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Dorsal Fin in the White Shark, Carcharodon carcharias:
A Dynamic Stabilizer for Fast Swimming
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ABSTRACT Transverse sections of the skin in the dorsal
ﬁn of the white shark, Carcharodon carcharias, tiger
shark, Galeocerdo cuvier, and spotted raggedtooth shark,
Carcharias taurus, show large numbers of dermal ﬁber
bundles, which extend from the body into the ﬁn. The
bundles are tightly grouped together in staggered formation (not arranged in a straight line or in rows). This
arrangement of dermal ﬁbers gives tensile strength without impeding ﬁber movement. Tangential sections indicate that the ﬁbers in all three species are strained and lie
at angles in excess of 60°. Of the three species investigated
the dermal ﬁbers in C. carcharias are the most densely
concentrated and extend furthest distally along the dorsal
ﬁn. The overall results indicate that the dorsal ﬁn of C.
carcharias functions as a dynamic stabilizer and that the
dermal ﬁbers are crucial to this role. The ﬁbers work like
riggings that stabilize a ship’s mast. During fast swimming, when the problems of yaw and roll are greatest,
hydrostatic pressure within the shark increases and the
ﬁbers around the body, including in the dorsal ﬁn, become
taut, thereby stiffening the ﬁn. During slow swimming
and feeding the hydrostatic pressure is reduced, the ﬁbers
are slackened, and the muscles are able to exert greater
bending forces on the ﬁn via the radials and ceratotrichia.
In C. carcharias there is a trade-off for greater stiffness of
the dorsal ﬁn against ﬂexibility. J. Morphol. 263:1–11,
2005. © 2004 Wiley-Liss, Inc.
KEY WORDS: white shark; dorsal ﬁn; dynamic stabilizer;
dermal collagen ﬁbers; tensile tests

The white shark, Carcharodon carcharias (Fig.
1A), is the world’s largest predatory ﬁsh (Randall,
1983; Compagno, 1984), reaching 7 m in length and
weighing up to 2,100 kg (Froese and Pauly, 2002).
Its locomotor pattern is categorized as thunniform
(after that of the blueﬁn tuna, Thunnus thynnus), a
form of swimming typical of some of the fastest
marine vertebrates, e.g., scombrid ﬁshes and cetaceans (Lighthill, 1975; Reif and Weishampel, 1986;
Fish, 1998). Thrust in thunniform swimmers is
largely restricted to the caudal oscillating hydrofoil,
which minimizes body drag (Braun and Reif, 1985).
The mean tailbeat frequencies in a typical thunniform swimmer, the kawakawa, Euthynnus afﬁnis,
are 4.57 and 7.03 Hz at swimming speeds of 40
cm s⫺1 and 80 –100 cm s⫺1 respectively (Donley and
Dickson, 2000). However, oscillations of the tail may
© 2004 WILEY-LISS, INC.

induce recoil or lateral oscillations at the head. The
latter could potentially diminish the net thrust by
increasing viscous drag as the organism deviates
from a rigid body (Nauen and Lauder, 2002; Fish et
al., 2003). In C. carcharias there are two ways in
which the anterior recoil forces may be reduced:
narrow necking and streamlining of the caudal peduncle (Fig. 1A) by reducing the added mass effect
posteriorly and corresponding recoil forces anteriorly (Blake, 1983; Webb, 1984; Reif and
Weishample, 1986; Fish et al., 2003) and increasing
the surface area around the center of mass via the
dorsal ﬁn (Webb, 1984), which increases the added
mass and inertia at the anterior end of the animal
(Fish et al., 2003). This reduces the forces of yaw
(rotation about the vertical axis). Importantly too,
the forces of roll (rotation about the longitudinal
axis) are exacerbated in the mackerel sharks (Lamnidae), Lamna nasus, Isurus oxyrinchus, and C. carcharias, by the lack of ventral ﬂattening of the head
(contra most other sharks) (Thomson and Simanek,
1977), the rounded transverse-section continuing to
approximately the mid-length of the body. Thus, the
dorsal ﬁn in C. carcharias (Fig. 1A) is also ideally
located to resist roll.
Despite signiﬁcant work on the tail mechanics of
sharks (Alexander, 1965; Thompson, 1976; Thompson and Simanek, 1977; Wainwright et al., 1978;
Graham et al., 1990; Ferry and Lauder, 1996), unfortunately there are few studies that have examined the various other body components of thunniform swimmers (Fish et al., 2003). As mentioned
above, the dorsal ﬁn in fast swimmers principally
acts as a drag-based organ to reduce yaw and roll
(Webb, 1984; Weihs, 1993; McGowan, 1999). Presence of a large, similarly shaped and similarly located dorsal ﬁn in phylogenetically unrelated groups
of cruising marine vertebrates (tuna, lamnid sharks,
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Fig. 1. Differences in body proﬁles in three sharks reﬂecting
different lifestyles and swimming potentials. A: Carcharodon
carcharias. B: Galeocerdo cuvier. C: Carcharias taurus. (Modiﬁed
from Froese and Pauly, 2002.) Scale bar ⫽ 1 m.

