
Functional Morphology of the Radialis Muscle
in Shark Tails

Brooke E. Flammang*

Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts 02138

ABSTRACT The functional morphology of intrinsic
caudal musculature in sharks has not been studied pre-
viously, though the kinematics and function of body
musculature have been the focus of a great deal of
research. In the tail, ventral to the axial myomeres,
there is a thin strip of red muscle with fibers angled dor-
soposteriorly, known as the radialis. This research gives
the first anatomical description of the radialis muscle in
sharks, and addresses the hypothesis that the radialis
muscle provides postural stiffening in the tail of live
swimming sharks. The radialis muscle fibers insert onto
the deepest layers of the stratum compactum, the more
superior layers of which are orthogonally arrayed and
connect to the epidermis. The two deepest layers of the
stratum compactum insert onto the proximal ends of the
ceratotrichia of the caudal fin. This anatomical arrange-
ment exists in sharks and is modified in rays, but was
not found in skates or chimaeras. Electromyography of
the caudal muscles of dogfish swimming steadily at 0.25
and 0.5 body lengths per second (L s21) exhibited a pat-
tern of anterior to posterior activation of the radialis
muscle, followed by activation of red axial muscle in the
more anteriorly located ipsilateral myomeres of the cau-
dal peduncle; at 0.75 L s21, only the anterior portion of
the radialis and white axial muscle of the contralateral
peduncular myomeres were active. Activity of the radia-
lis muscle occurred during periods of the greatest drag
incurred by the tail during the tail beat and preceded
the activity of more anteriorly located axial myomeres.
This nonconformity to the typical anterior to posterior
wave of muscle activation in fish swimming, in combina-
tion with anatomical positioning of the radialis muscles
and stratum compactum, suggests that radialis activity
may have a postural function to stiffen the fin, and does
not function as a typical myotomal muscle. J. Morphol.
271:340–352, 2010. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Locomotion of sharks has been studied exten-
sively, particularly whole body kinematics (Lowe,
1996; Donley et al., 2005) and muscle physiology
(Bone, 1966; Bone et al., 1978; Bone et al., 1986;
1999; Donley and Shadwick, 2003). Like other
fishes, the axial myotomes of sharks have separate
sections of slow-oxidative (red) and fast-glycolytic
(white) muscle fibers, which are active at lower
and higher speeds, respectively (Bone, 1966; Bone

et al., 1978; Donley and Shadwick, 2003; Donley
et al., 2005; Sepulveda et al., 2005). These axial
myomeres extend the length of the vertebral col-
umn, ending in the dorsal lobe of the caudal fin in
most sharks. Caudal fin morphology (Affleck, 1950;
Alexander, 1965; Lingham-Soliar, 2005), kinematic,
and hydrodynamic research (Alexander, 1965;
Simons, 1970; Ferry and Lauder, 1996; Wilga and
Lauder, 2002, 2004) has focused primarily on
external morphology with little investigation of the
functional internal anatomy of the tail fin.

The caudal fin of sharks is the most prominent
control surface for locomotion, controlling the
angle of attack of the fin by leading the tail beat
with the dorsal tip of the caudal fin (Ferry and
Lauder, 1996). This produces a downward posteri-
orly oriented jet, creating thrust in the forward
and upward direction (Ferry and Lauder, 1996;
Wilga and Lauder, 2002, 2004). Control of the
angles of attack of the dorsal and ventral lobes of
the caudal fin can be accomplished in two ways: by
rotating a completely stiff fin into the appropriate
angle or by modulating stiffness and local motor
control. In support of the first possibility, high
aspect ratio fins are only useful if they are stiff,
otherwise they contribute to drag (Nursall, 1958).
However, torsion of the caudal peduncle is
impeded by the orthogonal helices of collagen
fibers that lie in the shark skin (Motta, 1977;
Wainwright et al., 1978), making rotation of a fin
unlikely. In contrast to teleost fishes, which have
an intricate array of intrinsic caudal muscles that
modulate fin ray orientation in three-dimensional
range of motion (Flammang and Lauder, 2008,
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2009), sharks possess only a single strip of red
muscle deep to the dermis and separate from the
axial myomeres, described as the radialis
(Alexander, 1965). From experiments using the
tails of dead sharks to try to determine lift pro-
duced during swimming, Alexander (1965) sug-
gested that sharks actively modify the angle of
attack of the ventral lobe of the tail, possibly by
using the radialis muscle. Aside from Alexander’s
(1965) hypothesis, the action of the radialis muscle
or its activity during steady swimming in control-
ling tail fin angle of attack, shape modulation, or
stiffness has not previously been investigated.
Because the radialis muscle is located in the dorsal
lobe of the tail of sharks and Alexander’s (1965)
experiments with tails of dead sharks showed the
dorsal lobe to be dragging behind as it was moved
through the water, it is hypothesized that action of
the radialis muscle in a live shark is to control
stiffness of the tail during steady swimming. To
address this hypothesis, a detailed anatomical
description of the radialis muscle is needed. The
goal of this research is to provide a comparative
anatomical description of the radialis muscle in a
diversity of chondrichthyans for the first time and
to determine how the activity of the radialis mus-
cle correlates with the kinematics of the caudal fin
in swimming sharks. If the radialis muscle is used
for tail stiffening and not for kinematic modula-
tion, this should be reflected in electromyographic
recordings of the activation patterns of the radia-
lis. Controlled stimulation experiments of the radi-
alis muscle should also produce no discernable fin
shape modification. Lastly, if acting in a postural
role, the activity patterns of the radialis muscle
should not change in response to increased swim-
ming speeds as is typically seen in the activity
patterns of axial muscles.

