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Synopsis  Shark skin is a composite of mineralized dermal denticles embedded in an internal collagen fiber network and is
sexually dimorphic. Female shark skin is thicker, has greater denticle density and denticle overlap compared to male shark skin,
and denticle morphology differs between sexes. The skin behaves with mechanical anisotropy, extending farther when tested
along the longitudinal (anteroposterior) axis but increasing in stiffness along the hoop (dorsoventral or circumferential) axis.
As a result, shark skin has been hypothesized to function as an exotendon. This study aims to quantify sex differences in the
mechanical properties and morphology of shark skin. We tested skin from two immature male and two immature female sharks
from three species (bonnethead shark, Sphyrna tiburo; bull shark, Carcharhinus leucas; silky shark, Carcharhinus falciformis)
along two orientations (longitudinal and hoop) in uniaxial tension with an Instron E1000 at a 2 mm s™! strain rate. We found
that male shark skin was significantly tougher than female skin, although females had significantly greater skin thickness com-
pared to males. We found skin in the hoop direction was significantly stiffer than the longitudinal direction across sexes and
species, while skin in the longitudinal direction was significantly more extensible than in the hoop direction. We found that
shark skin mechanical behavior was impacted by sex, species, and direction, and related to morphological features of the skin.

Introduction

Sex differences encompass a variety of anatomical di-
morphisms, diversity among physiological and ner-
vous system connections, and a wide array of behav-
ioral outcomes regulated by hormonal and pheromonal
shifts, seasonal changes, or sexual maturation (Darwin
1871; Barr et al. 2018). Elasmobranchs (sharks, skates,
and rays) exhibit sexual dimorphisms in head mor-
phology, sensory system function, and anatomy. Sex-
specific morphological exaggerations like the wing-
shaped cephalofoils are seen among hammerhead shark
species. Male bonnethead sharks (Sphyrna tiburo) ex-
hibit changes in head morphology as they sexually
mature, coordinated with the external development
of claspers and cephalic bulges (Kajiura et al. 2005).
Sensory system dimorphisms have been reported in
the electroreceptors (Ampullae of Lorenzini) of lesser-
spotted catsharks (Scyliorhinus canicula), where male
catsharks have longer ampulla and alveoli, and more
sensory receptor cells than female catsharks (Crooks
and Waring 2013).
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Sex differences in elasmobranch skin and tooth mor-
phology have been previously documented, particularly
related to the process of mating. In the Atlantic stingray
(Dasyatis sabina), the morphology of male stingrays’
dentition changes as the reproductive season begins—
from a molariform shape to a cuspidate shape that
improves grip tenacity (Kajiura et al. 1996). Female
blue sharks (Prionace glauca) and Atlantic stingrays are
known to have thicker skins than their male counter-
parts, a response to male biting behavior during cop-
ulation (Pratt 1979; Kajiura et al. 2000). Sexual dimor-
phisms in dentition are also seen among Port Jackson
sharks (Heterodontus portusjacksoni), where males re-
tain proportionally more anterior teeth as dentition de-
velops with sexual maturity, despite subsisting on sim-
ilar diets to their female counterparts (Powter et al.
2010).

Shark skin is composed of dermal denticles—tooth-
like structures of enameloid, dentine, and an inner
bone-like layer surrounding a pulp cavity—and a tough,
flexible collagen fiber network that anchors the denti-
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cles (Motta 1977; Meyer and Seegers 2012; Motta et al.
2012; Oeftner and Lauder 2012). Dermal denticles cover
the skin’s epidermis and are embedded into the der-
mis, interwoven with the interior collagenous fiber ma-
trix that connects with muscles and myosepta (Motta
1977; Meyer and Seegers 2012). Fiber networks vary
among species and contain distinct fiber arrangements
oriented to maintain internal pressure and optimize
stress forces along the body (Motta 1977; Wainwright
et al. 1978; Naresh et al. 1997). Shark skin is hypothe-
sized to behave as an external tendon, acting with the
underlying musculature to stiffen against internal pres-
sure changes and reduce mechanical work during swim-
ming (Wainwright et al. 1978; Long and Nipper 1996;
Long et al. 2002; Lauder 2015).

The collagen fiber organization of shark skin impacts
mechanical properties and corresponds to mechani-
cal anisotropy, allowing farther extension longitudinally
and stiffer behavior in the hoop direction (Motta 1977;
Wainwright et al. 1978; Naresh et al. 1997). Flexible fish,
like eels and lampreys, can shift the timing and duration
of their muscle activation to increase body stiffness up
to twice as much as at rest, due to the fiber organiza-
tion of their skin (Long and Nipper 1996; Long 1998;
Tytell et al. 2018). In shark skin, alternating layers of
right- and left-handed helices of fibers meet the longitu-
dinal axis at a range of 40-60° angles, providing efficient
force transmission and facilitating mechanical advan-
tage over muscle work alone (Motta 1977; Wainwright
etal. 1978; Long 1998). At the same time, sharks exhibit
sexual dimorphisms among intraspecific skin morphol-
ogy variables like skin thickness and denticle density;
for example, female catsharks have greater epidermal
thickness than male catsharks, and male catsharks ex-
hibit greater regional denticle density (Crooks et al.
2013). Yet there has not been a comparative quantitative
analysis of sex differences among shark skin mechani-
cal behavior and skin morphology to examine how form
may impact function.

We quantified sex differences in the mechanical prop-
erties and morphology of shark skin among species, and
between body regions and testing orientations. Among
morphological variables, we hypothesized that female
sharks would have thicker skin and greater denticle
density compared to male sharks, in accordance with
previous studies (Pratt 1979; Compagno 1984; Kajiura
et al. 2000). Among mechanical properties, we posited
that female shark skin would be mechanically stiffer,
tougher, stronger, and more extensible, than male shark
skin, based on the thicker skins and larger body sizes
reported among female sharks (Pratt 1979; Compagno
1984; Kajiura et al. 2000). Due to the arrangement of
collagen fibers, we expected greater extension of skin
tested in the longitudinal direction and stronger, stiffer,
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tougher behavior by skin tested in the hoop direction
(Wainwright et al. 1978; Hebrank 1980; Naresh et al.
1997).

