as spines (Long, 1992; Koob and Long,
2000). Bearing in mind the simpler vertebral anat-
omy of sharks, compressive loads can be borne by
either the column formed by the serially arranged
centra, the column formed by the serially arranged
neural and interdorsal arch cartilages (= “arch car-
tilages”), or both columns in parallel.

Although vertebral strains have never been
measured in sharks, their vertebrae are likely to
experience compression under loads (see Fig. 2)
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LOAD-BEARING VERTEBRAL STRUCTURES

created by (1) contracting myomeric muscles
whose line of action is oblique with respect to the
axis (Donley and Shadwick, 2003; Donley et al.,
2004; Gemballa et al., 2006) and (2) hydrodynamic
forces acting on the body (Vogel, 1994). When
muscles are active, compression loads the verte-
brae as part of the axial bending of undulatory
swimming (Wainwright et al., 1976; Vogel, 2003).
In addition, pure compressive loads may be
applied transiently during a fast start, if bilateral
activation is present (Westneat et al., 1998; Hale
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et al., 2002; Tytell and Lauder, 2002; Fig. 2A).
Hydrodynamic loading occurs if the shark is mov-
ing, with compressive loads on the vertebrae
applied by drag and thrust during swimming; pure
compression may be present when the body is held
straight, as in gliding, or locally as a bending joint
passes through a straight posture (Fig. 2B).

In the experiments reported here, we had two
goals. First, we compress the vertebrae (see Fig. 1)
of smooth-hound sharks, Mustelus californicus,
with and without the associated arches (see
Fig. 3), measuring and comparing maximum force
at failure (N), ultimate strength (MPa), yield
strength (MPa), yield strain (%), and Young’s mod-
ulus (MPa). The ideal experiment of independently
measuring the properties of the arch, centrum,
and vertebrae gave way to measuring the centrum
and the arch-plus-centrum (denoted as the
“centra” and “vertebrae” conditions, respectively)
because the arches could not be tested without
slipping. This ablation approach is inspired by
measurements of bone material properties with
and without trabeculae (Rogers and LaBarbera,
1993). Second, we compressed vertebrae and cen-
tra until they failed, observing and categorizing
their fracture patterns. From our previous com-
pression tests on centra only, we expected centra
to fail by fracturing along annuli or by cracking
radially (Porter et al., 2006). The presence of the
arches may redistribute the load and cause differ-
ent kinds or amounts of failure. Vertebral frac-
tures may occur in living cartilaginous fishes, as
suggested by multivertebrae pathologies that are
apparent responses to trauma (Hoenig and Walsh,
1983; Heupel et al., 1999; Porter et al., 2006).
Unfortunately, not enough is known about in vivo
vertebral fractures to allow comparison with our
in vitro patterns. Vertebral fractures, if they do

Fig. 1. Precaudal vertebrae and compression tests. A: Gener-
alized anatomy of mineralized centra and arch cartilages, modi-
fied from Goodrich (1930). Arch cartilages located dorsal to the
centra (c¢) include the neural arches (na) and the interdorsals (id),
which form a continuous span (see transverse view in C, below).
Lateral processes located ventral to the centra are homologous
with hemal arches caudally (not figured). Mid-sagittal interior
view in left-most centrum shows the double cone structure that
forms two halves of amphicoelous joints (j) anteriorly and posteri-
orly. B: Diagram of precaudal vertebra from M. californicus, in
lateral view, dissected from its neighbors at the intervertebral
joints. Note the partial interdorsals and interventrals (iv) and the
neural canal (nc) formed by the interdorsals and neural arches.
Lateral processes (Ip) and interventrals were removed for me-
chanical testing. C: Same as (B) but anterior view. D: Compres-
sion of a single vertebra, which includes the centrum, neural
arch, and two half interdorsals (indicative of the “vertebrae”
treatment category). The vertebra was loaded axially by non-po-
rous platens touching its anterior and posterior surfaces. The
compressive load was delivered via the actuator at a constant
strain rate of 2 mm s ! until the vertebra failed. With neural
arch and half interdorsals removed, the sample would be indica-
tive of the “centra” treatment category (see Fig. 4).
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Fig. 2. Hypothetical model of the vertebral column loaded in compression in vivo. A: Muscular loading occurs during all forms
of locomotion, but is likely maximized during the initiation of a fast-start startle response. Bilateral muscle activity, recorded in
some teleost species (see text), would compress the body and the vertebral column prior to Euler buckling and the beginning of
bending. B: Hydrodynamic loading occurs during all forms of locomotion but is likely maximized during fast cruising, when drag
acting on the body is balanced by thrust at the tail, and the two forces compress and bend the body and the column.