MATERIALS AND METHODS
Animals

Specimens used for anatomical dissection were borrowed from
the Museum of Comparative Zoology (Harvard University). Rep-
resentatives from eleven different families of cartilaginous
fishes (Chondrichthyes) were used for comparative analysis of
caudal muscle morphology. Examined sharks included Alopiidae
(Alopias vulpinas, thresher shark; n 5 1), Centrophoridae
(Centrophorus sp., gulper shark; n 5 1), Cetorhinidae (Ceto-
rhinus maximus, basking shark; n 5 1), Lamnidae (Isurus oxy-
rhincus, mako shark; n 5 1), Scyliorhinidae (Parmaturus xaniu-
rus, filetail catshark, n 5 1 and Cephaloscyllium ventriosum,
swellshark; n 5 1), Squalidae (Squalus acanthias, spiny dog-
fish; n 5 4), Squatinidae (Squatina californica, angel shark;
n 5 1), Triakidae (Triakis semifasciata, leopard shark, n 5 1,
Mustelus henleii, n 5 1 and M. canis, n 5 1, smoothhound
sharks). Batoids were represented by Narcinidae (Narcine
brasiliensis, electric ray; n 5 1) and Rajiidae (Leucoraja erina-
cea, little skate; n 5 1). Chimaera monstrosa, giant chimaera
(n 5 1), was also included as an outgroup holocephalan repre-
sentative. Total length of the body, length of the dorsal tail lobe,
length of the radial muscle, muscle fiber length, and muscle
fiber angle were determined for a representative of each spe-

cies. Dorsal lobe length, measured from the dorsal tip of the tail
(point 1, Fig. 1A) to the caudal peduncle (point 5, Fig. 1A) was
used to standardize radialis muscle morphometrics for compari-
son among species, as the radialis muscle was confined within
the dorsal lobe of the tail in most species and size of the radialis
relative to total tail length is physiologically relevant to the
action of the radialis muscle within the tail.

Live adult spiny dogfish (Squalus acanthias Linnaeus) were
purchased from the Marine Resource Center at Woods Hole
Oceanographic Institute (Woods Hole, Massachusetts) and kept
in a 2,400 l circular tank at 168C with 12:12 h light:dark cycles
and fed three times weekly. The week before experiments,
sharks were trained daily to swim in the central region of the
flow tank, away from the walls, for 1–2 h per day. During train-
ing, the goal was for sharks to maintain speed and position for
1 min and sharks seldom swam at or above 1.0 body length per
second (L s21) for the full duration of 1 min. A total of five
spiny dogfish (3 males and 2 females) were used for electromyo-
graphic and kinematic study (59.2 6 10.4 cm total length (L),
mean 6 s.d.), and all individuals were confirmed as mature by
postmortem dissection. One additional male spiny dogfish
(64 cm L) was used for muscle stimulation. Physiological cross-
sectional area (PCA) was calculated using a muscle density of
1.056 g cm22 (Lowndes, 1955) from four adult spiny dogfish
that died in captivity of natural causes. Comparisons of PCA
among all species examined were not possible as specimens
were preserved and accurate muscle masses could not be
obtained.

Electrical Stimulation Experiment

Electrical stimulation of the radialis muscle was performed to
initiate a muscle contraction and determine what changes in
tail shape may be occurring without the confounding effect of
hydrodynamic pressures incurred during swimming. A lethal
dose of potassium hydroxide-buffered tricaine methanesulfonate
(MS222) was administered to one individual and electromyo-
graphic electrodes were implanted into the posterior and ante-
rior ends of the radialis muscle on both the left and right sides.
The free ends of the electrodes were attached to a Grass S44
electrical stimulator. The tail was completely submerged and
the dorsal and ventral tips of the tail were suspended in the
water column with no contact to the tank sides. Muscles were
stimulated at each region separately, unilaterally (anterior and
posterior electrodes simultaneously), and bilaterally (all electro-
des simultaneously) at 10–20 V for 1 s duration at 10–30
pulses s21 with a 1 ms delay between pulses. Stimulation
experiments were captured at 30 frames per second using a
video camera (Sony Digital Handycam DCR-TRV38). To quanti-
tatively evaluate the extent of tail flexion, the dorsal tip of the
tail was designated as 08, the ventral tip of the tail was desig-
nated as 1808, and flexion of either fin lobe was considered to
be approaching 908 (midline) on either side.

Electromyography

Sharks were anesthetized using MS222 and were ventilated
via an oral cannula throughout the procedure using water oxy-
genated by an aquarium air pump (Flammang and Lauder,
2008, 2009). Following electrode placement, sharks were
allowed to fully recuperate in the flow tank for a minimum of
three times the duration they were under anesthesia before any
experimentation began.

