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Synopsis Shar k s kin is a co mposi te o f minera lize d derma l dent icles embe dde d in an interna l col lagen fiber n etwor k an d is 
sexua l l y dimorp hic. Fem ale sh ark skin i s thicker, h a s grea ter den ticle density and denticle overla p com pared to m ale sh ark skin, 
an d denticle m orph ology differs betw een sex es. Th e s kin be haves with m e chanica l anisot ropy, exten ding farth er wh en t est ed 

alo ng the lo ngi tudinal (ant eropost erio r) axis bu t in creasing in stiffn ess along th e h oop (dorsovent ra l or cir cumfer ent ia l) axis. 
As a result, s har k s kin h a s b een hyp othesized to function as an exotendon. This study aims to quantify sex differences in the 
me chanica l propert ies an d m orph ology of s har k s kin. We t est ed skin from two imm ature m ale and two imm ature fem ale sh arks 
fr om thr e e spe cies (bonn eth ead s har k, S phyrna ti buro ; bu l l s har k, Ca rcha rh in us l eu cas ; si l ky s har k, Ca rcha rh in us f alcif o rmis ) 
alon g tw o or ient atio ns (lo ngi tudinal and hoop) in uni axi al tension with an Instron E1000 at a 2 mm s −1 strain rat e . We found 

th at m ale sh ark skin was significantly tougher tha n f ema le skin, a lthough fema les had sig nificantly g re ater skin t hickness com- 
p are d to ma les. We foun d s kin in th e h oop dire ct ion was sig nificantly st iffer t han t he lo ngi tudinal directio n across sexes and 

spe cies, whi le skin in the lo ngi tudinal directio n was significantly more extensible than in the hoop dire ct ion. We found that 
s har k s kin m e chanica l behavior was imp acte d by sex, spe cies, and dire ct ion, an d re lat ed t o m orph olog ica l features of the skin. 
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ntroduction 

ex differen ces en co mpass a variety o f anato mical di-
orp hisms, di versi ty amo ng p hysio log ica l and ner-

ous system conne ct ions, and a wide array of behav-
o ral ou tco mes regu late d by h orm onal an d ph erom onal
hif ts, se a son al ch an g es, or sexual ma tura tion ( Darwin
871 ; Barr et al. 2018 ). Elasm obran chs (s har ks, s kates,
n d rays) exhi b i t sexual dimo rphisms in h ead m or-
 ho logy, s ens ory system function, and anatomy. Sex-
pecific m orph olog ica l exaggerat ions li ke the wing-
h aped ceph alo fo ils are seen among hamm er h ead s har k
pe cies. Ma le bonn eth ead s har ks ( S phyrna ti buro ) ex-
ib i t chan g es in head morp ho logy as they sexua l ly
atur e, coor dinated wit h t he exter nal deve lopm ent

f c lasper s and cepha lic bu lges ( K aji ura et al. 2005 ).
ensory system dimorphisms have been reported in
h e e le ct r or ecept or s (Ampu l lae of Lorenzini) of lesser-
potted cats har ks ( Scyli orh in us can i cul a ), wh ere male
ats har ks hav e lon g er ampu l la and a lve oli, an d m ore
 ens o ry recepto r cell s th a n f em ale catsh arks ( Crooks
 nd Wa ring 2013 ). 
 dvance A cces s publication Augus t 12, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
Sex differences in elasmobranch skin and tooth mor-
 ho logy have been previously document ed , pa rticula rly
elat ed t o the process of mating. In t he At lant ic st ing ray
 Dasya tis sa bin a ), the morp ho logy of male stingrays’
ent it ion chan g es as the r epr oductive s eas on begins—
rom a mola rif orm shape to a cuspidate sha pe tha t
mp roves gri p tenaci ty ( K aji ura et a l. 1996 ). Fema le
lue s har ks ( Pri on a c e gl au ca ) an d Atlant ic st ing rays are
nown to have thicker skins than their male counter-
arts, a response to male b i ting behavio r d uring cop-
 lat ion ( Pratt 1979 ; K aji ura et al. 2000 ). Sexual dimor-
hisms in dent it ion are a ls o s een amo ng Po rt Jackso n
 har ks ( Hetero d ontus p ortusjacksoni ), wh ere males re-
ain p ropo rtio nally mo re anterio r teeth as denti tio n de-
elops with sexual maturi ty, desp i te subsisting on sim-
lar diets to their fema le counterp arts ( Powter et al.
010 ). 

