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Abstract

Dorsal fins of actinopterygian fishes are known to function to varying degrees as
stabilizers and as propulsive elements that augment thrust from the caudal fin.
However, little is known about the ability of elasmobranchs to control three-dimen-
sional conformation of the dorsal fins during swimming, which may alter the force
balance during locomotion. In this study, dorsal fin function was investigated in
spiny dogfish, Squalus acanthias, swimming steadily at 0.5 and 0.75 BL s™', using
three-dimensional kinematics and electromyography. Points on the dorsal and cau-
dal fins were tracked in dorsal and lateral views with dual high-speed video at
125 £ s7'. Electrodes were implanted in three points along each dorsal fin muscle
and in the adjacent red epaxial muscle. Conformational changes were detected in
both dorsal fins at both speeds. Speed was found to influence lateral displacement
of the first dorsal fin relative to trunk undulation, with larger magnitudes at
0.5 BL s~ !. The first dorsal fin oscillates at a different phase lag than predicted by
position on the body, while the second dorsal fin moves in synchrony with the
axial musculature. Muscles of the first dorsal fin show synchronous bilateral activa-
tion, while there is no clear pattern in the second dorsal fin. This study provides
evidence that spiny dogfish control movements of the first dorsal fin during steady
swimming to stabilize body position. In contrast, the second dorsal fin appears to
be capable of thrust generation. Thus, there is a dual dorsal fin function in spiny
dogfish during steady swimming.

Introduction

Studies on actinopterygian fishes have revealed that the dorsal
and anal fins can function as thrusters or stabilizers during
steady swimming (Drucker & Lauder, 2005; Standen & Lau-
der, 2005, 2007). In bluegill sunfish, the dorsal and anal fins
act as thrusters complementing the role of the caudal fin
(Drucker & Lauder, 2005; Standen & Lauder, 2005). In this
species, the anal and dorsal fins extend to the caudal peduncle
and move in phase with the adjacent trunk (Drucker & Lauder,
2005; Standen & Lauder, 2005). In another actinopterygian
fish, the brook trout, the main dorsal fin is placed more anteri-
orly in the body and functions as a stabilizer during steady
swimming by moving out of phase of the adjacent trunk (Stan-
den & Lauder, 2007). However, the muscular and skeletal
arrangement in the dorsal fins of actinopterygian fishes is very
different from that of chondrichthyan fishes. Actinopterygian
fishes have fin rays composed of two distally fused hemitrichia
with muscles attached laterally at the base (Geerlink, 1987).
Contraction of muscles on one side causes the hemitrichia to
slide and places the other side in tension, bending the fin ray
towards the contracted muscle (Lauder, 2006). In contrast, the
musculoskeletal elements in the dorsal fins of squalean sharks,
like the spiny dogfish, are relatively simple. The skeletal orga-
nization of the dorsal fins consists of single or multiple basal
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cartilages inserting into the midline of the trunk with radials
and ceratotrichia supporting the fin web (Benzer, 1944; Com-
pagno, 1999; Maia & Wilga, 2013b). The musculature of the
dorsal fins consists of a single mass of angled posteriorly par-
allel fibers, originating from the stratum compactum of the skin
overlying the trunk just below the fin and inserting into the
connective tissue attached to the ceratotrichia (Liem & Sum-
mers, 1999; Maia & Wilga, 2013b; Shirai, 1996; Fig. 1).

Squalus acanthias (Linnaeus, 1758; Order Squaliformes,
Family Squalidae), commonly known as spiny or piked dog-
fish, inhabit the coastal and continental shelf waters from tem-
perate to subarctic regions (Compagno, 1984). Spiny dogfish
have a large epicaudal lobe in the caudal fin, lack anal fins,
and swim using the body and caudal fin in an anguilliform
mode of locomotion (Simanek & Thomson, 1977; Maia, Wilga
& Lauder, 2012). Spiny dogfish were chosen as a model for
this study as a representative of basal elasmobranchs (Squali-
formes) that retains the ancestral chondrichthyan character of
spines in both dorsal fins (Schaeffer & Williams, 1977). In
addition, Squalus have two different sized dorsal fins with a
larger and more anterior placed first dorsal fin and a smaller
second dorsal fin closer to the caudal peduncle (Compagno,
1984; Maia & Wilga, 2013b).