To make electrodes, 2.5 m lengths of 0.05 mm diameter bifilar
Teflon-coated steel wire (California Fine Wire, Grover Beach,
CA) were split 1 mm from the end and 0.5 mm of the tip of one
wire was removed. Insulation was removed from a 0.5 mm sec-
tion of each prong, and the electrode tips were bent back
and apart from each other, into a hook-shape. Subcutaneous
surgical implantation in the tail muscles was achieved by
threading the electrode through a 26-guage needle. Electrode

RADIALIS MUSCLE FUNCTION IN SHARKS 341

Journal of Morphology



construction was standardized so as to minimize signal varia-
tion.
A total of eight electrodes were placed in the white and red

muscle of the caudal peduncle and fin. Specifically targeted

were: a) the white muscle of the axial myomere on the left (LW)
and right sides (RW) of the caudal peduncle at 0.78 body length
(L), b) the thin lateral strip of red muscle in the axial myomeres
on the left (LR) and right (RR) of the caudal peduncle, also at
0.78 L, c) the anterior end of the radialis muscle above the mid-
dle of the ventral lobe of the fin at 0.84 L on the left (LAR) and
right (RAR) sides, and d) the posterior end of the radialis mus-
cle midway between the fork of the tail and the end of the ver-
tebral column at 0.90 L on the left (LPR) and right (RPR) sides.
The electrodes were held in place at the insertion sites and an-
terior to the caudal peduncle and second dorsal fin, to ensure
swimming motions would not contact the wires, using 4/0 silk
black braided sutures and cyanoacrylate.

Electromyographic signals were digitally recorded using an
ADInstruments PowerLab/16SP analog-to-digital converter and
Chart 5.5.5 software (ADIntruments, Colorado Springs, CO) at
a sampling rate of 4 kHz, after being amplified by a factor of
5,000 using Grass model P511 K amplifiers with a 60 Hz notch
filter and high- and low-bandpass filter settings of 100 Hz and
3 kHz, respectively. Electromyographic signals were recorded
for a total of five sharks each swimming steadily at 0.25,
0.5, and 0.75 L s21 for a minimum of three consecutive tail
beats at each speed. Following experiments, sharks were eutha-
nized and preserved in formalin so that electrodes could be dis-
sected out to verify placement.

Kinematic Protocol

Kinematic data were gathered while sharks swam in the
80 cm 3 26 cm 3 26 cm working area of a 600 l recirculating
tank (Flammang and Lauder, 2008, 2009). Lateral, posterior,
and ventral views of the sharks swimming steadily at 0.25, 0.5,
and 0.75 L s21 were recorded using three high-speed digital
video cameras (Photron, San Diego, CA) with 1,024 by 1,024
pixel resolution at 250 frames s21, which were synchronized
with electromyographic (EMG) data collection. The three video
positions were calibrated in three dimensions using direct lin-
ear transformation of a custom 40-point calibration object and
digitized using a program written for MATLAB R2007a (Math-
Works, Natick, MA) by T. Hedrick (Hedrick, 2008). Six points
were digitized on the caudal fin for kinematic analysis of each
tail beat: 1) the posterior-most tip of the dorsal lobe, 2) the pos-
terior-most point of the cone of axial myomeres that extend into
the tail, 3) the fork of the tail, 4) the posterior-most point of the
ventral lobe, 5) the dorsal origin of the caudal fin at the caudal
peduncle, and 6) the ventral origin of the caudal fin at the cau-
dal peduncle (Fig. 1A). Steady swimming was defined as a mini-
mum of three continuous tail beats without lateral maneuvers
or acceleration. As high-speed video was synchronized with
EMG recording, and it was hypothesized that different muscle
groups (e.g., red or white) would be active at different speeds,
all five sharks swam steadily at three different speeds: 0.25,
0.5, and 0.75 L s21. Given the mean size of sharks used this
represented swimming speeds of �15, 30, and 45 cm s21. These
speeds were chosen because they resembled observed natural
swimming patterns and because swimming at speeds equal to
or greater than 1.0 L s21 tended to have intermittent accelera-
tion kicks.

Two kinematic variables were used to describe the actions of
the caudal fin: amplitude of the tail beat and angle of the dorsal
and ventral lobe relative to the long axis of the body. Amplitude
was determined by tracking the mean lateral excursion of the
dorsal tip of the tail (point 1) throughout the tail beat using
three-dimensional positioning. The angle (8) of the dorsal (point
1) and ventral (point 4) tips of the caudal fin lobes relative to
the transverse plane at the junction of the caudal fin with the
axial body at the peduncle (defined by two reference dimen-
sions: xz, a straight line through points 5 and 6, and yz, perpen-
dicular to the sagittal plane of the body) was determined using
the cosine rule applied to a basic algebraic function to relate
the points to each other in three dimensions (Fig. 1B). The
three-dimensional angles of point 1 and point 4 are the equiva-

Fig. 1. Posterior view image of shark swimming in flow tank
with digitized points and measured angles superimposed. A: Six
points on the tail of the shark that were digitized for kinematic
analysis, explanation in text. B: Illustration of how the angle
of orientation was determined for the dorsal tail tip, using the
cosine rule to relate the points to each other in three dimen-
sions, relative to the transverse plane defined by xz, a straight
line through points 5 and 6, and yz, perpendicular to the long
axis of the body. The same method was applied for the ventral
tail tip.
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lent of the dorsal tip of triangle A and ventral tip of triangle G
used by Ferry and Lauder (1996) and help to standardize the
tail fin orientation with respect to the body orientation.