We quantified relationships between mechanical
properties and skin morphology. We hypothesized that
mechanical properties would vary among species by
body size, increasing with total length (TL, cm; Raschi
and Musick 1984). We predicted that denticle density,
which may increase skin hardness and thickness, would
correlate positively with stiffness and negatively with
toughness (Creager and Porter 2018). We thought that
dorsal skin, which is known to contain a high regional
denticle density, would be stronger, stiffer, and tougher
than ventral region skin (Naresh et al. 1997; Creager
and Porter 2018). We hypothesized that skin thickness
would increase mechanical properties and that colla-
gen fiber angles would negatively correlate with stiff-
ness (Motta 1977; Wainwright et al. 1978; Naresh et al.
1997). Here, we provide an investigation of sex differ-
ences among shark skin morphological and mechani-
cal properties to better understand the form and func-
tion relationships in shark skin, specifically between
sexes.

Methods
Study specimens

We obtained skin samples from 12 sharks (6 females
and 6 males). We examined skin from three species
belonging to two families of Carcharhinid sharks:
the silky shark (Carcharhinus falciformis) and bull
shark (Carcharhinus leucas) of Family Carcharhinidae
and the bonnethead shark (Sphyrna tiburo) of Family
Sphyrnidae (Supplementary Table 1). Each species was
represented by four individuals: two males and two fe-
males. All specimens in this study were collected by
NOAA or the Mote Marine Laboratory (Sarasota, FL,
USA) and were kept frozen until dissection. In this
study, all shark specimens were considered immature
(Supplementary Table 1).

Sharks were caught in Florida, USA, and inhabit the
near-shore waters off the coast (Castro 2010). Silky
sharks are fast-swimming, oceanodromous, and gen-
erally inhabit continental slopes between 18 and 500
m (Compagno 1984; Reide 2004). Silky sharks are
neonates between 57 and 87 cm TL and mature from
202 to 260 cm TL (Compagno and Niem 1998). In this
study, silky sharks ranged from 95.4 to 109.9 cm TL.
Bonnethead sharks inhabit shallow waters along con-
tinental shelves between 10 and 80 m, usually swim-
ming at 10-25 m depth. Bonnethead sharks are often
seen in small, sexually segregated groups (Compagno
1984; Fischer et al. 1995; Dulvy and Reynolds 1997).
Bonnethead sharks are neonates between 35 and 40
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Fig. | Graphic representation of sampling procedure: The entire skin sample dissected from each specimen was removed between the
two dorsal fins. Alphabetical squares (AD-FD) designate location longitudinally (anteroposterior), while alphabetical squares (e.g., AD-AV)
depict location along the hoop (dorsoventral) axis. Countershading and the lateral line were used to define the different body regions (dorsal
or ventral) in each shark specimen. Shaded boxes indicate body region categories: black = D (dorsal), white = V (ventral). Each enlarged

“w o

square (5 x 5 cm?) contains four dogbone testing pieces. Each individual dogbone test piece dimensions (“w” = width, ~5 mm at center;

“o»

“t” = thickness, variable mm;

cm TL and mature at 80-90 cm TL (Cervigoén et al.
1992; Compagno and Niem 1998). In this study, bon-
nethead sharks ranged from 58.4 to 64 cm TL. Bull
sharks are amphidromous and inhabit shallow areas
along the coastline, including fresh and brackish wa-
ters normally at depths between 1 and 30 m (Compagno
1984; Reide 2004; Weigmann 2016). Female bull sharks
exhibit courtship scars, while males rarely have scars
(Compagno 1984). Bull sharks are born at ~60 cm
TL, range between 60 and 80 cm TL as neonates,
and mature between 180 and 230 cm TL (Compagno
1984; Compagno and Niem 1998). In this study, bull
sharks were likely near-term embryos (48.5-66 cm
TL); specimens used here were extracted from the
mother’s womb in the wild and not yet free-swimming
(Supplementary Table 1; Clark and von Schmidt
1965; Dodrill 1977; Castro 2010; Creager and Porter
2018).

We stored all whole sharks frozen prior to dissection
and removed skin between the first and second dorsal
fins. Following the removal of dissected bull shark skin
from whole, frozen sharks, skin was refrigerated for up
to 24 h prior to imaging and mechanical testing. We
thawed whole silky and bonnethead shark specimens,
and dissected skin. We stored skin for these two species
frozen for 3-4 months with 1 cm of remaining connec-
tive and muscle tissue to prevent freezing damage. We
thawed and then refrigerated skin samples for up to 24 h
prior to imaging and mechanical testing. We performed
these experiments during the global severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) that im-
pacted skin dissection, testing, and storage protocols,
and resulted in a 3-4-month middle freezer storage step

= length, 10 mm) were used to calculate the mechanical properties. Original illustration by I. Heerdegen.

for silky shark and bonnethead shark skin during data
collection (between March 2020 and September 2021).

Tissue preparation

For all species, we carefully dissected skin from be-
tween the first and second dorsal fins and removed in-
ternal muscle tissue using a scalpel held at an angle to
avoid direct puncture, leaving 1 mm of connective fi-
brous tissue intact to prevent damage prior to imaging.
All dissections were performed on polypropylene plas-
tic dissecting trays to reduce denticle breakage. Follow-
ing the removal of muscle tissue from dissected skin,
we measured skin thickness for each shark using dig-
ital calipers along the edge of the skin sample to have
a general skin thickness for each specimen. We mea-
sured the size of each dissected skin sample with a tape
measure and cut the skin into 5 x 5 cm? squares, cre-
ating as many squares as possible for each shark (Fig.
1). We stored skin fully submerged in elasmobranch
Ringer’s Solution in petri dishes and it was kept refrig-
erated (37°F) to maintain skin hydration prior to me-
chanical testing (Cavanaugh 1975). The sharks used for
this study had been frozen for 5 years and any effects of
freezing will be consistent among specimens examined.
Previous studies examining skin mechanical properties
have used frozen specimens (Creager and Porter 2018;
Galloway and Porter 2021; Shea-Vantine et al. 2021).
We categorized skin pieces for mechanical testing
into body regions dorsoventrally based on location and
countershading along the lateral side, which varied
among species. Test pieces from the dorsal midline to
the midbody/lateral line (dark in color) comprised the
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Dorsal (D) region (Fig. 1). Test pieces from the mid-
body/lateral line to the ventral edge (light in color) were
categorized as Ventral (V) region (Fig. 1).

