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Synopsis  The epaulette shark, Hemiscyllium ocellatum, is a small, reef-dwelling, benthic shark that—using its paired fins—
can walk, both in and out of water. Within the reef flats, this species experiences short periods of elevated CO, and hypoxia as
well as fluctuating temperatures as reef flats become isolated with the outgoing tide. Past studies have shown that this species is
robust (i.e., respiratory and metabolic performance, behavior) to climate change-relevant elevated CO;, levels as well as hypoxia
and anoxia tolerant. However, epaulette shark embryos reared under ocean warming conditions hatch earlier and smaller, with
altered patterns and coloration, and with higher metabolic costs than their current-day counterparts. Findings to date suggest
that this species has adaptations to tolerate some, but perhaps not all, of the challenging conditions predicted for the 21st cen-
tury. As such, the epaulette shark is emerging as a model system to understand vertebrate physiology in changing oceans. Yet,
few studies have investigated the kinematics of walking and swimming, which may be vital to their biological fitness, consid-
ering their habitat and propensity for challenging environmental conditions. Given that neonates retain embryonic nutrition
via an internalized yolk sac, resulting in a bulbous abdomen, while juveniles actively forage for worms, crustaceans, and small
fishes, we hypothesized that difference in body shape over early ontogeny would affect locomotor performance. To test this, we
examined neonate and juvenile locomotor kinematics during the three aquatic gaits they utilize—slow-to-medium walking, fast
walking, and swimming—using 13 anatomical landmarks along the fins, girdles, and body midline. We found that differences
in body shape did not alter kinematics between neonates and juveniles. Overall velocity, fin rotation, axial bending, and tail beat
frequency and amplitude were consistent between early life stages. Data suggest that the locomotor kinematics are maintained
between neonate and juvenile epaulette sharks, even as their feeding strategy changes. Studying epaulette shark locomotion al-
lows us to understand this—and perhaps related—species’ ability to move within and away from challenging conditions in their
habitats. Such locomotor traits may not only be key to survival, in general, as a small, benthic mesopredator (i.e., movements
required to maneuver into small reef crevices to avoid aerial and aquatic predators), but also be related to their sustained phys-
iological performance under challenging environmental conditions, including those associated with climate change—a topic
worthy of future investigation.

Introduction ily Hemiscylliide, comprising two genera, Chiloscyl-

Coral reefs and the organisms that they support can ex-
perience dramatic environmental changes over diel cy-
cles, but are also under threat due to climate change-
induced increases in temperature and carbon dioxide
(CO3), and decreases in oxygen (O,). Despite this, some
species, like the epaulette shark (Hemiscyllium ocella-
tum), seem to thrive. Long-tailed carpet sharks (fam-
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lium and Hemiscyllium) are small, benthic sharks that
occupy tropical reefs in the Indo-West Pacific Ocean
(Compango et al. 2005; Heupel and Bennett 2007; Allen
etal. 2016). Epaulette sharks around Heron Island in the
southern Great Barrier Reef exhibit small home ranges
with population sizes modeled to be anywhere from 550
to 2200 individuals (Heupel and Bennett 2007). The
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Aquatic walking and swimming kinematics of epaulette sharks

genus Hemiscyllium is made up of nine species (i.e., in-
cluding the epaulette shark) that use their paired pec-
toral and pelvic fins to walk along the benthos or be-
tween coral reef flat tidepools as they become isolated
and exposed with the outgoing tide (Dudgeon et al.
2020). In doing so, walking sharks routinely experience
dramatic fluctuations in temperatures, CO,, and O,
(Pridmore 1994; Routley et al. 2002; Chapman and Ren-
shaw 2009; Harborne 2013; Heinrich et al. 2014; Nay et
al. 2020) and, as such, have been emerging as a model
species to understand the effects of climate change stres-
sors on marine fishes.

Epaulette sharks and perhaps other similar small,
benthic species appear to be physiologically resilient
over acute and longer-term exposure to some but not
all challenging environmental conditions (Rosa et al.
2017; Pereira Santos et al. 2021; Rummer et al. 2022).
Not surprisingly, when epaulette sharks are experimen-
tally exposed to near-future CO, conditions for more
than 60 days, they maintain metabolic performance, hy-
poxia tolerance, and various feeding and shelter-seeking
behaviors (Heinrich et al. 2014, 2015). Such findings
are in line with those on the closely related tropical,
white-spotted bamboo shark (Chiloscyllium plagiosum),
where neither cellular damage nor effects on growth,
development, or swimming have been noted under
climate change-relevant CO, conditions (Lopes et al.
2018; Pegado et al. 2018, 2019). The epaulette shark has
also been shown to tolerate hypoxia and anoxia (i.e.,
low to zero O, conditions) with metabolic depression
and increased reliance on anaerobic pathways (Routley
et al. 2002; Chapman and Renshaw 2009). However,
when epaulette shark embryos are reared under fu-
ture temperature scenarios, they develop faster, deplete
their yolk more rapidly, and hatch earlier and smaller
with altered coloration patterns and higher metabolic
costs when compared to their current-day counterparts
(Gervais et al. 2016, 2018; Wheeler et al. 2021). In-
deed, there may be limitations to their physiological tol-
erance, and perhaps especially during early life stages
(Gervais et al. 2016, 2018; Wheeler et al. 2020, 2021),
such that other strategies like movement (i.e., to more
favorable conditions) may be required (Gervais et al.
2018; Nay et al. 2020). Therefore, studying the link be-
tween locomotion and the physiological mechanisms
required to tolerate challenging environmental condi-
tions represents an essential next step in understand-
ing how this group of important meso-predators will re-
spond to future ocean conditions.