Data Analysis

Only electromyographic recordings that corresponded with
video sequences in which all three camera views of the shark
displayed steady swimming for a minimum of three consecutive
tail beats were used for analysis of muscle activity. Then, the
middle tail beat of each sequence of three or more consecutive
tail beats was analyzed for muscle activity and kinematics, to
ensure steady swimming and avoid pseudoreplication. Because
of these strict criteria for analysis, a large number of video and
EMG sequences were discarded and a total of twenty-eight tail
beat sequences from five sharks swimming steadily were used
for kinematic and EMG analyses: 10 at 0.25 L s21 (n 5 3, 3, 2,
1, 1 from each of the five individual sharks), eight at 0.5 L s21

(n 5 2, 2, 2, 1, 1), and 10 at 0.75 L s21 (n 5 3, 2, 2, 1, 2).
Because of the terminal nature of these experiments and as
there was no statistical difference among individuals (FANOVA 5
0.942, F0.05(1)4,14 5 3.11, P > 0.25), using additional individuals
was not justified. The EMG results were filtered using a high
and low bandpass filter, rectified and integrated, and duration,
relative onset, and intensity of muscle activity were digitized
using Chart 5.5.5 software. Muscle activity duration was stand-
ardized to the total duration of the tail beat. Onset of muscle
activity was defined relative to the maximum lateral excursion
of the dorsal tip of the tail to the shark’s right side as deter-
mined by the digitized videos. Intensity of muscle activity was
defined as the integral of the rectified EMG burst. Analysis of
variance (ANOVA) was used to determine if duration, onset, or
intensity of muscle activity was statistically different among
swimming speeds (Systat 11.0).

RESULTS
Caudal Fin Anatomy

Deep to the epidermis in the caudal fin of spiny
dogfish are five layers of orthogonally arrayed sub-
dermal collagen fibers known as the stratum com-
pactum. Collagen fibers of all layers of the stratum
compactum are oriented at approximately 6458
from the longitudinal axis of the shark. The first,
most superficial layer of the stratum compactum is
oriented at a diagonal, anteroventrally to postero-
dorsally, and anchored firmly to the epidermis.
Each deeper layer of collagen fibers is orthogonal
to the layer above it. Between the third and fourth
layers is a single long bundle of collagen fibers
which runs anteroposteriorly, directly beneath the
lateral line. The fourth layer of subdermal collagen
fibers is tightly interconnected with the fifth layer
and covers the radialis muscle, inserting onto the
proximal ends of the ceratotrichia ventral to the
vertebral column.

The radialis muscle is a thin strip of red muscle
which lies ventral to the axial musculature of the
caudal fin (see Fig. 2) and in spiny dogfish had a
mean PCA of 0.513 cm2 and average muscle fiber
length 6.82 6 1.05 mm (n 5 4). This muscle origi-
nates at the anterior margin of the ventral lobe of
the caudal fin and tapers posteriorly towards the
penultimate vertebra. The individual muscle fibers
originate on the hemal arches of the caudal verte-

brae and insert posteriorly into the fifth and deep-
est layer of orthogonally arrayed collagen fibers.
This fifth layer of subdermal collagen fibers inserts
onto the proximal ends of the ceratotrichia which
are dorsal to the vertebral column (see Fig. 2).

The axial myomeres in the caudal fin are a
series of interlocking anteriorly and posteriorly
oriented cones of muscle, and taper toward the
penultimate vertebra deep to the radialis muscle
and the fifth layer of subdermal collagen fibers.
The deepest cones of the axial myomeres insert
onto the connective tissue covering the vertebral
column.

Comparisons of fourteen species of cartilaginous
fishes from eleven different families illustrated
conservation of the anatomy of the radialis muscle
and relative size of the radialis muscle with
regards to the size of the tail, with notable phylo-
genetic exceptions (Table 1). There was no radialis
muscle present in chimaera (Chimaera monstrosa)
or the skate (Leucoraja erinacea); only the white
axial muscle was present in the caudal fin. How-
ever, the other batoid representative, the electric
ray (Narcine brasiliensis), had a radialis muscle
that extended anteriorly along the ventral surface
of the tail, ending at the same point on the body as
the anterior origin of the first dorsal fin. The radia-
lis muscle in the angel shark (Squatina californica)
also extended anteriorly, but only to the same point
on the body as the posterior insertion of the second
dorsal fin. The spiny dogfish had the shortest radi-
alis muscle relative to the length of its dorsal lobe.
Muscle fiber length for most sharks was 0.051–
0.061% of dorsal lobe length, with the exception of
catsharks (0.028–0.036% dorsal lobe length), the
mako shark (0.09% dorsal lobe length), and the
thresher shark (0.014% dorsal lobe length). Angle
of radialis muscle fibers to the long axis of the
body was between 43 and 598 for all species.