dolphins (Delphinidae), and the extinct ichthyosaurs) underscores its importance as a stabilizer.
Evolutionary constraints, however, have imposed
notable differences in the anatomy and biomechanics of the dorsal ﬁn in these groups. Within Teleostei, the dorsal ﬁn in its derived condition, e.g., in
fast-swimming perciforms, comprises two anatomically distinct portions: an anterior section supported
by spines and a posterior section that is soft-rayed
(Drucker and Lauder, 2001). The dorsal ﬁn in dolphins is a de novo dermal structure, formed and
supported only by connective tissue (Pabst, 1996a).
In sharks, the dorsal ﬁn consists of soft, cartilaginous radials and highly ﬂexible ﬁn rays or ceratotrichia (Gans and Parson, 1964). The dorsal ﬁn in
ichthyosaurs was also closely similar in shape to
that of Carcharodon carcharias, although little is
known of the internal anatomy (Lingham-Soliar,
2001). There is no evidence of either a bony or cartilaginous support but there is evidence of thick
integumental ﬁbers (Lingham-Soliar, 2001, and author’s unpublished data).
For mobile animals, two functional requirements
concern stability and maneuverability (Webb, 1984;
Fish, 2002). Body designs that are adapted for stable
movement are not suitable for high maneuverability
and vice versa (Weihs, 1993), although compromises
may be made between the two. An important consideration in functional design is the environment in

which the morphology operates (Fish, 2002). For
example, the morphology of the dorsal ﬁn of pelagic,
fast-swimming dolphins reﬂects a body design that
potentially favors stability in preference to maneuverability (Fish, 2002). It is possible to predict from
this that animals such as Carcharodon carcharias,
with a similar pelagic lifestyle and thunniform
swimming mode, would polarize toward stable
movement.
Previous studies have shown that the body of
sharks is stiffened by numerous layers of collagenous ﬁbers that wrap around the body in left- and
right-handed helices (Motta, 1977; Wainwright et
al., 1978). Among marine vertebrates similar ﬁbers
have been reported in the skin of eels (Hebrank,
1980), tuna (Hebrank and Hebrank, 1986), dolphins
(Pabst, 1996a, 2000), and ichthyosaurs (LinghamSoliar, 1999, 2001). Motta (1977) found that, in addition to presence in the body, a single layer of
collagenous ﬁbers also extends into the lower margin of the caudal ﬁn of the Atlantic sharpnose shark,
Rhizoprionodon terraenovae. Dermal collagenous ﬁbers were not, however, investigated in the dorsal
ﬁn.
This study reports the gross morphology of the
dorsal ﬁn of Carcharodon carcharias and documents
the histology of the dermal ﬁbers. The histology of
the dermal ﬁbers of the slower-swimming sharks,
the tiger, Galeocerdo cuvier (Fig. 1B), and spotted
raggedtooth, Carcharias taurus (Fig. 1C), is also
investigated. The present thesis is that the dorsal
ﬁn of C. carcharias is a dynamic stabilizer and that
its effectiveness is achieved predominantly by
masses of collagenous ﬁbers continuing from the
body into the dorsal ﬁn. The mechanism may be
analogized with riggings that stabilize a ship’s mast.
During fast swimming, when the problems of yaw
and roll are greatest, hydrostatic pressure within
the shark increases (Wainwright et al., 1978). Consequently, there is an increase in tension in the
ﬁbers around the body and in the dorsal ﬁn.
MATERIALS AND METHODS
Materials
The shark species Carcharodon carcharias, Galeocerdo cuvier,
and Carcharias taurus (Fig. 1) represent different lifestyles
(Froese and Pauly, 2002) and swimming types (see Braun and
Reif, 1985, and Lingham-Soliar and Reif, 1998, for analyses and
deﬁnitions of the swimming types mentioned). Carcharodon carcharias (Fig. 1A) is a high-speed pelagic shark, primarily a
coastal and offshore inhabitant of continental and insular
shelves, and is a voracious feeder on generally large marine
vertebrates (Cortés, 1999; Fergusson et al., 2000). Galeocerdo
cuvier (Fig. 1B) is occasionally pelagic, making excursions in the
open ocean, but is not a truly oceanic species (Tricas and McCosker, 1984). It has probably the widest diet range of all sharks
(Tricas et al., 1981; Heithaus et al., 2001; Heithaus and Dill,
2002a, b). Its swimming type is carangiform (after that of ﬁsh in
the family Carangidae). Carangiform swimmers have relatively
ﬂexible bodies and low-aspect-ratio tails, with much of the thrust
derived from undulations of the posterior part of the body. Despite a reasonably fast swimming potential, much of G. cuvier’s
time is spent in slow swimming. Carcharias taurus (Fig. 1C) is a
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TABLE 1. Dermal ﬁbers in the dorsal ﬁn of three species of sharks

Shark
species

Specimen no.
length, stage of
development,
sex, wt.