Despite being a good model for studying physio-
logical responses to climate change, very few studies
have examined epaulette shark kinematics: those that
have only focused on adult life stages (Pridmore 1994;
Goto et. al. 1999; Raoult et al. 2018). While ecologi-
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cal studies suggest that epaulette sharks walk from the
moment they emerge from the egg, no study to date
has specifically examined locomotion during early life
stages (West and Carter 1990; Goto et al. 1999). In-
vestigating how locomotor performance changes over
the course of early ontogeny—perhaps the most vul-
nerable life stages, in terms of predator—prey interac-
tions and environmental stressors (Gervais et al. 2016,
2018; Wheeler et al. 2021)—can offer insights into the
kinematic mechanisms that allow animals to compen-
sate for constraints (e.g., variations in size and muscle
mass) to meet locomotor and ecological demands, es-
pecially under challenging environmental conditions.
Body size and shape, tissue differentiation, matura-
tion of sensory-motor systems, and ecological pressures
(e.g., predation, foraging, habitat quality, and environ-
mental conditions) all vary over ontogeny and can influ-
ence species’ locomotor performance and therefore sur-
vival (Carrier 1996; Horning and Trillmich 1997; Herrel
and Gibb 2006; Kirkton and Harrison 2006). Given that
locomotor performance may be key to the epaulette
sharks’ robust response to challenging environmental
conditions, we aimed to investigate how kinematics (i.e.,
walking and swimming) change over early ontogeny.
Here, we synthesize previous conservation physiol-
ogy studies on the epaulette shark, examine the im-
pacts of shape on neonate and juvenile kinematics, and
make a case that this species is emerging as a power-
ful model organism to study the changing climate of
coral reefs. We hypothesized that the changing shape
of epaulette sharks during early ontogeny would affect
the efficiency of their locomotor performance. While
In ovo, epaulette shark embryos are nourished by their
yolk sac, which is internalized during the final stages
of development (Miiller 1848; West and Carter 1990;
Ballard et al. 1993; Rodda and Seymour 2008). Upon
hatching, the internal yolk sac exclusively nourishes the
neonate for several weeks (i.e., depending on tempera-
ture; Gervais et al. 2018; Wheeler et al. 2021). During
this time, the yolk that the neonate sharks are storing
creates a bulge in their abdomens that starts to diminish
as neonates develop into juveniles (Fig. 1). As the yolk is
depleted, the shark begins to actively forage for worms,
crustaceans, and small fishes to supplement its nutri-
tional intake (Stewart and Castillo 1984; Ballard et al.
1993; Heupel and Bennett 1998; Harahush et al. 2007).
Therefore, we compared newly hatched neonates that
are still carrying their yolk sac for endogenous nour-
ishment to the more slender juveniles that have just be-
gun to actively forage for food. We quantified axial body
kinematics (velocity, tail beat amplitude and frequency,
and body curvature) and axial body bending, fin ro-
tation and duty factor, and tail kinematics for neonate
and juvenile epaulette sharks during each of three sub-
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Fig. | Neonate (A) and juvenile (B) epaulette sharks. Note the bulbous abdomen shape in the neonate compared to the slender abdomen

in the juvenile.

merged gaits that epaulette sharks use, including slow-
to-medium walking (STMW), fast walking (FW), and
swimming (SWIM) (Pridmore 1994). We predicted, a
priori, that neonate kinematics would be different from
juveniles because their more rounded shape could al-
ter the axial undulations that power both submerged
walking and swimming and restrict pectoral and pelvic
girdle and fin rotations that would normally provide
forward propulsion. Findings from this study will con-
tribute to understanding the energetic costs of these
kinematic variables over development, which may be
linked to or represent trade-offs when these and other
related species encounter the challenging environmen-
tal conditions predicted in future oceans.

Methods
Animal collection and care

All animal care and experimental protocols were ap-
proved by James Cook University Animal Ethics Com-
mittee regulations (permit: A2089, approved for this
study) according to the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes,
and the Queensland Animal Care and Protection Act,
2001.

Neonate (n = 6) and juvenile (n = 6) epaulette sharks
(n = 12 animals total) were collected, as eggs, from Sea
World, Gold Coast, and housed and videoed in indi-
vidual glass aquaria (50cm x 27cm X 24cm) at the
Marine and Aquaculture Research Facilities at James
Cook University, Queensland, Australia. Upon hatch-
ing, neonates were maintained for up to 1 month, dur-
ing which time they fed exclusively on their internal
yolk sac, which has been reported to support their nutri-
tion for up to five weeks depending on the temperature
(West and Carter 1990; Payne and Rufo 2012; Gervais

etal. 2018; Wheeler et al. 2021). For this study, neonates
were characterized by the presence of their internal yolk
sac and rejection of food offerings at 15 and 25 days
post-hatching, but once animals began accepting food
(approximately 30 days post-hatch), they were classi-
fied as juveniles (Gervais et al. 2018; Fig. 1). Neonate
mass ranged from 7.66 to 17.10g, and length ranged
from 15.81 to 18.23 cm. Juveniles were fed bait pilchard
(white meat only) and squid mantle every other day (see
Gervais et al. 2018). Juvenile mass ranged from 15.86 to
27.95 g, and length ranged from 18.71 to 22.53 cm.

In addition to using mass and length to determine
how ontogeny influences locomotor performance, we
made several other calculations (Table 1). We used fine-
ness ratio (animal total length/width; widest point of the
abdomen) as a two-dimensional approximation of body
shape to quantify the impacts of retaining an internal
yolk sac on locomotor performance. We used the widest
point of the abdomen to model the body as a cylinder
to calculate the second moment of area (cm*?), a struc-
tural predictor of stiffness, of the body (Porter, Roque
and Long 2009, 2011). Finally, we used animal length
and mass to calculate the body’s mass moment of iner-
tia (g cm?), which estimates a body’s ability to resist ro-
tational acceleration around an axis (Porter, Roque and
Long 2009, 2011).