Electrical Stimulation

Stimulation of the radialis muscle in spiny dog-
fish produced little to no change in tail shape or
orientation in all cases. When only one of the four
implanted electrodes was activated, there was no
change in orientation of the dorsal or ventral tail
tip. With unilateral stimulation, where both the
anterior and posterior ends of the radialis muscle
were stimulated on the same side, flexion of the
dorsal tail tip of 5–78 was observed on the ipsilat-
eral side with no effect on the ventral tail
tip. When the radial muscles were bilaterally
stimulated, no flexion of the dorsal or ventral tail
tips was observed.

Electromyographic and Kinematic Analyses

Electromyographic recordings illustrated a con-
sistent pattern of anterior to posterior radialis

RADIALIS MUSCLE FUNCTION IN SHARKS 343

Journal of Morphology



activation in spiny dogfish (see Fig. 3), which was
observed during all speeds. The left anterior radia-
lis was active just after right maximum lateral
excursion of the dorsal tip of the tail, as the tail
began to move to the left. The left red axial muscle
of the caudal peduncle was active after the more
posteriorly located left anterior end of the radialis
muscle. The activity of the radialis left posterior
end ended just before left maximum lateral excur-
sion.

Radialis muscle activity duration, relative onset
from respective sides of maximum excursion, and

EMG burst intensity were not statistically differ-
ent among anterior and posterior ends or right
and left muscles (Fig. 4; P 5 0.383); however, the
posterior ends of the radialis muscles were not
active during swimming at 0.75 L s21. The dura-
tion of radial muscle activity was not significantly
different from duration of red axial muscle tissue
(Fig. 4A; t0.05(2),34, P 5 0.125). The red axial mus-
culature was active only at swimming speeds of
0.25 and 0.5 L s21, except for four isolated, anoma-
lous beats from one individual swimming at
0.75 L s21, where it was active for the exact same

Fig. 2. Partial dissection of the radialis muscle of a spiny dogfish (Squalus acanthias) to show the location of the muscle in the
tail fin. A: Photograph of the caudal fin. Electrodes for electromyographic recording were implanted in the red (red circle) and
white (white circle) axial muscle of the caudal peduncle and anterior and posterior regions of the radialis muscle (red triangles).
B: Cross-section of caudal fin at the plane designated in A in yellow; ep, epaxial musculature; hyp, hypaxial musculature; r, radia-
lis muscle. C: Image of inset in A, taken with a polarizing filter, in which the three superficial layers of subdermal collagen fibers
and skin have been reflected back to illustrate the insertion of the individual muscle fibers into the fifth layer of subdermal colla-
gen fibers, sdc5, and of these collagen fibers onto the proximal ends of the dorsal ceratotrichia, cer. Orthogonal to, and directly
above the radialis muscle is the fourth layer of subdermal collagen fibers, sdc4, which insert into the ventral ceratotrichia. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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TABLE 1. Comparative morphometrics of the radialis muscle from one representative each of eleven different species
of elasmobranches

Species
Total

length (cm)
Dorsal lobe
length (cm)a

Radialis
length (cm)b

Muscle fiber
length (mm)b,c

Muscle fiber
angle (8)c

Radialis
location
in tail

Thresher shark
(Alopias vulpinas)

232 95.3 (41.1) 93.0 (97.6) 12.87 6 1.41 (0.014) 51.8 6 6.8

Gulper shark
(Centrophorus sp.)

156 29.4 (18.8) 23.2 (78.9) 16.28 6 0.87 (0.055) 46.4 6 2.0

Basking shark (Cetorhinus
maximus)

435 79.8 (18.3) 69.4 (87.0) 40.55 6 8.68 (0.051) 59.4 6 7.2

Mako shark (Isurus
oxyrhincus)

57.8 13.0 (22.5) 11.8 (90.8) 11.75 6 1.75 (0.090) 52.0 6 4.2

Filetail catshark
(Parmaturus xaniurus)

42.1 9.0 (21.4) 8.2 (91.1) 2.57 6 0.097 (0.028) 51.1 6 2.6

Swell shark (Cephalloscyllium
ventriosum)

28.7 7.9 (27.5) 6.1 (77.2) 2.88 6 0.12 (0.036) 50.6 6 5.9

Spiny dogfish (Squalus
acanthias)

57.4 12.4 (21.6) 7.1 (57.2) 6.82 6 1.05 (0.055) 42.9 6 3.1

Smooth hound (Mustelus
canis)

62.5 11.0 (17.6) 8.5 (77.3) 6.72 6 0.92 (0.061) 45.1 6 1.8

Leopard shark
(Triakis semifasciata)

32.2 7.5 (23.3) 6.3 (84.0) 4.32 6 0.55 (0.058) 45.4 6 1.5

Angel shark
(Squatina californica)

111.8 14.2 (12.7) 26.1 (183.8) 14.74 6 1.27 (0.104) 50.5 6 4.0

Electric ray
(Narcine brasiliensis)

31.6 3.3 (10.4) 8.9 (269.7) 5.32 6 0.46 (0.161) 55.4 6 3.4

aDorsal lobe length percentage of total length is in parentheses.
bRadialis muscle length and muscle fiber length percentages of dorsal lobe length are in parentheses.
cMean 6 S.E.M. of five measurements of radialis muscle fiber length and angle from the long axis of the body, from approximately
equally-spaced locations along the entire length of the radialis muscle.
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time as the white axial muscle. The white axial
musculature was active only at 0.75 L s21 and for
a significantly shorter period, a third of the dura-
tion as the red axial musculature (t0.05(2),26, P <
0.01). There was a significant decrease in muscle
activity duration with increasing swimming speed
(P < 0.001). The relative onset of the left red axial
musculature and ipsilateral radialis muscle was
significantly different from the onset of the white
axial musculature and contralateral right radialis
muscle (Fig. 4B; t0.05(2),27, P < 0.01). No difference
in EMG burst intensity was found among radialis
and red axial muscle sites, but there was a signifi-
cant threefold difference in burst intensity of the
white axial muscle when compared with all others
(Fig. 4C; P < 0.001).