Much progress has been made on the functional analysis
of whole body kinematics, tail and pectoral fins of sharks
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Figure 1 Dorsal fin arrangement and landmark position. (a) Landmarks used to determine the three dimensional kinematics of spiny dogfish
dorsal fins during steady swimming (black dots) and electrodes implanted (gray dots). The open gray circles refer to the electrodes implanted
only unilaterally; (b) frontal section at the level of the dashed line in a to illustrate the range of motion (ROM) measurement; (c) detail of first
dorsal fin with leading edge (white) and trailing edge (shaded) planes highlighted used to measure the angle o represented by the arc.
Uppercase letters refer to landmarks on the first dorsal fin (B-base, T1-distal tip of the fin, T2-mid-point between T1 and T3, and T3-trailing edge
tip) and lowercase letters refer to the second dorsal fin landmarks (b-base, t1-distal tip of the fin, t2-mid-point between t1 and t3, and t3-trailing
edge tip); (d) muscoskeletal arrangement of the dorsal fin, the cartilaginous elements are outlined, the parallel lines represent the ceratotrichia
and the shaded area represent the dorsal fin muscle, which covers most of the skeletal elements, and the ligament, the anterior triangle

connected to the spine.

(Simons, 1970; Webb & Keyes, 1982; Ferry & Lauder,
1996; Wilga & Lauder, 2000, 2001, 2002, 2004; Donley &
Shadwick, 2003, 2005; Flammang, 2010). However, few
studies have investigated the functional morphology of the
dorsal fins in particular (Maia & Wilga, 2013a). Early
manipulative studies investigated dorsal fin function in elas-
mobranchs, using models in a wind tunnel and suggested that
median fins function to prevent roll (Harris, 1936). The pur-
pose of this study is to investigate the function of the dorsal
fins during steady swimming in a squalean shark species
using three-dimensional kinematics and electromyography
(EMG). We hypothesize that the dorsal fins of squalean
sharks with the basal character of anteriorly positioned
spines will have reduced mobility and will function as
stabilizers as predicted by Harris (1936). Therefore, we
expect the dorsal fins to move independently and with no
relationship to trunk movement to adjust body position. Mus-
cle activity is expected to be bilaterally synchronous in order
to stiffen the fin.

Materials and methods

Experimental subjects

Four spiny dogfish were obtained from the Graduate School
of Oceanography (URI) trawl cruises in Narragansett Bay.
Individuals were kept in a 8900 L round tank (3 m diameter

and 1.20 m high). The tank was maintained at 32 psu salinity,
18°C (£1°C) and a 12:12 h light:dark cycle. Sharks were fed
every other day on a natural diet of fish (Scomber sp., Clupea
sp.) and squid (/llex sp.). Two female and two male mature
individuals were used with speed reported relative to body
length (range 56 to 86 cm, X = 72.5 £ 14.8 cm).

3D kinematics

Four spiny dogfish were placed in a flow tank (Rolling Hills
Research, El Segundo, CA, USA, Model 1520, working sec-
tion 1.5 m length x 0.5 m height x 0.38 m width) and trained
to maintain steady, rectilinear swimming at speeds of 0.50 and
0.75 BL s '. Reflective metal markers (2 mm diameter,
approximately 2 mg each) were fixed onto the dorsal and cau-
dal fins with cyanoacrylate glue to track fin movement
(Fig. 1a). These markers were used to define four landmarks
on each dorsal fin [base (B, b), tip of the fin (T1, tl), trailing
edge (T3, t3) and mid-point between the tip and the trailing
edge (T2, t2)]. Uppercase is used to denote landmarks on the
first dorsal fin and lowercase to denote landmarks in the sec-
ond dorsal fin. The shark was anesthetized with MS222
(1.75 g in 20 L for 5 min), markers were placed in under
30 min and the animal was allowed to recover for 90 min,
after which the shark was fully recovered as evidenced by reg-
ular ventilation rate, normal swimming activity and tank
exploratory behaviours. Two high-speed video cameras
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(125 frames sfl; Photron FastCam, Photron, San Diego, CA,
USA) recorded simultaneously lateral and dorsal views. Experi-
ments were conducted at holding tank temperature (18°C).
Videos from the two lateral views were calibrated to generate
3D coordinates following Standen & Lauder (2005). The two
camera views were calibrated using DLTcalibration.m in Mat-
lab (Hedrick, 2008).