occur, would be particularly problematic in carti-
laginous skeletons because they lack blood vessels
and cannot heal (Ashhurst, 2004).

MATERIALS AND METHODS
Anatomy and Species

Dissecting a vertebral column at the intervertebral joints cre-
ates segments consisting of a centrum, neural arch, and two
partial and transected interdorsal cartilages (Fig. 1B). The neu-
ral arch, interdorsal cartilages, and dorsal margin of the cen-
trum together form a hollow tube, the continuous neural canal
(Fig. 1C). Medially, the centrum has a mineralized double-cone
surrounded by mineralized adornments (see Fig. 3) that vary by
species (Ridewood, 1921; Dean and Summers, 2006). The arch
cartilages surmounting the centra of vertebrae found in the
trunk region of the body are composed of tessellated cartilage, a
core of unmineralized hyaline cartilage surrounded by a shell of
mineralized blocks called tesserae (@rvig, 1951; Applegate,
1967; Moss, 1977; Kemp and Westrin, 1979; Dean and
Summers, 2006).

Gray smooth-hound sharks, Mustelus californicus Gill 1864
(Carcharhiniformes: Triakidae), are found off the coast of south-
ern California, and are small (total length ~110 cm), rapidly
growing, and relatively short-lived (~10 years) sharks (Yudin
and Cailliet, 1990; Compagno, 2003). The sharks were caught
as by-catch in gill nets set overnight near shore as part of the
Hubbs Sea World Research Institute Sea Bass Monitoring Pro-
gram funded by the Ocean Resources Enhancement and Hatch-
ery Program in southern California. M. californicus still alive
in the nets were released; three sharks unintentionally killed
as by-catch were available for this study. The carcasses were
immediately brought back to the lab where vertebral columns
were removed and frozen. Although the effects of freezing elas-
mobranch vertebral columns have not been studied, the effects
on human vertebral columns have, and freezing does not alter
their mechanical properties (Panjabi et al., 1985). Furthermore,
freezing did not alter the mechanical properties of bovine artic-
ular cartilage (Keifer et al., 2005). Based on these results from
mammalian vertebral columns and cartilage, we thus assume
the same to hold true for the mineralized cartilage making up
the vertebral columns of sharks. We studied multiple vertebrae
from three subadult M. californicus of similar lengths: two 55
cm (total length, TL) females and one 54 ¢cm (TL) male. We note
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that M. californicus is a rapidly growing shark; males mature
at 1-2 years, females at 2-3 years, and differential growth rates
between sexes may influence mineral deposition (Yudin and
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Fig. 3. Treatment categories for compression experiments
(radiographs). A, B: The ‘vertebrae’ condition, with lateral proc-
esses removed but neural arch and interdorsals intact. Intensity
of white indicates relative amount of mineralization. The double
cone structure (d) and neural arch elements (na) are indicated,
with the arrow denoting the apex of the mineralized double
cone structure. C, D: The “centra” condition, with all arches
and processes removed. Because of the destructive nature of the
testing, it was impossible to test a single vertebra both condi-
tions. Note that in lateral view the double cone is the brightest,
indicating a high level of total mineralization, when projected
in 2D, compared with other structures.
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Fig. 4. Compression tests on a vertebra and centrum, exam-
ple showing mechanical properties derived from the stress-
strain curve. Yield strength is measured as the inflection point
of the curve, marking where the transition occurs from elastic
to plastic behavior. Ultimate strength is the maximum stress
prior to failure. Young’s modulus of elasticity is the slope of
stress and strain in the linear elastic region. Note that centrum
has higher stress values than the vertebra because it is calcu-
lated to have less total area to distribute the applied compres-
sive force.