The lateral excursion of the dorsal tip of the cau-
dal fin in spiny dogfish was approximately 8 cm
from the midline among all speeds (see Fig. 5).
Swimming at 0.25 L s21, sharks had a mean tail
beat frequency of 0.74 6 0.02 Hz. The velocity of
the dorsal tip of the tail was greatest after the tail
passed behind the shark at 35 and 85% of the tail
beat cycle. Mean maximum velocity of the dorsal
tip of the tail was 32.6 6 1.34 cm s21 (Fig. 5A).

Radialis muscle activity began before maximum
lateral excursion during swimming at 0.5 L s21,
but earlier than at 0.25 L s21 (Fig. 5B). Mean tail
beat frequency at 0.5 L s21 was 0.82 6 0.04 Hz.
Mean maximum velocity of the dorsal tip of the
tail at 0.5 L s21 was 44.1 6 6.12 cm s21 and
occurred at mid-stroke, just as the tail passed
behind the shark at 25 and 75% of the tail beat.
During steady swimming at 0.75 L s21, the ante-
rior portions of the radialis were active longer and
later in the tail beat (Fig. 5C). As was also shown
in Figure 3, the white axial muscle was active
coincident with the contralateral radialis muscle
and no red axial muscle activity was detected at
this higher speed. Mean tail beat frequency was
1.08 6 0.11 Hz and maximum velocity of the dor-
sal tip of the tail was 44.4 6 2.42 cm s21 at 25 and
75% of the tail beat.

The angular positions of the dorsal and ventral
tips of the caudal fin relative to the long axis of
the body were in phase with each other through-
out the tail beat, though the angle of the ventral
lobe was less than half that of the dorsal lobe (see
Fig. 6). During steady swimming at 0.5 L s21 (Fig.
6A), the caudal fin was cupped into the direction

Fig. 3. Electromyographic recordings of the left (blue) anterior and posterior radialis, right (red) anterior and posterior radialis,
and left red and white axial muscle of the caudal peduncle (black) of a spiny dogfish (Squalus acanthias) swimming steadily at
0.5 L s21. Above are corresponding posterior-view images from the high-speed video, which have been reversed to account for
mirror-imaging and cropped to frame the caudal fin. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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of travel and the greatest degree of cupping
occurred approximately at mid-stroke, as the tail
passed behind the shark. Conversely, during
steady swimming at 0.75 L s21 (Fig. 6B), the angle
of the fin lobes remained relatively constant with
almost no cupping, and exhibited a decrease in
angle at the point of maximum excursion and
change of direction of the tail fin.

DISCUSSION

The anatomy of the intrinsic caudal musculature
in spiny dogfish seems to be ubiquitous among
sharks and is notably different from the angel
shark (Squatinidae) and skate and ray (batoid)
conditions. Morphological results of dissection of
the radialis in twelve families of sharks were con-
sistent with Shirai’s (1996) phylogenetic character
90, the location of the flexor caudalis, though the
phylogeny itself has been refuted based on
molecular evidence (Douady et al., 2003). Upon
comparison with the molecular phylogeny pro-
duced by Douady et al. (2003), it appears the
radialis muscle was not present in skates, first
appeared in either rays or sharks, and extended
anteriorly into the tail in the more recently
derived angel sharks. The catsharks, which
typically occupy a benthic habitat, had the short-
est muscle fiber length relative to the size of their
dorsal lobe and the fast-swimming mako shark
had the longest relative muscle fiber length
(Table 1). The radialis muscle in sharks is similar
in anatomical position, but presumed not phyloge-
netically homologous, to the intrinsic caudal
musculature of basal actinopterygian and teleost
fishes (Gemballa, 2004; Flammang and Lauder,
2008, 2009).

Muscle Activity Patterns

Electromyographic activity in the red axial mus-
cle as far posteriorly as 0.72 L has been recorded
in leopard and mako sharks swimming up to
speeds of 1.0 L s21 (Donley and Shadwick, 2003;
Donley et al., 2005), different from the change
seen in the dogfish where muscle activity switched
from red to white axial muscle at 0.75 L s21. How-
ever, the spiny dogfish differs ecologically from the
mako shark in having a more benthic association
with shorter bouts of continuous swimming, partic-
ularly in adults (Wetherbee et al., 1990; Masuda
and Allen, 1993; Ebert, 2003; Domenici et al.,
2004). The transition to rapid swimming using
white muscle may occur more quickly in sedentary
species, which have relatively less red muscle
and a lower aerobic capacity (Greer-Walker and
Pull, 1975; Dickson et al., 1993). Focally-
innervated white muscle fibers propagate muscle
action potentials and can inhibit nonpropagating,
multi-innervated red muscle fibers at higher

