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ABSTRACT Stability and procured instability charac-
terize two opposing types of swimming, steady and
maneuvering, respectively. Fins can be used to manipu-
late flow to adjust stability during swimming maneuvers
either actively using muscle control or passively by struc-
tural control. The function of the dorsal fins during turn-
ing maneuvering in two shark species with different
swimming modes is investigated here using musculoskel-
etal anatomy and muscle function. White-spotted bamboo
sharks are a benthic species that inhabits complex reef
habitats and thus have high requirements for maneuver-
ability. Spiny dogfish occupy a variety of coastal and conti-
nental shelf habitats and spend relatively more time
cruising in open water. These species differ in dorsal fin
morphology and fin position along the body. Bamboo
sharks have a larger second dorsal fin area and propor-
tionally more muscle insertion into both dorsal fins. The
basal and radial pterygiophores are plate-like structures
in spiny dogfish and are nearly indistinguishable from
one another. In contrast, bamboo sharks lack basal ptery-
giophores, while the radial pterygiophores form two rows
of elongated rectangular elements that articulate with
one another. The dorsal fin muscles are composed of a
large muscle mass that extends over the ceratotrichia
overlying the radials in spiny dogfish. However, in bam-
boo sharks, the muscle mass is divided into multiple dis-
tinct muscles that insert onto the ceratotrichia. During
turning maneuvers, the dorsal fin muscles are active in
both species with no differences in onset between fin
sides. Spiny dogfish have longer burst durations on the
outer fin side, which is consistent with opposing resist-
ance to the medium. In bamboo sharks, bilateral activa-
tion of the dorsal in muscles could also be stiffening the
fin throughout the turn. Thus, dogfish sharks passively
stiffen the dorsal fin structurally and functionally, while
bamboo sharks have more flexible dorsal fins, which
result from a steady swimming trade off. J. Morphol.
274:1288-1298, 2013. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Chondrichthyan fishes have a strikingly different
muscle and skeletal arrangement in the dorsal fins
compared to actinopterygian fishes. The fin rays in
actinopterygians are composed of bilaterally paired
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hemitrichia with bilateral muscles attached to each
(Geerlink and Videler, 1987; Taft et al., 2008; Taft,
2011). Contraction of muscles on one side causes the
hemitrichia to slide along each other putting the
contralateral side in tension and bending the fin ray
towards the contracted muscle (Lauder, 2006; Taft
et al., 2008; Taft, 2011). Instead of hemitrichia,
chondrichthyan fishes have ceratotrichia support-
ing the fin web (Compagno, 1999), where muscles
do not attach to individual ceratotrichia but rather
to a tendinous sheath that connects all the cerato-
trichia (Goodrich, 1904). Although chondrichthyan
fishes have only ipsilateral muscle insertion onto
the ceratotrichial tendon sheath, recent 3D kine-
matic studies on the dorsal fin during steady swim-
ming in spiny dogfish and bamboo sharks suggest
that the range of movement is similar to actino-
pterygian fishes (Maia and Wilga, 2013). In bamboo
sharks, both of the dorsal fins act as thrusters dur-
ing steady swimming (Maia and Wilga, 2013). Vari-
ation in the function of the two dorsal fins also
exists among actinopterygian taxa. The dorsal fin in
bluegill sunfish generates primarily posterior forces
that function mainly for thrust (Drucker and
Lauder, 2001), while the dorsal fin in rainbow and
brook trout produce larger lateral forces, which con-
tribute to stabilization (Drucker and Lauder, 2005;
Standen and Lauder, 2007). During steady swim-
ming, the dorsal fin in the bluegill sunfish bends
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toward the ipsilateral side, consistent with a func-
tion for thrust augmentation (Jayne et al., 1996;
Drucker and Lauder, 2001).

Stability and procured instability characterize
two opposing types of swimming, steady and
maneuvering respectively (Webb, 2006). Steady
swimming is easily studied in the controlled envi-
ronment of a flow tank, and has been used for
many locomotion studies in sharks (Wilga and
Lauder, 2002, 2004; Donley and Shadwick, 2003;
Donley et al., 2005; Flammang et al., 2011). In
contrast, maneuvers are more difficult to study
under controlled conditions due to less predictable
movements such as braking, vertical maneuvers,
routine turns and fast starts in the field of view
(Webb, 2006). Only a few studies have looked at
unsteady swimming in sharks, namely at escape
responses (Domenici et al., 2004), foraging turns
(Kajiura et al., 2003), routine turning maneuvers
(Porter et al., 2009, 2011) and vertical maneuvers
(Wilga and Lauder, 2001, 2002) in sharks. Pectoral
fins are used to generate thrust during vertical
maneuvers in sharks, where activation of the
epaxial, cucullaris, fin adductor, fin protractor, fin
abductor, and hypaxial muscles result mainly in
changes in camber (Wilga and Lauder, 2000,
2001). Similar to the pectoral fins, the dorsal fins
might be capable of actively generating thrust or
adjusting stability for the fine control necessary
for maneuvering. That is, produce enough force to
overcome the water pushing on the fins. Maximal
muscle force can be predicted using muscle cross
sectional area (CSA) (Powell et al., 1984).