Carcharodon
carcharias

RBDS42 469.2
cm young
adult, female,
1160 kg

C. carcharias

RB 02057 191.0
cm, juvenile,
female, 128 kg

C. carcharias

Zin 02029 190
cm, juvenile,
male, 120 kg

Galeocerdo
cuvier

HIB 02006 203
cm, young
adult, female,
100 kg
SUN01006 261
cm, adult,
female, 164 kg
208 cm adult,
female, 202 kg

G. cuvier
Carcharias
taurus
C. taurus

RB 02061, 205
cm, adult
female, 140 kg

Number of
stratum
compactum
layers
(based on
bundles)

Thickness of
stratum
compactum
(in mm)

Number of
stratum
spongiosum
layers

Thickness of
stratum
spongiosum
(in mm)

Range in sizes of bundles
in stratum compactum
(in microns). Largest and
smallest chosen from ca.
30 bundles

A 10–12
B 10
C ?12
D 9–10
E ca. 4
A 9–10
B 8–9
C ca. 10
D 6–7
E2
A 11–12
B 7–8
C ca. 8
D 4–5
A 7–8
B 4–5
C 2–3
D none
A 8–9
B5
C 3–4
A8
B5
C none
A 8–9
B 4–5
C none

A 1.8–2.0
B 4.3
C 4.0
D 1.8
E 0.5
A 1.5
B 1.5
C 1.6
D 1.2
E 0.6
A 2.0
B 1.5
C 1.0
D 0.9
A 1.6
B 1.1
C 1.3
D 1.2
A 1.3
B 1–1.2
C 1.2
A 1.9
B 1.0
C 1.5
A 2.2
B 0.85
C 1.7

A 12–14
B 8–9
C?
D?
E 6–7
A12–14
B 8–10
C 8–10
D?
E?
A ca. 14
B ca. 14
C ca. 8–10
D ca. 7–8
A 14
B 8–9
C ca. 6
D ca. 6
A 13–14
B2
C 6–7
A 9–10
B9
C7
A 10
B 10
C ca.8

A 1.2
B 1.0
C 1.0
D 1.4
E 0.7
A 0.8–0.9
B 0.7
C 0.5–0.8
D 0.5
E 0.5
A 1.0
B 1.1
C 0.8
D 0.8
A 1.1
B 0.9
C 0.7
D 0.7
A 1.9
B 2.5
C 1.0
A 1.1
B 1.1
C 1.0
A 1.1–1.2
B 1.1
C 0.9

A 180.2/270.5–330.6/1000
B 130/200.1–220.3/880
C 110.4/160.6–216.8/553
D 90.3/138.5–187.3/397
E 68.2/226–94.4/471.8
A 23.8/87.5–136.3/245.7
B 112.9/201.3–148/540.7
C 68.7/142.8–183.5/231
D 64.3/131.2–157.7/215.2
E 46.3/112.8–97.4/139.4
A 74.6/116.9–300.4/803
B 121.1/159–220/680
C 50/60–170/250
D 44.6/56.3–101/195.3
A 31.9/79–185.2/521.2
B 70/120–223.7/749.6
C 86.9/162–153.2/381.9
D none
A 120/150.3–155/600.2
B 100/250–198/558
C 75.3/150.8–192.4/407.6
A 153/179.3–301/483.2
B 70.1/120.9–217.4/333
C none
A 130.4/212.1–279.9/552
B 73.7/113.9–285.7/336.
C none

NB. A,B,C,D-E ⫽ point in the dorsal ﬁn from which transverse sections were taken (see Fig. 2).

common demersal shark found inshore from the surf zone and in
shallow bays to at least 191 m on the outer continental shelves,
often on or near the bottom but also occurring in mid-water or at
the surface (Last and Stevens, 1994). It feeds on shellﬁsh, molluscs, and ﬁsh. Its swimming type is sub-anguilliform. Anguilliform swimmers are deﬁned after the European eel, Anguilla
anguilla, wherein all their forward thrust is derived from undulations that travel in waves along virtually the entire body. However, prey capture of faster-moving ﬁsh by C. taurus may include
burst speeds involving a carangiform swimming mode (Last and
Stevens, 1994).
Fresh carcasses of sharks caught in the protective gill nets off
the KwaZulu-Natal coast by the Natal Sharks Board (NSB) (Cliff
et al., 1996) were immediately transferred to deep freeze storage.
The primary dorsal ﬁns of three specimens of Carcharodon carcharias, two of Galeocerdo cuvier and two of Carcharias taurus,
were removed for the histological preparations of the skin (Table
1). Caudal ﬁns of the three species were also removed for comparative investigation of the ﬁbers.

Histology
Five sites for the transverse sections of the skin were chosen at
intervals along the dorsal ﬁn of Carcharodon carcharias, Galeocerdo cuvier, and Carcharias taurus. (Fig. 2A shows the locations,
A–E, of the ﬁve sections). All transverse sections (20  thick) were
taken on the same plane, perpendicular to the skin surface and
across the long axis of the ﬁbers (Fig. 2B, arrow 1). Usually, four
sections were made per site to ensure reliably accurate transverse
sections of ﬁber bundles. Sites C and D represent areas closer to
the leading and trailing edges of the ﬁn, respectively.
Tangential sections (terminology after Hebrank, 1980, ﬁg. 2) of
30 – 40  thickness from sites A–C were made using standard
cryostat sectioning techniques. The sections lie on a plane paral-