Skin morphology

Skin thickness (mm) was measured using digital
calipers once muscle tissue was removed from each
dissected skin sample, along the edge, to have a base
thickness measure per individual. Skin thickness was
additionally measured at the central portion of each
test piece prior to tensile testing (below) with digital
calipers; pre-test data represent thickness measure-
ments averaged for analyses. To analyze dermal denticle
density (# denticles mm™2) and collagen fiber angles (&
= ° from longitudinal axis), we imaged each 5 x 5 cm?
square with a Leica EZ4W stereoscopic microscope
(Leica Microsystems; Supplementary Fig. 1). Skin
squares were imaged externally (for dermal denticles)
at higher magnifications (20x, 25x, 30x, and 35x)
and internally (for collagen fiber angles) at lower mag-
nifications (8, 10x, and 12.5x). We analyzed denticle
density in Image] using 1 mm scale bars to create
1 x 1 mm? boxes and counted the number of denticles
in each box (including only denticles represented by
60% or more of the crown area) using three randomly
sampled images per square (Schneider et al. 2012). We
counted denticle density three times, using the most
focused image areas, and averaged these per square.
Internal fiber angles were measured using the angle tool
with the horizontal image plane as a reference point
along the longitudinal body axis, the axis of undulation,
and angling upwards or downwards (dorsally or ven-
trally) along intersecting fibers. We measured collagen
fiber angles four times (from the longitudinal axis: two
extending dorsally and two extending ventrally) and
averaged all four for each square to improve internal
validity (Supplementary Fig. 1). Data for morpholog-
ical variables were averaged for each skin square, and
square averages were then used to calculate means per
body region (dorsal or ventral). Means for each body
region were the data used in statistical analyses.

Tensile testing

In preparation for materials testing, we pressed four
dogbone shapes into each skin square with a custom
tool steel die (Henderson Machine Inc.) using a 6-ton
Black Bull mechanical press. Like a cookie cutter, the
steel die pierces the outline of a shape (in this case, four
dogbones) into a material, compressing only the shape
edge, and leaving the rest of the material unchanged.
The dogbone shape has been used in previous tensile
testing experiments to concentrate stress at the central
portion of least surface area (Naresh et al. 1997; Clark
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et al. 2016; Creager and Porter 2018). A successful ten-
sile mechanical test will result when the material fails
where the dogbone shape narrows.

Following the press, we dissected out the four dog-
bone shape test pieces from each square (two pieces in
the longitudinal or anteroposterior orientation, parallel
to the body axis; two in the hoop or dorsoventral
orientation, perpendicular to the body axis; Fig. 1). We
measured the width and thickness of each test piece
with calipers at the narrow, central portion of the piece
and blotted each piece with paper towels (to absorb
excess ringer and reduce slipping) prior to testing
(Clark et al. 2016; Creager and Porter 2018; Kennedy
et al. 2021). We loaded individual test pieces into metal
tension clamps in an Instron E1000 Materials Testing
System and performed quasi-static uniaxial tensile
testing at a 2 mm s~! strain rate with a 250 N load
cell (Creager and Porter 2018). During testing, load-
displacement curves were generated and standardized
into stress-strain curves, from which we calculated
mechanical properties in Instron Bluehill Software
(Norwood, MA, USA). Bluehill Software generates
stress-strain curves using the test piece dimensions:
length (10 mm, standardized), width (~5 mm at center,
measured prior to loading), and thickness (individual-
ized, measured prior to loading) to calculate an accurate
tensile test. Mechanical tests may be unsuccessful due
to several factors, such as skin pieces slipping mid-test,
failing to fracture in all tissue layers, and breaking
outside the area of stress concentration.

Mechanical properties

We calculated tensile strain at maximum load (%), ul-
timate strength (MPa), Young’s Modulus (MPa), and
toughness (MPa) for each tensile test. Tensile strain (%),
the measure of material displacement, is the change in
length over a material’s original length (e=AL\L). Ten-
sile strain at maximum load (%) is the % of displace-
ment at a material’s point of maximum load (highest
stress and unstandardized) greatest stress (max load).
Ultimate strength (MPa) is the highest point of stress
along a stress—strain curve and represents the great-
est tensile stress that a material can withstand. Young’s
Modulus of elasticity (MPa) is calculated as the slope
(stress/strain) of the linearly increasing elastic segment
of a stress—strain curve and represents a material’s ca-
pacity to withstand stress. Toughness (MPa), the resis-
tance of a material to fracture with stress, is the total area
under a stress—strain curve to the point of failure. Me-
chanical properties, such as Young’s Modulus, strength,
and toughness are independent of the dissected sample
size and calculations do not depend on the body size of
each shark specimen.
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Statistical analyses

We performed 284 tensile mechanical tests on skin
from 3 species (N = 12 animals), using 4 sharks (2 fe-
males and 2 males) of each species. We collapsed the
mechanical testing data into four averages represent-
ing one value from each shark’s dorsal region for both
orientations (longitudinal and hoop) and ventral re-
gion for both orientations (longitudinal and hoop). Es-
sentially, each individual shark is represented by one
data point in each body region and testing orienta-
tion. Tensile mechanical data did not meet the assump-
tions necessary to perform parametric analyses (Lev-
ene’s tests; P < 0.001). Tensile tests were independent
of one another, and mechanical properties of the skin
are not dependent upon the size of the dissected skin
sample.