Shar k s kin is co mposed o f derma l dent ic les—t ooth-
i ke st ructures of enam e loid, dentin e, an d an inner
one-like layer surrounding a pulp c av it y—and a tough,
exib le co ll agen fiber net work that anc hor s the denti-
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cles ( M otta 1977 ; M ey er and Seeg er s 2012 ; Motta et al .
2012 ; Oeffn er an d Lauder 2012 ). D er ma l dent icles cover
th e s kin’s epidermis an d are embe dde d into the der-
mis, interw ov en with the interior collagenous fiber ma-
tr ix t hat co nnects wi th mus cles and myos ep ta ( Mo tta
1977 ; Mey er and Seeg ers 2012 ). Fi ber n etwor ks vary
a mong species a nd conta in distin ct fiber a rra n g ements
orient ed t o ma inta in internal pres s ure and o p timize
s tres s forces along the b o dy ( Motta 1977 ; Wainwright
et al. 1978 ; Naresh et al. 1997 ). Shar k s kin is hypoth e-
sized to behave as an external tendon, acting with the
un der ly ing muscul ature to stiffen against internal pres-
sure chan g es and reduce me chanica l wo rk d uring swim-
ming ( Wainwright et al. 1978 ; Long and Nipper 1996 ;
Long et al. 2002 ; Lauder 2015 ). 

Th e collagen fiber o rganizatio n o f s har k s kin impacts
me chanica l propert ies and co rrespo n ds to m echani-
ca l anisot ropy, a l lowing farther extension long itudina l ly
a nd stiffer behavior in the hoop dire ct ion ( Motta 1977 ;
Wa inwright et al. 1978 ; Na res h et al. 1997 ). Flexi ble fis h,
li ke e e ls an d l ampreys, c an shif t t he timing and d uratio n
of their muscle act ivat ion to increase b o dy s tiffnes s up
to t w ice as much as at rest, due to the fiber organiza-
tio n o f th eir s kin ( Long an d Nipp er 1996 ; L ong 1998 ;
Tytel l et a l. 2018 ). In s har k s kin, a lternat in g lay ers of
r ight- and lef t-han ded h e lices of fibers m eet th e lo ngi tu-
din al axi s at a ran g e of 40–60 

◦ an gles, providin g efficient
f orce tra nsmission a nd faci litat ing me chanica l advan-
tag e ov er muscle w o rk alo ne ( Mott a 1977 ; Wainwr ight
et al. 1978 ; Long 1998 ). At t he s am e tim e, s har ks exhi b i t
sexual dim orphisms am ong int raspe cific s kin m orph ol-
ogy variables like skin thickness and denticle density;
f or exa mple, f em ale catsh arks h ave gre ater epider mal
t hickness t h an m ale catsh a rks, a nd m ale catsh arks ex-
hib i t gr eater r egio nal denticle densi ty ( Crooks et al.
2013 ). Yet there h a s not been a com para tive quan tita tive
an alysi s of sex differences among shark skin mechani-
c al behav ior and skin morp ho logy to examine how form
may impact function. 

We quant ifie d sex differen ces in th e m e chanica l prop-
erties an d m orph ology of s har k s kin am ong species, an d
b etween b o dy regions and testing or ient atio ns. Amo ng
m orph olog ica l varia bles, w e hypot hesized t h at fem ale
s har ks w ould hav e thicker skin and greater denticle
densi ty co mp are d to ma le s har ks, in accordan ce with
previous st udies ( Prat t 1979 ; Comp ag no 1984 ; K aji ura
et al. 2000 ). Am ong m e chanica l propert ies, we posite d
th at fem ale sh ar k s kin would be me chanica l ly st iffer,
tougher, stron g er, an d m ore extensi ble, th an m ale sh ark
skin, b ase d on the thicker skins a nd la r g er b o dy sizes
repo rted amo ng fem ale sh a rks ( P ra tt 1979 ; Com p ag no
1984 ; K aji ura et al. 2000 ). Due to the a rra n g ement of
collag en fibers, w e expe cte d g reater extensio n o f skin
t est ed in the lo ngi tudinal directio n and stro n g er , stiffer ,
tough er be havior by s kin t est ed in th e h oop dire ct ion
( Wainwright et a l. 1978 ; Hebran k 1980 ; Naresh et al.
1997 ). 

We quant ifie d relat io nshi ps between me chanica l
properties and skin morp ho logy. We hypothesized that
me chanica l propert ies wou ld va ry a mong species by
b o dy size, increasing with total length (TL, cm; Raschi
and Musick 1984 ). We pre dicte d tha t den ticle density,
which may increase skin hardness and thickness, would
co rrelate posi ti vel y with s tiffnes s and negati vel y with
toughnes s ( Crea ger an d Porter 2018 ). We th ough t tha t
dor sal skin, whic h is known t o co ntain a high regio nal
denticle den sity, w ould be stron g er , stiffer , an d tough er
than vent ra l reg ion s kin ( Nares h et al. 1997 ; Creager
and Porter 2018 ). We hypot hesized t hat skin t hickness
would increase me chanica l propert ies and that colla-
g en fiber an gles w ou ld negat i vel y correl ate w ith stiff-
ness ( Mott a 1977 ; Wainwr ight et al. 1978 ; Naresh et al.
1997 ). Her e, we pr ovide an invest igat io n o f sex differ-
en ces am ong s har k s kin m orph olog ica l an d m echani-
ca l propert ies t o bett er under st and t he for m and f unc-
t ion relat ions hips in s har k s kin, spe cifica l ly betwe en
sexes. 