This study investigates the anatomy and muscle
function of the dorsal fins in two species, Squalus
acanthias (Linnaeus, 1758; Order Squaliformes,
Family Squalidae) commonly known as spiny or
piked dogfish, and Chiloscyllium plagiosum (Ben-
nett 1830; Order Orectolobiformes, Family Hemi-
scylliidae) or white-spotted bamboo sharks. Spiny
dogfish occur in inshore and offshore waters from
temperate and subarctic regions (Compagno,
1984). Although spiny dogfish can be found fre-
quently near the substrate on continental and
insular shelves, as well as on the upper continen-
tal slope, they also cruise in the water column and
feed mainly on fish and squid (Compagno, 1984).
White-spotted bamboo sharks are a bottom-
dwelling species found off the coast of Indonesia
and in surrounding Pacific waters in coral reef
habitats and feed primarily on benthic inverte-
brates (Compagno, 1984). The two species have
distinctly different body types and distinct dorsal
fin morphologies that may reflect habitat prefer-
ence and locomotor strategies. The dorsal fins of
white-spotted bamboo sharks, C. Plagiosum, lack
basal pterygiophores while the dorsal fins of spiny
dogfish have one or more basal pterygiophores
with supraneurals connecting to the vertebral col-
umn (Shirai, 1996). Spiny dogfish not only have a
variable number of basal and radial pterygio-
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phores among individuals, but the basals and the
radials are often indistinguishable from each other
(Benzer, 1944).

We hypothesize that bamboo sharks, which
inhabit complex reef habitats, will have more
extensive subdivisions of the muscle and skeletal
arrangement that will result in higher freedom of
movement of the dorsal fins and higher theoretical
muscle force that confers greater turning maneu-
verability. Muscle activity of the dorsal fins during
turns in bamboo sharks is expected to be finely
controlled with alternating activity on the left and
right sides of the fin; while spiny dogfish will use
the fins as rudders, which is characterized by
simultaneous contraction on both sides with
higher magnitude on the outer side of the turn.

MATERIALS AND METHODS
Anatomy

Seven mature fresh frozen bamboo sharks, C. plagiosum,
Bennett, 1830; Total length (TL) 51-78 c¢m, and nine mature
fresh frozen spiny dogfish individuals S. acanthias, Linnaeus,
1758; TL 74-87 cm, were used for the morphometric analysis.
The bamboo shark specimens were obtained from Sea World
Orlando, FL, while the spiny dogfish were caught by trawl in
the Narragansett Bay, RI, Graduate School of Oceanography
Fish Trawl Survey, R/V Cap’n Bert, with Rhode Island Division
of Environmental Management permission. Data was collected
for the following variables: distance from snout to first dorsal
fin base (SD1), interdorsal distance (D1D2), distances between
second dorsal and caudal fin (D2T), first and second dorsal fin
base (B1, B2), height (H1, H2), and total length of the shark
(Fig. 1A). The variables were standardized for size effects by
dividing by total length and converting to a percentage. Fin
area and percentage of fin planar area occupied by muscle (Fig.
1B) were obtained through orthophotography using Image J
software, v. 1.43u (Rasband, 1997-2012). These area variables
are presented as a ratio of the first to the second dorsal fin to
minimize size effects.

Muscular anatomy was described using five of the mature
bamboo sharks and six of the mature spiny dogfish (same speci-
mens used above for morphometrics). The skin was removed
and fascicle length, muscle mass and angle of insertion relative
to the horizontal septum were quantified. Fascicle length was
measured using a stereomicroscope, insertion angle was calcu-
lated from orthophotography using Image J software and wet
muscle mass was obtained by removing the muscle mass and
weighing it on a precision scale. Anatomically relevant CSA
was computed (Powell et al., 1984) using the equation:

CSA=muscle mass(cos ¢)/(FL X muscle density),

where FL is the average fascicle length, and ¢ is the fiber
angle. Muscle density is considered 1.05 g cm ™, a value derived
from several elasmobranch species (Bone and Roberts, 1969).
Unilateral theoretical maximum tetanic tension (P,) was com-
puted (Powell et al., 1984):

P0=CSA X TSP-,

where the specific tension (T'sp) is assumed to be similar to that
of shark white muscle 289.2 kN m ™2 obtained from Scyliorhi-
nus canicula (Lou et al., 2002).