We analysed four independent randomly chosen tail beats
per individual and speed from sequences where the animal
was steadily swimming for at least six tail beats using Pho-
tron Motion Tools 1.0.1.3. (Photron, San Diego, CA, USA)
Tail beat cycles were defined from the point of maximum
excursion of the tail to one side and return to that same side
after passing the midline twice. The snout and the tip of the
upper lobe of the caudal fin were digitized in every frame
and tail amplitude and period were calculated. Reflective
markers on the fins were tracked in every frame and 3D
coordinates were used to calculate kinematic variables: excur-
sion rate, total displacement, and time of maximal displace-
ment to each side. Lateral displacement of each fin landmark
was corrected by subtracting the coordinates of the base (B,
b) of each fin. Range of motion (ROM) of the fins, defined
as the angle between the maximum displacement to one side
and the maximum displacement to the other side during a sin-
gle tail beat (Fig. 1b), was calculated relative to the earth and
shark referentials. For this, we used the angle between the
plane defined by the following landmarks: anterior portion of
the fin base (b, B), tip of fin (T1, t1) and trailing edge (T3,
t3) at the point of maximum displacement to one side and
the same plane at maximum displacement to the opposite side
(Ferry & Lauder, 1996). The fin was further divided into two
smaller triangles representing the leading edge and trailing
edge (Fig. 1c) and the angle between these two triangles was
used to test for conformational changes within the fin for
each tail beat, that is, a measure of cupping. In order to test
the phase lag of each fin tip in relation to the body motion,
we compare the movement of the fin tip (T1, t1) to the local
propagation of the body wave. The locomotor wave character-
istics were calculated by tracking the base of the first and
second dorsal fins. The phase lag was calculated by determin-
ing the horizontal distance between the base of the fin (B, b)
and the tip of the fin (T1, tl) and then dividing that distance
by the wavelength of the locomotor wave and multiplying by
the wave period (Standen & Lauder, 2005). From these data
we were also able to derive the predicted timing of maximum
fin tip displacement which was compared to the observed tim-
ing of maximum lateral displacement. In reality this is the
same as comparing the movement of the fin tip to the move-
ment of point directly underneath it. However, most of the
time, this point cannot be easily tracked in the dorsal view
since it is covered by the flexed fin. This approach assumes
that the fins are stiff structures, a good approximation for the
anterior portion of the dorsal fins in this species due to the
presence of the dorsal spines. It is predicted that passive
structures match the expected phase lag, while active struc-
tures should not.

Paired T-tests were used to test for differences in caudal fin
amplitude and frequency at the two swimming speeds, differ-
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ences between fin landmarks and the respective base and
between expected and predicted timing of maximum displace-
ment, that is, phase lag (Zar, 2009). If the data were not nor-
mally distributed, Mann—Whitney tests (Zar, 2009) were used.
Two-way ANOVAs were used to test for differences in excur-
sion rates, angles, and timing of maximal displacement
between fins and speeds (Zar, 2009). Bonferroni corrections
were used to compensate for the lack of independence of the
variables being tested (Zar, 2009). When normality tests failed,
ANOVA on ranks followed by Dunn comparison tests were
used (Zar, 2009).

