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The remarkable locomotor capabilities of elasmobranch fishes are
evident in the long migrations undertaken by many species, in their
maneuverability, and in specialized structures such as the skin and shape of
the pectoral and caudal fins that confer unique locomotor abilities.
Elasmobranch locomotor diversity ranges from species that are primarily
benthic to fast open-ocean swimmers, and kinematics and hydrodynamics
are equally diverse. Many elongate-bodied shark species exhibit classical
undulatory patterns of deformation, while skates and rays use their
expanded wing-like locomotor structures in oscillatory and undulatory
modes. Experimental hydrodynamic analysis of pectoral and caudal fin
function in leopard sharks shows that pectoral fins, when held in the typical
cruising position, do not generate lift forces, but are active in generating
torques during unsteady swimming. The heterocercal (asymmetrical) tail
shape generates torques that would rotate the body around the center of
mass except for counteracting torques generated by the ventral body surface
and head. The skin of sharks, with its hard surface denticles embedded in a
flexible skin, alters flow dynamics over the surface and recent experimental
data suggest that shark skin both reduces drag and enhances thrust on
oscillating propulsive surfaces such as the tail. Analyses of elasmobranch
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locomotor energetics are limited in comparison to data from teleost fishes,
and data from batoids are particularly scarce. We present an overview
of comparative data on elasmobranch energetics, with comparisons to
selected teleost fishes: generally, teleost fishes exhibit low costs of transport
compared to elasmobranchs. Many elasmobranch species are particularly
susceptible to changing oceanic conditions in response to climate change as
a result of benthic habitat, reproductive mode, or reproductive site fidelity.
Experimental studies on skates demonstrate that even small changes
in water temperature can negatively impact locomotor performance, and
locally adapted populations can differ in how they respond to abiotic
stressors.

1. INTRODUCTION
Elasmobranch fishes exhibit remarkable locomotor diversity, sometimes
forming large aggregations of individuals (Clark, 1963) for feeding and
reproduction, exhibiting long distance oceanic migrations, and inhabiting
ecological zones that vary from benthic to coral reefs to the open ocean.
Associated with this behavioral and ecological diversity is an array of
morphological and physiological adaptations that range from specialized
skin structure, to the arrangement of muscle fibers in the segmental body
musculature, to the structure and shape of the body wall and fins. Recent
studies of elasmobranch locomotion have involved analysis of patterns of
body and fin bending, how body muscles function to generate thrust,
hydrodynamic effects of tail and fin movement, and analysis of the effects of
the shark skin surface on swimming function. Furthermore, energetic
analyses of elasmobranch swimming, while still few in number, are
beginning to allow broader comparisons to teleost fishes for which a large
database on the energetics of locomotion exists.
Although the topic of elasmobranch locomotion has been addressed in
a number of overviews recently (Lauder, 2006, 2015; Maia et al., 2012;
Shadwick and Goldbogen, 2012; Shadwick and Lauder, 2006; Wilga and
Lauder, 2004a) our goal in this chapter is to focus on selected recent results,
place these new data in the context of previous work, and provide some
original data on locomotor hydrodynamics and batoid energetics. We
conclude with a discussion of the possible effects of climate change on ocean
chemistry and how this will affect locomotor function and energetics in key
elasmobranch species, an area of considerable topical importance but one
that has not received much previous attention.
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2. ELASMOBRANCH LOCOMOTOR DIVERSITY
Elasmobranchs display a remarkable diversity of locomotor designs and use
a variety of anatomical systems to execute some amazing feats of movement.
Chimeras use pectoral fin flapping motions in addition to undulatory body
undulations in a manner very similar to pectoral fin swimming in teleost fishes
(Daniel, 1988). Rays swim using complex motions of their pectoral fins, which
can be undulated in a wave-like motion as in stingrays (Blevins and Lauder,
2012; Rosenberger and Westneat, 1999), oscillated primarily in the vertical
plane as illustrated by swimming manta rays (Moored et al., 2011a,b), or a
combination of both (Rosenberger, 2001). A series of recent papers has shown
how some species of skates can use their modified pelvic fins as “limbs” to push
against the substrate during benthic locomotion, a behavior termed “punting”
(Koester and Spirito, 2003; Macesic and Kajiura, 2010; Macesic et al., 2013;
Macesic and Summers, 2012).
Most shark species possess an elongated body with one or more dorsal,
pectoral, and anal fins that can be actively moved even as the body
undergoes undulatory motion during swimming. The body shapes of sharks
are themselves quite diverse and the classic paper by Thomson and Simanek
(1977) provided the first general overview of the diversity of body shapes,
and the Thomson–Simanck framework has been used by a number of
subsequent authors (e.g., Shadwick and Goldbogen, 2012; Wilga and
Lauder, 2004a). Dorsoventrally flattened angel sharks use expanded
pectoral fins in addition to body undulation to power locomotion, while
the diversity of shark body shapes includes species with classic heterocercal
(asymmetrical) tail fins and fast pelagic swimmers such as lamnid sharks
with a wing-like tail fin that is externally almost symmetrical in shape, with
the upper and lower lobes of nearly equal area. Body shape is relevant to
locomotion not only for discussions of streamlining and drag reduction in
pelagic species, but also because sharks use their body and head shapes to
generate lift and to regulate body torques as we discuss below. Parameters
such as head shape (which can range from conical to flattened or blunt), and
flattening of the ventral body surface to create lift when the body is inclined,
are key to understanding the process of undulatory locomotion in sharks,
which differs from that of the more completely studied teleost fishes due to
differences in body density and tail shape (Maia et al., 2012).
Morphological diversity in elasmobranch body and fin shapes is
associated with a great diversity of ecological locomotor behaviors which
include migration across vast oceanic distances as well as diel migrations
probably associated with feeding (see Chapter 8) (Graham et al., 2012;
Weng and Block, 2004; Weng et al., 2007). And yet the study of
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elasmobranch body form in relation to ecology and migratory patterns has
just begun and is a rich area for future research (e.g., Irschick and
Hammerschlag, 2014a,b).
In addition, we wish to draw attention to the relative lack of information
on the routine swimming speeds of elasmobranchs (see Chapter 8) (Lowe,
1996; Parsons and Carlson, 1998). There is a natural focus both in the
literature and in the popular press on the high speeds and on the maximal
swimming performance of fishes in general and sharks in particular. But the
most ecologically relevant locomotor factor that may dictate locomotor
efficiency during long migrations to reproductive sites, diel migrations, or the
day-to-day search for food is the average, routine swimming speed that can be
aerobically maintained at relatively low energetic cost. Such activity might
take place at swimming speeds near the minimum cost of transport, but this
has yet to be documented. Routine swimming speeds in many elasmobranch
species are reported to be around 1 body length per second (e.g., Parsons,
1990; Parsons and Carlson, 1998), and routine slow swimming in Greenland
sharks (Somniosus microcephalus) involves tail beat frequencies below 1 Hz
(Shadwick, personal communication). This may be in part due to a scaling
effect of the larger body size in most elasmobranchs compared to teleost
fishes, where routine swimming speeds tend to be greater than a body length
per second but absolute body lengths are smaller. There is a notable lack of
data on routine swimming speeds in chimaeras, skates, rays, and indeed in
most shark species also. Elasmobranch species can be challenging to study
ecologically under field conditions, and are not amenable to direct visual
tracking to obtain routine swimming speed estimates. Tagging studies with
high temporal resolution capable of recording tail beat frequencies and water
flow speed past the body probably represent the main means of obtaining this
information, and we hope that future work will provide a much clearer
picture of the frequency distribution of swimming speeds with high temporal
fidelity in a variety of elasmobranch species.