T-tests were used to test for differences in anatomical varia-
bles between the two species. A principal components analysis
explored whether morphometric variables differ between the
two species using SPSS 12 (IBM, Corp. Armonk, NY). When
normality and equality of variance criteria were not met, a
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1st dorsal fin

2nd dorsal fin

Fig. 1. Morphometric measurements (A, B) and electrode placement (C) for bamboo and spiny dogfish shark dorsal fins. SD1-
distance between snout and first dorsal fin, D1D2-distance between first and second dorsal fins, D2T-distance between second dorsal
fin and tail. In (C), black dots represent bilateral implantation and open circles represent left side only implantation (Ep-red epaxial;

LE-leading edge; M-middle; TE-trailing edge).

Mann-Whitney test on ranks was used. CSA was regressed over
total length and an analysis of covariance was used to test for
differences in the two species regression intercepts and slopes.
T-tests and analysis of covariance procedures were run using
SAS statistical software.

Muscle Activity

Three additional bamboo sharks were obtained from Sea
World, Orlando, FL, and kept in a circular tank (1900 L) with
32 psu salinity, 22°C (=1°C), on a 12 h light cycle and fed every
other day on a natural diet of squid (Illex sp.) and fish (Scom-
ber sp., Clupea sp., Menidia sp.). Total length ranged from 41
to 81 cm. Three additional spiny dogfish were obtained from
the Graduate School of Oceanography (University of Rhode
Island) trawl cruises in Narragansett Bay, RI. Individuals were
kept in 8,900 L round tank (3 m diameter and 1.20 m tall). The
tanks were maintained at 32 psu salinity, 18°C (£1°C) and a
12 h:12 h light: dark cycle. Sharks were fed every other day on
a natural diet of fish (Scomber sp., Clupea sp.) and squid (Illex
sp.). Total length ranged from 48 to 86 cm.

Experiments were conducted at the University of Rhode
Island during 2009 and 2010, under the IACUC protocol #
ANO05-07-001. Sharks were anesthetized using MS222 and intu-
bated with sea water with MS222 at a diluted concentration
(1.75 g in 20 L for 5 min) for the duration of the surgery (<60
min). Bipolar stainless steel electrodes were implanted bilater-
ally using a 25-gauge needle into three locations along each dor-
sal fin muscle: leading edge, middle of the fin and trailing edge
locations (Fig. 1C). Two additional electrodes were implanted in
the red epaxial muscle below each fin on the left side (Fig. 1C).
Electrode leads were sutured to a loop between the two dorsal
fins and pins were attached to the opposite end and inserted in a
pin connector that transmitted data to a computer during the
experiments. The shark was allowed to recover in the experi-
mental tank for 2 h after surgery. The temperature in the exper-
imental tank was kept at the same temperature as the holding
tank and was the same for all trials for each species, 22°C
(%0.5°C) for bamboo sharks and 18°C (+0.5°C) for spiny dogfish.

The experimental tank was an 8 diameter circular tank with
tall polyvinyl chloride pipes to simulate a complex environment
that induced spontaneous turning. The water level was main-
tained at 60 cm high. Turns were performed in front of the 1.2 m
wide X 0.6 m tall observation window and the animal would turn
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around the polyvinyl chloride pipes (taller than the water level)
spaced approximately 25 cm. Four routine turns were selected
for each individual, which met the following criteria: 1) the ani-
mal turned in front of the window and around the polyvinyl chlo-
ride pipes, 2) the animal did not accelerated markedly from its
routine swimming speed around the tank (escape responses,
rapid accelerations were visually excluded), 3) the animal did not
touch the pipes, 4) the initial and final position of the animal in
the water column differed by less than two head heights. A high-
speed camera positioned in the tank window was used to simulta-
neously record lateral video, necessary to identify behaviors and
exclude fast starts and turns with high vertical components. An
equal number of left and right turns were used for all the animals
tested. Electromyography (EMG) signals were recorded with dif-
ferential amplifiers 1700 (AM Systems, Sequiem), with a high-
pass filter setting of 10 kHz and a low-pass filter setting of 3 Hz.
Analog muscle signals were converted to digital using a Power-
Lab/16sp (ADInstruments, Colorado Springs) and stored in a
computer. EMG signals were filtered with high pass filters of 50
Hz. Waveform analyses were conducted using Chart software
(v.5.4.2, ADInstruments, Colorado Springs) for four trials for
each individual.

Onset and offset of EMG activity was determined from the
rectified, integrated EMG signal using a signal to noise ratio of
2.5 times the baseline value (Roberts et al., 2007). The magni-
tude of an individual muscle burst was determined relative to
the maximum peak for that muscle implant. Cycle duration is
defined from the onset of the reference implant to the next
onset of the same implant, while duty cycle is defined as the
percentage of the cycle duration in which the muscle was
active. No differences were detected between left and right
turns, thus the reference was the dorsal fin muscle leading
edge implant on the inside of the turn. Four events were ana-
lyzed, for or each individual.