Fig. 4. Histograms of muscle duration (A), onset of muscle
activity relative to the maximum right lateral excursion of the
dorsal tail tip (B), and EMG burst intensity of caudal muscles
(C) from all sequences of five individuals at 0.25 (black, n 5
10), 0.5 (white, n 5 8), and 0.75 L s21 (gray, n 5 10). Error
bars indicate standard error of the mean. Muscle activity is
shown for the left anterior radialis (LAR), left posterior radialis
(LPR), right anterior radialis (RAR), right posterior radialis
(RPR), left red axial musculature (LR), and left axial white
muscle (LW). Bars with a common letter (e.g., a) were not stat-
istically different from one another, but were significantly dif-
ferent from bars with other letters (ANOVA, P < 0.01). Bars
absent for any muscle indicate that it was not active at that
speed.

RADIALIS MUSCLE FUNCTION IN SHARKS 347

Journal of Morphology



speeds (Bone, 1966; Bone et al., 1978), which may
explain why almost no red muscle activity was
observed at the higher speed, of which Bone (1966)
reported similar findings in the mid-body axial
muscles of sharks. The relative size of the shark
may also be a factor, as the critical swimming
velocity (Ucrit, the maximum aerobically sustain-
able swimming speed) is species–specific and can

vary inversely with body size (Graham et al., 1990;
Lowe, 1996) and the individuals in this study were
large, adult spiny dogfish. In addition, the length
of time these sharks were held in captivity may
have had an effect on their physical fitness. The
inability of the sharks in this study to swim con-
sistently at speeds greater than 0.75 L s21, in
addition to the lack of red muscle activity, supports

Fig. 5. Summary of electromyographic data and kinematics of the dorsal tip of the tail (point 1) during steady swimming at
0.25 (A, n 5 10), 0.5 (B, n 5 8), and 0.75 L s21 (C, n 5 10). Horizontal bars denote the duration of muscle activity within 75% con-
fidence interval (CI) and error bars denote 95% CI. Lateral excursion of the dorsal tip of the caudal fin (black circles) and mean
velocity of the dorsal tip of the tail throughout the tail beat (white squares) are represented as mean and S.E.M.
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the assumption that they were swimming near or
above their Ucrit and may have been relying on an-
aerobic fast-glycolytic white muscle contractions. It
is possible that the size of the sharks relative to
the size of the flow tank restricted their swimming
preference to under 1.0 L s21, but this does not
explain the change in activation from red to white
muscle tissue. Finally, electrodes in this study
were placed farther posteriorly than for previous
studies, in the caudal peduncle, which may be
affected by more variable muscle activation patterns
than would be observed more anteriorly in the body.

Modulation of Kinematics

To swim at increasing speeds, sharks modified
tail beat kinematics (see Fig. 5) and not radialis
muscle activity duration, relative onset of muscle

activity, or muscle EMG burst intensity (see
Fig. 4). This suggests that the radialis muscle is
not directly involved in modifying tail beat kine-
matics. At lower swimming speeds, 0.25–0.5 L s21,
maximum velocity of the tail increased with
increasing swimming speed while mean frequency
increased by only 0.08 Hz and amplitude of
the tail beat remained constant. The range of
frequencies of tail beats overlapped for sharks
swimming at 0.25–0.5 L s21, suggesting that fre-
quency modulation of swimming speed may occur
routinely at slower speeds. Also, the maximum ve-
locity of the tail while the shark swam at 0.5 L s21

had the greatest standard error, which reinforces
the likelihood that kinematics were being con-
stantly modified and there is no constraint for a
constant pattern of kinematics to maintain a
swimming speed. To increase swimming speed by

Fig. 6. Angle, in degrees (8), of the three-dimensional position of the dorsal (black circles) and ventral (white circles) tips of the
caudal fin relative to the junction of the caudal fin at the peduncle, perpendicular to the long axis of the body during a tail beat, as
explained in Fig. 1B. A: Steady swimming at 0.5 L s21. B: Steady swimming at 0.75 L s21. The vertical dotted line at 80% of the
tail beat marks the time at which the images (in the ventral view) to the right were captured.
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�15 cm s21 between 0.5 and 0.75 L s21, sharks
increased tail beat frequency by 0.26 Hz but did
not modify velocity or amplitude of the tail. This is
not surprising, as sharks modulate frequency, tail
beat amplitude, and body wavelength, or combina-
tions of such kinematic parameters to enhance
swimming performance (Webb and Keyes, 1982;
Graham et al., 1990; Lowe, 1996). However, these
results differ from the typical increase in fre-
quency and amplitude observed with increasing
speed of swimming in bony fishes (Bainbridge,
1958; Lighthill, 1969; Lauder and Tytell, 2006;
Flammang and Lauder, 2008). Unlike bony fishes,
sharks possess proprioceptive stretch receptors
which are sensitive to the frequency and ampli-
tude of body and fin flexion (Fessard and Sand,
1937; Roberts, 1969; Bone and Chubb, 1976; Bone,
1978); this additional sensory input relaying the
position of the caudal fin lobes may trigger modifi-
cation of fin kinematics in ways different from
that in bony fishes.