We tested for differences in morphological and me-
chanical variables between sexes (female and male),
testing orientations (longitudinal and hoop), body re-
gions [dorsal (D) and ventral (V)], and among species
(bonnethead sharks, bull sharks, and silky sharks). To
do this, we performed two-tailed Independent (k) Sam-
ples Kruskal-Wallis tests to evaluate differences in skin
morphology and mechanical properties when analyz-
ing data among species. We report with each Kruskal-
Wallis test the H-statistic and P-value, as well as the
degrees of freedom (in parentheses). When significant
(P < 0.05), we performed pairwise comparisons and
used Bonferroni corrections for multiple tests to ad-
just statistical values. We performed Mann-Whitney
U-tests to evaluate variation between sexes, testing
orientations, and body regions. With each Mann-
Whitney U-test, we report the U-statistic and P-value,
as well as the sample sizes (n; and n,) between sexes
(n; = females = 23 and n, = males = 24), orienta-
tions (n; = longitudinal = 23 and n, = hoop = 24),
and body regions (n, = dorsal = 24 and n, = ven-
tral = 23). Significant variance (P < 0.05) between dis-
tributions and statistically assigned mean ranks are re-
ported with the corresponding tests. Mean ranks rep-
resent the arithmetic average calculated for a dataset
that has been re-distributed by ordering the data val-
ues nominally (I = lowest, n = highest). Bivari-
ate nonparametric correlations were performed using
the calculated averages for individuals (N = 47) to
investigate the relationships between skin morphol-
ogy and mechanical properties. Significant correla-
tions (P < 0.05) were further analyzed to account
for sex or orientation. For each correlation, we re-
port the Spearman’s rho correlation coefficient and P-
value. All data were analyzed using IBM SPSS Statistics
for Windows, version 26.0 (IBM Corp., Armonk, NY,
USA).

Although non-parametric analyses do not use the
means of a dataset to calculate significance, we report
means in the results for clarity and comparison with
other data sets in the literature. The data presented in
figures represent all mechanical tests, to provide a full
scope of the mechanical behavior of shark skin tested in
this study.

Results

All mechanical tests to failure occurred in the narrow,
stress-concentrating region of the dogbone shape, ex-
cept in one specimen. In one female bonnethead shark,
mechanical tests to failure were not successful in the
ventral region along the longitudinal orientation; this
represents the only excluded data point from the de-
scribed statistical analyses (N =47). Each shark is repre-
sented by four values, denoting the body region and me-
chanical test orientation, in the statistics: dorsal hoop,
dorsal longitudinal, ventral hoop, and ventral longitu-
dinal. The figures referenced in the results include all
mechanical testing data to provide a visual scope of
shark skin mechanical behaviors measured here; the fig-
ures show each mechanical tests and are not the av-
erages calculated per individual and used in statistical
analyses.

Total length

Total length (TL, cm) varied significantly among species
but not between sexes (Fig. 2A). Silky sharks were sig-
nificantly larger than bonnethead sharks (P < 0.001)
and bull sharks (Kruskal-Wallis test; H(2) = 31.305,
P < 0.001). Between sexes, female sharks had a higher
ranked mean (24.52) than male sharks (23.50), but sizes
were statistically similar (Mann-Whitney U = 264.0,
ny =23, n, = 24, P =0.798 two-tailed). TL significantly
correlated with denticle density (# denticles mm™2;
rho = 0.320, P = 0.028 two-tailed) and skin thickness
(rho = 0.412, P = 0.004 two-tailed). TL did not relate
to collagen fiber angle (4°; rho = 0.137, P = 0.357).

Skin morphology

Skin thickness

Skin thickness (mm) was higher among female sharks
on average (1.5 mm) than male sharks (1.0 mm)
and statistically greater among female sharks (mean
rank = 28.02) compared to males (mean rank = 20.15)
(Mann-Whitney U = 183.5, n; =23, n, =24, P=0.048
two-tailed; Fig. 2B). Skin thickness significantly var-
ied among species; bonnethead shark skin was thin-
ner (0.71 mm) than bull shark (1.39 mm, P < 0.001)
and silky shark skins (1.42 mm, P < 0.001) (Kruskal-
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Fig. 2 Body morphology significantly varies between sexes and among species. (A) Silky sharks were significantly greater in body size (TL)
relative to bonnethead sharks and bull sharks (Kruskal-Wallis test; N = 47). (B) Female sharks (F; gray) had significantly thicker skin than
male sharks (M; white); bonnethead shark skin was significantly thinner compared to bull shark and silky shark skins. Box-and-whisker plots
include raw data measurements; P values are provided for significance between sexes (Mann—Whitney U; N = 47) and among species
(Kruskal-Wallis test; N = 47). Plot B displays the thickness of every square, not the thickness averages used in statistical analyses. The
horizontal bar in each box denotes the median; “X” in each box denotes the mean; boxes are the first and third quartiles; whiskers are the
minimum and maximum values; and any points outside the whiskers are outliers.

Wallis test; H(2) = 28.089, P < 0.001 two-tailed; Fig.
2B). There was no significant difference in thickness be-
tween dorsal and ventral body regions (Mann-Whitney
U =293.0, n; = 23, n, = 24, P=0.717). Skin thickness
significantly, negatively correlated with denticle density
(rho = —0.331, P = 0.023), but did not relate with col-
lagen fiber angle (rho = 0.252, P = 0.088).

Collagen fiber angle

Collagen fiber angle and denticle density were signifi-
cantly positively related (rho = 0.462, P = 0.001, two-
tailed). Collagen fiber angle (&) significantly differed
between sexes, with female shark skin (53.5°) con-
taining larger fiber angles (relative to the longitudinal
axis) than male shark skin (51.47°) (Mann-Whitney
U = 144.0, ny = 23, np = 24, P = 0.005 two-sided; Fig.
3B); mean ranks for angle distributions were 29.74 (fe-
males) and 18.50 (males). Collagen fiber angle did not
significantly differ among species (Kruskal-Wallis test;
H(2) = 4.041, P = 0.133) nor between body regions
(Mann-Whitney U = 247.0, n; =23, n, =24, P=0.536
two-sided); these statistical similarities among species
and body regions in collagen fiber angle are reliable re-
sults and provide a negative control for internal validity.