The asynchrony index (AI) is a measure of how much the
left and right sides of a muscle are active simultaneously
(Gerry et al., 2008). This index was calculated for muscle pairs
with the following equation,

durl  dur2
Al=1- TE TE
2
where durl and dur2 are the durations of left and right
muscles and TE is the total duration of the event, from onset of
the first of these two muscles activity to the offset of the last
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TABLE 1. Morphometric variables for dorsal fins in bamboo shark and spiny dogfish
Bamboo shark Spiny dogfish

Variable Mean Std. error Mean Std. error P-value
Distance to first dorsal fin 37.43 0.44 33.90 0.22 <0.001
First dorsal fin base 8.38 0.33 7.76 0.19 N.S.
First dorsal fin height 7.41 0.39 6.10 0.08 0.002
Second dorsal fin base 7.57 0.13 6.32 0.30 0.006
Second dorsal fin height 5.81 0.43 3.81 0.15 <0.001
First dorsal: second dorsal area 1.42 0.06 2.00 0.12 <0.001
Interdorsal space 11.07 0.39 22.23 0.87 <0.001
distance from second dorsal to tail 9.94 0.38 10.91 0.28 N.S.
First dorsal: second dorsal muscle area 1.36 0.10 1.29 0.10 N.S.
First dorsal muscle insertion angle 51.17 2.22 41.73 1.45 0.007
Second dorsal muscle insertion angle 54.23 0.71 42.30 2.29 0.016
First dorsal: second dorsal CSA 1.49 0.13 1.73 0.25 N.S.

muscle to be active during a particular behavior (Gerry et al.,
2008). This index is useful to confirm or reject the hypothesis
that during turns fins have alternate activation for thrust or
simultaneous activation to be held against the flow and act like
a rudder.

All summary statistics are reported as mean * standard
deviation. To test for the effect of fin (first and second dorsal), a
two-way mixed model analysis of variance (ANOVA) was per-
formed, with individual as the random effect and fin as the
fixed effect (Zar, 2009). Paired T-tests were used to test for dif-
ferences between left and right muscle pairs (Zar, 2009).
Another two-way ANOVA was also run with species random
effect and muscles as the fixed effect. Statistical tests were con-
ducted using SAS v. 9.1.2 (SAS Institute, Cary, NC).

RESULTS
Anatomy

Interspecific differences in several morphometric
variables were found. Table 1 shows the statistical
data on the morphometric variables for spiny dog-
fish and white-spotted bamboo shark dorsal fins
corrected for body length. Most of the variables
differ between the two species except for length of
the second dorsal fin base and ratio of the planar
muscle area between fins. Bamboo sharks have
more posteriorly placed dorsal fins, longer dorsal
fin bases and taller first dorsal fins than spiny
dogfish. First and second dorsal fins are more dis-
similar in size in spiny dogfish and the two fins
are spaced further apart than in bamboo sharks.
Dorsal fin muscle insertion angle is greater for
bamboo sharks by over 10° compared to spiny dog-
fish, indicating more vertically oriented fibers.

The principal components analysis revealed sev-
eral groups of variables that distinguish the two
species (Fig. 2). The first two components repre-
sent 77.1% of the variation with four components
explaining 90.9%. Distance to the first dorsal fin,
length of first fin base, height of first fin base, and
height of second dorsal fin loaded negatively on
the first axis, while the ratio of first to second dor-
sal fin area, interdorsal distance, and distance
between second dorsal fin and tail loaded posi-
tively. Fewer variables loaded highly on the second

axis, with planar area occupied by muscle loading
negatively. The first axis was successful in distin-
guishing the two species (Fig. 2).

Gross anatomical examination of the musculo-
skeletal system of the dorsal fins in spiny dogfish,
S. acanthias, revealed that the dorsal fin muscle
mass originates from the stratum compactum
lying over the epaxial musculature and inserts
onto the tendinous sheath connecting to the cera-
totrichia at the distal row of radials (Figs. 3A,B).
The single muscle mass is tightly packed and
tapers toward the insertional end.