Cailliet, 1990) and hence compressive properties (Porter et al.,
2007).

Mechanical Testing

We tested individual vertebrae in compression. Although we
recognize that vertebrae are compressed and bend during swim-
ming (see Fig. 2), we isolate the compressive behavior for three
reasons. First, from a theoretical engineering framework, com-
pression and bending are additive, and thus can be measured
independently (Den Hartog, 1956). Second, vertebrae, by virtue
of their short axial length, have very small bending moments
and thus, even in a bending body, are likely to be subjected pri-
marily to compression. Third, from a practical point of view, we
have been unable to grip and bend the short individual verte-
bra. We tested precaudal vertebrae from the region of the col-
umn in register with the first dorsal fin. We chose this area
because the precaudal region in leopard sharks, Triakis semi-
fasciata, undergoes less bending during swimming than the
caudal region (Donley and Shadwick, 2003).

We thawed frozen vertebral columns by placing them in room
temperature elasmobranch Ringers solution (Forster et al.,
1972). Vertebrae were stored in solution in room temperature
Ringer for no more than 2 h before mechanical testing (Porter
et al., 2006). Twenty vertebrae from each animal were randomly
assorted into our two treatment categories. Ten vertebrae from
each animal had intact arch cartilages; we call this treatment
condition “vertebrae” (Fig. 3A,B). The arch cartilages were
removed via dissection from the other 10 vertebrae, leaving
only the centra; we call this treatment condition “centra” (Fig.
3C,D). Arches were removed using a scalpel and care was taken
to not cut into the mineralized centra (Porter et al., 2006,
2007). A small amount of nonload-bearing neural arch cartilage
remained in each centrum where the arch inserts.

Each vertebra or centrum was tested in unconfined uniaxial
compression to failure, at a constant strain rate of 2 mm s *,
between two nonporous platens on an MTS MiniBionix 858
(Eden Prairie, MN) with a 5-kg load cell. This strain rate was
chosen because it is used commonly in studies of articular carti-
lage (Li et al., 2003), though evidence from our previous com-
pression tests on other shark vertebrae suggests that the me-
chanical properties measured here are independent of strain
rate (Porter et al., 2007). The entire vertebra or centrum was
compressed in the anterior-to-posterior direction, the orienta-
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tion that mimics pure compressive load transfer from adjacent
vertebrae in vivo.

Force, (F(N))-displacement, (x (mm)), curves were obtained in
real time at sampling rates of 1,000 Hz for each test and con-
verted to stress—strain curves. Material properties were calcu-
lated using a custom script in Matlab version 7.0 R.12 (Math-
works, Natick, MA). This script converted force and displace-
ment data into values of stress and strain and generated
stress—strain curves for each sample. Engineering compressive
stress was measured as F per initial cross-sectional area, A
(m?) (o = F/A). Engineering compressive strain, ¢, measures the
relative change in length of the vertebra under compression [¢
= (lﬁnal_loriginal)/loriginal]y where lgna is the length (mm) of the
vertebra at the end of the compression test and /yigina is the
length (mm) before compression. Please note that ¢ and ¢ use
fixed cross-sectional area, A, and original length, /oiginal, as ref-
erence quantities. The A values were obtained using the pro-
jected 2D anterior surface of vertebrae and centra measured
before testing; digital images were analyzed in Imaged software
(NIH). We recognize that instead of projected area, we might
have used either the contact area of the rim and neural arch
(Porter et al., 2006, 2007) or the total 3D surface area of the
biconic intervertebral capsule and neural arch. However, as no
measurements have ever been made of the stress transfer
mechanism across elasmobrach intervertebral joints, we chose
the intermediate projected A as our estimate. In sum, the calcu-
lation of ¢ and ¢ involve assumptions that simplify the true na-
ture of the vertebra, turning a complex structure into an ideal-
ized uniform shape with homogenous tissue properties. Thus
caution should be used when comparing these values, and met-
rics obtained from them (see later), to those obtained in other
structures and materials.