lel to the skin surface (Fig. 2B, arrow 2; also 2A, arrow 3), as
opposed to transverse sections, and along the long axis of the
ﬁbers. A further tangential section was made on the boundary
between the base of the dorsal ﬁn and the body.
For comparative purposes, transverse and tangential sections
were also made in the upper lobe of the caudal ﬁns of the three
shark species and on the caudal peduncle of Carcharodon carcharias. The relative positions of the sections in the different
animals were obtained using a measurement grid (2 mm2).
Because of the toughness of the stratum spongiosum, in which
the scales are embedded, a thin layer of the epidermis and dermis
was scraped off in order to prevent creasing and distortion of the
sections during microtomy. Parafﬁn embedding and Mallory’s
trichrome staining followed standard procedures (Humason,
1979). Transverse sections were examined and photographed using a Zeiss Axiophot light microscope and tangential sections
using Differential Interference Contrast (polarized light).
Measurement data on the collagen ﬁber bundles1 were obtained
using a Panasonic Digital Biomed Analyzer. Thickness of ﬁber
bundles in the stratum compactum was obtained from breadth
and length measurements of ⬃30 bundles in each site. The range
of sizes recorded (Table 1) represents the smallest and largest
bundles of all bundles measured per site, per species.

1
Type I collagen ﬁbers, the most common type in vertebrates, are
normally organized in bundles of ﬁbrils (⬃80 –90 nm thick), the structural unit of the ﬁbers (Axer et al., 2001). The ﬁbers, usually 8 –10 
thick, also occur in bundles or fascicles (Figs. 4, 5), frequently several
hundred microns thick. These bundles are frequently referred to as
ﬁbers, which, strictly speaking, they are not, a point concurred with
by Prof. Hubert Axer (pers. commun., 2003).
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Fig. 2. Schematic representation of the dorsal ﬁn of Carcharodon carcharias. A: The
rectangle inserts A–E show sites
from which transverse-sections
of the skin were taken (see Table
1 and Figs. 4, 5). Note, sites A–E
appear in this ﬁgure for convenience and represent only the locations of the dermal sections
and are not intended to represent different orientations, levels, etc. Tangential sections
were taken from sites A–C. Arrow 3 shows ﬁbers in tangential
view. B: Representative transverse sections of the dermis
taken identically in all ﬁve sites
(A–E). Arrow 1 shows the plane
of the transverse sections and
arrow 2 the plane of the tangential sections.

Dissection of the dorsal ﬁn of Carcharodon carcharias (Fig. 3)
was made prior to removal from the animal to avoid distortion or
slackening of ﬁbers and muscles.

RESULTS
Subdermal Tissue of the Dorsal Fin
In Carcharodon carcharias, sheaths of perimysial
connective tissue (PCT) enter the dorsal ﬁn from the
body (Figs. 2, 3). Part of the PCT attaches to the base
of the dermis (Figs. 2, 3A, in the latter ﬁgure, see
within white quadrate).
The radial muscles extend less than half way up
the dorsal ﬁn and attach to the cartilaginous radials
(Fig. 3A, arrow 2). Perimysial ﬁbers from other parts
of the body attach to the dorsal ﬁn radials (arrow 1),
although indirectly via a dense connective tissue
sheath (CTS) or “capsule” formed by the ﬁbers wrapping around the radial muscles (Figs. 2A, 3A, arrow
1). Perimysial ﬁbers (Fig. 3B, arrow 4; 3C, arrow 5)
also attach to the dorsal septum of connective tissue
(Fig. 3C, arrow 6). An analogous system of connective tissue to that of the dorsal septum of sharks was
recently noted in ichthyosaurs (Lingham-Soliar,
2001). Masses of connective tissue traverse the body
musculature (Fig. 3C, arrow 7; detail Fig. 3D) and
numerous septa of connective tissue connect the radial muscle to the radials (Fig. 3C, arrow 8).
Dermal Tissue of the Dorsal Fin
Stratum compactum transverse sections.
Carcharodon carcharias. In specimens RBDS42
and ZIN 02029 the collagen ﬁber bundles are elongated in transverse section, of varied size, and
staggered in formation. The term “staggered” is
used here to deﬁne ﬁber bundles that are not