Denticle density

Denticle density (# denticles mm~2) did not signifi-
cantly vary between sexes or body regions, but did vary
significantly among species (Kruskal-Wallis test; H(2)
= 31.156, P < 0.001, two-tailed; Fig. 3A). The distri-
bution of denticle densities indicated that bull shark
skin (15.18 denticles mm™2) was significantly less denti-
cle dense than both bonnethead shark skin (35.83 den-
ticles mm™2%; P < 0.001) and silky shark skin (36.97

denticles mm™% P < 0.001; Fig. 3A). Denticle den-
sity between sexes was greater among female sharks
(36.17 denticles mm~2) compared to male sharks (23.62
denticles mm™?), but not significantly (Mann-Whitney
U = 212.0, n; = 23, ny = 24, P = 0.172). Mean ranks
in denticle density were 26.78 for females and 21.33 for
males, but the distributions did not differ. Female silky
sharks (38.10 denticles mm~—?) and female bonnethead
sharks (52.13 denticles mm~2) had higher mean den-
ticle densities than their male counterparts (35.06 and
24.19 denticles mm™2, respectively), while among bull
sharks, density was lower among females (14.22 denti-
cles mm™2) compared to males (15.76 denticles mm™2).
Denticle density was statistically similar between dorsal
and ventral body regions (Mann-Whitney U = 243.0,
ny = 23, ny, = 24, P = 0.482); mean ranks were 25.38
(D) and 22.57 (V).

Mechanical properties

Tensile strain at maximum load

Tensile strain at maximum load (%) significantly var-
ied among species and between testing orientations, but
not between sexes (Fig. 4). Among species, silky shark
skin (80.16%) had significantly higher tensile strain at
max load than bonnethead shark (28.57%, P < 0.001)
and bull shark (24.85%, P < 0.001) skins; the distri-
butions differed significantly (Kruskal-Wallis test; H(2)
= 29.050, P < 0.001 two-tailed; Fig. 4). Bonnethead
sharks and bull sharks had statistically similar ten-
sile strain (P = 0.893). Between testing orientations,
shark skin tested along the longitudinal orientation
had greater average tensile strain (extensibility; 67.61%)
than skin tested along the hoop orientation (46.56%);
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Fig. 4 Tensile strain varies significantly at maximum load among species and between testing orientations but not between sexes. Silky

shark skin had significantly greater tensile strain at max load than bonnethead shark skin and bull shark skin (Kruskal-Wallis test; N = 47).
Skin tested along the longitudinal (L) orientation had greater tensile strain than skin tested in the hoop (H) orientation (Mann—Whitney U;
N = 47). Box-and-whisker plots include all raw tensile strain data excluding one outlier point (not shown), which measured 208% strain.
Plots do not represent averages used in statistical analyses; P values are provided for significance among species and between orientations.
Boxes indicate data among female (F; gray) and male (M; white) sharks and between testing orientations. The horizontal bar in each box

denotes the median; “X” in each box denotes mean; boxes are the first and third quartiles; whiskers are the minimum and maximum

values; and any points outside the whiskers are outliers.

mean ranks for longitudinal and hoop were 29.00 and
19.21, respectively, and the distributions differed signif-
icantly (Mann-Whitney U = 161.0, n; = 23, n, = 24,
P =0.014; Fig. 4). Tensile strain among sharks averaged
58.16% extension among females and 64.05% among
males; sexes were statistically similar in ranked means
(70.05 and 72.11) and distributions (Mann-Whitney
U = 339.0, n; = 23, n, = 24, P = 0.180).

Ultimate strength

Ultimate strength (MPa) varied significantly among
species, but did not differ between sexes, testing orien-
tations, or body regions (Fig. 5). Ultimate strength dis-
tributions varied significantly among species (Kruskal-
Wallis test; H(2) = 26.926, P < 0.001, two-tailed; Fig. 5).
Silky sharks had stronger skin (33.44 MPa) than bon-
nethead sharks (16.50 MPa, P < 0.001) and bull skin
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sharks (10.87 MPa, P < 0.001). Bonnethead sharks and
bull sharks had statistically similar skin strength distri-
butions (P = 0.482). When pooled across species, fe-
male shark skin was stronger on average (26.72 MPa)
than male shark skin (22.26 MPa), but mean rank
was lower among female sharks (20.22) compared to
males (27.63); the distributions of strength between
sexes differed, but not significantly (Mann-Whitney
U = 363.0, n; = 23, n, = 24, P = 0.064). Between ori-
entations, shark skin in the longitudinal (A-P) orien-
tation (22.31 MPa) was weaker than skin tested in the
hoop (D-V) orientation (31.11 MPa). Mean ranks in
ultimate strength were 20.78 (A-P) and 27.08 (D-V);
the distributions of orientations differed, but not signif-
icantly (Mann-Whitney U = 350.0, n; = 23, n, = 24,
P =0.115; Fig. 5).

Young’s Modulus (stiffness)

Young’s Modulus (MPa) significantly varied between
testing orientations but did not vary between sexes or
body regions, nor among species (Fig. 6). Mean ranks
in stiffness were 22.22 (females) and 25.92 (males) and
the distributions differed, but not significantly (Mann-
Whitney U = 322.0, n; = 23, n, = 24, P = 0.328). Av-
erage stiffness pooled across species was higher in fe-
male skin (79.06 MPa) than male skin (67.96 MPa),
highlighting the complexity of skin stiffness. Shark skin
stiffness significantly varied between longitudinal (A-
P; 59.66 MPa) and hoop (D-V; 103.49 MPa) orienta-
tions; mean ranks were 14.26 (longitudinal, A-P) and

33.33 (hoop, D-V), and the distributions differed sig-
nificantly (Mann-Whitney U = 500.0, n; = 23, n, = 24,
P < 0.001; Fig. 6).