Covering the dorsal fin spine and spreading lat-
erally to the fin in spiny dogfish is a ligamentous
band that connects to the stratum compactum

o
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w

PC2

D1D2

A1A2

-0.8

-1.0 PC1 15

Fig. 2. Principal component analysis with PC2 (18.6%) loaded
on PC1 (58.5%) separates the two species based on PC1. Varia-
bles used as predictors, as percent of body length or ratio:
Al:A2-ratio of first dorsal fin area to second dorsal fin area;
D1D2-distance between dorsal fins; D1-length of first dorsal fin
base; D2-length second dorsal fin base; D2T-distance between
second dorsal fin and tail; H1l-height of first dorsal fin; H2-
height of second dorsal fin; M1:M2-ratio of first to second dorsal
fin area occupied by muscle; SD1-distance from snout to first
dorsal fin. Samples: B-bamboo shark individuals; S-spiny dogfish
individuals.
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Bamboo shark

Fig. 3. Dorsal fin anatomy of two shark species, spiny dogfish on the left and bamboo shark on the right. (A) and (D)-photo of first
dorsal fin with skin removed; (B) and (E)-schematic representation of the muscle mass and of the ligamentous tissues [only in (B)];
(C) and (F)-representation of the skeletal elements, r-radials, b-basals with the shaded area representing the area covered by muscle,
in bamboo sharks all the skeletal elements present are radials. The second dorsal fins are slightly smaller but otherwise similar.

(Fig. 3A), but not to the dorsal fin or epaxial mus-
culature. The dorsal fin muscle extends over the
radials or basals and inserts onto the ceratotrichia
overlying the distal radials, thus allowing inde-
pendent movement of the skeletal structures. As
previously reported, the basals and radials are not
easily distinguished and vary in size and number
among individuals (Fig. 3C; Benzer, 1944). How-
ever, the area occupied by basals and radials on
the midline of the base of the fin is consistent
among individuals. Basals articulate with supra-
neurals on the vertebral column.

In contrast, bamboo sharks, C. plagiosum, lack
spines and basal elements in the dorsal fins. The
dorsal fin musculature has a similar origin and
insertion as in spiny dogfish. However, the muscle
arrangement differs in having distinctly separated
muscle bands with each band associated with and
parallel to a column of radial elements with rela-
tively thicker epimysium, the connective tissue
that surrounds muscle, than in dogfish (Figs.
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3D,E). The skeletal elements are composed of two
rows of radials, a longer proximal row and shorter
distal row that do not attach to the vertebral col-
umn. The number of radials in each row varies
between 17 and 18 in the first dorsal fin and 17
and 20 in the second dorsal fin. The connection
between the proximal and distal radials is made
by cartilaginous pads and provides the major
plane of bending. The second row of radials is par-
tially overlapped by the ceratotrichia. In addition,
each muscle spans the joints between distal and
proximal radials to insert onto the proximal end of
the ceratotrichia through a tendinous sheath.
Based on visual inspection the dorsal fin
muscles appear to be composed of white fibers in
spiny dogfish and intermediate fibers in bamboo
sharks. CSA was calculated along with unilateral
theoretical maximum tetanic tension (P,) for both
dorsal fins in both species and interspecific varia-
tion was noted. Theoretical maximum tetanic ten-
sion for the first dorsal fin ranged from 7.3 to 25.3
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Fig. 4. CSA regressed onto shark TL for the first (black lines)
and second dorsal (grey lines) fins of bamboo sharks and spiny
dogfish, thicker lines represent the plot regressions and thinner
lines the respective 95% confidence intervals.

N in bamboo sharks and 9.0 to 29.0 N in spiny
dogfish. Maximum tetanic tension values for the
second dorsal fin ranged from 4.9 to 14.6 N in
bamboo sharks and 4.1 to 15.8 N in spiny dogfish.
Regressions were run for CSA with total length
(Fig. 4) and were significant except for the first
dorsal fin of spiny dogfish.

The resultant regressions are the following:-
Bamboo shark

CSAp;=—0.816+(0.0209XTL), 72=0.924,
P=0.0097

CSApy=—0.407+(0.0119XTL), 72=0.887,
P=0.017

Spiny dogfish

CSAp; =—2.918+(0.0449XTL), r2=0.544,

N.S.(P=0.093)
CSApy=—1.719+(0.0265XTL), 72=0.705,

P=0.037

where, CSAp;-cross sectional area of first dorsal
fin, CSApo-cross sectional area of second dorsal
fin, and TL-total length in cm.

Significant differences were found in the regres-
sions between the first and second dorsal fins for
bamboo sharks for the intercept (ANCOVA, P <
0.05) as well as for the slope (ANCOVA, P < 0.05).
[F (3,9) = 10.23, P < 0.05, covariate TL, F (3,9) =
4.47, P < 0.05, covariate fin, F (3,9) = —2.91, P <
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0.05 interaction, F (3,9) = 0.83, P > 0.05]. Differen-
ces between the first dorsal fin in the two species
could not be assessed since the regression for spiny
dogfish was not significant. For the second dorsal
fin, the two species differed in intercept and slope
[ANCOVA, intercept P = 0.0280, slope P = 0.0329,
F (3,10) = 5.74, P < 0.05, covariate TL, F (3,10) =
3.78, P < 0.05, covariate species, F (3,10) = 2.57,
P < 0.05 interaction, F (3,10) = —0.96, P > 0.05].