clearly demarcated in rows or arranged in a line in
transverse section, but rather a state in which
bundles of varying heights are somewhat interdigitated (Fig. 4A,B). This is in contrast to bundles
occurring in neat rows (frequently separated by
septa) as revealed in the dermis overlying the
body of sharks by Motta (1977) and in the caudal
ﬁn. An exception was found in site A of C. carcharias, specimen RB 02057 (Fig. 5A), in which the
ﬁber bundles occur in rows separated by connective tissue. However, a further section ⬃0.5 cm
distally from the previous showed the typical staggered formation of stratum compactum ﬁber bundles (also see Fig. 5B,C) of the dorsal ﬁn (the
transition from the layered to the staggered ﬁber
bundle arrangement occurs fractionally later in
this specimen; see below). Since counting of rows
is in most cases impossible, instead an approximate count is provided of the number of bundles
(interpreted as layers) that are more or less
stacked one upon the other from the base of the
stratum compactum to the top.
The concentration of ﬁber bundles in the dorsal ﬁn
of Carcharodon carcharias is high, with densely populated ﬁber bundles occurring in sites A–D (Figs.
4A,B, 5A–C), and many ﬁber bundles extending to
the furthest point of the dorsal ﬁn examined, site E
(Fig. 5D). In site E, however, the orientation of the
bundles changes, with the greatest dimension lying
on the horizontal rather than vertical plane.
Galeocerdo cuvier. In Galeocerdo cuvier, ﬁber
bundle structure and organization (Fig. 5E) coincide fairly well in the lower regions of the ﬁn with
that of Carcharodon carcharias. At site A the concentration of stratum compactum ﬁber bundles is
similar to that of C. carcharias. However, from
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Fig. 3. Dissection of the dorsal ﬁn of Carcharodon carcharias.
A: Layers of perimysial connective tissue form a capsule of connective
tissue around the radial muscles (arrow 1); perimysial ﬁbers also attach
to the connective tissue at the base of the compact dermal ﬁbers (indicated by white quadrate). Toward the center of the ﬁgure a segment of
radial muscle is removed to show connective tissue attaching a capsule
of connective tissue to the ﬁn radials (arrow 2); these attach at virtually
90° to the long axis. Arrow 3 shows the radials. Scale bar ⫽ 25 cm.
B: Dissection with most of the dorsal ﬁn removed and showing sheaths
of perimysial ﬁbers attaching to the body surface and to the dorsal ﬁn
(arrow 4 shows layers of alternately left- and right-handed oriented
ﬁbers). C: Dorsolateral dissection of area around the dorsal ﬁn. In the
posterior region of the dorsal ﬁn (right) along the mid-dorsal ridge the
perimysial connective tissue (arrow 5) attaches to the dorsal skeletogenous septum (arrow 6). Along the top of the picture thick bundles of
helical ﬁbers that make up the connective tissue sheaths can clearly be
seen (arrow 7). Left, radial muscles connected by connective tissue
septa (arrow 8). D: Inset, detail of area indicated by arrow 7.
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Fig. 4. Transverse sections of the dermis of the dorsal ﬁn of
Carcharodon carcharias, RBDS42 (female). A: Site A shows the
thick stratum compactum with densely packed ﬁber bundles in
staggered formation. Above, the stratum spongiosum is evident,
while at the bottom part of the connective tissue layer can be
seen. Note, ceratotrichia are not present in this region. B: Even at
site D, close to the trailing edge of the ﬁn, the stratum compactum
ﬁbers are still densely arranged. The ﬁber bundles are relatively
less elongated, probably a consequence of a decrease in skin
thickness. Large spaces at the base of the section were left by
ceratotrichia. Scale ⫽ 0.5 mm.

this point on the ﬁber bundles are sparser and
virtually cease beyond site C.
Carcharias taurus. Fiber bundle structure and
staggered arrangement coincide with that of the
above species at site A (Fig. 5F). Most notably in this
species, the concentration of ﬁber bundles decreases
rapidly from the lower part of the ﬁn distally. Only
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Fig. 5. Representative transverse sections of the skin from the dorsal ﬁn of Carcharodon carcharias, Galeocerdo cuvier, and
Carcharias taurus. All sections are taken from the skin surface downward as illustrated in Figure 2B and with similar orientations
(see Materials and Methods). Arrows at the upper and lower parts of the ﬁgure show top and craniad directions of the sections,
respectively. A: Section from site A of C. carcharias RB 02057 (female) in which approximately nine distinct rows of dermal ﬁber
bundles are present (compare Figs. 4A, 5B). Just visible above is the stratum spongiosum and at the bottom the connective tissue layer
in which collagen ﬁber bundles are absent. B: Site A of C. carcharias ZIN 02029 (male) in which the dense ﬁber bundles are staggered
in formation. C: Part of the stratum compactum of C. carcharias RBDS42 at site C in which numerous layers of ﬁber bundles are
present. D: About four rows of stratum compactum ﬁbers are seen at site E in C. carcharias RBDS42. The ﬁber bundles have oriented
with the long axis along the horizontal plane. Above is the stratum spongiosum and at the bottom connective tissue. E: Site B in
Galeocerdo cuvier in which the ﬁber bundles of the stratum compactum are already reduced. The upper half of the picture shows the
stratum spongiosum in which small bundles of ﬁbers occur within a collagenous matrix. The large yellow inclusions toward the bottom
are ceratotrichia. F: A major part of the stratum compactum ﬁbers of Carcharias taurus RB 02061 at site A showing densely
aggregated ﬁber bundles in staggered arrangement. G: By site B the stratum compactum ﬁbers have dwindled to 2–3 rows. Above is
the stratum spongiosum and below connective tissue with ceratotrichia just in view. H: At site C there are no stratum compactum
ﬁbers in Carcharias taurus RB 02061; only small ﬁber bundles may be seen in the stratum spongiosum. Scale bar in all ﬁgures except
D, 0.25 mm. Scale bar in D, 0.5 mm.
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Fig. 6. Tangential sections of stratum compactum ﬁbers of
Carcharodon carcharias, Galeocerdo cuvier, and Carcharias taurus (sectional areas were large, ⬃2.5 ⫻ 1.5 cm). Arrows at the top
and bottom show dorsal and craniad directions of the sections
respectively. A: Section just below the dorsal ﬁn of C. carcharias.
Fibers are in left and right-handed orientations of ⬃40° to the
long axis and form an orthogonal meshwork. B–D: Fibers at site
A in all three species. The ﬁbers form thick bundles and are
oriented at 60°⫹ to the long axis of the shark. In B, the subdivision of the thick ﬁber bundles into smaller ﬁber bundles is clearly
distinguishable along this different plane. Apparent breaks in
ﬁber continuity are actually minute creases of the ﬁbers which
are better distinguished under different azimuths of polarized
light. The ﬁbers continue with approximately the same density
and angles (60°) in C. carcharias to at least site C. E: Fibers in the
stratum compactum of the caudal peduncle of C. carcharias,
oriented at angles of 60°⫹ to the long axis, form an orthogonal
meshwork. F: Fibers in the stratum compactum of the lower
third– half of the upper lobe of the caudal ﬁn of C. carcharias are
densely arranged and oriented parallel to the lobe. The differences in ﬁber pattern compared with A (body) and E (caudal
peduncle) are striking.