Methods 

Study specimens 

We obtained skin samples from 12 sharks (6 females
and 6 males). We examined skin from three species
belon gin g to tw o fa milies of Ca rcha r hinid s har ks:
the si l ky s har k ( Ca rcha rh in us f alcif o rmis ) and bu l l
s har k ( Ca rcha rh in us l eu cas ) of Family Ca rcha rhinidae
an d th e bonn eth ead s har k ( S phyrna ti buro ) of Family
Sphy rnid ae ( Supplementary Table 1 ). Each species was
r epr esented by four indiv idu als: t wo males and two fe-
ma les. Al l spe cimen s in this study w ere col le cte d by
NOAA or the Mote Marine Labo rato ry (Sarasota, FL,
USA) a nd were k ept frozen unt i l disse ct ion. In this
study, a l l s har k specim en s w ere con sider ed immatur e
( Supplementary Table 1 ). 

Sharks were ca ugh t in Florida, USA, and inhab i t the
n ear-s h ore wat er s off the coa st ( Ca st ro 2010 ). Si l ky
s har ks are fast-sw imming , o ceano dromous, and gen-
era l ly in hab i t co n tinen tal slop es b etween 18 and 500
m ( Comp ag no 1984 ; Reide 2004 ). Si l ky s har ks are
ne onates betwe en 57 and 87 cm TL and matur e fr om
202 to 260 cm TL ( Comp ag n o an d Niem 1998 ). In this
study, si l ky s har ks ran g ed from 95.4 to 109.9 cm TL.
Bonn eth ead s har ks inhab i t sha l low wat er s alo ng co n-
t inenta l shelves between 10 and 80 m, usually swim-
ming at 10–25 m dept h. Bonnet he ad sha rks a re often
seen in small, sexually segregated groups ( Comp ag no
1984 ; Fisc her et al . 1995 ; D u lvy and R ey nolds 1997 ).
Bonn eth ead s har ks are n e onates betwe en 35 and 40

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data


Mechanical properties of shark skin 3 

Fig. 1 Graphic r epr esentation 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 w er e 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 
square (5 × 5 cm 

2 ) contains four dogbone testing pieces. Each individual dogbone test piece dimensions (“w” = width, ∼5 mm at center; 
“t” = thickness, variable mm; “l” = length, 10 mm) w er e used to calculate the mechanical properties. Original illustration by I. Heerdegen. 
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m TL and ma ture a t 80–90 cm TL ( Cervigón et al.
992 ; Comp ag n o an d Niem 1998 ). In this study, bon-
 eth ead s har ks ran g e d from 58.4 to 64 cm TL. Bu l l
 har ks ar e amphidr om ous an d inhab i t sha l low areas
 long the co astlin e, in cluding fres h an d brackis h wa-
 er s norma l ly at depth s betw e en 1 and 30 m ( Comp ag no
984 ; Reide 2004 ; Weigm ann 2016 ). Fem a le bu l l s har ks
xhib i t courtshi p scars, while males rarely have scars
 Comp ag no 1984 ). Bu l l sha rks a re born at ∼60 cm
L, ran g e betw een 60 an d 80 cm TL as n eonates,
nd mature between 180 and 230 cm TL ( Comp ag no
984 ; Comp ag n o an d Niem 1998 ). In this study, bu l l
 har ks were likely ne ar-ter m embryos (48.5–66 cm
L); spe cimens use d her e wer e ext racte d from the
 oth er’s womb in the wild and not y et free-swimmin g

 Supplementa ry Table 1 ; Cla rk a nd von Schmidt
965 ; D odr i l l 1977 ; Cast r o 2010 ; Cr eager and Porter
018 ). 

We stored all whole sharks frozen p rio r to disse ct ion
n d rem oved s kin between th e first an d secon d dorsal
n s. Followin g the removal of dissected bull s har k s kin
 rom whole, f rozen s har ks, s kin was refrigerated for up
o 24 h p rio r to imaging an d m ec hanical t esting. We
hawe d whole si l ky an d bonn eth ead s har k specim ens,
nd disse cte d skin. We store d s kin for th ese two species
rozen for 3–4 months with 1 cm of remaining connec-
ive and muscle tis s ue to pr event fr eezin g damag e. We
 hawed and t hen refr igerated skin s a mples f o r u p to 24 h
 rio r to imaging and me chanica l test ing. We per for med
 hese exper iments dur ing t he glob a l s e ver e acute r espi-
ato ry syndro me co ro n aviru s 2 (SARS-CoV-2) that im-
 acte d skin disse ct ion, test ing, and s tora ge protocols,
nd resu lte d in a 3–4-month midd le fre e zer s tora ge s tep
or si l ky s har k an d bonn eth ead s har k s kin dur ing dat a
ol le ct ion (betwe en Ma rch 2020 a nd September 2021). 

