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Muscle function and swimming in sharks
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The locomotor system in sharks has been investigated for many decades, starting with the earliest
kinematic studies by Sir James Gray in the 1930s. Early work on axial muscle anatomy also
included sharks, and the first demonstration of the functional significance of red and white muscle
fibre types was made on spinal preparations in sharks. Nevertheless, studies on teleosts dominate the
literature on fish swimming. The purpose of this article is to review the current knowledge of muscle
function and swimming in sharks, by considering their morphological features related to swimming,
the anatomy and physiology of the axial musculature, kinematics and muscle dynamics, and special
features of warm-bodied lamnids. In addition, new data are presented on muscle activation in fast-
starts. Finally, recent developments in tracking technology that provide insights into shark swimming
performance in their natural environment are highlighted. © 2012 The Authors
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INTRODUCTION

Sharks are a fascinating and ancient group of fishes. Their locomotor systems have
many similarities to those of teleosts, but clearly represent a more primitive or less-
derived mechanical design in many ways. Most of the studies of fish muscle and
locomotion have been carried out on teleosts, probably due to the ease of obtaining
experimental specimens, as sharks are not readily available from aquaculture sources.
Thus, all studies of shark muscle and swimming mechanics are on wild-caught
specimens, and this seems unlikely to change. Advances in capture, holding and
experimental techniques, however, have provided much new information and helped
clarify the similarities and differences in organization of the axial musculature, the
mechanical properties of the fast and slow fibre types, the swimming kinematics and
the muscle activation patterns in sharks, as compared to teleosts. Most new experi-
mental data relate to muscle function in steady swimming, with details on unsteady
swimming lagging. Studies of sharks at sea based on digital recording devices are
now providing extensive information on locomotor performance on daily or longer
timescales. Recent investigations of the anatomical and physiological specializations
for high-performance locomotion in lamnids have revealed a remarkable convergence
with tunas, their teleost counterparts with respect to form, function, evolution and

*Author to whom correspondence should be addressed. Tel.: +1 604 827 3149; email: shadwick@
zoology.ubc.ca

1904
© 2012 The Authors

Journal of Fish Biology © 2012 The Fisheries Society of the British Isles



S H A R K S W I M M I N G 1905

na
stl

hyp

het

vl

dl

Fig. 1. Diagram of a generalized heterocercal shark tail to illustrate morphological features: the upturned
notochord axis (na), the dorsal (dl) and ventral (vl) fin lobes, the small subterminal lobe (stl) and
the heterocercal (het) and hypochordal (hyp) angles (modified from Thomson & Simanek, 1977, with
permission from Oxford University Press).

ecological niche. Here, current understanding of how shark muscle works and how
it is used to power swimming in this diverse group of fishes is reviewed.

BODY MORPHOLOGY RELATED TO SWIMMING

Sharks are morphologically and biomechanically diverse, with body forms ranging
from slender and flexible benthic shapes to much more stiff-bodied pelagic types.
Thomson & Simanek (1977) compared the morphology of a large number of shark
species, particularly in the context of the caudal fin (Fig. 1). They described a range
of tail shapes that, although based on a common plan, display extremes represented
by the crescent-shaped or lunate tails of Lamnidae to the nearly straight tail of
benthic sharks such as Scyliorhinidae. From their analysis, they recognized four
patterns of morphology that can also be related to swimming styles in most cases:
(1) large, fast-swimming pelagic sharks (Lamnidae) [Fig. 2(a)] and the whale sharks
Rhincodon typus Smith 1828 with a high aspect ratio (i.e. span ÷ chord width) tail,
a conical head, a lateral keel on the caudal peduncle; (2) generalized swimmers such
as the Carcharhinidae [Fig. 2(b)], with lower heterocercal angles, a flattened ventral
surface on the head and no caudal fluke; (3) slow-swimming demersal and benthic
species such as Scyliorhinidae [Fig. 2(c)] with very low, almost straight tail, and
absent ventral hypochordal lobe and (4) squalomorphs [Fig. 2(d)] which are distinct
in their absence of the anal fin, the presence of a well-developed epicaudal lobe and
often an elevated insertion of the pectorals.

The marked heterocercal caudal fin of many shark species has long been thought
to produce asymmetrical hydrodynamic forces that result in an upward-directed lift
force on the tail during forward swimming (Breder, 1926; Grove & Newell, 1936;
Alexander, 1965), and a torque about the centre of mass tending to tilt the head
downward (classical model). This was hypothesized to be countered by an equal
and opposite torque generated by upward lift from the pectoral fins (Harris, 1936;
Alexander, 1965; Fish & Shannahan, 2000). Both torques are predicted to increase
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Fig. 2. Representative sharks of the four groups identified by Thomson & Simanek (1977): (a) Isurus
oxyrinchus, (b) Carcharhinus leucas, (c) Scyliorhinus torrei and (d) Centroscyllium fabricii (modified
from Thomson & Simanek, 1977, with permission from Oxford University Press).

in tandem with swim speed so that the net lift force on the body is just equal to the
weight of the shark in water. This model is based on the expectation that the larger
and stiffer dorsal lobe should lead the ventral lobe in its lateral motions, adopting
an angle of attack that results in upward directed lift. Furthermore, the larger dorsal
lobe area should result in net forward thrust force acting in a line that is dorsal to the
centre of mass, lifting the tail and driving the head down. Although an alternative
model in which the lateral motions of the shark tail produce downward lift force
causing the head to turn up has been presented (Thomson, 1976), recent evidence
from 3-D kinematic analysis of swimming in the leopard shark Triakis semifasciata
Girard 1855 (Ferry & Lauder, 1996) and flow visualization of T. semifasciata and the
bamboo shark Chiloscyllium punctatum (Müller & Henle 1838) (Wilga & Lauder,
2000, 2002, 2004) do not support this. These studies show convincingly that in
small sharks (17–38 cm total length, LT) swimming slowly (1–1·2 LT s−1) the tail
produces downward and posterior vortex jets, tending to rotate the head downward.
Interestingly, they also show that this torque is balanced, not by lift from the pectoral
fins, but by lift generated by the body which is held at a positive angle of attack
to the flow, while the fins adopt a slight negative angle of attack during steady
swimming (Wilga & Lauder, 2000, 2002, 2004; Fig. 3). More recently, Flammang
(2010) has shown the importance of the radialis muscle in the caudal fin in altering its
shape during locomotion. Whether this kinematic pattern persists in larger individuals
swimming at faster speeds remains to be seen.

The situation is probably quite different in lamnids where the lunate caudal fin is
much less asymmetrical and more rigid [Reif & Weishampel, 1986; Fig. 2(a)]. The
plan area of the caudal fin was measured in four species of Lamnidae and the ratio
of dorsal to ventral lobes was found to be c. 1·4–1·5 in the shortfin mako Isurus
oxyrinchus Rafinesque 1810 and the porbeagle Lamna nasus (Bonnaterre 1788), and
only 1·1–1·2 in the salmon shark Lamna ditropis Hubbs & Follett 1947 and the white
shark Carcharodon carcharias (L. 1758) (R. E. Shadwick, pers. obs.). Furthermore,
experiments on excised tails from three specimens of C. carcharias (Lingham-Soliar,
2005) indicated that the ventral lobe had up to two-fold greater flexural stiffness.
These experiments were, however, conducted on previously frozen tails and freezing
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Fig. 3. Proposed model of forces acting on a T riakis semifasciata swimming at 1·0 total length s−1, while
maintaining horizontal position. , the centre of mass; , force vectors. Lift is generated by the
anterior body (Fhead) and at tail (Ftail). The jet generated by the tail motion (Fjet) is directed posteriorly
and downward at −29◦, resulting in a reaction force (Freaction) directed anteriorly and upward. In level
swimming, the body is held at c. 11◦ to the path of flow, and the pectoral fin force (Fpectoral) is negligible
(modified from Wilga & Lauder, 2002 with permission from the Company of Biologists).

may have a significant effect on passive stiffness, as was shown in the case of the
tail of a tope shark Galeorhinus galeus (L. 1758) (Alexander, 1965). Given a lack of
experimental data on the forces produced by this tail during swimming, it is possible
that the net vertical lift forces are generated from the lateral motion of the dorso-
ventrally flattened caudal peduncle rather than the caudal fin per se as observed in
non-lamnid sharks.