about half the number of stratum compactum ﬁber
bundle layers are found in site B of the ﬁn (Fig. 5G)
compared with the same region in Carcharodon carcharias. In site C and further up the dorsal ﬁn the
stratum compactum ﬁber bundles are absent and
stratum spongiosum ﬁber bundles only are present
(Fig. 5H, inset; Table 1, Fig. 7).
Stratum compactum tangential sections in
the three species investigated. Observations on
the tangential sections of the stratum compactum
of the three shark species (Fig. 6) complement
those obtained from the transverse sections. The
ﬁber bundles at the boundary between the ﬁn base
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Fig. 7. The thickest (A) and thinnest (B) ﬁber bundles found
in representative sections of the stratum compactum of the dorsal
ﬁn of Carcharodon carcharias, Galeocerdo cuvier, and Carcharias
taurus.

and body are oriented at angles of ⬃40° to the long
axis, with the left- and right-handed helical conﬁguration of the orthogonal meshwork evident
(Fig. 6A). However, the angles change rapidly to
60 – 65° to the long axis (all species) near the base
of the ﬁn, which is maintained (where ﬁbers are
present) throughout the sections examined. The
ﬁber bundles are much thicker and denser than
anywhere else examined in the three species and
are more closely organized (Fig. 6B–D; Table 1), in
contrast to those of the body (Motta , 1977, table
3). A number of successive tangential sections into
the stratum compactum show several, apparently
consecutive layers of ﬁber bundles oriented in the
same direction, rather than in alternating leftand right-handed orientations. In other layers,
alternating left- and right-handed orientations of
ﬁber bundles occur, forming an orthogonal meshwork. In all cases the ﬁbers are steeply oriented
(60°⫹ to the longitudinal axis).
The number of layers and the range in sizes between the smallest and largest ﬁber bundles (measured as width/length) for all three species are given
in Table 1 and Figure 7.
Stratum spongiosum. In contrast to ﬁber bundles in the stratum compactum, those in the stratum spongiosum of all species examined are
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Fig. 8. Transverse sections of
the dermis of the caudal ﬁn (lower
third – half of upper lobe) showing
ﬁber bundles arranged in distinct
rows. A: Carcharodon carcharias.
B: Galeocerdo cuvier. C: Carcharias
taurus.

sparser, small, and more or less organized in rows
within a connective tissue matrix (Fig. 5E, top,
Table 1). Grouping of the bundles is rare. The size
ranges are not remarkably different in all three
species, varying from a minimum size of 9.8/21.7
to a maximum of 45.1/70.2  (data not included in
table).
Dermal Fibers in the Stratum Compactum
of the Caudal Fin
It is particularly striking that, unlike in the
dorsal ﬁn, but as in the dermis overlying the body
of sharks (Motta, 1977), transverse sections show
that the ﬁber bundles of the stratum compactum
in the caudal ﬁn occur in well-ordered rows in all
three species (Fig. 8). Tangential sections of the
dermis of the caudal ﬁn of Carcharodon carcharias
clearly show that these ﬁber bundles extend parallel to the long axis of the upper caudal lobe (Fig.
6F), in contrast to the condition of the ﬁbers over
the body (Fig. 6A) and in the caudal peduncle (Fig.
6E), which are alternately left- and right-hand
oriented to form an orthogonal meshwork. This
condition is treated cautiously until more specimens are examined.
DISCUSSION
The present study indicates the presence of dermal collagenous ﬁbers in the dorsal ﬁn of sharks,
contrary to the view of Moss (1972) that only a
basement membrane is present, the dermis being
absent. To gain an understanding of the functional
role of such ﬁbers in the dorsal ﬁn, I analyze some of
their biomechanical and structural properties. The
ﬁndings in all but the last point in the summary
below, preceding the discussions, refer to the stratum compactum: 1. In all species the ﬁber arrangements of the dorsal ﬁn occur in staggered formation,
generally contrasting with the well-ordered rows
previously found in the dermis overlying the body of
the sharks. 2. Fibers are grouped in bundles of varying sizes, somewhat resembling skeletal muscle fasciculi. 3. Variations were found in stratum compac-