Muscle activity

Three sharks were anesthetized, using MS222 and intubated
with seawater 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 bilaterally,
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. la). Two additional electrodes were
implanted on the red epaxial muscle below each fin only on
the left side (Fig. la). The shark was allowed to recover in
the flow tank for 2 h after surgery. After 1 h, the animal
was fully awake and swimming normally. The temperature in
the experimental tank was kept at the same temperature as
the holding tank (18°C). EMG signals were recorded with
differential amplifiers 1700 (AM Systems, Sequiem, WA,
USA) at 100 kHz, with a low-pass filter setting of 10 kHz
and a high-pass filter setting of 3 Hz. Analog muscle signals
were converted into digital, using a PowerLab/16sp (ADIn-
struments, Colorado Springs, CO, USA) and stored in a com-
puter. EMG signals were filtered digitally with a notch filter
of 50 Hz to reduce acoustic noise from the propeller. We
recorded the animal swimming without the tank on and fil-
tered the signals using the same procedure to make sure that
there was no activity being eliminated by the digital filter.
Waveform analyses were conducted, using Chart software
(v.5.4.2; ADInstruments) for four trials for each individual.
To determine onset and offset of EMG activity, a rectified,
integrated EMG signal was used. Onset and offset were then
obtained as the time when the rectified and integrated signal
reached 2.5 times the baseline value or when it dropped to
that same threshold, respectively (Roberts et al., 2007). Red
epaxial muscle near the first dorsal fin was used as the refer-
ence for all the muscles implanted. The magnitude of an
individual muscle burst was determined relative to the maxi-
mum peak for that muscle implant. Duty cycle was defined
as the percentage of the duration of the cycle in which each
muscle was active. A cycle was defined from onset of the
reference implant to the next onset of the same implant after
a baseline value.

All summary statistics are reported as mean £ standard
deviation. To test for the effect of fin (Ist and 2nd dorsal), a
two-way mixed model analysis of variance was performed,
with individual as the random effect and fin as the fixed effect
(Zar, 2009). Paired T-tests were used to test for differences
between left and right muscle pairs (Zar, 2009).
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Results

3D kinematics

Spiny dogfish swam by body-caudal undulations with motion
of the dorsal fins (Supporting Information Movie S1). Increase
in swimming speed was accomplished by increasing tail beat
frequency (0.88 s~' at 0.5 BL s '; 1.20s ' at 0.75 BL s !,
t = —6.265, d.f. = 30, P < 0.05), while maintaining a constant
tail beat amplitude (19.6 cm at 0.5BL s '; 17.1 cm at
0.75 BL s™', 7 = 1.695, d.f. = 30, P = 0.100). Despite the dif-
ferent shark sizes, individual did not influence tail beat ampli-
tude. Most of the movement of the two dorsal fins occurred in
the horizontal plane with a lesser vertical component at both
speeds (Fig. 2).

The first dorsal fin lagged the adjacent trunk at 0.5 BL s~
by a mean of 269 ms, which is longer than the predicted mean
value of 128 ms (H = 17.41, d.f. = 2, P < 0.05). However, the
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phase lag of the first dorsal fin did not differ from the
expected at a higher speed and the phase lag of the second
dorsal fin did not differ from the expected at either speed.
Representative traces of predicted and observed movement of
the tip show clear phase shifts in the timing of the first dorsal
fin (Fig. 3).

Mean lateral displacement of fin landmarks relative to the
fin base at the lower speed was higher at points T2 (7 = 204,
n=16, P<0.05) and T3 (T =185 n=16, P <0.05)
(Fig. 4a). The displacement of points on the second dorsal fin
did not differ from that of the base for either speed (Fig. 4a
and b). At 0.5 BL s, all landmarks on the first dorsal fin
showed larger displacement relative to the body than the more
posterior points in the second dorsal fin (H = 98.89, d.f. = 11,
P < 0.05). Displacement of the points on the second fin was
on average lower than the base of the fin (Fig. 4a and b).

The differences in timing of the maximum lateral displace-
ment of the two dorsal fins among tail beat cycles (Figs 3 and

= =
&< \I
. : \ 25
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(S, 1.0 > 520
J 5 ~oE 1.0 5
e
00750 ™7 4&®