THE LOCOMOTOR MACHINERY

M YO M E R E S A N D M YO S E P TA

The segmented axial muscle used in undulatory locomotion in sharks is morpho-
logically similar to muscle in teleosts. A series of myomeres along each side of the
body, one per vertebra, form complex, three-dimensionally folded structures with
one main anterior-projecting cone and two posterior-projecting cones (Greene, 1913;
Nursall, 1956; Alexander, 1969; Gemballa et al., 2003; Fig. 4). In this arrangement,
each myomere spans several vertebral segments by nesting of the cones, which
appear as concentric rings in a body cross-section (Fig. 4). The shapes of myomeres
vary not only among different groups of fishes but also at different axial positions
along the body, primarily due to accommodation of the body cavity in the pre-anal
region and variation in body cross-sectional shape (Nursall, 1956; Gemballa et al.,
2003). The connective tissue sheets that separate myomeres are the myosepta. It has
long been recognized that the myosepta must function as tendons to direct muscle
forces to the skeleton (Wainwright, 1983; Reif & Weishampel, 1986; Videler, 1993;
Westneat et al., 1993; Westneat & Wainwright, 2001). More recently, Gemballa
et al. (2003, 2006), using micro-dissection, histology, polarized light microscopy
and three-dimensional reconstructions, elegantly demonstrated that the myoseptal
sheets contain tracts of robust collagen fibres that function as tendons to transfer
muscle forces to the axial skeleton. The myoseptal cones are connected by lon-
gitudinally oriented epaxial and hypaxial lateral tendons that lie along the surface
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Fig. 4. Legend on next page.
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of the anterior cones, and myorhabdoid tendons that lie on the posterior cones.
Mediolaterally oriented tendons connect to the vertebral column and the skin (Gem-
balla et al., 2006). Each lateral tendon spans only 5–7·5% of LT or five to six
vertebral segments. Superficial red muscle fibres insert into the mid-region of the
lateral tendons on each myoseptum (Gemballa et al., 2006); thus, their contractions
cause local bending of the body. These anatomical features are similar to those in
teleosts, suggesting that the basic myoseptal anatomy evolved early in gnathostome
history (Gemballa et al., 2003, 2006).

Elongation of myomeres and their associated myosepta in more derived fishes
(e.g. lamnids and tunas) results in a greater number of vertebrae spanned and
more numerous concentric rings seen in cross-section [Fig. 4(b)]. For example, in I.
oxyrinchus the posterior myomeres are highly elongated, with the most prominent
tendon being the thick lateral tendon on the hypaxial surface of the anterior-pointing
cone [Fig. 4(b)]. These cones are so elongated that their lateral tendons span up to
24 vertebral segments, or 19% of LT, from the tips of the anterior cones through
the posterior cones and into the skin in the region of the caudal peduncle (Gemballa
et al., 2006) [Fig. 4(b)]. This unique anatomy is the basis of the special swimming
mode in lamnids.

M U S C L E F I B R E T Y P E S

A casual glance at the lateral muscle of a transversely sectioned shark or teleost
reveals two differently coloured muscle groups [Fig. 4(a)], a narrow band of dark or
red fibres lies just under the skin [except for lamnids; Fig. 4(b)], while the remainder
is much lighter or white. This colour distinction arises from differences in vascular-
ization and myoglobin content (Kryvi et al., 1981; Totland et al., 1981) that reflect
functionally different contractile properties, first described in studies on sharks (Bone,
1966, 1978). The red muscle is aerobic and designed for slow, continuous swim-
ming, whereas the white muscle is generally anaerobic and suited for brief bursts
of speed or fast-starts. This functional distinction is also evident from differences in
mitochondrial content (Kryvi & Eide, 1977; Bone et al., 1986), mitochondrial oxida-
tive enzymes and Ca2+-activated myosin ATPase activities (Kryvi & Totland, 1977;
Bone, 1989) (Table I). Although additional minor fibre types have been identified in

Fig. 4. The organization of the lateral muscle in sharks. (a) Etmopterus spinax, a typical ectothermic sub-
carangiform species. The body is long and slender and has a long heterocercal tail. A post-anal
cross-section shows that the bulk of muscle is fast, pale fibres, while the aerobic red fibres occupy
a thin band just under the skin. Anterior and posterior myosepta are shown, in their original positions in
the body and enlarged for detail. The lateral edge of each myoseptum that links to the skin is delineated in
blue. Lower inset is a polarized light micrograph showing a portion of the lateral tendon on the hypaxial
surface of the posterior myoseptum. (b) Isurus oxyrinchus has a thick streamlined body with a tapered
caudal region and a large lunate tail fin. A post-anal cross-section shows that the aerobic red fibres
(dark area) are internalized and lie on the anterior-pointing cones. One posterior myoseptum is shown to
emphasize the difference from the non-lamnid example, in particular the very elongated anterior cones.
Here, the red fibres (in pink) are seen inserting into a major lateral tendon (red, ) on the hypaxial
surface of the anterior cone. The inset polarized light micrograph shows the thick lateral tendon. ac,
anterior-pointing cone; eac, epaxial anterior cones; hac, hypaxial anterior cones; dpc, dorsal posterior
cones; vpc, ventral posterior cones; hs, horizontal septum. Redrawn from Gemballa et al. (2006) with
permission from John Wiley and Sons.
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Table I. Comparison of slow and fast muscles in sharks (Bone, 1978, 1989; Bone et al.,
1986)

Slow (red) fibres Fast (white) fibres

Smaller diameter (20–50% of fast) Large diameter (100–150 μm)
Well vascularized, abundant myoglobin,

abundant large mitochondria, red colour
Poorly vascularized, little or no myoglobin,

low mitochondrial volume density, usually
white

Oxidative enzyme systems Enzymes of anaerobic glycolysis
Low activity of Ca2+-activated myosin

ATPase
High activity of myosin ATPase

Stored lipid and glycogen, sarcotubular
system less in volume than in fast fibres

Glycogen stored, usually little lipid, relatively
larger sarcotubular system

Multiple (distributive) innervation Focal, dual innervation
Lower resting potentials v. fast fibres Higher resting potentials
No propagated action potentials, except

under experimental conditions
Propagated action potentials

Long-lasting contractions evoked by
depolarizing agents

Brief contractions evoked by depolarizing
agents

Maximum isometric stress 70–142 kPaa Maximum isometric stress 180–289 kPaa

Maximum unloaded shortening rate
1·5–1·8 Lmusc s−1a

Maximum unloaded shortening rate 3·8–4·5
Lmusc s−1a

Power output 8·5–29 Wkg−1a Power output 55–129 Wkg−1a

Efficiency in cyclic contractions 51% at
0·74 Hzb

Efficiency in cyclic contractions 41% at
2·5 Hzc

Cycle frequency for maximum power
1·02 Hzb

Cycle frequency for maximum power 3·5 Hzc

aData for Scyliorhinus canicula (Bone et al., 1986; Lou et al., 2002).
bCurtin & Woledge (1993b).
cCurtin & Woledge (1993a).
Lmusc, muscle length.

some shark species, the majority of slow swimming is powered by the red fibres,
while fast or burst swimming relies on the white fibres (Bone & Chubb, 1978;
Totland et al., 1981).