Gaits

Three submerged gaits have been defined for adult
epaulette sharks, including two walking gaits and one
swimming gait (Pridmore 1994). The slower of the two
walking gaits, (STMW, <4.5cm s™!), includes a sym-
metrical walking-trot with diagonal-sequence stepping
and a standing wave down the body produced by lat-
eral bending along the body axis, pectoral and pelvic
fin rotation about their respective girdles, and low pec-
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Table | Body shape and kinematic variables
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Variable Units Definition Points tracked
Body shape variables Body width g Widest point of abdomen -
Body total length cm Tip of head to tip of caudal fin -

Fineness ratio -

Second moment of area cm*
Mass moment of inertia g cm?
Kinematic variables Velocity cms™
Tailbeat frequency Hz
Tailbeat amplitude cm
Duty factor %
Axial bending °

Two-dimensional shape description length/width

Ability of body to resist bending, (7t (width/2)x4)/4
modeled as a circle

Ability of body to resist rotational (m*TL2)/32
acceleration

Body displacement over time 2

Tailbeat cycles over time 5

Peak-to-peak distance during a 5
complete later excursion

Time fin is in contact with substrate 8,9,12,13

over the total duration of the
stride

Body bending in the anterior, middle,
and posterior region

#123, #234, #345

Fig. 2 Thirteen anatomical landmarks were tracked over time in Logger Pro to provide the raw x—y-coordinate data used to calculate the
kinematics of the three gaits. Five points were placed along the body midline from the most anterior tip (the snout; point |) to the most
posterior tip (tip of the tail; point 5). The remaining eight points were made along the leading edge of each pectoral and pelvic fin (points 6,

7.8,9,10,11,12,13).

toral and pelvic fin step frequency. FW (4.5-8 cm s™!),
which is considered a transitional gait from walking to
swimming, includes a distinct traveling-wave down the
body that is produced by lateral bending along the body
axis, fin rotation about their girdles, and high pectoral
and pelvic fin step frequency. The fastest gait, (SWIM,
~26 cm s~1), is characterized by a traveling wave down
the body that is produced by lateral bending of the body
axis but no fin interaction with the substrate. In this
study, we found that neonates and juveniles exhibited
all three of these documented locomotor gaits at speeds
within the ranges previously reported (Pridmore 1994).

Video recordings and analyses

While sharks were in their individual tanks, video
recordings were made using a GoPro Hero 3 + Black
(GoPro, Inc., USA) using a standard narrow field of
view, 1080p and 30fps settings, located 15cm below
the tank, for a ventral view. These non-linear field of
view settings minimize wide angle distortion and par-

allax. Using iMovie (Apple Inc, Cupertino, CA, United
States), video recordings were separated into 3-5 s clips,
where straight walking or swimming across the tank
was clearly observed. For each shark (n = 12), one video
clip of each of the three gaits was analyzed, resulting in
six video clips for each gaeit for each neonate and six
video clips for each gait for each juvenile (n = 36 to-
tal videos). Each STMW video consisted of 5.6 mean
step cycles (range: 3-10), while each FW video con-
tained 5.4 cycles (range: 3-7). Swimming videos con-
tained a mean of 3 tailbeats (range: 2-5). The video clips
were used to track 13 anatomical landmarks through
time using a data-collection and analysis software (Log-
ger Pro, Vernier), thus providing raw x-y-coordinate
data to calculate the characteristic movements of the
three gaits (Fig. 2). Five points were placed along the
body midline from the most anterior (snout; 1) to the
most posterior (tip of caudal fin; 5) parts of the body
but including points on the mid-line along the pec-
toral (2) and pelvic (3) girdles, as well as the base of
the caudal fin (4). The remaining eight points (6, 7, 8,
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(A) Pectoral fin protraction / retraction

(B) Pelvic fin protraction / retraction
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(C) Anterior trunk angle
1w
(D) Posterior trunk angle
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Fig. 3 Bending angles of fins and the shark body. Pectoral (A) and pelvic (B) fin rotation angles. These angles were normalized by the
resting angle, the angle when the fin was neither protracting nor retracting, to determine the degree (°) of protraction (+) and retraction
(-) in the fins. Axial bending (C, D, and E) was calculated for the anterior portion (C) of the trunk as # 123, the posterior portion (D) of
the trunk as #234, and for the tail (E) as #345. These angles were then normalized by 180° to determine the degree (°) of lateral bending

from a straight-line position in the body midline.

9, 10, 11, 12, 13) were made along the leading edge of
each fin.

Kinematic variables

In order to quantify the kinematics of the neonates and
juveniles, six variables were calculated from the raw
data provided by Logger Pro. Velocity (cm s™') was
measured from the point closest to the center of mass
(2) and was calculated as the displacement of this point
over time (Table 1). Tail beat frequency (Hz) was mea-
sured as the number of cycles over time. Tail beat am-
plitude (cm) was measured for the tip of the tail (5) as
the peak-to-peak distance covered from one lateral ex-
tension to another (Hoffmann et al. 2017; Porter et al.
2020). Duty factor (%) was measured using the most
distal points of the anterior edge of the fins (8, 9, 12,
13) and calculated as the ratio between the duration of
the contact interval (s) to the total duration of the stride
cycle (Table 1). Pectoral and pelvic fin angles (Fig. 3A
and B) were calculated from the angles (°) created be-
tween the tip of the snout (1), the midpoints along the
pectoral (2) and pelvic (3) girdles, and the most distal
points of the anterior edge of the fins (8, 9, 12, 13). The
apex of each angle is the midpoint of either the pec-
toral and pelvic girdles (points 2 and 3), which are along
the body midline, thus allowing us to measure angles
near each girdle. These angles were then normalized
by their resting angle, the angle when the fin was nei-
ther protracting nor retracting (STMW: 117.7° £ 1.4,
FW: 120.7° £ 2.02, SWIM: 108.7° £ 4.71), to deter-
mine the degree (°) of protraction and retraction in the
fins. These angles were then smoothed using a Gaussian
filtering in MATLAB_R2018a (The MathWorks, Inc.,
Natick, MA, USA). Axial bending was calculated for the

anterior portion of the trunk from the angles (°) cre-
ated between the tip of the snout (1) and the midpoints
along the pectoral (2) and pelvic (3) girdles (Fig. 3C, D,
and E; Table 1). Axial bending in the posterior portion
of the trunk was calculated from the angles (°) created
between the midpoints along the pectoral (2) and pelvic
(3) girdles, and the midpoint of the proximal base of the
tail (4). Axial bending for the tail was measured from
the angles (°) created between the midpoint of the pelvic
(3) girdle, the base of the tail (4), and the tip of the tail
(5). These angles were then normalized by their resting
angle (180°) to determine the degree (°) of lateral bend-
ing from a straight-line position in the body midline.
The angles were then smoothed using a Gaussian filter-
ing in MATLAB_R2018a similar to pectoral and pelvic
fin angles.