3. ELASMOBRANCH KINEMATICS AND BODY MECHANICS
The general descriptive terminology that is associated with elasmobranch
locomotion mirrors that used to describe swimming in bony fishes (Maia et al.,
2012; Shadwick, 2005). Most sharks swim using body undulations in a generally
“anguilliform” or eel-like mode with waves of body bending passing down the
body (Fig. 6.1), although measurement of specific parameters such as body
wavelength and amplitude place many shark species in the “subcarangiform”
classification with the body length containing less than a half wavelength
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Figure 6.1. Undulatory locomotion using waves of body bending in swimming sharks. (A and B)
Bonnethead shark (Sphyrna tiburo) showing body conformation at two times when the tail is
approximately 1801 out of phase during a single tail beat cycle. (C and D) Spiny dogfish shark (Squalus
acanthias) at similar times in the tail beat cycle. Note the undulatory wave on the body and the change
in shape of the heterocercal tail (yellow arrows) during swimming. From Lauder (2015).
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(Webb and Keyes, 1982). While this classificatory terminology dates back to the
classic papers of Breder (1926) and Lindsey (1978) and has been expanded in
recent years to differentiate between BCF (body and caudal fin) and MPF
(median and paired fin) locomotion, we believe that much of the diversity of
locomotor function in fishes is obscured by this descriptive terminology.
Specifically, even during undulatory locomotion using waves of body
bending, the median and paired fins of sharks play an important role in
balancing pitch, roll, and yaw torques, and the dorsal fins in particular are also
capable of generating thrust by accelerating water posteriorly (Maia and Wilga,
2013a,b; Wilga and Lauder, 2000). Median and paired fins in elasmobranchs are
under active control by intrinsic musculature and their function during
undulatory locomotion is integral to understanding how destabilizing forces are
managed by swimming elasmobranchs. However, compared to the fins of
teleost fishes, which possess highly flexible fin rays with a bilaminar structure
that allows active bending (Lauder, 2006), elasmobranch fins with their rod-like
fin rays appear to be less flexible and capable of lower curvatures and range of
motion. An additional function of median fins during swimming in sharks is the
interaction between flows generated by the dorsal fins and the caudal fin
(Maia and Wilga, 2013a; Webb and Keyes, 1982), a phenomenon that has also
been studied extensively in teleost fishes (Drucker and Lauder, 2001; Standen
and Lauder, 2007). Depending on the relative timing of active dorsal and caudal
fin movements, fluid vortices shed from the dorsal fins can interact with caudal
fin flows to substantially alter free-stream fluid motion incident to the tail.
The roles of fins can change considerably during unsteady locomotor
movements compared to their function during steady swimming. Studies of the
function of shark pectoral fins, for example, have shown that fin conformations
maintained during steady horizontal swimming are adjusted during vertical
maneuvering in order to generate torques that pitch the body up or down
(Fish and Shannahan, 2000; Wilga and Lauder, 2000, 2001), which facilitates
vertical movement in the water column. Control of pitching body motions may
be especially important in elasmobranchs, which tend to be negatively buoyant
and lack the gas-filled swimbladder common to most teleost fishes.
Batoid fishes are known for their use of pectoral fins during locomotion
(Blevins and Lauder, 2012; Fontanella et al., 2013; Klausewitz, 1964; Parson
et al., 2011; Rosenberger, 2001), and skates and rays also show changes in
fin and body position during transitions from steady horizontal swimming
to vertical maneuvering. Study of locomotion in skates illustrates the
changing role that fins can take when maneuvers are initiated and during
vertical movement. In the little skate, Leucoraja erinacea, steady horizontal
locomotion occurs via wave-like motions of the expanded pectoral fins
(Fig. 6.2). Although pectoral fin motion is generally wave-like, the shape of
the pectoral fin changes considerably between downstroke and upstroke
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Figure 6.2. Swimming kinematics in the little skate, Leucoraja erinacea. (A and B) Frames from
high-speed video recordings of body and pectoral conformations during steady horizontal
locomotion at a swimming speed of 1.2 BL/s. (C and D) Body and pectoral fin conformation at
a time 0.24 s after the images shown in (A) and (B). Note the change in pectoral wave shape.
(E and F) Body and pectoral conformation during vertical (ascending) locomotion (E), and
during downward (ventral) descent (F). Ascending is active and often accompanied by high
amplitude and rapid pectoral fin motions, while descending can be passive following body
reorientation at a negative angle of attack to oncoming flow.