Considering Fig. 1 again, it might seem surprising that the quantity of muscle used
to power continuous swimming is only a small fraction of the quantity that is required
for bursts. Two important factors explain this. First, sharks are only slightly nega-
tively buoyant (body mass in water being only 5% or less than the mass in air; Bone
& Chubb, 1978); thus, the effects of gravity are nearly negligible; the body is well
streamlined, so drag and the power needed to swim at slow cruising speeds (c. 0·3–1
LT s−1) are relatively low. The minimum speed required to maintain hydrodynamic
equilibrium to match body mass is also low (Bone, 1989). Consequently, red fibres
typically comprise <10% of the total muscle mass or <5% of the total body mass;
Bone (1978) gives average red muscle masses of 8–11% of total muscle mass for the
spotted catshark Scyliorhinus canicula (L. 1758) and the blue shark Prionace glauca
(L. 1758). Bernal et al. (2003a) reported red muscle mass was 2–3% of total body
mass in eight species of pelagic sharks, but there is evidence that this ratio may be
increased at very large body size (Carey et al., 1985). Most important is the fact that
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the thrust power required to swim increases non-linearly with velocity (V ). Thrust
force must match drag, which increases in proportion to V 2, power (= drag ×V )
will increase as V 3 (Webb, 1975). For example, a burst speed of four times cruising
speed would require c. 64 times more muscle power output. White muscle typically
has larger cells with greater myofibrillar content, larger force and faster contraction
velocities, so muscle power output, the product of force and shortening velocity, is
considerably higher (Bone 1978; Table I). In S. canicula, mass-specific power output
in white muscle is five to six times higher than in red muscle, and white muscle
mass is c. 10 times greater, so the power available seems to match that needed for
burst speeds (Table I).

M E C H A N I C A L P RO P E RT I E S

Mechanical properties of myotomal muscle of sharks were first measured in iso-
lated, chemically skinned fibres from S. canicula (Altringham & Johnston, 1982a, b;
Bone et al., 1986). These studies yielded data on the force–velocity relation for red
and white fibres, which confirmed the roles these two fibre types have in locomotion,
as previously inferred by electromyography (EMG) (Bone, 1966). Curtin & Woledge
(1988) used intact myotomal muscle preparations from S. canicula to investigate
basic contractile properties of shark red and white muscle. Maximal instantaneous
power can be calculated from experimental force and velocity curves; for S. canicula,
Curtin & Woledge (1988) calculated that peak power output for white muscle was 91
Wkg−1 at a shortening velocity of c. 1 muscle length (Lmusc) s−1 or about one third
of the maximum unloaded shortening velocity. From this power they also predicted
that the maximum burst speeds could range up to 12·9 LT s−1 (Curtin & Woledge,
1988), probably much higher than these sharks are capable of attaining. In a more
recent study, Lou et al. (2002) used vital staining to account for only live fibres in the
test bundles, and reported maximum isometric tetanic stress, maximum shortening
velocity and maximum instantaneous power for red and white fibres, respectively, as
142 and 289 kPa, 1·8 and 3·8 Lmusc s−1 and 29 and 120 Wkg−1, both at shortening
velocities of 0·3 of the maximum (Table I).

While force–velocity experiments characterize a muscle’s intrinsic capacity to
develop instantaneous power, they do not shed light on the performance of a muscle
in cyclic contractions at different frequencies, such as in swimming, where deac-
tivation is enhanced by shortening, but usually sets an upper limit on the rate at
which a muscle can cycle. To more effectively measure muscle properties in vitro
under conditions that closely mimic function in vivo, the work-loop technique is
commonly used (Syme, 2006). This was first applied to the study of shark muscle
by Curtin & Woledge (1993a, b), again on white and red fibres from S. canicula.
By measuring net work and heat produced, they sought to determine the optimal
frequency and stimulus timing conditions that produced maximum power and effi-
ciency. They found that for maximum power and maximum efficiency the stimulus
must begin while the muscle fibres are being stretched and end before shortening
has ended. Interestingly, this is similar to in vivo stimulus conditions determined
in later experiments on slow-swimming sharks (Donley & Shadwick, 2003; Donley
et al., 2005). In both red and white fibres, maximum efficiency occurred at a lower
frequency than maximum power (Curtin & Woledge, 1993a, b; Table I), leading to
the possibility that power may be maximized in vivo at the expense of efficiency
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or vice versa. This may be an important property that fish take advantage of under
differing locomotor demands, and warrants further investigation.

STEADY SWIMMING

K I N E M AT I C S O F U N D U L AT I O N

Steady swimming in sharks is powered by a sequential contraction of myomeres
alternately along both sides of the body. This generates a propulsive undulatory
wave that propagates along the body with increasing amplitude from head to tail
(Fig. 5). Each portion of the body involved in the wave imparts momentum to the
water in a backward and lateral direction, producing a reaction force that has a
forward component contributing to the thrust. But there is also a lateral component
that wastes kinetic energy and tends to make the head recoil sideways (Webb, 1975).
Although most fishes are well streamlined, the undulation increases drag several-fold
compared to the same body moving in a rigid posture, making this form of thrust
production relatively inefficient (Webb, 1975).

The first quantitative description of fish swimming kinematics was made in a
now-classic study by Gray (1933), which included high-speed ciné movies of a
swimming spiny dogfish Squalus acanthias L. 1758. Gray (1933) described the
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Fig. 5. Images from frames of a high-speed ciné film of a swimming Squalus acanthias, showing the propulsive
wave on the body. Tracking a lateral wave peak, as indicated by , shows that the wave travels backward
on the body, but also back relative to the water as the fish moves forward. This demonstrates that the
propulsive wave speed is greater than the fish’s swimming speed. Time interval between frames is 0·1 s.
Redrawn from Gray (1933), with permission from the Company of Biologists
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undulatory motion of S. acanthias as being similar to that in teleosts such as whiting
Merlangius merlangus (L. 1758) and eel Anguilla anguilla (L. 1758). He showed that
in steady forward swimming the undulatory wave travels backward at a velocity (V )
that is always greater than the forward velocity of the fish (U ). The distance travelled
forward in one tail-beat cycle is the stride length, λs. If the path traced through the
water by the tail tip (or any other segment of the body) is considered as representing
a wave of forward movement (Fig. 6), then λs is the wavelength of progression and
is equal to the velocity U times the cycle period T or, Uf −1 where f is tail-beat
frequency. For most fishes, including sharks, measured values of λs fall in the range
of 0·6–0·7 of LT for steady swimming (Wardle et al., 1995; Shadwick & Gemballa,
2006). To generate forward thrust, the propulsive wave must push on the water,
but because the water gives way the wave must travel backwards along the body
relative to the water to generate thrust, i.e. V is always >U (Fig. 6). Consequently,
the length of the propulsive wave on the body λb is greater than λs, and the path
angle of a body segment is greater than the orientation of the segment relative to
the direction of forward travel [Fig. 6(b), (c)]. This ensures that the segment has
a lateral component of motion relative to the flow, i.e. a positive attack angle α

[Fig. 6(c)] (Webb, 1975; Jayne & Lauder, 1995). Experimental measurements of α

during swimming are difficult to obtain and limited. Bainbridge (1958) showed that
in goldfish Carassius auratus (L. 1758) and dace Leuciscus leuciscus (L. 1758) α

at the tail tip and caudal peduncle ranged up to 30◦ and was positive for c. 75%
of the tail-beat cycle. Similarly, a study on largemouth bass Micropterus salmoides
(Lacépède 1802) found that α ranged up to 20◦ and was positive for c. 68% of a
cycle (Jayne & Lauder, 1995). There are no recorded data for α in any swimming
shark but, given the shape and high flexibility of their tails, this may not be a useful
measurement. The ratio U :V (= λs:λb) defines the slip of the body in the water.
In forward swimming, slip values <1·0, the propulsive wave travels faster than the
body and generates forward and lateral thrusts. When U approaches V , α decreases
because the path of the segment coincides closer to the shape of the propulsive wave.
If U = V , the propulsive and progression waves are coincident, α = 0, there is no
relative motion between the body wave and the water, and no thrust is generated
(Webb, 1975). If U :V > 1·0, then the body wave would travel forward relative to
the water and the fish would decelerate. The propulsive (i.e. Froude) efficiency is the
ratio of thrust power:total power output, which can be expressed as (U + V ) (2V )−1

(Webb, 1975; Webb et al., 1984). When U is close to V the locomotor efficiency
is optimized because the energy lost to lateral motion is minimized. For example,
Froude efficiency would be 0·75 when U :V = 0·5, rising to 0·95 for U :V = 0·9.
Gray’s (1933) data for S. acanthias gave an efficiency of 0·53. Generally, λb is
c. 1·0 LT, so U :V is c. 0·7, although this often decreases at speeds below 1 LTs−1

(Hunter & Zweifel, 1971; Wardle et al., 1995; Lowe, 1996; Shadwick & Gemballa,
2006). Consequently, the Froude efficiency is also decreased at low swim speeds.