Maximum force at failure, F*, was measured as the peak
force during a trial. Yield strength, o, (Pa), is the elastic limit
on a ¢ — ¢ curve, and was operationally defined as the inflec-
tion point, which we selected manually as the point on the line
at which the sign of the curvature changes (see Fig. 4). Yield
strain, ¢, (%), was determined at the corresponding o,
Apparent Young’s modulus, E (Pa), an estimate of the material
stiffness of the structure, was calculated as the slope of the
linear region of the o — ¢ curve (Fig. 4; Wainwright et al.,
1976). Ultimate strength, c* (Pa), was the maximum o that a
material can withstand before failing (see Fig. 4). Each of these
properties was determined for each ¢ — ¢ curve. For compres-
sive o and ¢, we use the positive sign convention sometimes
used for the display of compression-only tests on bone (Currey,
2002).
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Fig. 5. Compressive loading and possible fracture patterns.
Diagrams, mid-sagittal view, of a motion segments, vertebra-
joint-vertebra, with vertebrae represented by the double cone
that is the primary mineralized structure of the centrum
(see Fig. 3), loaded axially (vertical arrows). A: During compres-
sion, stress transfers via the intervertebral ligament from rim
to rim of the adjacent cone. B: Rims crumble: failure occurs
at the rims of the double cone, absorbing the work of fracture.
C: Inter-annuli: failure occurs between the growth rings, or
annuli, within the cones (noted by Porter et al., 2006). D:
Intercone: failure occurs when the apices connecting cones

dislocates. E: Intracone: failure occurs when one cone cracks
radially.
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Fig. 6. Mechanical properties of the vertebrae and centra,
loaded in compression until failure, of M. californicus. A: Total
cross-sectional area was greater in vertebrae (P < 0.001).
B: Maximum force to failure was statistically indistinguishable
in the vertebrae and the centra. C: Ultimate strength was
greater in centra (P = 0.0002). D: Yield strength was greater in
centra (P = 0.0073). E: Yield strain was statistically indistin-
guishable in both structures (P = 0.21). F: Young’s modulus
was greater in centra (P = 0.0049). Data are shown as box-and-
whisker plots where the narrow horizontal rectangle represents
the mean for each group, the boxes are 95% confidence intervals
around that mean, and the whiskers are = one s.e.m. A total of
60 vertebrae (n = 30) and centra (n = 30) from three sharks
were tested. Statistics were performed on data transformed to
achieve normal distribution (see Methods for details). Asterisks
indicate significant differences (P < 0.05) between treatment
categories. Please note that plots show nontransformed values,
even though the statistical analysis was conducted on the trans-
formed data. See Table 1 for statistical results.

Statistical Analysis

We used a repeated-measures MANOVA to account for the
within-individual sampling design (JMP 5.0.1a, SAS Institute;
Zar, 1999). This design tests for effects of treatment, individual
shark, and the interaction between treatment and individual.
The factor “treatment” consisted of two categories, either the
“vertebrae” or “centra” condition described in the previous sec-
tion. A was normally distributed as determined using a Shapiro
Wilk W test. E, o,, and &, were all normally distributed, as
determined by the Kolmogorov-Smirnov test, after log transfor-
mation. F* and c*, as determined by the Kolmogorov-Smirnov
test, were normally distributed following inverse transforma-
tion. All variables passed the Mauchly Criterion for sphericity,
except E and &, To account for this, results for £ and ¢, are
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shown using the univariate Huyhn-Feldt Epsilon test; all other
variables were tested using univariate F-tests.