0.50 BL.s™!

—, 0.75BLs™

2" Dorsal Fin

Figure 2 Representative plots of three-dimensional (3D) dorsal fin kinematics during the one tail beat corrected by body displacement. (a)
Sagittal, transverse, and frontal planes analyzed that intersect the fish at the dorsal fins; (b) Decomposition of 3D kinematics of the first dorsal
fin tip at 0.5 BL s™'; (c) Decomposition of 3D kinematics of the second dorsal fin tip at 0.5 BL s™'; (d) Decomposition of the 3D kinematics of
the first dorsal fin tip at 0.75 BL s™'; and (e) Decomposition of the 3D kinematics of the second dorsal fin tip kinematics at 0.75 BL s~'. Darker
lines indicate 3D movement of the fin, while lighter lines indicate decomposition of fin movement into three planes. Open circles indicate the

beginning of the tail beat cycle. Note that and the z axes have higher magnitudes, which relate to the higher range of motion in the xoy plane.
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Figure 3 Representative plots of lateral fin displacement over time
for the (a) observed (solid line) first dorsal fin tip and expected
(dashed line) dorsal fin tip displacement based on position at
0.5BLs™"; (b) observed (solid line) and expected (dashed line)
second dorsal fin tip at 0.5 BL s™"; (c) observed (solid line) and
expected (dashed line) first dorsal fin tip at 0.75 BL s™'; and (d)
observed (solid line) and expected (dashed line) second dorsal fin tip

at 0.75 BLs™ .

5) indicated that the first and second dorsal fins were out of
phase with one another. In addition, at a lower speed, the first
dorsal fin was maximally displaced to the right or left side in
the middle of a tail beat cycle and this could not be predicted
by speed or phase of the tail beat.

The ROM of the dorsal fins varied with fins but not with
the individual or speed, in the earth frame of reference
(Table 1). ROM was larger for the second dorsal fin (43.9°)
than for the first fin (18.7°). There were no differences in
ROM in the shark frame of reference. Variation in the angle
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Figure 4 Plot of mean lateral displacement of fin landmarks for all
trials corrected by the movement of the base of each fin (T lines
represent standard deviation), at 0.5 BL s™' (a) and 0.75 BL s~ (b).
Negative values represent landmarks moving less than the base. Fin
landmarks on the first dorsal fin (B, T1, T2, T3) and second dorsal fin
(b, t1, t2, t3) are: B, b-base, T1, t1- distal tip of the fin, T2, t2-mid-
point between T1, t1 and T3, t3, and T3, t3-trailing edge tip). Lower
case letters represent statistical differences among fin landmarks,
upper case letters statistical differences between speeds for each
landmark.

between leading and trailing edge of the two dorsal fins differ
with fin and swimming speed. The angle between these two
portions of the fin was higher for the second dorsal fin (first
dorsal fin 18.7°, second dorsal fin 63.2°, Table 2). Higher
speeds also produced higher angles between anterior and poste-
rior portions of the fin (56.2° at 0.75 BL sfl, 37.4° at
0.5 BL s™").

Muscle activity

All the muscles examined from the dorsal fin and adjacent
musculature were active during the majority of a cycle (Figs 6
and 7). Muscle activity among the three implants on the same
side was similar for onset and duration variables. However,



Dorsal fin function in spiny dogfish

N

Tail beat cycle

=7

Tail at
midline

Tail at
midline

A. Maia and C. A. Wilga

¥

Tail beat cycle

=7

Tail at
midline

Tail at
midline

N

@ 00 01 020304 0506070809 10 00 01 0203 04 05 06 0708 09 1.0
B - o e B A o —o—|
L R L R
<
3
8 11 Fo—ig— - Fo —e—
5 L R m L R
©
22
T2+ Hio—e— T2 g e
L R L R
T3 S T3 = 2 —e—|
R L L R
b ot o b - et e
R L R L
<
g Y e f o— o
S R L R L
©
2
& 2 o . 2 e 8
R L R L
3 4 —o— e 13 - o o1
R L R L

Figure 5 Time as a proportion of the tail beat cycle (from maximum excursion to the left to the consecutive maximum excursion to the left) for
maximum lateral displacement to the right (R) and to the left (L) for each dorsal fin landmarks at 0.5 BL s™' (a) and 0.75 BL s™' (b) (circles
represent means and lines standard deviation). Uppercase letters refer to landmarks on the first dorsal fin and lowercase refers to the second
dorsal fin (B, b-base, T1, t1- distal tip of the fin, T2, t2-mid-point between T1, t1 and T3, t3, and T3, t3-trailing edge tip).