Hunter & Zweifel (1971) found that the tail-beat frequency of a smoothhound
shark Mustelus henlei (Gill 1863) swimming in a flume increased linearly with
increases in swim speed, while the amplitude remained at c. 0·2 LT. Webb & Keyes
(1982) analysed the propulsive movements of several species of sharks swimming
in large tanks at an aquarium. They found that, as in teleosts, the relationship
between speed and tail-beat frequency was linear, but they also found evidence that
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Fig. 6. Curves representing body midlines from successive 60 Hz video images of a swimming fish to show
how V (propulsive wave velocity) or λb (the propulsive wavelength) can be measured. (a) By aligning
the midlines on the horizontal axis, the position of peaks in lateral deflection can be followed in time
( , i–v), each separated by a time interval of 16·67 ms. In this example, the deflection peak travels
0·35 lengths (L) in 66·7 ms, yielding V = 5·2 L s−1; the tail-beat frequency is 4·5 Hz, giving λb = 1·15
L. Alternatively, the distance on the body between nodes of the body wave depicted by the intersection
of midlines ( ) from the start of successive half tail beats yields a measurement of half λb; in this
example λb = 1·1 L, giving V = 5·0 L s−1, very similar to the first method. (b) Midlines as in (a),
here displaced horizontally to indicate the forward movement of the fish. The distance travelled forward
through space by a point on the body (e.g. at the tail tip or at nose) is represented by Ut , where
t is time, the distance travelled backward along the body by the crest of the propulsive wave is V t ,
while the difference in these quantities (V − U)t represents the relative progression of the wave crest
( ) backward in space. (c) The position of a tail segment at two successive times showing its forward
and lateral movements. Its orientation relative to forward progression of the body is the angle θ . The
angle of attack of the segment relative to the fluid flow is α. The path angle of the segment is (α + θ ).
When U approaches V , α decreases. If U = V , α = 0 and no thrust is produced. λs is the wavelength
of the path traced out by the body of the fish (i.e. the stride length).

modulation of tail-beat amplitude and the length of the propulsive wave could influ-
ence speed. Lowe (1996) found that hammerhead sharks Sphyrna lewini (Griffith &
Smith 1834) swimming freely in a pond increased their tail-beat frequency linearly
with speed, up to Ucrit, the maximum aerobic speed. A common feature of swim
tunnel trials with sharks is that they swim with a narrow range of speeds, generally
no higher than 0·5–1 LTs−1 (Hunter & Zweifel, 1971; Graham et al., 1990; Lowe,
1996; Donley & Shadwick, 2003; Donley et al., 2005), relatively slow compared to
many teleosts. Records of sharks swimming at sea or in large enclosures also indicate
low routine speeds on the order of 0·3–0·4 LT s−1 (Weihs et al., 1981; Lowe, 1996;
Klimley et al., 2002; Sundström & Gruber, 2002).
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Non-lamnid sharks
Beyond differences in the function of the two major muscle fibre types with respect

to swimming speed, recent studies on teleosts have revealed significant variation in
how the lateral muscles are activated in relation to their shortening cycle and position
along the body. For example, it has commonly been observed that the wave of muscle
activation (measured by EMG) propagates along each side of the body faster than
the wave of body bending or muscle shortening (i.e. strain), leading to perceived
differences in the pattern of force development with longitudinal position (Shadwick
& Gemballa, 2006). Commonly, muscle fibres are activated before reaching their
peak length in vivo and deactivated while shortening; this has been shown to optimize
work and power output by increasing force and enhancing relaxation between cyclic
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Fig. 7. (a) Red muscle activation strain at anterior (Ant.) (0·43 total lengths, LT) and posterior (Post.) (0·75
LT) locations in a Scomber japonicus swimming at 3·0 LT s−1. , the onset and offset of activation
which occur later in time posteriorly, but earlier relative to the peaks of strain. , a period in one tail-
beat cycle when anterior muscle is actively shortening while posterior muscle is stretched as it is activated
(R. E. Shadwick, unpubl. data). (b) Red muscle activation and strain, measured by sonomicrometry, at
anterior (Ant.) (0·42 LT), mid (Mid.) (0·61 LT) and posterior (Post.) (0·72 LT) locations in T riakis
semifasciata swimming at c. 0·5 LTs−1. Activation occurs later towards the posterior but, on average,
the activation duration and phase relative to the strain cycle were not significantly different at the three
sites [ , as in (a)]. Redrawn from Donley & Shadwick (2003) with permission from the Company of
Biologists.
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contractions [Syme, 2006; Fig. 7(a)]. In many fishes, there is also a decrease in
the duration of muscle activation in more caudal locations. But the most intriguing
feature results from the differences in the propagation of activation and shortening
waves, as mentioned above. Specifically, the posterior muscle is activated later in
time, but earlier in its shortening phase [Fig. 7(a)], to the extent that posterior muscles
are active and being lengthened during a portion of the time in which the anterior
muscle is actively shortening. This has led to a number of models of regional variation
in muscle function and power production in different species, linked to measured
differences in inherent contractile speed related to body position within fibre type,
and optimization for different swimming behaviours (Wardle et al., 1995; Coughlin,
2002; Shadwick & Gemballa, 2006; Syme, 2006).

Interestingly, only two studies to date have investigated activation timing and strain
of red muscle in swimming sharks and neither revealed any axial variation in the
duration of muscle activation or its phase with muscle strain (Donley & Shadwick,
2003; Donley et al., 2005). In T. semifasciata, the EMG duration averaged c. 30%
of one tail-beat period in locations from 0·42 to 0·72 LT [Fig. 7(b)] during steady
swimming at 0·5–1 LT s−1. As in many teleosts, activation began during the latter
part of muscle lengthening and ended during shortening, but with the same phase
(i.e. also the same duration) at all locations tested [Fig. 7(b)]. This led to a prediction
that, unlike teleosts, there is uniform muscle function along the body in sharks, and
regional variation is not necessary for undulatory aquatic locomotion (Gillis, 1998).
Myomeres along the body are linked to adjacent vertebrae, so their contractions cause
local bending (Donley & Shadwick, 2003; Gemballa et al., 2006). The relationship
between the amplitude of muscle strain and the amount of bending it causes is
dependent on the distance of the muscle fibres from the backbone (i.e. the neutral
axis of bending), like a simple beam in bending (Katz & Shadwick, 1998; Shadwick
et al., 1998). In many teleosts, red muscle strains range from c. ±3 to ±8% in
steady swimming, usually increasing as the propulsive wave amplitude increases
caudally (Shadwick & Gemballa, 2006). By comparison, average red muscle strain
in T. semifasciata, measured by sonomicrometry, increased from ±3·9% at 0·4 LT to
±6·6% at 0·6 LT, then decreased to ±4·8% at 0·7 LT. Although muscle contractions
caused a progressive increase in lateral amplitude along the body (Figs 5 and 8), the
tapering of the body resulted in a slight decrease in red muscle strain at 0·7 LT.