Anterior and lateral view contact radiographs of vertebrae
and centra were taken in a cabinet radiograph machine with
Kodak Bio-Max film before and after mechanical testing to
determine the fracture pattern of the mineralized cartilage dur-
ing compression to failure. Fracture patterns were scored based
on the nature of damage to the vertebra or centra (see Fig. 5).
Fracture data were analyzed using contingency tables (Chi
square) in Excel to determine if the fracture patterns differed
from each other by category (vertebra v. centra) and differed
from an even distribution (Zar, 1999).

RESULTS

As expected, vertebrae had a significantly larger
total area, A, than centra (Fig. 6A). Maximum
force, F*, did not vary between the vertebrae and
the centra (Fig. 6B), even though A for the verte-
brae is greater than that for the centra. Compared
with vertebrae, the centra had larger ultimate
strength, ¥, yield strength, c,, and Young’s modu-
lus, E (Fig. 6C-E). A statistically significant treat-
ment effect was detected for A, c* o, and E
(Table 1). Significant individual effects were
detected for all variables except yield strain, s,
The interaction between treatment and individual
was not significant in any case.

In all mechanical tests, vertebrae failed at the
centrum but not at the arch, as determined by vis-
ual and radiographic inspection (Fig. 7A-C). For
fracture patterns occurring in vertebrae, the type
of fracture did not occur evenly (y® = 7.867, P =
0.049); inter- and intracone failures occurred more
often than compound and other fracture types
(Fig. 7C). For facture patterns occurring in centra,
the type of fracture occurred evenly across types
(x? = 4.400, P = 0.221), even though no significant
difference was detected between the distribution of
failure patterns in vertebrae and centra (y? =
0.876; P = 0.831). Because no difference was
detected between treatments, we pooled the groups
and found that the fracture pattern of vertebrae
and centra, combined, differed from an even distri-
bution (x> = 88.43; P = 0.00785); inter- and intra-
cone factures occurred more often than compound
and other types. Centra had two distinct fracture
patterns primarily taking place within the double
cone structure (see Fig. 7).

DISCUSSION

We measured the compressive properties of ver-
tebrae and centra. The two structures, differing by
the presence of a neural arch, sustain statistically
indistinguishable maximum compressive forces
(Fig. 6B). Under in vitro testing conditions, where
the arch and centra are simultaneously in contact
with the load-imposing platens (see Fig. 1), we con-
clude that the arch does not bear appreciable loads
because vertebrae are less stiff than centra (Fig.
6F). Independent evidence for this conclusion
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TABLE 1. Structural and mechanical properties of vertebrae and centra as tested by repeated measures ANOVA
Treatment Individual Interaction
Response variable F stat P value DF F stat P value DF F stat P value DF
Total area (mm?) 69.37 <0.0001 1,18 2.29 0.1313 2,17 0.66 0.530 2,17
Maximum force (N) 0.35 0.5603 1,17 31.78 <0.0001 2,16 0.62 0.552 2,16
Ulimate strength (MPa) 21.9 0.0002 1,17 25.01 <0.0001 2,16 1.67 0.220 2,16
Yield strength (MPa) 9.14 0.0073 1,18 18.96 <0.0001 2,17 0.49 0.6212 2,17
Young’s modulus (MPa) 10.46 0.0049 1,17 6.61 0.008 2,16 0.02 0.979 2,16
Yield strain (%) 0.21 0.6500 1,17 140.0 <0.0001 1,18 0.50 0.503 1,18

Total length was normally distributed. Young’s modulus, yield strain, and yield strength were normally distributed after log trans-
formation. Maximum force and ultimate strength were normally distributed after inverse transformation. As yield strain failed the
Mauchly criterion for sphericity, we used the univariate Huyhn-Feldt Epsilon test on that variable.

comes from the fact that vertebrae fail in compres-
sion at the centra, and not at the arches (see Fig.
7). If the in vitro testing condition approximates
the loading condition in vivo, then we predict that
during swimming (see Fig. 2), too, compressive
loads acting on the vertebral column are borne by
the centra. These results support the hypothesis
that the evolution of centra, which occurred after
the origin of neural arch structures, might have
been an adaptation for enhanced swimming per-
formance made possible by an increased capacity for
compressive load-bearing by the body axis. Deter-
mining the magnitude of this increase will, ulti-
mately, require direct assessment of the arch proper-
ties. However, if axial stiffness is correlated with
swimming speed, as indicated by data from robot
performance (Long et al., 2006), then such measure-
ments might provide a quantitative assessment of
the effects of centra on swimming performance.