tum ﬁber bundle proﬁles and densities in the three
species with the most impressive concentration, distribution, and number of ﬁber bundle layers occurring in Carcharodon carcharias. 4. Fiber angles in
the dorsal ﬁn in the three species are 60°⫹ to the
long axis. 5. In the dorsal ﬁn in all three species an
orthogonal meshwork is formed by some layers of
ﬁbers but not by others. 6. Fiber bundles at the
boundary just below the base of the dorsal ﬁn are
smaller in diameter and form an orthogonal meshwork. 7. In the caudal ﬁn in C. carcharias ﬁbers
extend in parallel formation along the length of the
dorsal ﬁn in a number of clearly demarcated layers
or rows. 8. In C. carcharias the ﬁber bundles in the
caudal peduncle (close to the caudal ﬁn) occur at
angles in excess of 60° to the long axis of the animal.
Fibers in layers are alternately left- and right-hand
oriented and form an orthogonal meshwork. 9. In
the stratum spongiosum the ﬁber bundle proﬁle
(small size, sparse, and not grouped in larger bundles) is generally similar in all three species.
Functional Implications of the Fiber
Architecture in the Dorsal Fin
Distinct rows of ﬁber bundles in a similarly conﬁned area of the caudal ﬁn (Fig. 8) indicate that the
staggered arrangement of the ﬁber bundles in the
dorsal ﬁn is not solely a consequence of restricted
space. Rather, functional explanations related to the
mechanics of a dynamic stabilizer are proposed. For
instance, irregular, interwoven bundles of ﬁbers,
frequently found in the skin of many animals, confer
great strength to the skin (Vincent, 1990; Vincent et
al., 1991; Burkitt et al., 1993), as do cross-over ﬁbers
present in some layers of shark skin (Motta, 1977;
Wainwright et al., 1978). However, such conﬁgurations impede the movement of the ﬁbers along a
speciﬁc plane, given that ﬁber movement may be
important in, e.g., the reorienting of ﬁbers toward
the stress axis, as Naresh et al. (1997) have shown in
tensile tests on the skin of Carcharias laticaudas.
On the other hand, mechanical stiffness may also be
achieved by prestressing of collagenous ﬁbers
(Veronda and Westman, 1970; Gordon, 1978). In the
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Fig. 9. A schematic view of the dermal ﬁbers extending from
the body into the dorsal ﬁn of Carcharodon carcharias. The angles become much steeper in the dorsal ﬁn (60°⫹) and the orthogonal meshwork is not always as evident as depicted in the
scheme.