Special features of Lamnidae: muscle function in steady swimming
The family Lamnidae consists of five species, C. carcharias, L. nasus, L. ditropis,

I. oxyrinchus and the longfin mako Isurus paucus Guitart 1966. These species are
all highly active pelagic predators that must swim continuously to ventilate and
not sink, and that cover large geographical ranges. Lamnids have many anatomical
and physiological features that set them apart from other sharks, while at the same
time revealing a remarkable similarity to tunas through convergent evolution over
the past 50–60 million years (Martin, 1996; Bernal et al., 2001a, 2003a; Donley
et al., 2004; Shadwick, 2005). Lamnids are distinguished by a thick and stream-
lined body, highly tapered to a narrow caudal peduncle with a stiff crescent-shaped
hydrofoil-like tail fin [Fig. 4(b)]. This is believed to generate thrust by forward-
directed hydrodynamic lift (i.e. lift-based thrust; Lighthill, 1970; Triantafyllou et al.,
1993). This body shape concentrates on the bulk of the locomotor muscle centrally
while reducing mass and maximizing lateral motion in the posterior region. The most
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Fig. 8. (a) Temperature profile across the body of the lamnid Lamna ditropis at c. 0·4 total length, LT,
immediately after capture. Muscle temperature ranges from 25◦ C in the core red muscle to 9◦ C just
under the skin. Surface water temperature was 8·5oC. Black outlines denote the position of the red muscle
(based on data in Bernal et al., 2005). (b) Core body temperatures (Tb) in lamnids are higher than the
ambient surface water temperature (Tw) where they were caught. At decreased Tw, the thermal excess is
greater, although Tb falls. Regression equation for I surus oxyrinchus [ , , y = 0·51x + 13·80 (r2 =
0·62, n = 38)] and Lamna nasus [ , , y = 0·72x + 10·80 (r2 = 0·68, n = 13)]. Other species: L.
ditropis ( ), Carcharodon carcharias ( ). Adapted from Bernal et al. (2001b) with permission from
Elsevier.

well-known specialization found in this group and in tunas is regional endothermy
or heterothermy (Carey et al., 1985; Block et al., 1993; Graham & Dickson, 2000;
Katz, 2002). Vascular heat exchangers in the medial red muscle capture heat pro-
duced from contractions that power continuous swimming. Muscle heat in outgoing
venous blood warms the incoming arterial blood, thereby maintaining the tempera-
ture around the red muscle elevated relative to the ambient water [Fig. 8(a)], not to
a constant level as in mammals, but to an excess that is diminished with increasing
water temperature [Carey et al., 1985; Bernal et al., 2001a; Fig. 8(b)]. These fishes
have elevated aerobic metabolism compared to their ectothermic relatives, fuelled by
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enhanced capacity to deliver oxygen to muscle and heart tissues, elevated metabolic
enzyme activities in muscle and heart, large gill area and large thick-walled hearts
(Dickson et al., 1993; Bernal et al., 2003b; Wegner et al., 2010).

Another lamnid and tuna innovation is that the loins of aerobic red muscle are situ-
ated medially, deep in the body, rather than superficially as in other fishes [Fig. 4(b)].
In addition, the red fibres occupy the tips of the anterior-pointing cones of the highly
elongated myomeres [Fig. 4(b)], placing these muscle fibres much more anterior
than they would be if they occupied a superficial position in the same myomeres
(Gemballa et al., 2006; Perry et al., 2007; Syme & Shadwick, 2011). Thus, the red
muscle is distributed centrally over a relatively narrow longitudinal range, in con-
trast to the situation of superficial red muscle in ectothermic sharks. For example, in
P. glauca and T. semifasciata, the red muscle is present in appreciable quantity from
c. 0·25 to 0·85 LT (Fig. 9), with the maximum cross-section occurring across a broad
band from 0·5 to 0·75 LT; in L. ditropis, the red muscle effectively spans from only
0·3 to 0·55 LT with a sharp peak in cross-section occurring at 0·4 LT, the thickest part
of the body, at the level of the dorsal fin (Bernal et al., 2003a; Perry et al., 2007).
This shift in red muscle mass might appear to create a disadvantage for powering
continuous swimming because the muscle is far from the tail and close to the bending
axis, but instead it turns out to provide substantial benefit. In fact, it is the position-
ing of red muscle on the anterior myoseptal cones that allows these fibres to link
to myoseptal tendons unavailable to superficial fibres [Fig. 4(b)]; ones that can span
large numbers of body segments (Donley et al., 2004; Gemballa et al., 2006), thereby
providing the basis for the ‘stiff-body’ swimming mode that lamnids employ (Bernal
et al., 2001b). That is, the lateral motion of the body is restricted to the caudal region
because the centrally located muscles are linked to the caudal region by the long-
reaching lateral tendons [Fig. 4(b)], rather than causing local bending as superficial
red fibres do in the non-lamnid sharks. For example, Fig. 10 compares relative lateral
displacement along the body for swimming T. semifasciata and I. oxyrinchus. At 0·5
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Fig. 9. Red muscle distribution in two lamnids, Isurus oxyrinchus ( ) and Lamna ditropis ( ), and the non-
lamnid Triakis semifasciata ( ). Data are based on the area of red muscle measured in cross-sections
at different positions along the body, and normalized to the area of red muscle at 0·5 total length, LT, in
each fish to account for differences in body size. In lamnids the red muscle mass is maximal at 0·4–0·5
LT, while in the non-lamnid the maximum occurs between c. 0·5 and 0·75 LT. The mass of red muscle
is c. 2% of total body mass in all three species. Drawn from data in Bernal et al. (2003a).
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LT, the displacement is three times greater in T. semifasciata, they are equivalent at
0·75 LT, while at the tail tip the amplitude is c. 40% greater in I. oxyrinchus than in
T. semifasciata. This is even more remarkable considering that in I. oxyrinchus most
of the red muscle occurs anterior to 0·65 LT (Fig. 9), whereas most of the lateral
motion caused by this muscle occurs posterior to this point (Fig. 10). Thus, the red
muscle functions as if it is physically uncoupled from local body curvature, i.e. from
direct connections with adjacent skin, surrounding white muscle and backbone. The
anatomy and physiology support this. A lubricative sheath between the loin of red
muscle and the surrounding white muscle allows independent movement of the two
tissues (Bernal et al., 2001b; Donley et al., 2005); red muscle shortening and local
body curvature have a phase difference of 10–15% of a tail-beat cycle, with contrac-
tions at the mid-body being in phase with lateral motion in the caudal region (Donley
et al., 2005). These features are illustrated in Fig. 11, which shows examples of the
body midlines in a swimming I. oxyrinchus along with measured lateral displace-
ments and red muscle strains. For example, shortening of red muscle at 0·4 LT is
coincident with lateral motion at about the leading edge of the caudal fin, while short-
ening of red muscle at 0·6 LT is in phase with lateral motion of the tail tip. Another
consequence of this uncoupling is that the propagation of the wave of deformation
along the body is rapid, c. 2 LT per tail beat, or twice as fast in T. semifasciata,
giving a propulsive wavelength of 2 LT, also twice the value as in T. semifasciata.

In vivo measurements of muscle activation and strain patterns in swimming
I. oxyrinchus revealed similar trends to those in T. semifasciata, with the following
notable differences (Donley et al., 2005; Fig. 12). At both 0·4 and 0·6 LT, red mus-
cle strains were higher (±5·5 to ±8·7%) than in T. semifasciata (±3·9 to ±6.6%),
although midline curvature was lower. Muscle activation occurs relatively late in
lengthening, <2% of a cycle period in advance of peak length, at both 0·4 and
0·6 LT, resulting in only very short periods of lengthening while active. Similar
activation phase and duration were observed at 0·4 and 0·6 LT.
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Fig. 11. Correlation between body kinematics and red muscle dynamics in a steady swimming Isurus
oxyrinchus. (a) Dorsal midline traces from 0·4 total length, (LT), to the tail tip (1·0 LT) for selected time
intervals through one complete tail-beat cycle. Numbers indicate points in time as the tail-beat cycle
progresses; symbols indicate positions along the body ( , 0·4 LT; , 0·6 LT, , the leading edge of
the caudal fin; , the tail tip). (b) Lateral displacement of the three posterior positions as a function of
time for the tail-beat cycle shown in (a). (c) Red muscle strain for 0·4 LT ( ) and 0·6 LT ( ) on the
left side of the body on the same time scale as (a). Redrawn from Donley et al. (2005) with permission
from the Company of Biologists.