Statistical analyses

We examined differences in body shape between
neonates and juveniles (length, mass, fineness ratio, sec-
ond moment of area, mass moment of inertia) with
t-tests using JMP 11 (SAS, Cary, NC, USA). The dif-
ferences in kinematic variables (velocity, tailbeat fre-
quency, tailbeat amplitude) were analyzed for statistical
significance in JMP using mixed effects models, and the
main effects included life stage, gait, and fineness ratio
to account for individual differences in body shape. Ax-
ial bending was examined using a mixed model with life
stage, gait, fineness ratio, and position (anterior, poste-
rior, and tail) as main effects. Duty factor was evaluated
in a model using life state, gait, fineness ratio, and fin
(pectoral or pelvic) as main effects. For each action (i.e.,
protraction and retraction), we examined fin rotation
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Table 2 Summary of body shape variables for neonate and juvenile
epaulette sharks.

Variable Neonate Juvenile

Width (cm) 1.47 + 0.83 1.58 + 0.06
Length (cm)x 16.66 = 0.39  20.80 + 0.53
Mass (g)* 12.13 £ 143 2291 + 1.78
Fineness ratio 11.48 + 0.65 13.19 £ 042
Second moment of area (cm*) 0.25 + 0.05 0.32 + 0.04
Mass moment of inertia (g cm 2)x 0.11 + 0.02 0.32 + 0.04

All values are mean =+ SEM. Significant differences (P <0.05) are indicted
with an s by each variable.

using a mixed model with life stage, gait, fineness ra-
tio, and fin (pectoral or pelvic) as main effects. Post-hoc
differences were determined using Tukey’s tests. Figures
show data from significant effects. A summary of kine-
matic variables is provided in Table 1.

Results
Body shape

The neonates used in this study were 20% shorter
(Fi10= 39.28, P < 0.0001) and weighed 47% less
(F1,10 = 22.22, P = 0.0008; Table 2, Fig. 4B and C) than
the juveniles. Neither body width nor second moment
of area differed between neonates and juvenile epaulette
sharks (Fig. 4). The fineness ratio, a two-dimensional
description of shape, was 18% less in neonates com-
pared to juveniles but was not significant (Fy ;0 = 4.87,
P =0.0519, Fig. 4D). Finally, the mass moment of in-
ertia was three times lower in neonates when compared
to juvenile sharks (F} ;o = 25.88, P = 0.0005, Fig. 4F).

Velocity

Velocity varied significantly (Fy3; = 20.26, P <0.0001),
and gait was the only significant effect in the model (P <
0.0001, Fig. 5; Table 3). Velocity increased among gaits
from slow-to-medium walking (STMW), fast walking
(FW), and swimming (SWIM). The mean velocity dur-
ing SWIM (11.68 cm s ') was nearly twice as fast as dur-
ing FW (6.68 cm s™!), and velocity during FW was more
than twice what was quantified during STMW (3.02 cm
s7h).

Tailbeat frequency and amplitude

Tailbeat frequency did not vary significantly when ex-
amining life stage, fineness ratio, and gait as main effects
(Fig. 6A, point 5; Table 3). However, the tailbeat ampli-
tude model was significant (Fy3; = 2, P = 0.048; Fig.
6B), and none of the main effects was significant.

1715

Axial bending

The axial bending model was significant (Fg 19; = 21.33,
P < 0.0001, Fig. 7; Table 3); position along the body
(anterior, posterior, and tail) was the only significant ef-
fect (P < 0.0001). The degree of axial bending increases
from anterior trunk to tail, and the tail angle is nearly
three times greater than the anterior bending angle.

Duty factor

The duty factor varied significantly (Fs43 = 5.7061,
P =0.0009), and gait (P = 0.0016) and fin (P = 0.0068)
were significant effects (Fig. 8). On average, fins were
in contact with the substrate 5% longer during STMW
than during FW, and overall pelvic fins were in contact
with the floor 5% longer than pectoral fins. The duty
factor was similar between neonates and juveniles. The
SWIM gait was not included in this statistical model be-
cause neither pectoral nor pelvic fins are in contact with
the bottom of the tank during this gait.

Fin rotation

The fin protraction model was significant (Fs g4 = 35.46,
P < 0.001, Fig. 9A; Table 3), and gait and fin were sig-
nificant effects (P = 0.0464 and P < 0.0001, respec-
tively). Significantly more fin protraction occurred dur-
ing STMW when compared to SWIM, while FW was
intermediate. There was three times more pelvic pro-
traction than pectoral protraction. The fin retraction
model was significant (F5g4 = 20.56, P < 0.001, Fig.
9B), and age, gait, and fin were all significant main ef-
fects (P = 0.0085, P = 0.0111, and P < 0.0001, respec-
tively). Specifically, neonates had significantly more fin
retraction than juveniles, and fin retraction was four
times greater in pelvic fins when compared to pectoral
fins. Significantly more fin retraction occurred during
STMW gaits when compared to SWIM, while FW was
intermediate.