(compare Fig. 6.2, panels A and C). Lateral views show that during the
downstroke, a relatively sharp transition point can occur in the middle of
the fin margin as the wave is propagated posteriorly (Fig. 6.2A). During the
upstroke, the fin margin takes on a more rounded shape (Fig. 6.2C); the
effect of these downstroke–upstroke shape changes on patterns of fluid flow
and force production are as yet unknown.
Fin kinematics in the little skate show some interesting changes while
executing vertical maneuvers. Ascending in the water column is actively powered
by higher amplitude fin wave-like motions than those used during steady
forward swimming (Fig. 6.2E). However, descending occurs by reorienting the
body at a negative angle of attack and is largely passive with only low amplitude
movements of the pectoral fins (Fig. 6.2F). Very few kinematic studies of
locomotion in freely swimming skates or rays are available, so it is not currently
possible to say how general these observations are.
An additional noteworthy aspect of pectoral fin locomotion in batoids was
described by Blevins and Lauder (2012) in their study of three-dimensional
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pectoral fin kinematics in the freshwater stingray Potamotrygon orbignyi.
They observed that the outer margin of pectoral fin, during the downstroke,
can be rather substantially cupped downward, and hence curved into the
flow. If pectoral fin kinematics were dominated by the fluid loading
occurring as the fin is moved down against the fluid, then the fin margin
would be expected to be curved upward as is seen on the pectoral fin in the
oscillatory motion of manta rays. But the opposite conformation often
occurred in the freshwater stingray, and suggests that active control of the
fin margin allows detailed shape changes during swimming, which perhaps
function to control how water flows over the fin edge and to increase thrust
by directing more water posteriorly.
Batoids are also noted for benthic locomotion where fin movements
occur near the substrate and are subject to “ground effect” hydrodynamic
influences. Ground effects are well known for flying animals and man-made
aircraft where both rigid and flapping wings alter flows near surfaces (see
review in Rayner, 1991), but the dynamics of aquatic animals interacting
with the substrate are very different given the flexible undulating propulsive
modes observed in fishes. The ground effect has proven challenging to study
in live elasmobranchs, but several recent papers have addressed some of the
kinematic and hydrodynamic factors involved with rays swimming in
ground effect using simple physical models. Studies using flexible
membranes as models of ray wings, either with dual actuators driving a
rubber membrane (Blevins and Lauder, 2013) or a single leading edge
actuator controlling a flexible panel (Quinn et al., 2014a,b), have shown
that swimming near the bottom can greatly alter flow patterns over
the undulating membrane. Remarkably, even though kinematics of the
membranes can remain relatively unchanged, substantial improvements in
swimming efficiency can be achieved.
In sharks the function of the asymmetrical (heterocercal) shape of the tail
received renewed attention beginning with the paper by Thomson (1976)
who first suggested that the asymmetrical shape acts to direct locomotor
force through the center of body mass and thus avoids inducing rotational
torques tending to pitch the head down. This contrasts with the classical
view that the heterocercal tail generates lift forces (Affleck, 1950). The
heterocercal tail moves in a complex manner (Fig. 6.1C and D: yellow
arrows) and requires a full three-dimensional study to determine the
orientation of different regions of the tail during swimming. Experimental
analysis of three-dimensional motion of the heterocercal tail in leopard
sharks (Ferry and Lauder, 1996) suggested that the classical model was
correct, and that orientation of the tail surface during side-to-side movement
indicates that lift forces are produced, which pitch the head ventrally around
the center of mass (COM). However, confirmation of this suggestion based
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on kinematics required subsequent experimental studies of fluid flows
generated by the tail and calculation of the direction of reaction forces on
the body. We consider those results in the next section along with
implications for body dynamics in swimming sharks.
One aspect of elasmobranch locomotion that has received little attention
is the analysis of unsteady locomotor behaviors such as accelerations and
escape responses. Domenici et al. (2004) analyzed escape responses in spiny
dogfish and Seamone et al. (2014) have recently used a predator model to
induce escape responses in the same species. Spiny dogfish show generally
similar c-start escape patterns to those of teleost fishes, although variability
among responses is relatively high and the speed of the response was slower
than values typical for teleost fishes. Escape and turning performance has
been analyzed quantitatively in rays by Parson et al. (2011) and in sharks by
Maia and Wilga (2013b), Porter et al. (2009, 2011), Shadwick and
Goldbogen (2012), and Kajiura et al. (2003). Further analysis of unsteady
swimming behaviors, which may in fact be among the most common
locomotor events in the daily repertoire, is very much needed to round out
the picture of elasmobranch swimming diversity.
The study of elasmobranch body mechanics from the perspective of
material design and function has progressed greatly in recent years.
Elasmobranch skeletal mechanics in particular has received attention, and
the functional design of the batoid wing (Dean et al., 2009; Dean and
Summers, 2006) and shark vertebral elements (Porter and Long, 2010;
Porter et al., 2006, 2007, 2014) have been used as inspiration for the design
of vertebral columns that serve as models for flexible mechanical devices and
for evolutionary analyses of alternative undulatory designs (Liu et al., 2010;
Long et al., 2006, 2011).
Understanding the mechanics of how undulatory body motions are
achieved in elasmobranchs has come a long way since the classic paper by
Bone (1966) used electromyography in dogfish, Scyliorhinus canicula, to
show the division of labor between red and white myotomal fibers as
swimming speed increases. His paper demonstrated convincingly that red,
aerobic, muscle fibers were used for slow-speed swimming, while the larger
glycogen-containing and deeper white fibers that make up the majority of
myotomal volume were used for high-speed swimming and unsteady
movements (also see subsequent papers that elaborate on this original
result; Bone, 1978, 1988, 1999; Bone et al., 1978). Donley and Shadwick
(2003) followed up the work of Bone with a comprehensive analysis of red
muscle function that included measurement of fiber strain with sonomicrometry and quantification of body bending kinematics to show that the
pattern of red muscle activation was consistent along the body for slow to
moderate speed swimming and contributed to positive power along the

228

GEORGE V. LAUDER AND VALENTINA DI SANTO

length, unlike previous results obtained for many teleost fishes. Recent
overviews of shark muscle function can be found in Shadwick and
Gemballa (2006), Shadwick and Goldbogen (2012) and Syme (2006) (see
also Chapter 5).
Analysis of the mechanics of shark musculature changes considerably
when fast-swimming pelagic species such as lamnid sharks are considered
because the red muscle is internalized and located medially (Bernal et al.,
2003a,b; Graham et al., 1994; Sepulveda et al., 2005), and these red fibers
possess an elevated temperature with respect to ambient water (Bernal et al.,
2005, 2009; see also Chapter 8). The remarkable evolutionary similarity
between pelagic lamnid sharks and tuna (Bernal et al., 2001; Donley et al.,
2004; Shadwick, 2005) in the location of the red musculature and in the
attachment of body muscle fibers to collagenous myosepts is one of the most
outstanding known examples of convergent biomechanical evolution.