These results leave unresolved several addi-
tional questions that we explore further in the fol-
lowing sections: (1) What mechanical function, if
any, does the neural-interdorsal arch have when
the vertebra is compressed? (2) Are vertebrae ever
in danger of compressive failure in life? (3) How do
the compressive properties of shark vertebrae,
composed of mineralized cartilage, compare with
those of bone?

Mechanical Function of the Arches in
Compression?

Strictly speaking, we do not know the mechani-
cal behavior of the arches by themselves. As noted
in the Introduction, we were unable to conduct
experiments on isolated arches. Hence, we infer
arch function from the comparison of vertebrae,
with arches, to centra, lacking arches. We assume
that differences between the two conditions are
additive, and would expect that if arches had a
Young’s modulus, E, equal to or greater than that
of the centra then the E of the vertebrae should be
equal to or greater than that of the centra. How-
ever, we acknowledge that evidence is less strong
than that for comparisons of maximum force (F*)

data because of the simplifying assumptions
involved in calculating E, mentioned in the
Methods.

Although they may not bear substantial com-
pressive loads compared with the centra, arches

A intercone B intracone
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1471 ¢ @ vertebrae
centra
12 o
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3
® 8
L
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E 4
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Intercone Intracone  Compound Other
Fracture Type

Fig. 7. Failure patterns of vertebrae and centra under com-
pressive loads. A. Intercone shearing, example of failure of the
double cone at the apices, shown in X-ray, lateral view. This
was the most common fracture pattern in vertebrae. B. Intra-
cone fracture, example of failure within cone by radial cracking
or annuli separation, shown in X-ray, lateral view. C. The pat-
terns of failure. Distribution of fracture patterns of the verte-
brae (x2 = 7.867; P = 0.049) but not the centra (32 = 4.40; P =
0.221) differed significantly from an even distribution. Patterns
for vertebrae and centra did not differ significantly from each
other.
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may alter the stress distribution in the vertebrae
as the centra are failing. Fractures in vertebrae,
which always take place in the centra and never
in the arches, occur in a pattern that deviates
from an expected even distribution; in contrast,
fracture patterns in centra do not deviate from an
even distribution (Fig. 7C). We propose that as a
vertebra fails, the centrum’s E rapidly drops below
that of the arch, momentarily causing the arch to
bear more stress. This shift may account for the
differences in mode of failure between centra and
vertebrae. If vertebral fractures by compression
occur in a shark, then stress-bearing by the arches
may delay or forestall compression of the spinal
cord housed medial to the arches. This interpreta-
tion is weakened, however, by the fact that the
fracture patterns of vertebrae and centra, when
compared with each other, as opposed to a pattern
of even distribution, do not differ statistically.

Are Vertebrae Ever in Danger of
Compressive Failure in Life?

To predict if vertebrae may fail in compression
in vivo, we need to estimate what the maximal
compressive loads might be and when they might
occur. Of course, these interpretations are specula-
tive and conclusions should be treated cautiously
because in life centra are loaded as part of an
entire column rather than as single elements.

Shark vertebral columns may experience pure
compression at specific moments and locations dur-
ing the initiation of a fast start or when drag and
thrust are equal and opposite during steady swim-
ming (see Fig. 2). At the onset of a fast start, bilat-
eral muscle activity has been shown in several
species of fishes (Westneat et al., 1998; Hale et al.,
2002; Tytell and Lauder, 2002). Thus, when
muscles contract bilaterally, the vertebral column
may be placed instantaneously in pure compres-
sion, which, via Euler buckling, may initiate bend-
ing of the body (Czuwala et al., 1999). If this were
the case, how much muscle force, F,,, might be act-
ing on the vertebrae and what are the safety fac-
tors for shark vertebrae during a fast start?