Discussion

We examined the impacts of ontogeny (ie., shape
variations) on the kinematics of neonate and juvenile
epaulette sharks (H. ocellatum), a coral reef species that
has been used since the early 2000s to understand phys-
iological mechanisms underpinning tolerance to fu-
ture ocean conditions (reviewed in Pereira Santos et
al. 2022 and Rummer et al. 2022). Epaulette sharks are
documented to utilize three locomotor gaits, which we
also observed in both neonates and juveniles. However,
given that neonates emerge from their eggs with bul-
bous yolk sacs that are maintained for up to 5 weeks,
we expected their locomotion to be markedly differ-
ent from the slender, actively foraging juveniles. We
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Fig. 5 Velocity (cm s™') of the approximate center of mass (point
2) vs. gaits. Velocity varied in whole model statistics and gait was
the only significant effect. Since velocity did not change among life
stages, values shown here are means (circles) from neonates

(n = 6) and juveniles (n = 6). Using Tukey post hoc comparisons, we
found that velocity increased among gaits from STMW, FW, and
SWIM. Error bars indicate &= SEM. Post hoc statistical differences
among groups are denoted with differing letters above each.

hypothesized that the larger and rounder abdomen and
resulting different shape of neonates would, specifically,
decrease the fineness ratio and increase the second mo-
ment of area, as well as restrict the fin rotations that pro-
vide significant forward propulsion during both sub-
merged walking gaits. We also predicted that the body

shape of neonates would result in alterations in the ax-
ial undulations that power both submerged walking and
swimming. However, we found few differences in kine-
matic variables or body shape metrics between neonates
and juveniles, thus refuting our original hypotheses.
Of course, neonates and juveniles were inherently
different in size, which would be expected. Yet, while
length (cm) and mass (g) varied between these life
stages, there were no significant differences in fineness
ratio, a two-dimensional shape metrics, or second mo-
ment of area (cm*), a structural predictor of body stiff-
ness (Fig. 4; Table 2). However, we did find that mass
moment of inertia, which is used to quantify angular
acceleration (g cm?) around an axis, was greater in juve-
nile sharks. While we expected velocity (cm s~!) and ax-
ial bending angle (°) to differ among these gaits, which
it did, there were no differences between life stages (Figs
5 and 7; Table 3). During the slowest walking gait, (i.e.,
STMW), the pelvic fins were in contact with the sub-
strate for significantly longer than the pectoral fins, and
duty factor (i.e., the time the fin was in contact with
the substrate; %) did not vary between life stages (Fig.
8). Neither life stage nor fineness ratio significantly af-
fected fin protraction (°), but we found significant ef-
fects from both gait and fin (pectoral or pelvic) (Fig.
9). Specifically, the most fin protraction occurs in the
pelvic fins during the STMW gait. Similarly, the most fin
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retraction (°) also occurs in the pelvic fins during the
STMW gait, which was notably the greatest during
the neonate life stage. These findings suggest that sub-
merged locomotion in neonates is not impacted by the
yolk sac and the effects it has on body shape, as all
aspects of submerged locomotion were comparable to
that of the juveniles. Future studies quantifying a greater
number of individuals over a wider size ranges may cap-
ture the impacts of shape on walking and swimming
kinematics of this species.

Body shape

We found significant differences between neonate and
juvenile epaulette sharks in body length, mass, and mass
moment of inertia, as expected, but body width, fine-
ness ratio, and second moment of area were similar be-
tween these two life stages (Fig. 4; Table 2). The fine-
ness ratio does trend toward the juvenile sharks having
alonger and more slender two-dimensional body shape
when compared to the neonates with their bulbous yolk
sac. Perhaps body shape differences would be more pro-
nounced if neonates were compared to later stage ju-
veniles or sub-adults. Indeed, future studies could ex-
amine animals with a wider range of sizes to truly ap-
preciate ontogenetic shape changes in this species. Also
of note, the mass moment of inertia was significantly
greater in the juveniles, suggesting that this body shape
metric might also be relevant when studying maneuver-
ability, rather than the linear movements examined here
(Porter, Roque, and Long 2011). Epaulette sharks live in
complex coral reef habitats, and the ability to effectively
maneuver and the associated energetic costs under dif-
ferent environmental conditions would be an important
aspect of their locomotion to explore in future studies.
Body shape can impact performance in fishes.
Despite having a similar fineness ratio (i.e., two-
dimensional shape) to leopard sharks (Triakis semi-
fasciata), epaulette sharks are able to produce tighter
turns due to their long caudal fins (Porter, Roque, and
Long 2009). When the caudal fin was removed from
the turn analyses, however, leopard sharks and epaulette
sharks produced similarly tight turns. Long et al. (2010)
proposed that fish change their shape, or the way the
body would interact with the flow of water, over sev-
eral time scales. While swimming, fish can change their
shape using a propulsion generating wavelength, which
is termed undulatory body reconfiguration. However,
fish can also use behaviors to change their shape, such
as during a turning maneuver, which is termed postural
body reconfiguration. Both of these types of body re-
configurations are transient, occurring over the small-
est time scales, such as during a tailbeat or turning
maneuver. A third type—form reconfiguration—occurs
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Fig. 6 Tailbeat kinematics. (A) Tailbeat amplitude did not vary with life stage, gait, or fineness ratio. (B) The whole model for tailbeat

amplitude was significant, but none of the main effects was significant; however, amplitude trends increase among the gaits and are greatest
during SWIM. Means (circle) are shown for each gait. Error bars indicate &= SEM.
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Fig. 7 Axial bending during all three gaits. The whole model
showed significant differences in axial bending, and position along
the body (anterior, posterior, and tail) was the only significant
effect. The degree of axial bending increases from anterior trunk to
tail. The means (circles) shown are data for each angle that was
pooled together from both age groups and from all gaits. Error
bars indicate £ SEM. Post hoc statistical differences among groups
are denoted with differing letters above each.

over the largest temporal scale and is when the body
changes in size or anatomical shape, such as in this
study as epaulette sharks develop from neonate to juve-
nile stages. Given that form reconfiguration can occur
within one generation (i.e., over ontogeny, developmen-
tal acclimation) or over many generations (i.e., trans-
generational acclimation or adaptation), this would be
a key concept to investigate in conjunction with mech-
anisms for coping with challenging environmental con-
ditions, such as those experienced by the epaulette
sharks.