4. HYDRODYNAMICS OF ELASMOBRANCH LOCOMOTION
Experimental analyses of water flow over the bodies and fins of swimming
elasmobranchs have enabled a number of hypotheses about body and fin
function to be addressed. Quantitative flow visualization borrows approaches
from engineering to visualize and analyze patterns of water movement over
the surface and in the wake of the body and fins (Drucker and Lauder, 1999).
In swimming leopard sharks, Wilga and Lauder (2002, 2004b) showed that
the heterocercal tail generated a momentum jet that is directed posteriorly
and ventrally, and thus produces a reaction force aimed above the center of
mass (COM) (Fig. 6.3). This confirmed the canonical model of heterocercal
tail function and indicates that the classic heterocercal tail shape generates
lift forces and body torques. Flammang et al. (2011) applied a recently
developed volumetric flow imaging approach to heterocercal tail function
and showed a more complex vortex wake signature than previously suspected
(Fig. 6.3D), while confirming earlier work on the direction of forces and the
momentum jet produced by heterocercal tails (Fig. 6.3E). Borazjani and
Daghooghi (2013) have shown an important additional feature of fish tails
that applies to both heterocercal and homocercal tail hydrodynamics: the tail
appears to generate an attached leading edge vortex that enhances thrust in
a manner similar to proposed previously for insect and bird wings.
The significance of differences in shape between the upper and lower lobes
in the heterocercal tail for leading edge vortex structure is as yet unknown,
but the computational fluid dynamic approach promises new insights into the
function of elasmobranch caudal fins.
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Figure 6.3. Dynamics of locomotion in sharks studied with three-dimensional (3D) kinematics
and particle image velocimetry. (A) 3D analysis of pectoral fin conformation in swimming
leopard sharks (Triakis semifasciata, 21–26 cm total length) shows that the pectoral fins are held
in a position that generates minimal vorticity during steady swimming. (B) Summary of forces
acting on the body of a steadily swimming shark (see text for discussion). (C) Plot of the angle of
the fluid dynamic jet formed by the tail vortex ring versus body angle. Jets are negative (below
the horizontal) no matter what the body angle in leopard sharks, which indicates that the tail
generates torques around the center of mass. These torques are counteracted by lift forces on the
body. (D) Vortex ring conformation generated by one tail beat in a swimming spiny dogfish
(Squalus acanthias). (E) Vertical slice through the vortex wake of a swimming leopard shark
showing two centers of vorticity and the central fluid jet inclined below the horizontal. Modified
from Flammang et al. (2011) and Wilga and Lauder (2000, 2002).
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Data on flow visualization over the body and pectoral fins (Wilga
and Lauder, 2000) combined with analysis of flows generated by the tail
provide an overall picture of the balance of forces on the body of freely
swimming sharks (Fig. 6.3). During steady horizontal locomotion, pectoral
fins are held in a conformation that results in near zero net lift forces
(Fig. 6.3A). However, this changes dramatically during maneuvering when
pectoral fins change their angle of attack to initiate pitch moments about
the COM.
During horizontal steady swimming, the body is inclined to the
horizontal and generates lift forces and also counter-rotating torques
around the COM (Fig. 6.3B). Both net lift and torques must balance and
this is achieved dynamically during each tail beat as the head, body, and tail
lift forces match gravitational forces, and oppositely-signed torques balance
to prevent net rotation (Fig. 6.3B). In leopard sharks, the angle of the fluid
dynamic tail jet is independent of the angle of the body during swimming,
while in bamboo sharks, Chiloscyllium punctatum, Wilga and Lauder (2002)
observed changes in jet angle, which became more horizontal as body angle
increased during slow speed swimming. Sharks adjust their body angle as
swimming speed changes, and during slow horizontal swimming at 0.5 L/s
the body may be inclined at an angle of approximately 101 or more, while at
a speed of 2.0 L/s the body is nearly horizontal. However, a cautionary note
is in order here. Studies that generate accurate kinematic data on the body
and fins of elasmobranchs necessarily involve using smaller animals that are
suitable for laboratory flumes and camera arrangements, and it is still
unclear if these conclusions apply to larger freely-swimming sharks in
unrestricted open-ocean conditions.
The heterocercal tail of sharks has also inspired the construction of
simple physical models that have been used to understand some of the basic
kinematic and hydrodynamic properties of propulsive surfaces with angled
trailing edges as compared to homocercal (externally symmetrical) shapes
(Lauder et al., 2011, 2012). Interestingly, analysis of the self-propelled
speeds of simple flexible plastic panels with different trailing edge shapes
showed that the heterocercal shape had increased swimming speeds
(approximately 7% faster on average) compared to panels with the same
area but a vertical trailing edge. However, this occurs with a slightly
increased cost of transport (Lauder et al., 2011), and the vortex wake shed
by the heterocercal panel differed in several ways from that of freely
swimming leopard sharks. This difference could be due to obvious
differences in structure between the simple plastic panel models and the
tail of live sharks, and also to active stiffening via muscle fibers intrinsic to
the tail and changes in stiffness through pressure changes in the tail as
sharks swim (Flammang, 2010).
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Figure 6.4. Hydrodynamics of locomotion in the little skate, Leucoraja erinacea, swimming
at 2.0 BL/s. This individual has a disk length of 8.5 cm. (A–C) Position of the body and pectoral fin in
the laser light sheet with particles illuminating the flow to allow particle image velocimetry analyses
(A), velocity vector field at this time with free-stream flow subtracted (B), and vorticity generated by
pectoral fin motion (C). (D–F) Comparable images at a time 0.56 s later in time.

Experimental hydrodynamic data on batoid locomotion are not
currently available for live animals swimming steadily, and most hydrodynamic data relevant to skate and ray swimming come from panel models
or robotic systems (Moored et al., 2011a,b). Here we present experimental
hydrodynamic measurements of flow around the body and in the wake of
the little skate, L. erinacea, during steady locomotion at a moderate
swimming speed of 2.0 L/s (Fig. 6.4). Particle image velocimetry of flows
around the body and wake of the undulating pectoral fins shows clear
momentum jets that alternate from posterodorsal to posteroventral
(compare Fig. 6.4, panels B and E). These momentum jets are not
symmetrical and jet velocities resulting from the upstroke appear to be of
higher speed and carry greater momentum than downstroke flows. In
addition to the associated vortex wake, flow slowed by interaction with the
body and wing is evident as ribbon-like strips of vorticity over the upper
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Figure 6.5. Structure and function of the denticles (scales) on the skin of a bonnethead shark
(Sphyrna tiburo) and manufactured biomimetic model shark skin. (A) Left panel, environmental
scanning electron microscope image of skin denticles near the anal fin (green scale bar¼200 m) of
a bonnethead shark (Sphyrna tiburo); right panel, scanning electronic microscope image of
fabricated biomimetic synthetic shark skin used for hydrodynamic testing. Artificial shark skin is
produced using additive manufacturing (3D printing); green scale bar¼1 mm. (B) Dynamic
testing of the hydrodynamic function of shark skin denticles using pieces of shark skin that are
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body and lateral pectoral edge (Fig. 6.4C). These preliminary data suggest
that further studies including a diversity of batoid species would be useful
for understanding how different patterns of pectoral fin motion and body
positions alter flows produced by the pectoral fins, and the relative balance
of upstroke and downstroke momentum production.