The increase in swimming speed from 0.5 to
0.75 L s21 also resulted in a reduction of the cur-
vature of the tail fin (see Fig. 6), though some
cupping, but to a lesser degree, is observed at
higher speeds. The radialis muscle may modulate
fin shape at slower swimming speeds and induce
cupping, but this seems unlikely as no shape
changes were observed during stimulation experi-
ments and the complex interwoven stratum com-
pactum would inhibit direct force transmission
from the contracting fibers to cause bending of the
ceratotrichia. In addition, ceratotrichia, which are
bundles of collagen fibers embedded in a dense tis-
sue matrix (Kemp, 1977) are a very different
arrangement from the fin rays of bony fishes in
which two hemitrichs can slide relative to each
other to bend or stiffen the fin ray against hydro-
dynamic loading (Montes et al., 1982; Geerlink
and Videler, 1987; Alben et al., 2007). In a dead
spiny dogfish, the dorsal and ventral lobes of the
tail fold backward away from the direction of
movement when the tail is manually oscillated in
water. The dorsal and ventral lobes of the tail
must be actively stiffened, even at slower swim-
ming speeds, in order to prevent the lobes from
yielding to hydrodynamic pressure and folding
backwards. At higher speeds, activity of the white
axial myomeres is rapidly propagated posteriorly
on the contralateral side (Figs. 4 and 5), which
could stiffen the side of the tail opposite the active
radialis muscles and explain the reduction in cup-
ping of the tail fin.

Hypothesized Function of the
Radialis Muscle

Relative timing of radialis muscle activity dur-
ing the tail beat also suggests active stiffening of
the dorsal and ventral lobes of the tail. Undulatory

swimming in fishes is accomplished by an anterior
to posterior wave of muscle activation and contrac-
tion (Altringham et al., 1993; Jayne and Lauder,
1995; Shadwick et al., 1998). Activity of the radia-
lis muscle preceded the activity of the axial myo-
meres of the caudal peduncle, suggesting separate
functions and control for the two types of muscles.
Assuming a constant propulsive wave velocity of
muscle activation, the anterior portion of the radi-
alis, located at 0.84 L, would have the same onset
time as the myomeres at �0.70 L, near the second
dorsal fin. Radialis muscle activity, particularly
when the anterior and posterior portions were
active simultaneously, coincided with periods of
greatest velocity of the dorsal tip of the tail during
the tail beat (see Fig. 5). Drag is proportional to
the square of velocity; therefore, the radialis
muscles were active when maximum hydrody-
namic drag on the tail occurred.

The anatomical position of the radialis muscle
with regards to the collagen fibers of the stratum
compactum presents a situation for a stiffening
mechanism not previously explored in fish fins.
Previous authors have discussed how helically-
wound collagen fibers in the skin of sharks adds
mechanical support, prevents torsion, and increase
mechanical advantage by acting as an exotendon
(Motta, 1977; Wainwright et al., 1978; Alexander,
1987; Martinez et al., 2003, 2004; Lingham-Soliar,
2005). However, this earlier research focused on
the body of the shark as a whole and measured
intramuscular pressure or used beam theory
applied to a helically-wound cylinder or ellipse. No
specific causative evidence has been produced for
the origin of the variations in intramuscular pres-
sure. A common argument against the use of intra-
muscular pressure in this setting is that it is diffi-
cult to determine if increases in measured pres-
sure are hydrostatic or are mechanically induced
by the surrounding tissue. By using electromyog-
raphy, in the much simpler system of the radialis
muscle, it is now clear that this muscle is dynami-
cally active, exhibiting speed-variable activation
patterns without producing substantial modulation
of the fin shape. Instead, as muscles are isovolu-
metric, isometric contraction of the radialis muscle
fibers may cause concurrent bulging of the fibers
laterally, putting pressure on the superficial stra-
tum compactum (Brainerd and Azizi, 2005), as
well as transferring force to the deepest layer of
collagen fibers onto which the radialis muscle
fibers insert directly. Preliminary research combin-
ing electromyography, sonomicrometry, and intra-
muscular pressure measurements of the radialis
muscle supports the hypothesis that radialis mus-
cle activity results in an increase in intramuscular
pressure and a concurrent lateral expansion that
is transferred to the dermis; however, a larger
sample size is needed to confirm these results
(Flammang, unpublished). Stiffening of the shark
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tail appears to be accomplished solely by the radia-
lis at slower swimming speeds, as inferred from
electromyographic and kinematic analyses. At
higher speeds, the contralateral activity of white
axial muscle in the tail would create additional
pressure laterally, resulting in the tail becoming
even stiffer than when the radialis is active alone.
Consequently, the tail should be stiffer at higher
speeds and exhibit less cupping. This is certainly
not the first instance of hydrostatic pressure used
for stiffening in vertebrates; it is also known to
occur in the tails of tadpoles (Doherty et al., 1998;
Koehl et al., 2000), fishes (Hebrank, 1980; Long
and Nipper, 1996; Long et al., 1996; Westneat
et al., 1998), and cetaceans (Pabst, 1996a,b;
Hamilton et al., 2004), among others. However,
this may be the first instance of localized control of
stiffness by a specialized muscle that interacts
directly with the stratum compactum.
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