Velocity and axial bending

Epaulette sharks’ velocity differed depending on gait,
not surprisingly; but velocity did not differ between
life stages or with body fineness ratio (Fig. 5; Table 3).
On average, velocity doubled between two submerged

60 - B
¢
55 A A A
— ° A 5
o
= 50 - %
—
o
i
S 45 -
[N
z
5 40 A
[a)
Gait P=0.0016
35 1 Life stage NS
Fin P=0.0068
30 T T T :
STMW FW STMW FW
Pectoral Pelvic

Fig. 8 Duty factor (%) of fin stride moving from protracted to
retracted for pectoral (solid circle) and pelvic (open circle) fins at
each walking gait. Duty factor did not differ between neonates and
juveniles, but did vary in the pelvic fins only between gaits. On
average, fins are in contact with the substrate 5% longer during
STMW than during FW, and overall pelvic fins were in contact with
the floor 5% longer than pectoral fins. Means are shown as circles.
Error bars indicate &= SEM. Post hoc statistical differences among
groups are denoted with differing letters above each.

walking gaits (i.e., STMW to FW), but SWIM veloc-
ity was nearly double that of FW. Yet, epaulette sharks’
average walking velocities (STMW: 3.02cm s™'; FW:
6.68cm s~!) were in the range to observe diagonal-
sequence walking in epaulette sharks (Pridmore 1994).
Quadrupeds, in general, can achieve efficient diagonal-
sequence walking by implementing axial undulations
that stabilize the animals body (Hildebrand 1980;
Hidlebrand 1989; Pridmore 1994; Ashley-Ross and
Bechtel 2004; Reilly et al. 2006). The kinematics of the
epaulette sharks in this study were quantified while an-
imals were submerged in water where they would ben-
efit from buoyant forces; although, it is important to
note that elasmobranchs are generally negatively buoy-
ant (Rosenblum et al. 2011). Stability is perhaps a larger
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Fig. 9 Fin rotation varies among gaits and between fins. (A) In protraction, the whole model was significant, and gait and fin were
significant effects. Pelvic fins (open circles) protracted significantly more than pectoral fins (closed circles). Significantly more fin
protraction occurred during STMW compared to SWIM, while FW was intermediate. (B) In retraction, the whole model was significant,
and life stage, gait, and fin were all significant main effects. Neonates (gray) had significantly more fin retraction compared to juveniles
(black), and pelvic fin retraction was four times that of the pectoral fins. The gradient among gaits was observed in retraction. Error bars
indicate 4= SEM. Post hoc statistical differences among groups are denoted with differing letters above each.

issue when examining locomotion in terrestrial or tran-
sitional (water-to-land or land-to-water) environments.
Examining the STMW and FW gaits in epaulette sharks
out of water, as Pridmore (1994) did, may have re-
sulted in significant differences among life stages in this
study. Based on all of this information, larger animals
would have longer stride lengths and move faster than
smaller animals. Surface complexity would also be an
important factor to consider when examining veloc-
ity. Travis (2020) calculated velocity in sub-adults walk-
ing whilst fully submerged or partially submerged, and
reported significant differences between these condi-
tions. In contrast, animals in this study were investi-
gated whilst moving on a flat surface, but the complex
reef structure and topography of the benthos could re-
sult in different outcomes. Indeed, the epaulette shark
inhabits the complex matrix of coral reefs, such as those
found within the Great Barrier Reef; therefore, exam-
ining their kinematics on complex surfaces would be
more representative of how they move within their
habitats.

Epaulette sharks and the other long-tailed carpet
sharks are long and slender. Not surprisingly, axial
bending was significantly greater in the tail region of
the animals, but it was consistent among gaits (Fig.
7). Many elongate, aquatic vertebrates use traveling
waves to propel their bodies through the water during
anguilliform and carangiform swimming (Frolich and
Biewener 1992; Gillis 1997; Ashley-Ross and Bechtel
2004; Ashley-Ross et al. 2009). A double oscillating sys-
tem, however, where the amplitude and frequency of the
head is decoupled from that of the tail, was only first
documented in swimming sharks in 2017 (Hoffmann
et al. 2017; Porter et al. 2020). We found that bending

increased significantly along the length of the body in
a traveling wave toward the tail in the neonate and ju-
venile epaulette sharks. However, we did not directly
compare the head yaw frequency and amplitude to
the tailbeat. Likewise, the extent of wavelength decou-
pling was also not investigated. When Travis (2020) ex-
amined axial bending, as quantified between the pec-
toral and pelvic girdles, no differences were detected
when comparing fully and partially submerged sub-
adult epaulette sharks. Due to its long, sinewy body, and
agile movements within and among the reef matrix, the
epaulette shark would be a candidate species for future
studies examining oscillating systems.

Based on previous studies, we predicted that axial
bending of epaulette sharks should vary among gaits
(Frolich and Beiwener 1992; Azizi and Horton 2004;
Ashley-Ross et al. 2009; Clardy 2012). Interestingly, we
found no differences in axial bending patterns across
gaits or between life stages. Because these sharks were
completely submerged during aquatic walking, we pre-
dicted that a traveling axial wave may provide opposing
forces to the water acting on the body (Karakasiliotis
et al. 2013; Horner and Jayne 2014). In addition, the
flexible, muscular fins push against the substrate, gener-
ating propulsive forces during walking gaits (Pridmore
1994; Gillis 1997; Goto et al. 1999; Wilga and Lauder
2001; Willey et al. 2004; Kawano and Blob 2013). In-
deed, substrate and incline have impacts on whole body
kinematics. Redmann et al. (2020) found that Ameri-
can eel (Anguilla rostrata) moved at the greatest veloc-
ity on sand where the wave frequency of the body de-
creased toward the tail. Eel velocity was smallest, and
shorter body wavelengths were measured at the steep-
est inclines. In a comparative study examining three
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elongate fish species, the species with more exaggerated
elongate bodies had more contact with the substrate and
moved slower than species with less elongation (Ward
et al. 2015). Future studies should incorporate varied
levels of submersion as well as substrates with different
complexities when quantifying epaulette shark walking
gaits.