Stiffness did not vary between dorsal and ventral
body regions (Mann-Whitney U = 297.0, n; = 23,
n, = 24, P = 0.655). Distributions of skin stiffness were
statistically similar among bonnethead sharks (88.49
MPa), bull sharks (75.44 MPa), and silky sharks (73.71
MPa) (Kruskal-Wallis test; H(2) = 0.267, P = 0.875).

Toughness

Toughness (MPa) varied significantly between sexes
and among species but did not differ between testing
orientations or body regions (Fig. 7). Female sharks
(14.30 MPa) had tougher skin than male sharks (11.71
MPa) when averaged across species, but female shark
skin had a lower ranked mean (19.83) than male shark
skin (28.00), indicating male sharks have tougher skin;
the distributions differed significantly (Mann-Whitney
U = 372.0, ny = 23, np = 24, P = 0.041; Fig. 7). Distri-
butions of toughness varied significantly among species;
silky shark skin was tougher (20.47 MPa) than bon-
nethead shark (4.14 MPa, P < 0.001) and bull shark
skin (1.87 MPa, P < 0.001) (Kruskal-Wallis test; H(2)
= 29.840, P < 0.001 two-tailed; Fig. 7). Bonnethead
sharks and bull sharks had statistically similar skin
toughness (P = 0.782). There were no significant dif-
ferences in toughness between dorsal and ventral body
regions (Mann-Whitney U = 287.0, n; = 24, n, = 23,
P =0.815). Toughness was statistically similar between
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represent averages used in statistical analyses. The P value is provided for significance between orientations (Mann—Whitney U; N = 47).

Boxes indicate between female (F; gray) and male (M; white) shark data and between longitudinal (L) and hoop (H) testing orientation data.

The horizontal bar in each box denotes the median; “X” in each box denotes mean; boxes are the first and third quartiles; whiskers are the
minimum and maximum values; and any points outside the whiskers are outliers.

9 me
Owm
35
Sex (P =0.041) -[
30 Species (P<0.001) : i
g [
25 ;
=
: .. :
2 20
c
£=
2 15
=
10 .
x
5 2
| e e

L H L H L H L H L H L H
Bonnethead Bull Silky

Fig. 7 Toughness varies significantly between sexes and among species. Toughness was significantly greater among male shark skin
compared to female shark skin (Mann—Whitney U; N = 47). Among species, silky shark skin was significantly tougher than bonnethead
shark skin and bull shark skin (Kruskal-Wallis test; N = 47). Box-and-whisker plots are of all raw toughness data measured; plots do not
represent averages used in statistical analyses. The P values are provided for significance between sexes and among species. Boxes indicate
between female (F; gray) and male (M; white) shark data and between longitudinal (L) and hoop (H) testing orientation data. The horizontal
bar in each box denotes the median; “X” in each box denotes mean; boxes are the first and third quartiles; whiskers are the minimum and
maximum values; and any points outside the whiskers are outliers.

testing orientations, averaging 13.22 MPa (longitudinal,
A-P) and 14.46 MPa (hoop, D-V); mean ranks were
23.52 and 24.46 for longitudinal and hoop, respectively,
and the distributions did not differ significantly (Mann-
Whitney U = 287.0, n; = 23, n, = 24, P = 0.815).

Morphology and mechanical properties

We found significant relationships between skin mor-
phology and mechanical properties. Body size (TL)
significantly correlated with tensile strain at max
load (rho = 0.720, P < 0.001), ultimate strength
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Fig. 8 Denticle density and mechanical property relationships between sexes. (A) Tensile strain (TS) at maximum load did not have a
significant relationship with denticle density. (B) Ultimate strength increased significantly correlated with denticle density (rho = 0.360).
(€) Young’s Modulus did not have a significant relationship with denticle density. (D) Toughness significantly correlated with denticle
density (rho = 0.338). Scatterplot data represent all denticle density averages for skin squares and mechanical testing data. Plots do not
represent values analyzed with Spearman’s correlations to assess statistical significance. Significant correlational plots (B-D) include
generalized trendlines (gray, dotted) among data and P values for significance. Black data points represent female sharks (F); white data

points represent male sharks (M).

(rho = 0.684, P < 0.001), and toughness (0.716,
P < 0.001). Denticle density significantly correlated
with ultimate strength (rho = 0.360, P = 0.013) and
toughness (rtho = 0.338, P = 0.020; Fig. 8). Collagen
fiber angle did not significantly relate to tensile strain,
or any mechanical properties (Supplementary Fig. 2).
Skin thickness did not significantly correlate with ten-
sile strain, or any mechanical property (Supplementar
y Fig. 3).

Discussion

We have quantified sex differences in the morphol-
ogy and mechanical behavior of shark skin from three
species between body regions and testing orientations
(longitudinal and hoop). We found significant sex dif-
ferences among skin morphology variables (skin thick-
ness and collagen fiber angle) and mechanical tough-
ness. Female shark skin was thicker and contained
larger collagen fiber angles compared to male shark
skin, although male sharks had significantly tougher
skin (Figs 2A, 3B, and 7). We found significant im-
pacts of testing orientation on the tensile strain at max
load and stiffness of shark skin (Figs 4 and 6). Skin
tested longitudinally was more extensible, while skin
tested along the hoop orientation was stiffer, and this

was found across sexes and species. We found that silky
shark skin was stronger, tougher, and more extensible
than skin from bonnethead sharks and bull sharks (Figs
4,5, and 7). Body region (dorsal and ventral) was not a
significant indicator of any of the mechanical or mor-
phological variables measured, so it will not be dis-
cussed further; likely regions were not significantly dif-
ferent due to either the immature age of specimens in
this study or the adjacent proximity of body regions
compared. We found relationships between mechanical
properties (strength and toughness) and morphological
variables (denticle density and TL), as well as an impact
of TL on tensile strain at max load (Fig. 8B and D).