The effects of temperature on red muscle mechanics
An important technique that has been developed to measure force and length

changes in cyclic contractions is the work loop (Syme, 2006). This provides a method
to mimic in vivo muscle function that is particularly useful for locomotion where
the muscle performs regular and cyclic contractions, such as in swimming. Briefly,
an isolated sample of muscle fibres is maintained in a temperature-controlled saline
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Fig. 12. Muscle activation and strain (sonomicrometry) recorded simultaneously over consecutive tail-beat
cycles in anterior (Ant.) (0·4 total length, LT) and posterior (Post.) (0·6 LT) axial positions in an Isurus
oxyrinchus. Here, the duration and phase of activation relative to strain are the same at both locations
( ). Redrawn from Donley et al. (2005) with permission from the Company of Biologists.
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bath, tied by connective tissue at one end to a force transducer and at the other
end to a displacement actuator. Typically, imposed displacement (muscle strain) is
sinusoidal with frequency and amplitude of the actuator under computer control.
Electrical activation is provided by a stimulator synchronized with the strain cycle
by the computer. Each experiment consists of lengthening and shortening cycles with
activation while force and length are continuously measured. Plots of force v. length
yield the work loop, allowing work per cycle to be determined. The frequency, strain
amplitude, and stimulus onset and duration are all important factors that determine
how much net work is performed in one contraction cycle. Generally, work per cycle
decreases as cycle frequency increases, because there is less time for the muscle to
relax after the stimulus period, eventually the frequency is too great for any positive
contractile work to be performed. Because power is the rate of doing work (work
cycle−1 × cycles s−1 = Js−1 = W), net power may increase with frequency if the
drop in work per cycle is less than the increase in frequency. The first application of
the work-loop technique to shark muscle, including measurements of net work and
heat output (Table I), involved both white and red fibres from S. canicula (Curtin
& Woledge, 1993a, b). More recently, activation timing patterns for T. semifasciata
and I. oxyrinchus recorded in vivo have been used to set parameters for in vitro
work-loop experiments (Donley et al., 2007). Their results showed that the twitch
properties of red muscle from anterior and posterior locations in each species were
statistically indistinguishable, quite unlike the situation in many teleosts where axial
variation in muscle contractile properties has been demonstrated (Syme, 2006). In
addition, the stimulus conditions that produced maximum work and power (stimulus
onset and duration) were also similar for both locations. These observations of muscle
performance in vitro match with the patterns of muscle activation timing recorded
in vivo [Figs 7(b) and 12].

The effect of temperature on red muscle power output in three species of sharks is
shown in Fig. 13. In these plots, the work-loop cycle frequency mimics the tail-beat
frequency, and therefore the swim speed of the fish. In the ectotherm T. semifas-
ciata [Fig. 13(a)], power peaks near 0·5 Hz at 15◦ C (c. 0·3 LT s−1; Shadwick &
Gemballa, 2006), but increases in magnitude and peaks near 1 Hz at 20◦ C (c. 0·6
LT s−1). Further increase in temperature led to a decline in power output. These
results show that at typical swim speeds of 0·5–1·0 LT s−1 red muscle in this
species is operating near its optimum for power and efficiency, whereas >20◦ C,
muscle performance is suboptimal (Donley et al., 2007). Temperature sensitivity is
much more marked in I. oxyrinchus red muscle [Fig. 13(b)]. Here, maximum power
output and its frequency are sharply increased from 25 to 28◦ C, but power output
is so diminished at 15◦ C, that it is unlikely the fishes could swim at that muscle
temperature. These results suggest that the muscle in the endothermic I. oxyrinchus
is well adapted to function at the elevated temperatures it normally experiences (i.e.
>20◦ C; Fig. 8), at the expense of potential for use at lower temperatures (Donley
et al., 2007).

A similar result, but to a greater extreme, was obtained from work-loop exper-
iments on red muscle from large L. ditropis obtained in Alaska [Fig. 13(c)]. In
this species, power production was greatly enhanced up to at least 30◦ C, but was
virtually zero below 20◦ C (Bernal et al., 2005). Interestingly, Alaskan L. ditropis
spend much of their time in water temperatures of 5–10◦ C (Weng et al., 2005),
at which their red muscle would be non-functional if it were to cool to ambient
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Fig. 13. Red muscle power output as a function of cycle frequency and temperature in (a) Triakis semifasciata,
(b) Isurus oxyrinchus and (c) Lamna ditropis. Values of power are normalized to the maximum at 20◦ C
for (a and b) and 26◦ C for (c). Cycle frequency axis is equivalent to tail-beat frequency, thus an index of
swim speed. Data are from in vitro work-loop experiments on isolated muscle fibres (Bernal et al., 2005,
with permission from Nature; Donley et al., 2007, with permission from the Company of Biologists).

temperature. Clearly, regionally endothermic lamnids have a requirement for ele-
vated red muscle temperature that is provided by heat retention from their sustained
swimming.

Alopias vulpinus, the other warm-bodied shark
The common thresher shark Alopias vulpinus (Bonnaterre 1788) has anteriorly

focussed, internalized red muscle and elevated core body temperatures (Bernal &
Sepulveda, 2005; Sepulveda et al., 2005). This seems even more remarkable consid-
ering that the other species of Alopiidae, which have very similar body morphology,
are ectothermic and have only superficial red muscle. A recent study in which mus-
cle activation and strain were measured in swimming A. vulpinus demonstrated an
uncoupling of the red muscle from local bending and surrounding white muscle,
just as in I. oxyrinchus, but without the stiff-bodied swimming mode (Bernal et al.,
2010). Details of the myoseptal anatomy in A. vulpinus and the temperature sensi-
tivity of its red muscle, when available, should provide interesting insight into the
phenomenon of regional endothermy and swimming mechanics.
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UNSTEADY SWIMMING: FAST-STARTS AND BURSTS

Unlike steady aerobic swimming, unsteady fast-starts and burst sprints are tran-
sient, high-acceleration manoeuvres initiated either at rest or during steady swim-
ming, and powered by fast white muscle. This highly specialized behaviour is
critically important for capturing prey and avoiding predators in a variety of fishes.
Nearly all studies of the neurobiology, kinematics or muscle activity involved in
unsteady swimming have been conducted on teleosts, and have generated a good
understanding of this phenomenon and its evolutionary origins (Weihs, 1973; Eaton
et al., 1977; Webb, 1978; Nissanov & Eaton, 1989; Eaton & Emberley, 1991; Jayne &
Lauder, 1993; Domenici & Blake, 1997; Wakeling & Johnston, 1998, 1999; Wakeling
et al., 1999; Wakeling, 2001; Tytell & Lauder, 2002).

FA S T- S TA RT S

Weihs (1973) first categorized fast-starts into three stages of motion: a preparatory
bend to one side of the body (stage 1), a propulsive kick (stage 2) and a variable
stage where the fish may glide to a halt or continue to swim (stage 3). Subsequently,
the transitions between stages have been more specifically defined EMG (Jayne &
Lauder, 1993), onset of forward propulsion (Foreman & Eaton, 1993) and change in
turning direction (Kasapi et al., 1993).

A clear feature of fast-starts is that a wave of strong contraction is propagated
rapidly along the white fibres of one side of the body to initiate the C-bend away from
the stimulus, characteristic of stage 1. In a few cases where this has been quantified,
the muscle activation, measured as EMG activity, is near-synchronous (within a few
ms) along the entire side contralateral to the stimulus, implicating the involvement
of a fast neuronal conduction system separate from what controls undulatory swim-
ming. Indeed, it is well accepted that fast-starts in fishes and aquatic amphibians
are initiated by large paired reticulospinal neurons called Mauthner cells (Wilson,
1959; Eaton et al., 1981; Korn & Faber, 2005) or their homologues (Kohashi &
Oda, 2008). The axons of these cells extend the length of the spinal cord, and their
interaction with spinal interneurons transduces a stimulus on one side of the head
into a rapid and strong activation of motor neurons on the contralateral side, initi-
ating muscle contraction to power the escape response, even if the fish is already
swimming forward (Fetcho & Faber, 1988; Fetcho, 1991; Eaton et al., 1995; Korn
& Faber, 2005). Stage 2 appears to be based on a propulsive wave of muscle con-
traction, similar to what is seen in burst swimming (Westneat et al., 1998; Ellerby
& Altringham, 2001).