We hypothesized that velocity and axial bending dur-
ing aquatic locomotion are innate in epaulette sharks
because life stage did not significantly affect our statisti-
cal models. In this study, velocity did not vary between
neonate and juvenile sharks during submerged walking.
We can hypothesize that the epaulette shark paired fins
are able to generate relative thrust over these life stages
to obtain equal speeds. Being able to immediately and
efficiently move upon hatching is the key to survival and
innate in most fishes (Leis et al. 1996; Leis et al. 1997;
Fisher et al. 2000; Mouritsen et al. 2013). Further ex-
perimental work on skeletal morphology and muscle
physiology during embryonic development, especially
under climate change conditions, is needed to test these
ideas in animals, like the epaulette shark, that are capa-
ble of both aquatic and terrestrial locomotion (Vilmar
and Di Santo 2022). For example, the little skate (Leu-
coraja erinacea) is a batoid that has been used to study
walking and punting previously (Lucifora and Vassallo
2002; Macesic and Kajiura 2010; Macesic et al. 2013).
Experimental work found that little skates exhibit de-
creased wing mineralization, and therefore decreased
stiffness (Porter et al. 2006; Porter et al. 2007), when
embryos are reared under climate change relevant ele-
vated temperatures (Di Santo 2019). If epaulette shark
pectoral fins experience decreased mineralization with
increased water temperatures, this might impact their
ability to utilize walking gaits, especially under the par-
tially submerged conditions they often encounter mov-
ing between tidepools and isolated reef flats.

Tail kinematics

The tail of the epaulette shark, like other long-tailed car-
pet sharks (Hemiscylliidae), is proximally elongated and
muscular. In semi-aquatic and aquatic tetrapods, this
type of tail, during axial undulation, provides propulsive
forces for forward movement. During submerged walk-
ing, the tail drags behind the animal acting in two ways.
First, it provides deceleration forces. Second, it shifts the
center of mass posteriorly, where the highly propulsive
forces of the pelvic fins can combat such deceleration
(Pridmore 1994; Willey et al. 2004). The tail may also
provide stability and support by creating a tripod for
the posteriorly shifted center of mass during alternat-
ing fin steps. Tripod formation is crucial to the support
of body weight of epaulette sharks and tetrapods with

M. E. Porter et al.

sprawling postures on land, and may play a similar sta-
bilizing role in submerged walking (Hildebrand 1980,
1989; Pridmore 1994; Willey et al. 2004).

It would make sense that as the epaulette shark in-
creases its velocity over the three different gaits, it would
also increase the amplitude and frequency at which
it beats its tail. The epaulette shark tailbeat amplitude
model was significant (P = 0.048), albeit barely, and
while gait was not a significant main effect (P = 0.094),
there is an increasing trend where tailbeat amplitude
increases throughout the gaits from STMW through
SWIM (Fig. 6; Table 3). Interestingly, tailbeat frequency
was consistent among gaits and did not differ among
life stages. At least during these submerged gaits, it ap-
pears the neonate and juvenile epaulette sharks move
their tails at a consistent frequency, and the tailbeat
amplitude increases as they start moving faster, transi-
tioning into the SWIM gait. At greater walking speeds,
and ultimately swimming, the increase in tail amplitude
suggests that the tail may be used to generate propul-
sive forces. We suggest that future studies examine the
changes in tailbeat frequency and amplitude, and test
the forces produced in semi-aquatic or terrestrial envi-
ronments and the resulting energetic costs.

Duty factor and fin rotation

We expected to observe differences between neonate
and juvenile duty factors due to either (1) developmen-
tal changes and/or ecological pressures associated with
diet shifts, or (2) the differences in body shape hinder-
ing the ability of neonates to maintain necessary con-
tact with the tank floor or both. However, we found that
the life stage did not significantly affect duty factor (Fig.
8; Table 3). We did find significant differences between
fins and gaits. Pelvic fins were in contact with the sub-
strate significantly longer than pectoral fins, and during
STMW, pelvic fins were in contact with the substrate ap-
proximately 5% longer than during FW. The pelvic fins
of epaulette sharks exhibit a significantly greater duty
factor during submerged STMW than during FW be-
cause slower velocities allow for longer fin contact times
to stabilize the shark (Fig. 8). This duty factor differ-
ence between aquatic walking could also be relevant to
epaulette sharks as they move between tidepools and
isolated reef flats. Previous work on sub-adult epaulette
sharks found that pectoral fin duty factor was greater
when sharks were partially submerged compared to
when they were fully submerged (Travis 2020). In that
study, the pelvic fins exhibited the opposite pattern:
duty factor was greater in the fully submerged sharks.
Differences in duty factor and limb coordination are
also seen in other vertebrates. For example, in the Cal-
ifornian newt (Taricha torosa), movements from land
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to water resulted in a marked decrease in duty factor,
which alters the footfall pattern and the resulting gait
used in different environments (Ashley-Ross and Bech-
tel 2004). Future studies on the epaulette shark should
investigate the coordination of the diagonal-sequence
gaits and variations in footfall patterns as animals tra-
verse through fully and partially submerged reef struc-
ture. When doing this, epaulette sharks will experience
fluctuations in environmental conditions (e.g., temper-
ature) that will allow for integration between respiratory
physiology and biomechanics. Finally, in addition to
emerging as a model for understanding vertebrate biol-
ogy in future oceans, Pridmore (1994) and Travis (2020)
both noted the epaulette shark as a powerful model to
study evolutionary transitions from water to land.