To generate a crude first approximation of the
F,,, we first assume that a shark is a uniform right
circular cylinder made entirely of white muscle
with a density of 1,060 kg m 2. Using this body
density, p,, and body mass, my, from Mustelus
canis (570 g for a 55 cm long animal; van der Elst,
1981), we can estimate shark body volume, V},, and
then body cross-sectional area, Ay, as follows:

where [, is the length of the body. We use our esti-
mate of A;, to calculate the F,; we divide muscle
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stress, 241 mN mm 2 for isometric contraction in
the white muscle of Scyliorhinus canicula, (Curtin
and Woledge, 1988), by Aj,. This formulation yields
an estimation of a maximum F, of 235 N.

In addition to the possible compressive loads
imposed by F,, the vertebral column may also ex-
perience compression from hydrodynamic loading
during steady swimming, when drag, D (N), and
thrust, 7' (N), are acting in opposition, per New-
ton’s third law, primarily on the anterior and pos-
terior parts of the body, respectively (see Fig. 2B).
D is defined as follows:

D :%CdpSUZ,

where Cp is the drag coefficient, p is density of
seawater, S is the wetted surface area of the body,
and U is the swimming speed. If we again assume,
as a crude approximation, that the shark is a right
circular cylinder, we calculate S as the product of
l, and the circumference of the cylinder. Using a
Cq4, 0.04, for a streamlined body and p of seawater
at 20°C (Vogel, 1994), we estimate that the D act-
ing on a shark at any given U ranges from 3.8 N
at 1ms ' to 152 N at 2 m s~ '. These values of D
are small compared with those of F|,; taken to-
gether, they sum to maximum compressive loads of
250 N, still below the maximum F* values meas-
ured for vertebrae and centra (see Fig. 6).

Using the value of 250 N for combined muscular
and hydrodynamic compressive loads, and a mean
F* for vertebrae of 304 N (Fig. 6B), these values
yield a safety factor of 1.2. If we follow the advice
of Biewener (1993) and use a force associated with
yield strength, c,, rather than ultimate strength,
o* (see Fig. 6C,D for an approximate ratio of 9 to
12 MPa, respectively) we would lower F* to 228 N,
yielding a minimum safety factor of 0.9. One inter-
pretation of this result is that the vertebral col-
umn will fail if and when the maximum compres-
sive forces are generated. With a minimum safety
factor near one, we would expect to see many more
fractures than the few indicated by indirect evi-
dence in living sharks (Hoenig and Walsh, 1983;
Officer et al., 1995; Porter et al., 2006). On the
other hand, it is more likely that we have overesti-
mated F,,. If instead of assuming bilateral activity,
we assume unilateral activity, the F,, would
decrease by half to 117.5 N. Adding the hydrody-
namic load of 15 N for a total load of 132.5 N, the
safety factor becomes 2.3. Estimates of safety fac-
tors would continue to rise if we made our model
more realistic by including noninstantaneous mus-
cle activation, muscle fiber angles, and red muscle.
In addition, safety factors might be increased in
life by the serial arrangement of vertebrae in a col-
umn, an arrangement that may predispose axial
compressive loads to cause Euler buckling of the
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column before those same loads can reach levels
that would cause vertebral failure. If these higher
safety factors are more accurate, then vertebral
fractures, when and if they occur, may be caused
by pressure from predatory or mating bites or by
developmental abnormalities. Finally, please keep
in mind when considering these arguments about
safety factors that because the vertebral column
fractures observed in sharks have not been verified
as matching those observed in these in vitro me-
chanical tests, the actual in vivo loading regime
has not been established.

How do the Compressive Properties of Shark
Vertebrae Compare With Those of Bone?