Skin morphology

We found sex to be a significant factor in skin morphol-
ogy (skin thickness and collagen fiber angle). In this
study, female shark skin was 50% thicker and contained
larger collagen fiber angles (relative to the longitudi-
nal axis) than male shark skin (Figs 2B and 3B), con-
sistent with other elasmobranchs (Pratt 1979; Kajiura
et al. 2000; Crooks et al. 2013). We found that body
size (TL) varied among species but not between sexes,
indicating that sex differences observed in shark skin
are not dependent on body size alone (Fig. 2A). As
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with previous research, we found collagen fiber an-
gles in the conserved range (40-60°) among species,
as well as interspecific differences in skin thickness
(Motta 1977; Wainwright et al. 1978; Naresh et al.
1997; Kajiura et al. 2000; Crooks et al. 2013). In this
study, bonnethead sharks had skin half as thick as the
skin of bull sharks and silky sharks (Fig. 2B). Bull
sharks, on the other hand, had lower denticle den-
sity than bonnethead sharks and silky sharks, which
can be explained by the negative correlation we ob-
served between skin thickness and denticle density
(Fig. 3A; Reif 1985; Raschi and Tabit 1992; Kajiura
et al. 2000; Crooks et al. 2013; Creager and Porter
2018).

Dermal denticle density and denticle morphology
are known to vary among species, body regions, and
with TL (Reif 1985; Raschi and Tabit 1992; Motta et al.
2012; Crooks et al. 2013; Diez et al. 2015; Creager and
Porter 2018; Domel et al. 2018; Gabler-Smith et al.
2021). Consistent with previous research, we found that
denticle density correlated with TL, collagen fiber an-
gle, and inversely with skin thickness. We found den-
ticle density to be higher among female sharks, al-
though not significantly. We did not find differences
in denticle density between sexes or body regions,
possibly due to the immature age of sharks. Denticle
density increases continuously as a shark increases in
body size, replaces dermal denticles, and experiences
developmental changes with sexual maturation (Reif
1981; Meyer and Seegers 2012; Cooper et al. 2018;
Gabler-Smith et al. 2021). Dermal denticle density var-
ied among species, consistent with the literature, and in
this study, bull sharks had significantly lower denticle
density than bonnethead sharks and silky sharks (Fig.
3A). Dermal denticle variation (in density and mor-
phology) impacts hydrodynamic efficiency and likely
reflects broader lifestyle differences as denticle mor-
phology is strongly correlated with species ecology and
swimming style (Raschi and Musick 1984; Reif 1985;
Raschi and Tabit 1992; Gravendeel et al. 2002; Lang
et al. 2011; Motta et al. 2012; Oeftner and Lauder
2012; Diez et al. 2015; Dillon et al. 2017; Ferron and
Botella 2017; Creager and Porter 2018; Domel et al.
2018; de Lima Viliod et al. 2021). Fast, active species,
like silky sharks, have denticles suited to minimize drag
through small, densely packed denticles (Raschi and
Tabit 1992; Dillon et al. 2017). Denticles of slower,
shallower-water species, like the bull shark, are flatter,
less aerodynamic, and more suited as protective armor,
which may also explain the significantly low denticle
density of bull sharks found here (Raschi and Musick
1984).

Mechanical properties

We found sex differences in skin toughness; male shark
skin was tougher than female shark skin (Fig. 7). We
found toughness ranged from 0.50 to 40.90 MPa, a
wider range than previously reported, possibly due to
the variation among shark species studied (2.5-16 M]
m~> or 2.5-16 MPa; Creager and Porter 2018). We
found that tensile strain at maximum load (%), ultimate
tensile strength (MPa), and toughness (MPa) signifi-
cantly varied among species. Silky shark skin mechani-
cal behavior was stronger, tougher, and more extensible
than bonnethead shark and bull shark skin (Figs 4, 5,
and 7). Silky shark skin had significantly greater ten-
sile strain (extensibility)—extending more than twice
as far—compared to skin from both bonnethead sharks
and bull sharks (Fig. 4A). We found that testing orienta-
tion impacted tensile strain and stiffness (Young’s Mod-
ulus, MPa; Figs 4 and 6). We found significantly greater
tensile strain in skin tested longitudinally compared to
skin in the hoop orientation, and significantly greater
stiffness among skin tested in the hoop orientation, con-
sistent with previous research (Wainwright et al. 1978;
Hebrank 1980; Naresh et al. 1997). While sex differences
in tensile strain were not significant, male shark skin
trended higher than female shark skin extension (Fig.
4).

Tensile extensibility varies along the body, with ante-
rior and ventral regions having larger collagen fiber an-
gles and greater extensibility (Rajaram and Ramanathan
1982; Naresh et al. 1997). Size variation among species,
as well as changes in body size during growth, may
require greater tensile extensibility to accommodate
changes in force transmission relative to age and body
size, and female sharks may become more extensible
with maturity, such as during pregnancy.

We hypothesized that skin strength would vary by
sex and that female sharks would have stronger skin.
These data do not demonstrate a significant impact of
sex on skin strength. In fact, we found the opposite
trend, where male shark skin was nearly significantly
stronger (P = 0.064; Fig. 5). It may be that sex differ-
ences in strength do not become significantly differ-
ent until sharks reach maturity, but it seems likely that
male shark skin may become stronger than female shark
skin. We recorded strength between 3 and 76 MPa,
comprising a wider (but comparable) range compared
with other species including blacktip, scalloped ham-
merhead, bonnethead, and bull sharks (7-43 MPa), as
well as the spadenose shark (24-32 MPa) (Naresh et al.
1997; Creager and Porter 2018). Strength was consistent
with other marine biological materials: elasmobranch
vertebrae cartilage (4-24 MPa); hagfish skin (21 MPa)
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and tendon (48 MPa); osteichthyes skin (9 MPa) and
tendon (30 MPa) (Brainerd 1994; Shadwick et al. 2002;
Summers and Koob 2002; Porter et al. 2006; Clark et al.
2016).