We found that epaulette shark pelvic fins protracted
and retracted significantly more than the pectoral fins,
and gait significantly affected fin rotation (Fig. 9). We
predicted that there would be differences between walk-
ing and swimming gaits because aquatic walking is typ-
ically limb-based (i.e., with coupling of axial undula-
tions), while swimming is axial-based (i.e., minimal or
no limb contribution). This results in differences in
limb/fin movements between walking and swimming
that have been observed in vertebrates that transition
between the gaits (Azizi and Horton 2004; Frolich and
Biewener 1992; Ashley-Ross and Bechtel 2004; Pace
and Gibbs 2009; Kawano and Blob 2013). In sub-adult
epaulette sharks, pelvic fins protracted more than pec-
toral fins during both partially and fully submerged
walking (Travis 2020). Pelvic fin protraction in sub-
adults was approximately 20° (Travis 2020), while pelvic
fin protraction in neonates and juveniles ranged be-
tween 24° and 37° (Fig. 9; Table 3). Pelvic fin retrac-
tion of partially submerged sub-adults was the great-
est (-80°), while pectoral fin retraction of fully sub-
merged walking sharks was the least (~ -55° Travis
2020). In contrast, neonate and juvenile epaulette sharks
in this study exhibited minimal pectoral fin (i.e., =5° to
-7.3°) and pelvic fin (i.e., -17° to —-34°) retraction (Fig.
9). Goto et al. (1999) described the pectoral and pelvic
fin skeletal and muscular anatomy of epaulette sharks
but did not quantify differences between them. They
found that epaulette sharks had elongated and basal
cartilages and additional musculature when compared
to other benthic species. Perhaps, the kinematic differ-
ences quantified here and in other studies are due to dif-
ferences in joint range of motion or muscle physiologi-
cal cross-sectional area (Pridmore 1994; Travis 2020).

Epaulette sharks, like many organisms, exhibit a
definitive ontogenetic shift, when, in this case, neonates
utilizing a yolk sac for energy shift to juveniles that ac-
tively hunt and forage, total lengths of the animals only
ranged from 16 to 21 cm. Examining epaulette sharks,
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and perhaps other long-tailed carpet shark species, over
their entire ontogeny would provide clarity on the im-
pacts of size, gait, and substrate condition on fin range
of motion, which are all extremely relevant to this and
related species. Interestingly, we found that the pec-
toral and pelvic fins exhibited different duty factor val-
ues (Figs. 8 and 9), which was also true in partially and
tully submerged walking sub-adults (Travis 2020). This
might suggest that both pairs of fins might be play-
ing a role, though perhaps unequal roles, in produc-
ing ground reaction forces and thrust during walking
gaits.

We hypothesized that the enlarged abdomen in
neonates might also be a source of instability during
walking, as it bulges the sides of the body between the
pectoral and pelvic fin sets (Fig. 1). While life stage was
not a significant main effect when examining protrac-
tion, it did significantly affect retraction. Contrary to
our hypothesis, neonates showed greater fin retraction
than juveniles (Fig. 9).

Emerging techniques, such as three-dimensional
video reconstruction of moving morphology
(VROMM), could be utilized to investigate the kine-
matics of axial bending and fin movements in the
epaulette shark. VROMM is a methodology that
enables point tracking on body surfaces in fully sub-
merged and large volumes, and this technique was
adapted from X-ray reconstruction of moving mor-
phology, which utilizes rigid body markers typically
implanted on skeletal elements (Brainerd et al. 2010;
Knorlein et al. 2016; Hoffmann et al. 2019a). Previous
studies have used VROMM to examine pectoral fin
rotation in three axes of non-walking species (Sphyrna
tiburo and Squalus suckleyi; Hoffmann et al. 2019a;
Hoffmann et al. 2019b). Preliminary data showed that
juvenile epaulette sharks experienced pectoral and
pelvic fin rotation about three axes, exceeding the rota-
tion previously described in the literature (Hoffmann
and Porter, 2019¢). In addition to fin rotation, prelim-
inary data showed that fins experienced substantial
conformation, or shape change, as they contacted the
substrate. Indeed, given the complex reef matrix that
epaulette sharks inhabit, future studies could utilize
three-dimensional methods, such as VROMM, to study
epaulette locomotion across varying substrates, and
levels of submersion, and animal sizes.

Conclusions

The epaulette shark is readily able to transition from
submerged walking in an aquatic environment to terres-
trial walking; in doing so, this species experiences tem-
perature fluctuations and oxygen limitations, among
other environmental challenges, and is not supported by
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the buoyant forces of water. These characteristics make
the epaulette shark an appropriate organism to study the
range of physiological, morphological, and biomechani-
cal adaptations experienced by coral reef flat species and
the traits that will be necessary for them to survive fu-
ture ocean conditions. Through this study, we advanced
the knowledge state regarding submerged locomotion
in the epaulette shark and found that kinematics were
largely unaffected by changes in body morphology that
occur during early life stages. Further investigations on
the aquatic and terrestrial gaits used by this species may
provide insights into the development of walking loco-
motion both in and out of water.

The epaulette shark is emerging as a powerful model
to study the impacts of anthropogenic stressors, such as
climate change, on vertebrate physiology. Elevated tem-
peratures, in particular, have been demonstrated to re-
sult in increased metabolic costs as well as mortality
over the span of months. The ability of the epaulette
shark to move efficiently among micro-habitats un-
der these challenging environmental conditions will di-
rectly impact survival. Despite early locomotion and
morphology studies by Pridmore (1994) and Goto
(1999) in the 1990s, the biomechanics of long-tailed car-
pet sharks, like the epaulette shark, has remained largely
unexplored. This is in stark contrast to the plethora of
comparative physiology studies since the start of the
21st century. Throughout this discussion, we have sug-
gested avenues for future research aiming to fully inte-
grate the biomechanics, physiology, and ecological vari-
ables, including substrate type and environmental con-
ditions, to name a few, that this species will encounter
throughout a tide cycle.
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