5. THE REMARKABLE SKIN OF ELASMOBRANCHS AND ITS
LOCOMOTOR FUNCTION
As the fin and body surfaces of elasmobranchs undulate and are moved
through the water, the skin encounters a time-dependent flow pattern.
Friction between skin and the water is likely to be an important (although
still of unknown magnitude) source of drag, and there is now a large
literature on how the skin of elasmobranchs might have special dragreducing properties. Much of this literature is based on engineered models
(Bechert et al., 1986; Bechert and Hage, 2007; Dean and Bhushan, 2010) and
shows that surface texture, of an appropriate size and spacing, can result in
drag reduction as fluid is moved steadily past a textured surface.
Shark skin has inspired much of this research on the function of surface
texture due to its remarkably complex structure (Kemp, 1999; Liem et al.,
2001; Motta et al., 2012; Reif, 1982, 1985). Small (100 um to 1 mm) bony
dermal denticles (Fig. 6.5A) cover the skin. Denticles are embedded into the
dermis (Kemp, 1999; Motta, 1977) with a small expanded bases, and have
stalk-like structures that extend through the skin to support ridged flanges
exposed to water flow at the surface (Fig. 6.5A).
Although studies of shark skin models under static conditions where the
textured surface does not move have provided a solid baseline of data on
attached to a flat support (shown on the left) which in turn is attached to a mechanical flapping
foil device that allows controlled side-to-side and rotational motions of the shark skin membrane.
Graph shows the self-propelled swimming speed of the shark skin membrane with intact denticles
and after the denticles have been sanded off (to produce a relatively smooth surface) under three
different motion programs. Note that in each case the swimming speed of the shark skin with
denticles intact is significantly greater (*) than after the denticles have been removed by sanding.
(C) Assembly of the tested flexible biomimetic shark skin foil (on left) and hydrodynamic analysis.
A flat support attaches to the yellow area with holes on the left side of the foil, and this support is
moved by a mechanical flapping device. Graph of the results from measuring the self-propelled
swimming speed of the biomimetic shark skin foil (blue bars) compared to the smooth control
(red bars) at different pitch angles. Heave motion was 71.5 cm at 1 Hz for all trials. At pitch
angles of 51, 101, and 151 the biomimetic shark skin foils swim significantly faster (*) than the
smooth controls. At the other four pitch angles, the swimming speeds are similar. Modified from
Oeffner and Lauder (2012), Wen et al. (2014), and Lauder (2015).
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drag reduction, the lack of dynamic testing is of special concern. Shark skin,
during free-swimming, is exposed to time-dependent flows with changing
angles of attack and also flow separation over leading edges of the fins and
tail, and also possibly along the body (Anderson et al., 2001). This suggests
that dynamic testing is needed where skin and biomimetic versions of shark
skin can be moved under a controlled motion program that mimics that of
freely-swimming sharks, and forces, fluid flow patterns, and swimming
performance measured. Wen et al. (2014) manufactured a biomimetic shark
skin, and tested its function in comparison to a smooth control (Fig. 6.5A,
right panel). Manufactured shark skin mimics have the advantage of
allowing good experimental control, as smooth surfaces with the same mass
as the artificial skin can also be studied and swimming performance
compared.
Oeffner and Lauder (2012) used pieces of real shark skin to make flexible
membranes attached to a supporting rod (Fig. 6.5B). By attaching this rod
to a computer controlled mechanical flapping apparatus (Lauder et al.,
2007, 2011) that allows dynamic testing, they were able to move the pieces of
shark skin in an undulatory motion program with realistic angles of attack
and to achieve curvatures of the shark skin that match that of freelyswimming sharks. They found that the textured denticle surface increased
swimming speed by an average of 12.3% compared to a smoothly sanded
control in which the denticles have been removed, moving with the same
motion program of heave and pitch (Fig. 6.5B). An additional key result was
that the increased swimming speeds did not occur in shark skin membranes
that were attached to rigid surfaces, indicating that flexibility and bending of
the shark skin membrane is critical to the increased performance with the
roughened denticle surface.
Analysis of the flow field around swimming shark skin membranes and
the sanded controls revealed a possible new role for the denticle-covered
shark skin surface. Oeffner and Lauder (2012) found changes in the intensity
and location of the leading edge vortex attached to the swimming shark skin
membrane suggesting that the roughened surface might enhance thrust by
promoting leading edge suction compared to a smooth control. They
hypothesize that this effect may have been at least partially responsible for
the observed increased swimming speeds, and may apply to regions of the
shark body where flow separation occurs, such as the tail.
One limitation of studying real shark skin is that it is difficult to modify
the denticle pattern and make experimental alterations to determine which
specific features of shark denticles most affect swimming mechanics. To
address this issue, Wen et al. (2014) manufactured a biomimetic shark skin
and smooth controls and compared their performance under dynamic
swimming conditions. Fig. 6.5C shows how the self-propelled swimming
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speed of the biomimetic shark skin and smooth controls compares when
moved at a constant heave of 71.5 cm at 1 Hz under a variety of different
pitch angles. Manufactured shark skin swam significantly faster at pitch
angles of 51, 101, and 151, but at the same speed as the smooth control at low
(01) and high (20–301) pitch angles. The effect of the shark skin surface on
locomotor performance thus depends critically on the motion program and
how the surface interacts dynamically with oncoming flow as it moves
through water.
These results suggest that the function of the roughened denticle-covered
skin of sharks is complex and motion-dependent, and it is clear that much
more remains to be discovered about the diversity of denticle patterns over
the body and among species, the effect of possible movement of individual
denticles during swimming (Lang et al., 2008, 2014), and the functional
significance of the ornamentation on the denticle surface.
6. ENERGETICS OF ELASMOBRANCH LOCOMOTION
Studies that estimate the energetic costs incurred by elasmobranchs during
swimming are scarce. In a few cases, costs of locomotion have been measured
using a Brett-type swim tunnel (Brett, 1971), although recent technological
advances have allowed researchers to approximate energetic costs in freeswimming sharks using speed and tail-beat sensors that have been calibrated
to oxygen consumption rates (e.g., Graham et al., 1990; Scharold and Gruber,
1991; Sepulveda et al., 2004; Bernal et al., 2012; see also Chapter 8). Most
studies on the metabolism of elasmobranchs have focused on a few benthic
and inactive species, resting on the bottom of a respirometer (resting metabolic
rate; Brett and Blackburn, 1978; Ferry-Graham and Gibb, 2001; Di Santo and
Bennett, 2011b). However, some studies also measured resting metabolic rates
of more active sharks, such as the mako shark, which exhibit oxygen
consumption rates at rest similar to comparably sized yellowfin tuna Thunnus
albacares (240 vs. 253 mg O2  kg1 h1, respectively; Graham et al., 1990;
Dewar and Graham, 1994). A few other researchers have used swim tunnels to
measure swimming metabolic rates in sharks. The metabolic rates of
elasmobranchs during steady swimming have been reported for mako
(Graham et al., 1990; Sepulveda et al., 2007), leopard (Scharold et al.,
1988a), lemon (Scharold and Gruber, 1991), blacknose sharks (Carlson et al.,
1999), and for one batoid, the little skate (Di Santo and Kenaley, in
preparation), and these comparative data are summarized in Fig. 6.6 and
Table 6.1. The little skate exhibits lower energetic costs during steady
swimming when compared to more active ectothermic and lamnid sharks.
Oxygen consumption decreases somewhat in the little skate as a function of
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Figure 6.6. Oxygen consumption rates (VO2 7 SE) of five species of elasmobranchs at different
swimming speeds (in Body Lengths per second, BL/s): open triangle: Isurus oxyrinchus (Graham
et al., 1990); closed triangle: Negaprion brevirostris (Scharold and Gruber, 1991); open circle:
Triakis semifasciata (Scharold et al., 1988); closed circle: Carcharhinus acronotus (Carlson et al.,
1999); closed square: Leucoraja erinacea (Di Santo and Kenaley, unpublished data).