We found that skin stiftness varied significantly be-
tween testing orientations (Fig. 6). We found that skin
along the hoop orientation was significantly stiffer than
skin tested in the longitudinal orientation (Fig. 6; Motta
1977; Wainwright et al. 1978; Hebrank 1980; Naresh
et al. 1997). We report Young’s Modulus between 14.6
and 276.6 MPa, a range slightly broader than reported
among coastal sharks (17-229 MPa; Creager and Porter
2018). We found shark skin consistently stiffer than os-
teichthyes skin (6-20 MPa) and tendon (1.2-1.4 MPa;
Brainerd 1994; Shadwick et al. 2002; Clark et al. 2016).
Stiffness is known to be greater posteriorly compared to
anteriorly; however, we examined dorsoventral regions
rather than anteroposterior regions (Naresh et al. 1997;
Creager and Porter 2018). The similarities in stiffness
among sexes and species may indicate a limited range
for effective mechanical stiffness, potentially related to
the conserved collagen fiber angles among sharks (Fig.
3B; Motta 1977; Wainwright et al. 1978). The findings
for stiffness may be due to the immature status of these
specimens; it is possible that female sharks experience
reduced skin stiffness relative to male sharks (as indi-
cated by the larger collagen fiber angles among female
sharks) during sexual maturation, which may result in
greater skin extension.

Morphology impacts mechanical behavior

Consistent with our hypothesis, shark species of larger
body size (greater TL) had skin associated with greater
extensibility, strength, and toughness. In this study, silky
sharks were the largest-bodied species, while bonnet-
head sharks were the smallest and bull sharks were
intermediate, indicating strong relationships between
body size and mechanical behaviors (Fig. 2A). Possi-
bly, greater mechanical work is required by the skin
among larger-bodied shark species, and silky sharks
swim faster and dive deeper relative to other study
species. Body size was not the only predictor of the
mechanical behavior observed, and mechanical prop-
erty calculations are independent of sample size. We
found that denticle density significantly correlated with
shark skin strength and toughness (Fig. 8B and D).
We did not find significant relationships between col-
lagen fiber angle and any mechanical properties (Supp
lementary Fig. 2), or between skin thickness and any
mechanical properties (Supplementary Fig. 3). In this
study, bonnethead sharks had the thinnest skin among
species, but they did not differ mechanically from bull
shark skin. Bull sharks had the lowest denticle den-

M. E. Hagood et al.

sity among species but did not differ mechanically from
bonnethead shark skin. If thickness or denticle den-
sity were primarily responsible for shark skin mechani-
cal behavior, bonnethead sharks and bull sharks would
not have been statistically similar mechanically. Among
morphological variables, larger body size (TL) was as-
sociated with greater denticle density and thicker skin.
Denticle density was also associated with larger collagen
fiber angles and thinner skin. There are clearly complex
contributing factors determining shark skin mechani-
cal behaviors, some of which seem sex-dependent and
others that seem species-dependent.

Denticle density has been shown previously to in-
crease with skin stiffness and decrease with skin tough-
ness. Our findings support that these relationships may
differ regionally by sampling and tensile testing along
two stress axes, due to the arrangement of collagen
fibers among sharks and the impact of orientation on
mechanical behavior (Motta 1977; Wainwright et al.
1978; Naresh et al. 1997; Creager and Porter 2018). Or-
ganization among dermal denticles and collagen fiber
networks allow shark skin to function as an external
tendon, facilitating mechanical advantage during swim-
ming, to transmit energy along the body effectively by
modulating skin stiffness and extension (Motta 1977;
Wainwright et al. 1978; Long et al. 2002; Long and
Nipper 1996 ). Effectively, shark skin needs to be me-
chanically advantageous (perform work) during swim-
ming and behave anisotropically (mechanically differ-
ent along varying axes of stress) to function as an ex-
otendon. In this study, we found relationships among
skin morphology and mechanical properties, sex differ-
ences in skin toughness, and similarities between sexes
and among species in skin stiffness, providing support
for the exotendon hypothesis.

Conclusion

Among shark species, sexual dimorphisms include male
shark clasper development, enlarged male bonnethead
shark cephalofoils, larger body sizes among female
sharks, and greater denticle density and skin thick-
ness among female sharks (Pratt 1979; Compagno 1984;
Kajiura et al. 2000; Kajiura et al. 2005). We found signif-
icantly greater skin thickness and larger collagen fiber
angles among female sharks, and significantly tougher
skin among male sharks, even in these immature ani-
mals. Shark skin resists significant structural deforma-
tion, keeping longitudinal and hoop stresses optimal,
through fiber arrangement at ~54° angles (Motta 1977;
Wainwright et al. 1978). In this study, silky sharks were
the largest-bodied species, and their skin was signifi-
cantly stronger, tougher, and more extensible than bon-
nethead shark or bull shark skin. This finding suggests
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that there may be a mechanical need for a larger shark
to have tougher skin, capable of greater extension—but
it could also be necessary for the quick swimming and
deep diving of silky sharks specifically (among study
species), rather than an effect of body size. As sharks
age, the skin’s mechanical behavior may adapt to meet
a changing gradient of requirements; however, in these
immature sharks, it appears that achieving extensible,
strong, and tough skin is a trade-off between having
high denticle density and minimal thickness. A compar-
ative analysis of skin morphology and mechanical prop-
erties between immature and sexually mature sharks
would provide a clearer understanding of sex differ-
ences at varying life stages and indicate any develop-
mental patterns that arise during maturity. This study
provides a novel comparison of shark skin variation be-
tween sexes morphologically and mechanically, which
can allow for improved development of bioinspired ma-
terials based on shark skin morphology and provide a
better understanding of the impacts of sex differences
in shark skin mechanical behavior.
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