Muscle Activity

In both species, the muscles on both sides of the
first and second dorsal fins and epaxial muscles
below the dorsal fins were active during the majority
of a cycle. Muscle activity among the three implants
on a side was also similar for onset and duration
variables. However, the pattern of activation of the
left and right muscles differed between species.

In spiny dogfish, all muscles implanted were
active during a turn. Figure 5A shows a represen-
tative trace of activity patterns of dorsal fin
muscles in a spiny dogfish during a turn, while
Figure 6A shows all the trials combined. The two-
way ANOVA showed no differences between indi-
viduals for all the variables tested. Burst duration
was similar for the same muscles in the first and
second dorsal fins. However, burst duration was
longer for outer (or contralateral) muscles of the
first dorsal fin than for inner (or ipsilateral)
muscles of the first dorsal fin relative to the turn-
ing side (H = 17.36, d.f. = 5, P < 0.05). In addi-
tion, the duration of the activity of the outer
muscles in the second dorsal fin was also longer
than the duration of the activation of the muscles
in the inner second dorsal (H = 17.36, d.f. = 5,
P < 0.05). Burst duration within muscles on the
same side for each fin was similar. Although burst
duration was longer, paired t-tests between inner
and outer muscle pairs revealed onset to be
similar.

Figure 5B shows a representative trace of activ-
ity patterns of dorsal fin muscles in a bamboo
shark during a turn, while Figure 6B shows stand-
ardized data for all the trials. The two-way
ANOVA showed no differences between individuals
for all the variables tested. Burst duration was
similar between the first and second dorsal fins,
and between the inner and outer fin muscles rela-
tive to the turning side for the first and second
dorsal fins. Burst duration was also similar among
muscles on the same side of each fin. Inner and
outer muscle pairs revealed onset to be similar
(paired t-tests).

During turning, the first and second dorsal fin
muscles were active in both species, with contra-
lateral and ipsilateral musculature showing bursts
throughout the turn. Mean muscle onset and offset
patterns for the two species can be compared in
Figure 6. The second set of two-way ANOVA
revealed that onset and burst duration were not

Journal of Morphology
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Fig. 5. Representative traces showing activity during maneuvering of spiny dogfish (A) and
bamboo shark (B) dorsal fins. Note muscle activity along both fins and sides in the two species.

different among muscles or species (P > 0.05),
mainly due to high variability. Duty cycle values
showed high variation among muscles, species and
trials, ranging in mean values from 20 to 48%.
Asynchrony indices were not different between
species or between first and second dorsal fins
(mean 0.42 = 0.21). Cycle duration was similar in
the two species, although the coefficient of
variation was high, especially for spiny dogfish
(CVbamboo = 31.4%; CVpiny = 57.9%).
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DISCUSSION
Dorsal Fin Morphology

Based on dissections from two distantly related
species, morphology of dorsal fins is diverse and
complex. The two species represent two different
lineages of shark evolution, Squalea and Galea,
respectively, and possess very different arrange-
ments of the musculoskeletal structures that have
significant implications for fin function. In
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tion on the two sides of both fins overlaps and how burst duration is longer on the outer side of the turn in the spiny dogfish but not
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addition, the two species inhabit different environ-
ments that require very different locomotor abil-
ities. Based solely on external anatomy, the dorsal
fins of these two species were predicted to have
different internal morphology and thus function.
Fin placement along the anterior—posterior body
axis and fin morphometrics separated the two spe-
cies in a principal component analysis. Bamboo
sharks have large discrete muscle bands extending
into relatively large dorsal fins coupled with more
posterior placement of both fins, which suggest
that these structures function for thrust produc-
tion similar to accelerator specialists with posteri-
orly placed fins (Webb, 1984). In contrast, in spiny
dogfish, a simple smaller muscle mass extending
into a relatively larger first dorsal fin than second
placed over the center of mass suggests a stabiliz-
ing function, similar to what is thought to occur in
white sharks (Lingham-Soliar, 2005).

There are several ways that dorsal fins can be
stiffened and thus confer stability when swim-
ming. The relatively higher density and increased
number of layers of connective tissue and the
arrangement of stratum compactum of the first
dorsal fin of white sharks, Carcharodon carcha-
rias, compared to tiger, Galeocerdo cuvier, and
sand tiger, Carcharias taurus, sharks suggests
increased passive stiffness and thus is thought to
function as a stabilizer (Lingham-Soliar, 2005).
Most groups of sharks have aplesodic dorsal fins,
in which the radials do not extend to half of the

fin web (Shirai, 1996; Wilga and Lauder, 2004).
However, in Lamnidae there is an intermediate
condition to plesoidic fins with the radials extend-
ing halfway into the fin (Shirai, 1996). This might
explain the greater passive stiffness of white
sharks compared to that of tiger and sand tiger
sharks, providing the conditions for a stabilizing
role (Lingham-Soliar, 2005). Regional passive stiff-
ening of fin elements has also been identified in
longhorn sculpin pectoral fin rays (Taft and Taft,
2012).