speed within the range tested (0.75–1.25 BL/s). It is possible that the slightly
higher metabolic rates of skates swimming at the lowest speed (Fig. 6.6) may be
due to the fact that they were swimming below the velocity necessary to
maintain hydrostatic equilibrium (Bernal et al., 2012), and thus incurred
additional costs to maintain body stability. Even though there are only a few
studies on elasmobranch energetics during activity, it is apparent that there is a
positive association between fast-swimming fishes and swimming metabolic
rates (Table 6.1). For instance, even after adjusting for temperature and body
size, scalloped hammerhead sharks Sphyrna lewini consume nearly double the
amount of oxygen that leopard sharks use when both are swimming about
1 body length per second (Scharold et al., 1988; Lowe, 1996, 2002).
Basic measures of oxygen consumption such as the resting metabolic rate
and active metabolic rate are useful for a gross determination of the costs of
activity in a species. However, calculating the aerobic scope (i.e., the
difference between the maximum and the resting metabolic rates) can be
used to estimate the capacity for activity in fishes (Fry, 1947; Farrell et al.,
2008, 2009; Roche et al., 2013). Not surprisingly, lamnid sharks exhibit high

Table 6.1
Summary of resting metabolic rates (RMRs), swimming or active metabolic rates (AMRs), and cost of transport (COT) for elasmobranchs and selected teleosts
Species

Temperature (1C) Mass (kg)

AMR
COT
Behavior
RMR
(mgO2  h1  kg1) (mgO2  h1  kg1) (kJ  kg1  km1) and speed

Anguilla
anguilla
Oncorhynchus
mykiss
Negaprion
brevirostris
Triakis
semifasciata
Isurus
oxyrinchus
Squalus

19

0.155

42.21

62.71

0.62

19

0.161

–

130.4

2.73

25

1.39

152.6

240.2

3.84

–

–

105

229

–

16.5–19.5

4.4–9.5

344

541

3.79

10

2

32.4

88.4

–

17.8–19.3

2.5

92

162

–

26–27

0.243

127

–

2.39

26–27

0.106

74.7

–

1.74

22–28

5.90–12.21

–

273.9

1.45

15

0.009

35.54

69.5

3.8

Scyliorhinus
stellaris
Scarus
schlegeli
Rhinecanthus
aculeatus
Sphyrna lewini
Leucoraja
erinacea

Steady swimming
0.5 BL/s
Steady swimming
0.7 BL/s
Swimming
0.4 BL/s
Swimming
0.84 BL/s
Swimming
0.65 BL/s
Swimming speed
not controlled

Reference

van Ginneken
et al. (2005)
van Ginneken
et al. (2005)
Scharold and
Gruber (1991)
Scharold et al.
(1988)
Sepulveda et al.
(2007)
Brett and
Blackburn
(1978)
Steady swimming Piiper et al. (1977)
0.27 BL/s
Korsmeyer et al.
Ucrit 2.3 BL/s
(2002)
Korsmeyer et al.
Ucrit 1.5 BL/s
(2002)
Free-swimming
Lowe (2002)
0.81 BL/s
Steady swimming Di Santo and
1.25 BL/s
Kenaley (in
Preparation)
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active metabolic rates (Fig. 6.6) which correlate with long-distance
migrations and the ability to catch fast-moving prey (Bonfil et al., 2005;
Sepulveda et al., 2007; Jorgensen et al., 2010). Lamnid sharks also exhibit
relatively high resting metabolic rates to accommodate morphological and
physiological adaptations for high swimming performance. In fact, it has
been estimated that white sharks use about 46% of their total energy intake
just to sustain basal metabolic demands (Ezcurra et al., 2012).
The deployment of small activity loggers has enabled measurement of the
costs of locomotion in free swimming fishes (Scharold et al., 1988; Scharold
and Gruber, 1991; Farrell et al., 2008; Gleiss et al., 2010). Although precise
speed sensors, accelerometers, and heart-rate monitors are now available
and can be calibrated with standard swimming tests in the laboratory, there
are many abiotic and biotic factors that can alter metabolic and heart rates
in fishes beside swimming speed. It is unlikely that an elasmobranch would
swim constantly at the same depth and in the same area, and it is therefore
likely to encounter a variety of thermal environments, salinities, pH, and
dissolved oxygen levels. All these abiotic factors are known to affect
physiological processes in fishes (Fry, 1971; Carlson and Parsons, 2001;
Meloni et al., 2002; Farrell et al., 2008; Di Santo and Bennett, 2011a; Di
Santo, 2015). In addition, the presence or absence of predators, prey, and
conspecifics can alter cost of activity (Wurtsbaugh and Li, 1985; Trudel
et al., 2001; Allan et al., 2013; Binning et al., 2013). These factors make
interpreting the data obtained from loggers challenging, but for pelagic
elasmobranchs there is often little alternative.
The energetics of steady free swimming in elasmobranchs can be quite
difficult to measure, especially in benthic species that are ordinarily mostly
sedentary, and an alternative measure of locomotor capacity can be obtained
by measuring excess post-exhaustion oxygen consumption in fishes that have
been manually chased (Cutts et al., 2002; Svendsen et al., 2011; Roche et al.,
2013). In this protocol, researchers gently and repeatedly tap the fish thus
eliciting “burst-and-glide” swimming until the fish is unresponsive to
handling, that is, fatigue is achieved, and the fish is immediately transferred
to a respirometer to measure the “oxygen debt” accumulated as a result of
intense short exercise (Svendsen et al., 2011; Clark et al., 2013; Di Santo, in
review). For many benthic species, this method represents, to date, the only
effective way to measure maximum metabolic rates, and it also may result in
higher oxygen consumption rates than those measured during swimming,
allowing a better estimation of maximal aerobic capacity (Clark et al., 2013;
Roche et al., 2013). In the section ‘Climate Change: Effects on Elasmobranch
Locomotor Function’ we describe results from this method applied to the little
skate in an effort to understand the effects of changing oceanic conditions on
locomotor energetics.
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Finally, we emphasize that there is a near total lack of studies on the cost
of locomotion in batoids, and the data shown in Fig. 6.6 for the little skate
represent the only measurements that we are aware of. Without broader
taxonomic representation of elasmobranch energetic data, we will not be
able to make general conclusions as to energetic underpinnings associated
with different modes of locomotion, and this is an especially fruitful area for
future research.