The most basal extant lineage in which Mauthner cells and startle behaviour
occurs is the Petromyzontidae (Rovainen, 1978, 1983; McClellan & Grillner, 1983).
Comparative analyses suggest that startle responses are evolutionarily conserved,
whereby the fast-start escape response in teleosts is derived from a primitive head
withdrawal response, as seen in petromyzontids, which involves bilateral muscle
activation (Hale et al., 2002). This hypothesis is supported by evidence that some
basal actinopterygians (Amia and Polypterus) exhibit strong bilateral muscle activa-
tion during fast-starts (Tytell & Lauder, 2002), while in more derived teleosts such as
trout Oncorhynchus mykiss (Walbaum 1792) and C. auratus activation on the ipsi-
lateral side is absent or only weak. Mauthner cells have been described in embryos
and small pups of two squaloid sharks (S. acanthias and Dalatias licha; Bonnaterre
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1788), but not in adults nor in any stages of S. canicula (Bone, 1977). Therefore, the
role of a rapid conduction neuronal system to control escape manoeuvres in sharks
has not been confirmed. To date, only one study has examined fast-start kinematics
in any elasmobranch (Domenici et al., 2004) and no measurements of muscle acti-
vation patterns are yet available. Working with the spotted spiny dogfish Squalus
suckleyi (Girard 1855), Domenici et al. (2004) showed that escape responses were
relatively slow compared to those of teleosts, but had tight turning radii, reflecting
their low locomotor performance and high flexibility. Further, they suggested that
the escape behaviour may consist of two types of response, distinguished by two
distinct rates of turning of the anterior part of the body.

To further investigate this phenomenon in sharks, muscle activation was measured
by electromyography in T. semifasciata during induced escape responses. Experi-
ments were conducted on six specimens (mean ± s.d. LT = 79·0 ± 8·7 cm), at the
Scripps Institution of Oceanography, San Diego, U.S.A. Stainless steel wire elec-
trodes were implanted in white muscle at three longitudinal positions (0·3, 0·5 and
0·7 LT) entering near the dorsal midline to a depth of that approximated the centre
of the dorsal posterior cone of muscle, under mild benzocaine anaesthesia. Elec-
trodes were marked with indelible ink at the point of entry so their position could
be verified at the end of the experiments. After a recovery period 24 h or longer in a
3 m diameter tank at 18–20◦ C, escape responses were elicited by dropping a 1 kg
weight. Simultaneously, digital video images were recorded at 60 Hz and amplified
EMG signals were recorded at 2 kHz. Digital image analysis was used to calculate
midline points in video sequences, midline curvatures were calculated and used as
an index of muscle strain, and these data were synchronized with EMG signals by a
sequence of LED pulses.

The general form of the escape response is a tight C-bend of the body,
[Fig. 14(a)], similar to what has been described for many fishes, including sharks
(Domenici et al., 2004). The kinematics of the C-turn can be described by the stage
1 turning rate and final angular displacement. Turning angle is measured as the rota-
tion of a line drawn through the snout and the body centre of mass at 0·33 LT. The
stage 1 bending angle typically exceeded 100◦, and in the strongest responses the
curvature was great enough that the head would touch the tail. In some instances, the
C-start was followed by a stage 2 propulsive stroke [Fig. 14(b)]. The lack of stage
2 in many cases may have been influenced by the confined space in the experimen-
tal tank. Responses could be broadly grouped into fast (stage 1 duration <260 ms)
and slow (stage 1 duration up to 500 ms) categories, as was seen for S. suckleyi
(Domenici et al., 2004). These coincided with mean head turning rates of 330–400
and 520–920◦ s−1, respectively [Figs 14(c), (d) and 15].

Sequential EMG recordings revealed that fast-starts in sharks, as in teleosts, are
powered by near-simultaneous activation of lateral white muscle along the body, with
transit times of the activation between the most anterior and posterior recording posi-
tions being typically <10 ms, i.e. the activation wave speed is >40 LT s−1(Fig. 16).
Most interestingly, bilateral muscle activation was observed in all but the weakest
fast-starts (Fig. 16). Muscle activation occurred only during the initial part of the
C-bend; in contrast, activation of white fibres during fast swimming is less intense
and accompanied by a delay of 200–300 ms from 0·3 to 0·7 LT, indicating that
the activation travels at only 1–2 LT s−1 along the body. These results suggest that
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Fig. 14. (a) Numbered sequence of body midlines from a fast-start escape response of Triakis semifasciata
filmed at 16·7 ms intervals. , 0·33 total length (LT) for each frame, representing the centre of mass
of the straight body. (b) Muscle activation measured at three locations on the left side of the body,
showing a rapid activation for stage 1, followed by slower activation of stage 2 propulsive stroke. (c
and d) Examples of slow- and fast-escape responses (16·7 ms intervals), indicating maximum and mean
turning rates in degrees per second during stage 1. The ( ), marks the apparent centre of rotation
during initial phase, at c. 0·24 LT.

escape responses are controlled by a faster muscle activation system than is used for
fast undulatory swimming.

What is the effect of bilateral muscle activation in a C-start? One possibility is that
by activating muscles on both sides the body is stiffened and the propulsive wave
speed is increased. In addition, bending of the tail region away from the direction
of the C is often observed (Fig. 17), indicating that muscle in the posterior body
is shortening to flex the tail, perhaps to resist the torque of the turning head. Two
examples of this in which muscle length changes have been calculated from body
curvature are shown in Fig. 18.
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B U R S T S W I M M I N G

Unlike fast-starts, burst sprints are powered by brief but symmetrical contractions
of the lateral musculature, similar to steady swimming but at higher tail-beat fre-
quencies. Experimentally, this is a difficult activity to study, so there are limited data
on any fish to date. It seems likely that burst speeds will vary linearly with tail-beat
frequency, as has been shown in some teleosts (Bainbridge, 1958; Fierstine & Wal-
ters, 1968), but increased tail amplitudes may also be employed, driven by higher
muscle shortening strains (Ellerby & Altringham, 2001). In a water tunnel, M. henlei
swam to 4 LT s−1 using a tail-beat frequency of 5 Hz (Hunter & Zweifel, 1971) and
the blacktip reef shark Carcharhinus melanopterus (Quoy & Gaimard 1824) made
bursts up to 4 LT s−1 at 8 Hz in a large aquarium (Webb & Keyes, 1982).
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Some measurements of natural burst speeds have been obtained in field studies.
Using a speed-sensing transmitter on seven 1·5–1·8 m lemon sharks Negaprion bre-
virostris (Poey 1868), researchers reported an average burst speed of 1·72 m s−1

(0·97 LT s−1) with an average duration of 7 s and a maximum burst speed of 5 m
s−1 (3·1LTs−1) for 2 s (Sundström et al., 2001). The highest burst speeds reported
are for I. oxyrinchus; calculations from ultrasonic transmitters on 1·2–1·4 m sharks
were up to 8–9 m s−1 (6·4–6·6 LT s−1) (Klimley et al., 2002).

Other estimates of burst speeds come from observations of sharks jumping out of
the water. For example, from simple physics of projectile motion, Brunnschweiler
(2005) calculated the water escape velocity for jumps by 1·6 m blacktip sharks
Carcharhinus limbatus (Müller & Henle 1839) based on video records, and found
the average to be 6·3 m s−1 (3·9 LT s−1). Likewise observations here of I. oxyrinchus
(c. 1–1·4 m long) jumping while attacking bait yielded sprint speed estimates of
5–6 m s−1 (3·6–6.0 LT s−1) (R. Shadwick, pers. obs.).