However, distinct arrangement of skeletal ele-
ments, area occupied by muscle, and size of subdi-
visions might render the dorsal fins of spiny
dogfish functionally distinct. Spiny dogfish have
evolved to cope with greater requirements for sta-
bility based on activity levels and regular incur-
sions into the water column (Compagno, 1984),
and stiffness of the dorsal fins can be controlled
through contraction of dorsal fin muscles. The
presence of a fin spine and the surrounding thick
ligamentous sling promotes fin stabilization and
creates planes of bending other than the ones
defined by skeletal elements. Together, the spine
and muscle may provide a combination of static
and dynamic stabilizing mechanisms compared to
the passive only stabilization of white shark dorsal
fins by increased cartilaginous support. The mus-
culoskeletal arrangement in the dorsal fins of
spiny dogfish indicates that muscle contraction
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would create bulging at the base of the dorsal fin
that would increase hydrostatic pressure and stif-
fen the ligaments making the fin stiffer and thus
more stabilizing. Muscle contraction to produce
active stiffness has been reported for the radialis
muscle in the caudal fin of sharks (Flammang,
2010). The presence of a spine appears to be a
retained ancestral condition, since spines are
found in what are thought to be basal taxa:
Cladoselache,” Hydobus,” and Ctenacanthus’
(Schaeffer and Williams, 1977; Maisey 1984).

In contrast, bamboo sharks have an anatomical
mechanism for finer control of fin shape. Mobile
joints between distal and proximal radial columns
determine the plane of fin bending, while the
absence of a connection between the basals and
supraneurals provides a greater range of move-
ment. The absence of basals in bamboo sharks and
the presence of two rows of radials with a longer
first row and a shorter second row indicate highly
directional mobility and resembles the arrange-
ment of digit phalanges (Zakany and Duboule,
1999). The highly mobile synchondrosis between
the proximal and distal radials described here
resembles the joint between the pterygiophores
and soft rays of the dorsal fins in actinopterygian
fishes (Konstantinidis and Conway, 2010). Fur-
thermore, the intercept for CSA regressions and
theoretical maximum tetanic tension is higher for
bamboo sharks compared to similar sized spiny
dogfish, which indicates a greater forces produced
by the muscles of the dorsal fins for locomotor
functions. Muscle arrangement relative to force
production affects efficiency (Gans and Gaunt,
1991). The greater insertional angle of the muscles
into the fin of bamboo sharks indicates greater lat-
eral force transmission for thrust production dur-
ing lateral undulations of the fin.

In bamboo sharks and spiny dogfish, the dorsal
fin musculature originates from the stratum com-
pactum and inserts onto tendinous sheets of the
ceratotrichia, suggesting that the fins function
independently of the axial musculature, which is
supported by our experimental data on muscle
activation. This may be a conserved feature among
shark taxa with the exception of the Hypnosqualea
(Batoidea) group where the dorsal fin musculature
originates from the vertebral centra (Shirai, 1992)
and could just be a consequence of the reduced
size of the dorsal fins in this group (Shirai, 1996).

Dorsal fin evolution remains to be investigated
in elasmobranchs, despite the existence of genetic
mechanisms known to produce changes in the
placement of the two dorsal fins upon which natu-
ral selection can act (Mabee et al., 2002; Dahn
et al., 2007; Hadzhiev et al., 2007). Early place-
ment of median fins during development is related
to Hox gene suppression together with Sonic
hedgehog (Shh) expression (Mabee et al., 2002;
Dahn et al., 2007; Hadzhiev et al., 2007). Differen-
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ces in timing and spatial domains of Shh expres-
sion  correlate  well ~with  morphological
diversification of fin placement and shape in
skates and sharks (Dahn et al., 2007). Swimming
is a behavior that takes up a considerable percent-
age of a fish energetic budget. It is likely that
given the genetic flexibility of these structures,
evolution has acted upon these traits to increase
fitness. A comparative study of the dorsal fin skel-
eton and associated musculature across a wider
range of species would clarify the role of phyloge-
netic placement, function and ecology in dorsal fin
morphology.

Dorsal Fin Function

Here, we have presented evidence that the dor-
sal fins of spiny dogfish and bamboo sharks are
moved actively during routine turning in spiny
dogfish and bamboo sharks and thus these fins
have a critical role in locomotion.