Table 1 Angles for the range of motion in the earth referential for
the different factors and P-value results from the three-way ANOVA

Variable Mean (°) P

Fin

1st Dorsal 18.72 <0.001
2nd Dorsal 43.90

Speed

05BLs™ 36.13 0.068
0.75BLs™" 26.49

Individual

1 27.91 0.24

2 35.27

3 37.52

4 24.56

sporadically, the timing and magnitude of muscle activity
among the three implants on the same side of each fin were
different.

Table 2 Bending angles between leading and trailing edge portions
of the fin for the different factors and P-value results from the three-
way ANOVA

Variable Mean (°) P

Fin

1st Dorsal 30.43 <0.001
2nd Dorsal 63.21

Speed

05BLs™" 37.40 0.002
0.75BLs™" 56.23

Individual

1 55.02 0.032
2 50.90

3 49.65

4 31.71

Muscle activity in the dorsal fins during steady swimming is
cyclical (Fig. 6). Overall burst duration was shorter at the
higher speed (U = 8754, P < 0.05, Fig. 7). Duty cycle for all
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muscles tested ranged between 24 and 52% and did not vary
with swimming speed. Burst duration was also similar among
all muscles implanted for each speed. Paired r-tests (between
the left and right sides of the dorsal fin muscle with all the
muscles from for each fin) show similar onset and offset for
the first dorsal fin for both speeds. Similarly, tests for the sec-
ond dorsal fin revealed no differences between left and right
activation patterns, however there is a tendency for left and
right alternated muscle activation (Fig. 7). No differences in
magnitude were detected among implants within muscles,
speeds, or individuals.

Discussion

Spiny dogfish are able to control both dorsal fins actively dur-
ing steady swimming as evidenced by three-dimensional con-
formational changes and cyclic muscle activity. Despite the
simple musculoskeletal arrangement, squalean shark dorsal fins
are more than the passive stabilizing structures hypothesized
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by Harris (1936). The skeletal elements and ceratotrichia in
conjunction with the fin muscles (Fig. 1d) might provide a
functional analog to the sliding fin rays and dorsal inclinator
muscles of teleosts, where independent fin ray curvature is
achieved (Standen & Lauder, 2005). In bony fishes, muscles
attached to each hemitrichium cause sliding and bending
towards the muscle being activated (Standen & Lauder, 2005).
In spiny dogfish, the curvature can be achieved by the asym-
metric contraction of dorsal fin muscles in conjunction with
the arrangement of the ceratotrichia over the skeletal elements
(Maia & Wilga, 20130).

Differences in lateral displacement and phase lag indicate
that the first dorsal fin of spiny dogfish moves independently
from the body axis during steady swimming, and this was
more pronounced at low speeds. Spiny dogfish are actively
moving the first dorsal fin independently of the trunk, which is
corroborated by muscle activity that differs from the adjacent
epaxial muscle. Greater lateral movement of the first dorsal fin
at low speed indicates that the fin is functioning to increase

Middle 2nd
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-4+t
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01 - right
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021 right
0
-0.2
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Figure 6 Representative electromyograms of dorsal fin activity in spiny dogfish during consecutive tail beats of steady swimming at 0.5 BL s~
(five tail beats) and 0.75 BL s~ (seven tail beats). For clarity purposes only the electrode placed in the middle position of each dorsal fin muscle
is represented; shaded box indicates a cycle corresponding to a tail beat. Black traces, left epaxial activity from the first dorsal fin (reference
electrode); light gray traces, left dorsal fin muscles; dark gray traces, right dorsal fin muscles.
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Figure 7 Temporal variables (onset and offset, mean and standard deviation) for dorsal fin muscle activation in spiny dogfish during steady
swimming for all individuals and trials combined (ep, left red epaxial;, LE, leading edge; M, middle; TE, trailing edge; striped bars represent
muscles on the left side and solid bars represent muscles on the right side). For reference, circular plots display the average (and standard error)
maximum displacement of the body (epaxial — ep) and of the dorsal fins (1st dorsal fin tip — 1% D, 2nd dorsal fin tip — 2nd D) to the left (black)
and to the right (gray). Maximum displacement of the body is lined with peak contraction of the epaxial.