The compressive properties of the mineralized,
cartilaginous vertebrae of sharks show much
greater strength for a given E than that of the
cancellous bone of Bos taurus (see Fig. 8). To gen-
erate this comparison, we combined data from this
study with that from our previous work on the ver-
tebrae of the following shark species: Isurus oxy-
rinchus, Sphyrna zygaena, Carcharhinus falcifor-
mis, Carcharhinus plumbeus, Centrophorus granu-
losus, Torpedo californica, a Centrophorus sp., and
Mustelus californicus (Porter et al., 2006, 2007).
Data on the cancellous bone of cattle are from
compression tests conducted by Currey (2002) and
Hodgskinson and Currey (1992).

Recalling that E is material stiffness, we can
compare strength-to-stiffness ratios. For bovine
cancellous bone, the strength-to-stiffness ratio is
0.01, a value that appears to be typical for mam-
malian bone of different types, including compact
bone, and bone from different mammalian species
(Hodgskinson and Currey, 1990, 1992; Curry,
1999). For the vertebral cartilage of sharks, we
estimate the strength-to-stiffness ratio to be 0.05,
a fivefold increase relative to mammalian bone.
This dramatic difference, if consistent across elas-
mobranch (sharks, skates, and rays) and mamma-
lian species, may suggest an evolutionary trade-off
in the mechanical design of skeletons: cartilagi-
nous skeletons may be selected for high ultimate
strength, at the cost of reduced Young’s modulus,
and bony skeletons may be selected for high
Young’s modulus, at the cost of reduced ultimate
strength.

It is important to note that vertebrae are the
only known structures in elasmobranch skeletons
that are composed of three types of mineralized
cartilage: areolar, prismatic, and globular (@rvig,
1951; Kemp and Westrin, 1979; Dean and
Summers, 2006). Other skeletal structures possess
only prismatic and globular calcification (@rvig,
1951; Applegate, 1967; Moss, 1977; Kemp and
Westrin, 1979; Dean and Summers, 2006) that
form tiny mineralized blocks covering a hyaline
core, together forming a cartilage type recently
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Fig. 8. The mineralized vertebrae of sharks are stronger in
compression, at a given Young’s modulus, than the cancellous
bone of mammals (Bos taurus). Thus, the vertebral cartilage
strength-to-stiffness ratio in elasmobranchs (black squares) is
approximately five times larger than that of cancellous bone
(gray squares). Elasmobranch data points include data from the
present study (one point) and also values presented in previous
work on mineralized cartilaginous vertebrae from Isurus oxyrin-
chus, Sphyrna zygaena, Carcharhinus falciformis, Carcharhi-
nus plumbeus, Centrophorus granulosus, Torpedo californica,
and a Centrophorus sp. (Porter et al., 2006, 2007). The final
elasmobranch datum comes from a separate sample of Mustelus
californicus (Porter et al., 2007), which were included here
because they are from individuals of a larger size than those
tested in this study.

termed “tessellated” (Dean and Summer, 2006).
Little is known about the mechanical properties of
tessellated skeletal elements (Summers et al.,
1998; Summers, 2000; Dean and Summers, 2006;
Porter et al., 2006, 2007). Even so, it appears that
within elasmobranchs, the mechanical properties
of vertebrae, as controlled by kinds and degrees of
mineralization, have been targeted, separate from
other skeletal elements, by selection for enhanced
strength.

In conclusion, centra are the primary load-bear-
ing structures of the vertebrae in compression.
The arch, while not adding significantly to com-
pressive load resistance, may act to alter stress
distribution, as suggested by differences in frac-
ture patterns in centra and vertebrae treatments.
These results support the hypothesis that the evo-
lution of centra, which occurred after the origin of
neural arch structures, might have been an adap-
tation for increased axial stiffness (Laerm 1976;
Wainwright et al., 1978), that could, in turn, have
increased swimming speed (Clark, 1964; Long
et al., 2006). However, in axially undulating verte-
brates, vertebral columns are loaded in both com-
pression and bending during swimming. Under
those more realistic conditions of superimposed
loads, it is possible that arches have a different
function, perhaps, by virtue of spanning the inter-
vertebral joint (see Fig. 1), preventing or reducing
shearing and dislocation of the joints in concert
with the intervertebral ligaments.
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