Routine turning maneuvers are thought to
account for most of the activity budget of a swim-
ming fish (Liao, 2007). Pillars in an aquatic setting
forced spiny dogfish and bamboo sharks to navi-
gate around them to continue swimming, thus cur-
vature radius was not controlled and the fish was
not restricted to a horizontal plane. This is likely
one of the causes for the high variability observed
in turning maneuvers among and within individu-
als. Another study on turning maneuvers in leop-
ard sharks has shown that turning performance is
controlled by multiple variables, namely flexion at
the midline and the lag time of that same flexion
and that these changes in posture during turns
can be related to the environment where the shark
is swimming (Porter et al., 2011). In addition, rou-
tine locomotor performance operates at sub-
stantially less power than the maximal in
actinopterygian fishes (Syme et al., 2008) and the
same is expected in elasmobranchs. This and the
fact that stereotypy is expected to be higher near
maximal performances might be a second cause of
the high variability reported here for muscle acti-
vation during turning.

The duration of cycles and muscle bursts were
longer in turning than in steady swimming (Maia
and Wilga, 2013). In contrast to steady swimming
activation patterns, which are cyclical with short
burst durations (Maia and Wilga, 2013), turning
maneuvers are characterized by activation of all
muscles in the dorsal fins with high coefficient of
variation. In another similar study of bluegill per-
forming other routine behaviors such as kick and
glide, C-starts and braking, intra- and interindi-
vidual variation in cycle or burst duration in the
dorsal fin muscles was low (Jayne et al., 1996).
However, the bluegill study did not look at routine
turns where behavioral plasticity is likely to be
higher.
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During turning maneuvers, the muscles in the
first dorsal fin of spiny dogfish are active longer
on the outer side during a turn, that is, contralat-
eral side. This is consistent with stiffening of the
fin and increasing resistance against the medium
to augment drag and improve turning performance
(Webb, 2006).

Overlap in the activation of contralateral and ipsi-
lateral musculature occurs during turning maneu-
vers in spiny dogfish and white-spotted bamboo
sharks. Simultaneous activation of the dorsal fin
musculature on both sides would serve to stiffen the
fin against the flow during a turn. Due to high flexi-
bility of the fins in bamboo sharks, stiffening of the
fins might not be as effective as in spiny dogfish.
Instead, dorsal fin function in bamboo sharks might
have a role in the later phases of the turn, by propel-
ling the animal and decreasing the overall radius of
the turn. The higher flexibility of the axial body of
bamboo sharks might compensate for a reduced lat-
eral area of the trunk and median fins to create drag
during turns. Smaller CSA of the body in carcharhi-
nid and sphyrnid sharks results in higher flexibility
during turns (Kajiura et al., 2003) and the same
could apply to bamboo sharks. Bamboo sharks are
overall more competent at turning in small spaces
compared to spiny dogfish and appear to be related
to whole body flexibility (Porter et al., 2009).

Red epaxial muscle is thought to produce nega-
tive power during turning, as this behavior nor-
mally relies on white axial muscle (Johnson et al.,
1994). When fish contract the white muscle, the
adjacent red muscle can also be active but instead of
producing force it will stretch. However, red muscle
is activated during C-start maneuvers in large-
mouth bass, as well as during escape responses
(Johnson et al., 1994). Similarly, in spiny dogfish
and white-spotted bamboo sharks, the red epaxial
musculature is always active with muscle bursts of
comparable intensity to the dorsal fin muscles.

Maneuvering behaviors are crucial in capturing
prey and escaping predators (Webb, 2006). The
strategies that spiny dogfish and bamboo sharks
utilize during turning maneuvers differ based on
morphology and muscle patterns. Analysis of 3D-
kinematics of turning events might provide insight
into how fins are interacting with the flow.

This study presents evidence of differences in dor-
sal fin morphology, which suggests that divergent
functions may exist between major shark groups,
despite all the pitfalls of a two species comparative
study (Garland and Adolph, 1994). There are exter-
nal and internal differences in the morphology of
the fins between spiny dogfish (Squalea) and bam-
boo sharks (Galea; Shirai, 1996, this paper). The
skeletal arrangement differs markedly between
these two species and the muscular system reflects
the skeletal differences. The anatomy is likely to be
the same in close related species to each of the two
species studied here. Future investigations in other
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taxa using phylogenetic independent contrasts will
shed some light on how these distinct fin morpholo-
gies have evolved. During maneuvering, the dorsal
fin muscles are bilaterally active in both species.
Contralateral activation in dorsal fin muscles dur-
ing turns might be necessary to stabilize the fin
against hydrodynamic loads. Temporal differences
in bilateral activity occur primarily during steady
swimming (Maia and Wilga, 2013) rather than dur-
ing maneuvering. This study is the first to investi-
gate muscle activity of the dorsal fins in
chondrichthyans and only the second in a fish spe-
cies. Dorsal fins in sharks have been considered to
be passive structures (Harris, 1936) and here we
present data that clearly indicates an active role of

dorsal fin muscles in two species during
maneuvering.
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