dorsal ﬁn there appears to be a compromise, allowing an increase in tensile strength but without impeding the transfer of ﬁber tension from the body
(Fig. 9). This is achieved principally in two ways:
ﬁber bundles are tightly packed in transverse section in more or less staggered formation (like bricks
in a wall) but without being interwoven either as
bundles or layers; and ﬁber bundles are steeply oriented (in excess of 60°) and strained (or prestressed),
facilitating rapid transfer of tension from the body
(see below).
The mechanical characteristics of the dorsal ﬁn
are directly related to the peculiarities of the collagenous ﬁber architecture described above and to the
cross-helical ﬁbers wound around the body of the
shark. In a cylinder the hoop stress is equal to longitudinal stress with, the cross-helical ﬁbers wound
at 55° 44⬙ (Wainwright et al., 1976; Alexander,
1987). In sharks, however, the angles vary between
50 –70° in different regions of the body. Differences
in the meshwork character of the collagen architecture of sharks (Motta, 1977; Wainwright et al., 1978)
and dolphins (Pabst, 1996a) confer speciﬁc dynamic
properties that allow deformation less or more before the ﬁbers themselves come under substantial
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strain (Wainwright et al., 1976, 1978; Axer et al.,
2001; Drucker and Lauder, 2001). High ﬁber angles
(relative to the longitudinal axis) in the dorsal ﬁn
are construed to allow less deformation of the ﬁber
architecture and consequently a rapid transfer of
tension from ﬁbers wound around the shark’s body.
It is envisaged to be particularly effective when
there is a signiﬁcant increase in internal hydrostatic
pressure during fast swimming.
A further function for high ﬁber angles of collagenous ﬁbers in the dorsal ﬁn of the sharks under
study, that of reinforcement, is considered. Pabst
(1996a) suggested that very high ﬁber angles in
collagenous ﬁbers in the caudal peduncle of dolphins
served to reinforce the peduncle, in that case to act
like a ﬂexor retinaculum to keep the lateral tendons
from bowstringing. A further prediction of her model
(Pabst, 1996a, p. 49) is that the skin in the caudal
peduncle of lamnid sharks would also have a retinacular function, and that the skin ﬁber angles
would be higher than those reported for slowerswimming sharks (45–50°) lacking a caudal peduncle. The present ﬁndings support the prediction and
show skin ﬁber angles in the caudal peduncle of
Carcharodon carcharias in excess of 60° to the long
axis (Fig. 6E).
The dynamic mechanism by which the dorsal ﬁn of
Carcharodon carcharias is stiffened can be likened
to that of the riggings that stabilize the mast of a
sailing ship (Fig. 9). In the lemon shark, tension on
the shark’s skin due to internal hydrostatic pressure
was shown to increase with speed from ⬃20 –35 kN
m-2 to 200 kN m-2 (Wainwright et al., 1978). This
tension is transferred to the ﬁbers on either side of
the dorsal ﬁn, which results in the ﬁn becoming
rigid. Thus, maximum stiffness occurs with maximum speed, and it is no coincidence that this also
occurs when the problems of yaw and roll are most
serious. Wainwright et al. (1978) also found that
while swimming slowly the shark bent its body in
right and left bends of 38 cm radius of curvature,
and during bursts of fast swimming bends of 20 cm
radius were produced, and that the pressure rose on
both the concave and convex sides of the ﬁsh. This is
important since it ensures that the pull on either
side of the dorsal ﬁn is identical. Indeed, it is unlikely to be otherwise in C. carcharias, given the
location of the dorsal ﬁn at the stiffest part of the
shark’s body, where its girth is greatest and significant undulations are unlikely.
The high concentration of ﬁbers in the skin of the
dorsal ﬁn is in most respects similar to that of the
caudal ﬁn in Carcharodon carcharias. In view of
these similarities, the test Wainwright et al. (1978)
performed to assess the torsional role of the collagenous ﬁbers conveyed to the shark’s body is considered relevant to the relationship between the ﬁbers
of the shark’s body and the dorsal ﬁn. The authors
ﬁrst twisted the intact tail (clamped to a board)
about the shark’s axis and found that a 40% twist
required a 4.8 N-m torque. However, the same twist
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after the skin was cut around the base of the tail
required 2.4 N-m. This high passive resistance was
achieved despite the low percentage thickness of
skin relative to muscle (tensile tests on the dorsal ﬁn
of C. carcharias showed virtually identical results;
author’s unpublished data). It seems reasonable to
conclude from this that skin in the dorsal ﬁn of the
great white shark, with masses of collagenous ﬁbers,
must likewise play a dominant part in stiffness
against bending and twisting forces and that in the
pressurized shark it would be even greater.
While the functional importance of dermal collagenous ﬁbers in the dorsal ﬁn of sharks cannot be
overemphasized, the role of perimysial ﬁbers in
strengthening the ﬁn around the radial muscles and
in controlling the movements of the dorsal ﬁn should
not be overlooked (coinciding with observations in
other parts of the body of sharks; J.J. Willemse’s
pers. commun. in Motta, 1977, p. 457). The indirect
attachment of the capsule of perimysial ﬁbers via
numerous septa of connective tissue to the ﬁn rays
at virtually 90° to their surface (Figs. 2A, 3C) presumably averts undue torque (twisting of the ﬁn)
that might otherwise arise from muscle ﬁbers originating from a number of different directions.
The ﬁbers in the various rows in the caudal ﬁn
extend parallel to the long axis of the upper lobe of
Carcharodon carcharias, as demonstrated by several tangential sections (Fig. 6F). Parallel or steeply
oriented ﬁbers would presumably facilitate rapid
transfer of tension to the ﬁbers in the caudal ﬁn. The
implications are of ﬁbers acting as elastic springs in
the caudal ﬁn of C. carcharias. However, the subject
of elastic springs and conservation of energy is a
complex and controversial topic (Bennet et al., 1987;
Fish and Hui, 1991; Blickhan and Cheng, 1994;
Pabst, 1996b) and warrants further investigation.
The present ﬁndings suggest a possible line of investigation.
Ecological Consequences of a Dynamic
Dorsal Fin
A highly stiffened dorsal ﬁn is necessitated by
the lifestyle of Carcharodon carcharias, a pelagic,
high-speed swimmer at the top of the marine food
chain (Randall, 1983; Boustany et al., 2002;
Froese and Pauly, 2002). This lifestyle contrasts
with that of Carcharias taurus and Galeocerdo
cuvier. The more posterior position of the dorsal
ﬁns in C. taurus, compared with C. carcharias and
G. cuvier (see Fig. 1), which is exempliﬁed in ﬁsh
such as the northern pike, Esox lucius (Webb,
1983; Webb and Weihs, 1983), may enable more
rapid acceleration from a stationary position compared with slower starts in thunniform sharks
(McGowan, 1999). This feature is useful in ambush predation. A special ability to control its
buoyancy and remain motionless by gulping air
into the stomach (Bass and Ballard, 1972) may
also contribute to predation by stealth. Galeocerdo

cuvier spends considerable time swimming slowly
in habitats that are varied (Tricas et al., 1981;
Heithaus et al., 2001; Heithaus and Dill, 2002). Its
dorsal ﬁn is closely similar in shape and size to
that of C. carcharias, but the dermal ﬁber structure suggests greater ﬂexibility, which, in my
view, may create less resistance during the strong
lateral movements involved in underwater shake
feeding (Frazzetta, and Prange, 1987; Frazzetta,
1988, 1994), while stability is maintained by the
pectoral ﬁns (Springer, 1961).
In dolphins it is not known whether or not there is
a system of ﬁbers in the dorsal ﬁn that is a continuum of the helical ﬁbers of the body, which may
function in a similar way to that postulated here for
sharks. Such an investigation may shed light on why
the dorsal ﬁn of killer whales, Orcinus orca, irreversibly falls over sharply during captivity. The
present study on sharks also offers a possible insight
into how integumental ﬁbers in the extinct, fastswimming ichthyosaurs (Lingham-Soliar 1999,
2001) may have contributed to an efﬁcient stabilizer,
given the apparent absence of any other form of
internal support in the dorsal ﬁn.
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