7. CLIMATE CHANGE: EFFECTS ON ELASMOBRANCH
LOCOMOTOR FUNCTION
Since the industrial revolution, global atmospheric carbon dioxide
(CO2) concentrations have increased from 280 to about 400 ppm (in 2015),
thus reaching levels that have not been experienced in the past 65 million
years (IPCC, 2013). The two major consequences of the accelerating
increase in atmospheric CO2 concentration are a rise in ocean temperature
and acidification (i.e., lower pH). Temperature alone is considered to be
the “abiotic master factor” as it is known to affect nearly every metabolic
process in fishes (Fry, 1971; Brett, 1971). In fact, fishes are known to
select different temperatures in order to enhance physiological processes
(Sims et al., 2006; Wallman and Bennett, 2006; Di Santo and Bennett,
2011a). As ocean temperature increases as a consequence of climate change,
we might expect fish to adjust to the new thermal environment through
physiological acclimatization (Somero, 2010; Donelson et al., 2012),
adaptation (Angilletta et al., 2004; Baumann and Conover, 2011; Di Santo,
2015), or behavioral thermoregulation (Perry et al., 2005; Greenstein and
Pandolfi, 2008).
Similarly to other metabolic processes, swimming performance in fishes is
known to be affected by abiotic climate-related factors such as temperature and
pH (Chin and Kyne, 2007; Ishimatsu et al., 2008; Pang et al., 2011; Chen et al.,
2011). Swimming performance increases with temperature up to a thermal
optimum, beyond which performance declines rapidly. As organisms often live
close to their thermal optimum, even a slight increase in ambient temperature
may drastically reduce the energy available for highly demanding aerobic
activities, such as locomotion (Rummer et al., 2014; Di Santo, in review; Brill
and Lai, 2015). Locomotor efficiency is key to survival and reproduction in
fishes, as swimming is used to migrate daily and seasonally to forage, spawn, and
avoid predators. In addition, in light of environmental change, efficient
locomotion may also ensure that elasmobranch fishes are able to find
suitable refugia. Relocation to more favorable areas assumes that populations
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of elasmobranchs will be able to find and move to the new locations, and this
assumption should be treated with caution (Chin and Kyne, 2007). The ability
(or lack of thereof) to undertake large-scale migrations raises serious concerns
especially for less mobile, or philopatric species that tend to remain close to their
home areas. When comparing the costs of transport and metabolic rates of a
range of elasmobranch and teleost fishes, it becomes apparent that metabolic
rates per se are not a good indicator to predict the ability of a fish to migrate
(Table 6.1). In fact, even though the European eel, Anguilla Anguilla, has
comparable swimming metabolic rates to the little skate (62.7 vs.
69.5 mgO2  kg1  h1), it uses over five times less energy than the little skate
to cover the same distance (Table 6.1). These results correspond to observations
of activity of these two species in nature. The European eel has a very low cost of
transport as a result of the combination of undulatory locomotor mode, a long
body length and low oxygen consumption, and can therefore undertake
a migration of 6000 km from Europe to the Sargasso Sea in 180 days
(van Ginneken et al., 2005). In contrast, the little skate shows high site fidelity
(philopatry) and short migratory distances (Di Santo, 2015), despite the fact
that the lowest active metabolic rate measured in this species is comparable to
that of the European eel.
Even though, generally, teleosts seem to exhibit lower costs of transport
when compared to elasmobranchs based on the available comparative data in
Table 6.1, it seems that the small body size of the little skate may reduce
efficiency of locomotion over long distances and increase overall energy
expenditure. In fact, the little skate has some of the highest costs of transport
within elasmobranch species tested to date, and it is only surpassed by more
active and larger sharks, such as the mako (Table 6.1). In light of these data, it is
important to consider cost of transport along with resting and active metabolic
rates to improve predictions of whether or not fish species may be able to
significantly shift their geographic range.
Ocean warming is already affecting demography, geographic range, and
predator timing of populations and species (Murawski, 1993; Walther et al.,
2002; Perry et al., 2005; Parmesan, 2006; Dulvy et al., 2008; Chen et al., 2011).
Demographic changes include shifts in recruitment, body size, and survival
(Pörtner and Farrell, 2008; Genner et al., 2010; Gardner et al., 2011).
Geographic shifts include those toward the poles (Walther et al., 2002; Perry
et al., 2005; Beaugrand et al., 2008; Chen et al., 2011), and phenological changes
include anticipating the timing of spawning and migrations (Farrell et al., 2008;
Martins et al., 2011; Eliason et al., 2011), causing a mismatch between prey and
predator timing (Raubenheimer et al., 2012). In particular, warming is thought
to expand species ranges toward higher latitudes or deeper waters (Walther
et al., 2002; Parmesan, 2006; Burrows et al., 2011). Perry et al. (2005)
documented a shift in mean depth of the cuckoo ray, Leucoraja naevus, with
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species moving to deeper water as a response to warming, while Stebbing et al.
(2002) showed a correlation between warming of the North Atlantic and
migration of warmer water elasmobranch species, such as the sharpnose
sevengill Heptranchias perlo and big-eye thresher Alopias superciliosus, to the
Cornish coasts of Great Britain. Some species are highly migratory and may
travel across oceans to exploit seasonal productivity events (see Camhi et al.,
2008, for review). It is clear that, in order to undertake such large-scale migration
toward suitable refugia, elasmobranch fishes should be able to sustain prolonged
swimming, and more data are needed to determine migratory capacities.
Compared to viviparous elasmobranchs, oviparous species such as skates
have a reduced geographic distribution (Goodwin et al., 2005). This is thought
to occur because skates are typically smaller in size than livebearing
elasmobranchs, and size correlates with the ability to maintain wider geographic
ranges (Musick et al., 2004). Additionally, skates have to restrict their ranges to
suitable spawning habitats, because embryos are spatially and temporally
constrained in the egg case for a prolonged period of time (one or more seasons;
Palm et al., 2011; Di Santo, 2015). As a consequence, although some batoids
undertake seasonal latitudinal migrations, some species, like the little skate in
the Northwestern Atlantic, only show weak seasonal distribution patterns that
consist of short distance movements from coastal and shallow waters to
offshore and deeper waters during colder months (McEachran, 2002). Perhaps
because of these spawning and spatial constraints, growth rates and maturation
times are different in adjacent populations of little skates from the Gulf of Maine
and Georges Bank (Di Santo, 2015).
In addition, when the effects of increasing temperature and acidification
on the costs of the escape response were tested in the little skate by
employing a chasing protocol, performance showed a decline even with a
modest increase in temperature (31C) beyond the thermal optimum
(Fig. 6.7). This effect is particularly pronounced in skates from the Gulf
of Maine, thus underscoring the importance of comparative studies of
locally adapted populations within a species. An additional factor that can
affect locomotor performance is acidification, which is known to exacerbate
the effect of warming on elasmobranch swimming performance. In fact,
increased water acidification reduced the escape performance (intensity of
response and aerobic scope) in juvenile little skates from the Gulf of Maine,
while a much less pronounced effect was observed in the Georges Bank
population (Fig. 6.7). Even though the increase in temperature and
acidification was not lethal in this species, it decreased endurance during
the escape response, and prolonged recovery time after exhaustive exercise
(Fig. 6.8), thus reducing the likelihood that the fish will be resilient in
changing environment. While low pH increased recovery time in both
populations, skates from the Gulf of Maine exhibited elevated metabolic
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Figure 6.7. (A) Time to fatigue, (B) turns to fatigue, (C) intensity of exercise measured in turns
per minute (mean 7SE) for Leucoraja erinacea from the Gulf of Maine (n¼24) and the Georges
Bank (n¼24) at three temperatures and two pH conditions (high¼8.1 and low¼7.7). Different
pH levels were controlled as suggested by Riebesell et al. (2010) according to high emission
scenarios by year 2100 model RCP 8.5 (IPCC, 2013). Different lower and upper case letters
represent significant differences within high and low pH conditions, respectively; double
daggers represent significant differences between pH treatment at each temperature; asterisks
represent significant differences between populations (Tukey-Kramer MCT; a¼0.05) (Di Santo,
in review).
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Figure 6.8. Post-exhaustion oxygen consumption responses (mean 7SE) in two populations
(Georges Bank, A and B, and Gulf of Maine, C and D) of juvenile little skate Leucoraja erinacea
(n ¼ 24 per population) raised in common garden conditions to mimic current and future levels
of warming and acidification (high pH ¼ 8.1, low pH ¼ 7.7). Colors indicate different
temperatures. The symbol * indicates significant difference in mean oxygen consumption
between resting metabolic rates (controls) and post-exhaustion metabolic rates (repeated
measures ANOVA followed by Dunnett’s test, p o 0.05) (Di Santo, in review).