SWIMMING AND MIGRATION

The complex neuromuscular systems in sharks underlie the ability of many species
to perform efficient, high-performance locomotion. Sharks exhibit an extensive
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(a)

16 ms 50 ms 83 ms 116 ms

(b) (c) (d)

Fig. 17. Triakis semifasciata fast-start showing how flexion on the posterior left side ( , ) opposes the
direction of the head turn ( ), indicating that muscle activation occurs on both sides at the beginning
of stage 1. (a–d) Images from a video sequence with times from initiation of the fast-start shown below
each.

repertoire of swimming behaviours from long-distance migrations to acrobatic tra-
jectories during predator and prey interactions. Such locomotor capacities enable
sharks to play a major role in diverse ecosystems as apex predators at multi-
ple trophic levels. Advances in tag technology have enabled the analysis of shark
distribution and large-scale movement, thereby revealing new insights into the phys-
iological ecology of habitat selection, migratory behaviour and life history (Sims &
Quayle, 1998; Sims, 1999; Boustany et al., 2002; Bonfil et al., 2005; Weng et al.,
2005, 2007; Meyer et al., 2009; Skomal et al., 2009; Cartamil et al., 2010a, 2011;
Jorgensen et al., 2010; Block et al., 2011; Campana et al., 2011; Hammerschlag
et al., 2011; Papastamatiou et al., 2011; Saunders et al., 2011). In addition, high-
resolution archival tags and acoustic telemetry provide information on fine-scale
movement during diving, foraging and mating (Sepulveda et al., 2004; Gleiss et al.,
2009; Barnett et al., 2010; Cartamil et al., 2010b; Whitney et al., 2010; Gleiss et al.,
2011a; Nakamura et al., 2011). As has been shown in other study taxa (Block, 2005;
Rutz & Hays, 2009; Ropert-Coudert et al., 2010), the recent advent and proliferation
of biologging techniques across temporal and spatial scales has a strong potential to
enhance understanding of shark biology in their natural environment.

Satellite tag studies have revealed extensive migratory abilities in many shark
species that exhibit a lamniform-like body shape, some of which include C. car-
charias (Bonfil et al., 2005), L. ditropis (Weng et al., 2005), P. glauca (da Silva
et al., 2010), basking sharks Cetorhinus maximus (Gunnerus 1765) (Gore et al.,
2008; Skomal et al., 2009) and R. typus (Brunnschweiler et al., 2009). These taxa are
capable of trans-oceanic and trans-equatorial migrations that are typically in excess
of several thousand km. The most far-reaching migrations are exhibited by lamnids,
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with the longest record to date being a C. carcharias that undertook a round-trip
excursion of >20 000 km across the Indian Ocean (Bonfil et al., 2005). This extreme
migratory capacity is undoubtedly facilitated by the specialized physiological systems
of lamnids that increase power output and enhance swimming performance (Shad-
wick, 2005). Endothermic muscle combined with cold-water cardiac adaptations has
expanded ecological niche and broadened home range for some of these species, such
as L. ditropis (Weng et al., 2005). Medium to large-bodied sharks that lack region-
alized endothermy still have the capacity for large-scale migrations (Brunnschweiler
et al., 2009; Skomal et al., 2009), but these species are disproportionally represented
among satellite tag studies (Hammerschlag et al., 2011). Although long-distance
migration may not require large body size (Aarestrup et al., 2009), larger species
may still benefit from a lower cost of transport (Schmidt-Nielsen, 1984) and greater
thermal inertia that can help retain heat from ectothermic muscle (Bostrom & Jones,
2007) and therefore increase power output during swimming.

Many archival tags include a compound suite of sensors including a pressure
transducer, a paddle-wheel or hydrophone speedometer and a tri-axial accelerometer
and magnetometer (Burgess et al., 1998; Johnson & Tyack, 2003; Muramoto et al.,
2004). Together, these sensors can provide an estimate of the animal’s body orien-
tation (Johnson & Tyack, 2003) and, if additional information is available such as
geolocation fixes of surfacing events or data on water current direction and mag-
nitude, a three-dimensional reconstruction of its underwater trajectory (Ware et al.,
2006, 2010; Shiomi et al., 2008). Transient, high-frequency signals detected by the
accelerometer may reflect swimming strokes executed by the animal and thus allow
swimming gaits and movement strategies to be analysed and compared among species
(Gleiss et al., 2011b). Furthermore, researchers have used the acceleration signals
measured by electronic tags to determine a shark’s behavioural state (i.e. fast-start
v. steady swimming), and to estimate relative rates of energy expenditure (Gleiss
et al., 2009, 2010, 2011c).

Speed is a prime determinant of energy expenditure during locomotion and a key
metric of swimming performance in fishes. Biologging techniques to measure speed
in free-ranging sharks have included a propeller (Nakamura et al., 2011) and acoustic
telemetry (Sundström & Gruber, 1998; Lowe & Goldman, 2001; Lowe, 2002). When
tagging is not possible, however, alternative methods using photogrammetry (Lacey
et al., 2010), speed matching with an adjacent research vessel (Sims & Quayle, 1998;
Sims, 1999, 2000) and various geometric calculations (Harden Jones, 1973; Weihs
et al., 1981; Brunnschweiler, 2005) have been used to estimate shark speeds at the
sea surface. All measurements for free-ranging sharks indicate a relatively low speed
during steady swimming that is generally <2 m s−1. Klimley et al. (2002) found
that lamnids (Isurus and Carcharodon) maintained higher speeds than an ectothermic
carcharhinid species (P. glauca).

Putting field measurements in the context of laboratory results, it is noteworthy
that sharks swimming in water tunnels typically prefer speeds of <1 m s−1, and
maximal aerobic swim velocities are generally observed to be well below 2 m s−1

(Hunter & Zweifel, 1971; Graham et al., 1990; Lowe, 1996; Donley & Shadwick,
2003; Donley et al., 2005; Sepulveda et al., 2007. Thus, it is likely that the speed
at which cost of transport is minimized is on the order of 1 m s−1, or less, but
perhaps higher in the Lamnidae. Although more research is needed that focuses on
the fine-scale movement and swimming kinematics in sharks, such a low choice of
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swimming speed may be a universal phenomenon among all swimming animals (Sato
et al., 2007, 2010; Watanabe et al., 2010), as predicted from the intrinsic contractile
properties of muscle (Hill, 1950). By choosing a low swimming speed, as shown from
a large data set of air breathing divers, swimming animals will minimize transport
costs associated with the muscle power output required to overcome drag and buoyant
forces (Sato et al., 2010; Watanabe et al., 2010; Gleiss et al., 2011a).

FUTURE DIRECTIONS

One aspect that is poorly understood is how white muscle powers burst swim-
ming, particularly in free-ranging animals, and this is an area which is hoped to
gain attention in future work. As yet, there are no direct measurements of muscle
activation or contraction dynamics in white muscle during maximal activity, except
for the data presented here for fast-starts. While work on captive animals may be
logistically easier, collecting this type of data from unrestrained sharks or tethered
sharks in the open ocean would be much more reliable. Advances in electronic tag
design will probably provide the means to make these measurements in the near
future, and should allow the range of species studied to be expanded. This could
permit estimates of muscle power to be made, and exploration of the reasons why
routine cruising speeds in sharks seem typically lower than in teleosts.

The energetic cost of swimming needs to be investigated. Limited data on water-
tunnel studies of steady swimming are available, but are not extensive. Cost of
transport is unknown in pelagic species and, considering the extensive migrations of
some species, it would be interesting to know if their cruising speeds of <1 m s−1

reflect the minimum cost of transport. It would also be interesting to know how the
aerobic scope of sharks varies among body types and in comparison with teleosts,
particularly the comparison of lamnids with tunas. Assuming the lamnids are the
most athletic sharks, it would be appealing in terms of evolutionary convergence to
examine how hydrodynamic thrust is produced from the lunate tails and how their
white muscle power potential compares with tunas.

The recent ability to transmit accelerometer data acoustically via the Ocean Track-
ing Network (http://otncanada.org/) has the potential to revolutionize the study of fish
energetics and behaviour. By taking the norm of acceleration measured along three
orthogonal axes, researchers have just begun to estimate energy expenditure during
steady swimming in free-ranging fishes. Because swimming tail-beat frequency is
expected to vary with body size, spectrograms of accelerometer signals could be
used to determine fish body size. Such an approach would be particularly effective
for examining growth trajectories of young sharks in the open ocean. If accelerom-
eters are combined with magnetometers, a three-dimensional reconstruction of the
animal’s body orientation can be obtained as well. Field studies still benefit from
laboratory procedures, if size permits, so that tag sensors can be calibrated and prop-
erly interpreted. Future efforts should aim to integrate archival tags with the acoustic
telemetry in order to open new areas of research in understudied and threatened
species.
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