stability, similar to the dorsal fin function of brook trout (Stan- indicates functional independence from axial movement and
den & Lauder, 2007). In addition, unpredictability in the posi- suggests that the dorsal fin may function to counteract
tion of the first dorsal fin within a tail beat cycle (Fig. 5) unsteady movements created by the animal undulating in the
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flow. As it would be expected in a stabilizing structure, the
dorsal fin muscles are active simultaneously on both sides.
This can contribute to increased stiffness and allow the fin to
react to the incoming flow. Muscle activity that results in
increased fin stiffness has been observed in pectoral fins of
sturgeon (Wilga & Lauder, 1999), in the radialis muscle of
shark tails (Flammang, 2010) and in the hemitrichia of
actinopterygians (Arita, 1971).

One of the most common disturbances during locomotion is
rotation around the axial body of the fish, referred to as roll
(Webb, 2006). Teleost fishes compensate for roll disturbances
by making positional adjustments with the median and paired
fins (Webb, 2006; Tritico & Cotel, 2010). The relevance of
roll instabilities is evident by the shorter latency period in cor-
recting roll when compared to yaw and pitch perturbations
(Webb, 2004). Disturbances due to roll are more common at
low speeds and in fusiform-shaped bodies (Fish, 2002). This
supports the role of the dorsal fins in roll prevention as was
hypothesized in a study, using shark models in a wind tunnel
(Harris, 1936). The high risk of roll of a shark body (Fish,
2002), appears to be compensated by stabilization through an
anterior placed first dorsal fin in pelagic shark species (Ling-
ham-Soliar, 2005). In white sharks, the first dorsal fin is
thought to function as a dynamic stabilizer during steady
swimming based on dermal fiber arrangement (Lingham-Soliar,
2005). The tightly packed and layered dermal arrangement
with fibers in opposing directions could induce stiffness
through increased internal hydrostatic pressure (Lingham-So-
liar, 2005). A similar arrangement is present in the first dorsal
fin of spiny dogfish with the spine braced by a ligament on
both sides covering part on the dorsal fin muscle fibers (Maia
& Wilga, 2013b). This spine-ligament combination confers
stiffness to the anterior portion of the dorsal fin (Maia &
Wilga, 2013b). This ligament is larger and tighter in the first
dorsal fin than in the second (A. Maia, pers. obs.). Thus less
movement is expected in the anterior portion of the first dorsal
fin.

In different fish species, stabilization or trimming is accom-
plished by means of median and paired fins (Harris, 1937). In
sharks, the pectoral fins were thought to provide stabilization
by counteracting the angle of the tail (Harris, 1936; Simanek
& Thomson, 1977). However, fluid dynamics studies showed
that the pectoral fins in several small-sized benthic and pelagic
shark species do not produce vortices during steady swimming
and thus do not help in the functioning to stabilize body
movements (Wilga & Lauder, 2000, 2001; Maia ez al., 2012),
rather these fins are mostly used for vertical maneuvers and
banking turns (Wilga & Lauder, 2000, 2001). The anterior and
almost horizontal insertion of the pectoral fins and the reduced
ROM when compared to bony fishes are likely to limit the
utility of these structures during steady swimming. The first
dorsal fin can thus have a more prominent role in roll preven-
tion.

The greater ROM of the second dorsal fin relative to the
first dorsal fin in spiny dogfish, which is moving with the
body, suggests that the second dorsal fin can have an active
role in thrust production during steady swimming, contrary to
the exclusive stabilizing role proposed by Harris (1936). In
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addition, the conformational changes between leading edge and
trailing edge portions of the second dorsal fin were more pro-
nounced than that for the first dorsal fin. This could be indica-
tive of a dorsoventral cupping motion, which is characteristic
of thrust producing fins (Standen & Lauder, 2005). EMG data
on dorsal fin muscles confirm that the second dorsal fin is
active. In a thrust producing structure, we would expect differ-
ences in onset and offset of left and right muscles, however
this was not observed. This is likely explained by the fast
cyclical contractions and independence of left and right dorsal
fin muscles to the red epaxial muscle used as a reference. An
alternative explanation would be that this fin is acting as a sta-
bilizer, although the position of this fin far away from the cen-
ter of mass and just preceding the caudal peduncle renders this
unlikely.