rates for as much as double the time as individuals from Georges Bank
(Fig. 6.8), making them potentially more vulnerable to ocean acidification.
Whenever migration or dispersal capacities are restricted because of a
limited locomotor capacity, or surrounding habitats are unsuitable, climate
change is expected to cause widespread extinctions (Dulvy et al., 2008).
Because the response to temperature and acidification increase is likely to be
species- and age-specific, it is plausible to expect demographic and
functional shifts in marine ecosystems (Perry et al., 2005). Local extirpation
of ecologically important species, like elasmobranchs, have the potential to
destabilize ecosystem functioning. It has been suggested that species with
faster generation times will be able to respond more rapidly to environmental changes either through adaptation or by shifting geographic ranges
toward more suitable habitats (Somero, 2010). However, elasmobranchs are
typically large and even smaller species may grow and mature at a slow rate,
making them particularly susceptible to rapid changes in the environment.
Until recently, plastic responses were not considered a possible long-term
solution to directional change in the environment, but recent studies have
proposed that transgenerational acclimation to warming and acidification
may increase performance of offspring of fishes exposed to increased
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temperature (Ho and Burggren, 2009; Donelson et al., 2011; Grossniklaus
et al., 2013). Although a number of studies have examined the effect of
ocean warming and acidification on teleost fishes over the past five years
(e.g., Checkley et al., 2009; Baumann and Conover, 2011; Baumann et al.,
2012; Nilsson et al., 2012), our understanding of the impacts on
elasmobranch species is still surprisingly limited. To improve management
practices for elasmobranch populations, there is an urgent need for
implementation of multistressor studies on different life stages and on
individuals sampled at different locations. This will allow us to identify
critical life stages for survival, as well as the potential for acclimation and/or
adaptation in swimming performance when directional environmental
change occurs (Melzner et al., 2009; Checkley et al., 2009; Baumann and
Conover, 2011; Baumann et al., 2012; Nilsson et al., 2012). Multistressor
studies on different life stages and locally adapted populations may also
allow us to understand the mechanisms underlying resilience to warming
and acidification and ultimately can aid in determining “winning and losing”
elasmobranch physiotypes under a changing climate.

8. CONCLUSIONS
Despite considerable progress toward understanding elasmobranch
locomotion in recent years, there is still much to be done with some
surprising gaps remaining. In particular, there are relatively few data on
elasmobranch locomotor energetics and batoid swimming energetics in
particular, for which data are only available for one small skate species
(Table 6.1). Active metabolic rates of pelagic sharks are certainly extremely
challenging to measure directly, and controlled studies in a laboratory flume
setting will be difficult to achieve given the complications of swimming large
sharks in the confined space of a flume working section. Surrogate and
indirect metrics such as heart rate do not provide a complete picture of the
cost of transport, and it is likely that values of active metabolic rates for
many shark species will remain largely inferential for some time to come.
But even fundamental kinematic analyses of body and tail deformation
during swimming are limited to a few species, and three-dimensional data
are available for even fewer and mostly smaller species. A much broader
quantitative study of locomotor kinematics in three-dimensions is key to
understanding the diversity of locomotor modes and the relation between
body shape and bending patterns of the body and tail during swimming and
maneuvering. The remarkable diversity of elasmobranch shape and internal
structure is not reflected in functional studies, which to date have focused on
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a very limited subset of diversity. A key challenge for the future is to extend
current work on locomotor biomechanics to encompass a variety of species
of different habits and forms.
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