The movement of the second dorsal fin in phase with the
body axis indicates two potential roles for steady swimming in
spiny dogfish: (1) the second dorsal fin moves passively with
the caudal peduncle; or (2) the second dorsal fin actively undu-
lates in phase with the caudal peduncle. In both cases the fin
may be contributing to thrust production, in the first case by
acting as an extension of the caudal peduncle and in the sec-
ond case by actively cupping and creating thrust. Although we
would expect alternating activity of the muscles in the second
dorsal fin based on the kinematic analysis, our analysis of
muscle activation did not verify this trend. However, muscle
fibers were always recruited during steady swimming in a
cyclical pattern, thus it is unlikely that this fin in solely pas-
sively moving with the tail.

Placement of the dorsal fins relative to the center of mass
plays a role in determining fin function as a thruster or stabilizer
by determining force orientation (Drucker & Lauder, 2001). In
bluegill sunfish, a soft dorsal fin positioned posterior to the cen-
ter of mass can impart thrust during steady swimming (Drucker
& Lauder, 2001). In contrast, in rainbow and brook trout, the
dorsal fin is placed closer to the center of the mass and the lat-
eral component of thrust is larger, as expected (Drucker & Lau-
der, 2005; Standen & Lauder, 2007). The center of mass in
adult spiny dogfish is located at approximately 33% of body
length (Domenici ez al., 2004), where the first dorsal fin base is
located (at 33.9% of the body length, Maia & Wilga, 2013b),
while the second dorsal fin base is located at 64% of body
length (A. Maia and C. A. Wilga, unpubl. data). Based on the
short distance to the center of mass, the first dorsal fin is pre-
dicted to function mainly to counteract roll.

To the best of our knowledge, the activation pattern of dor-
sal fin muscles has only been investigated in bluegill sunfish
(Jayne, Lozada & Lauder, 1996) and bamboo sharks (Maia &
Wilga, 2013a). Bluegill sunfish have a spiny and a soft dorsal
fin, with the soft portion located more posteriorly on the body.
Motor activity data from the soft dorsal fin during steady
swimming revealed these muscles to be recruited independently
of red epaxial muscles (Jayne et al., 1996), similarly to our
study. In contrast to the present study, bamboo sharks alternate
muscle activation between left and right sides for both first
and second dorsal fins (Maia & Wilga, 2013q). This asyn-
chronous bilateral activation suggests thrust production by the
two dorsal fins, which in bamboo sharks are both placed on
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the posterior half of the body (Maia & Wilga, 2013a). In con-
trast, spiny dogfish failed to show clear asynchronous activa-
tion patterns. Together with the more anterior placement of the
first dorsal fin further support different functions of dorsal fins
in distinct shark species.

No differences were detected for onset or duration of dorsal
fin muscles activity on the same side of the fin in either of the
dorsal fins. This was expected for spiny dogfish based on mus-
cle arrangement of the dorsal fin, where there is only one con-
tinuous solid mass of muscle (Maia & Wilga, 2013b).
Nonetheless, in bony fishes using labriform locomotion, which
have individualized muscles to each fin ray, muscles on the
same side of the pectoral fin are also simultaneously active
during steady swimming (Drucker & Jensen, 1997; Westneat
& Walker, 1997). This same pattern was also detected in leop-
ard sharks during vertical maneuvers (Wilga & Lauder, 2001).
Synchronous activation of multiple muscles on the same side
might be necessary to counteract the strong hydrodynamic
loads these fins experience. Fin morphology and biomechanical
properties might be interacting with kinematics and muscle
activation patterns to achieve a higher range of 3D conforma-
tion changes. Examples of biomechanical properties and mus-
cle activation patterns interacting to increase fin mobility can
be found in axial propulsion of swimming teleosts (McHenry,
Pell & Long, 1995; Dickinson et al., 2000).
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