issue preparation 

or a l l spe cies, we carefu l ly disse cte d skin from be-
ween the first and seco nd do rsal fins and removed in-
ern al mu scle ti s s ue using a scalpel held at a n a ngle to
void direc t punc ture, leaving 1 mm o f co nne ct ive fi-
rou s ti s s ue intact to prev ent damag e p rio r to imaging.
l l disse ct ion s w ere per for med on po l ypropylene p las-

 ic disse ct ing t rays to re duce dent icle brea kage. Fol low-
ng th e rem ova l of muscle t is s ue from dis se cte d skin,
e m easured s k in thick n ess for each s har k using dig-

ta l ca lipers a long the e dge of the skin sample to have
 general sk in thick ness for each specimen. We mea-
ured the size of eac h dissect ed skin sample with a tape
 easure an d cut th e s kin into 5 × 5 cm 

2 squar es, cr e-
ting a s m a ny squa res as possible for each s har k ( Fig.
 ). We stored skin fully su bm er g ed in e lasm obran ch
in g er’s Sol u tio n in petri dis h es an d it was kept refrig-
rat ed (37 

◦F) t o ma inta in skin hydration prior to me-
 hanical t esting ( Cavanaugh 1975 ). The sharks used for
hi s study h ad been frozen f or 5 yea rs a nd a ny effects of
re e zing wi l l be co nsistent amo n g specimen s examined.
revious studies examining skin me chanica l propert ies
 ave u se d frozen spe cimen s ( Creag er and Porter 2018 ;
a l loway and Porter 2021 ; Sh ea-Vantin e et al. 2021 ). 
We categorized skin pieces for me chanica l test ing

nto b o dy regio ns do rsovent ra l ly b ase d on locat ion and
ount er shadin g alon g the lateral side, which varied
mong s pecies. Tes t p ieces fro m the do rsa l mid line to
h e mid b o dy/l ateral line (d ark in color) compr ised t he

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data


4 M. E. Hagood et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icad111/7241811 by Florida Atlantic U

niversity user on 08 Septem
ber 2023
D ors a l (D) reg ion ( Fig. 1 ). Test pieces from the mid-
b o dy/lateral line to the vent ra l e dge (light in color) were
categorized as Vent ra l (V) region ( Fig. 1 ). 

Skin morphology 

S kin thic kness (mm) was mea sured u sing digital
cali pers o nce mu scle ti s s ue was removed from each
disse cte d skin sample, along the edge , t o have a base
thickn ess m easure per in div idu al . S kin thic kness was
addi tio n ally mea sured at the cent ra l port ion of each
test piece prior to tensi le test ing (below) with dig ita l
cali pers; p re-test data r epr esent thickness measure-
ments av erag ed f or a nalyses. To a n alyze derm al denticle
density (# denticles mm 

−2 ) and collagen fiber angles ( 
= 

◦ fro m lo ngi tudin al axi s), we im aged each 5 × 5 cm 

2

squ are w ith a Leic a EZ4W ster eoscopic micr oscope
(Leica Microsystems; Supplementary Fig. 1 ). Skin
squar es wer e im aged extern ally (for dermal denticles)
a t higher magnifica tions (20 ×, 25 ×, 30 ×, and 35 ×)
and interna l l y (for co llag en fiber an gles) at low er mag-
nifications (8 ×, 10 ×, and 12.5 ×). We ana lyze d dent icle
density in Im ageJ u sing 1 mm scale bars to create
1 × 1 mm 

2 boxes and counted the number of denticles
in each box (including only denticles r epr esented by
60% or more of the crown area) using three randomly
sampled images per square ( Schneider et al. 2012 ). We
coun ted den ticle density three times, using the most
focu sed im age area s, and av erag ed thes e per s quare.
Internal fiber angles wer e measur ed using the angle tool
wit h t h e h o rizo ntal image plane as a r efer ence point
along the long itudina l b o dy axis, the axis of undu lat ion,
a nd a n glin g u pwards o r downwards (do rsa l ly or ven-
t ra l ly) a long int er se ct ing fibers. We m easure d col lagen
fiber a ngles f our tim es (from th e lo ngi tudin al axi s: two
ext ending dor sa l ly and two extendin g v ent ra l ly) and
av erag e d a l l f our f or each squa r e to impr ove internal
validity ( Supplementary Fig. 1 ). D at a fo r mo rp ho log-
ic al vari a bles w ere av erag ed f or each skin squa re, a nd
square av erag es w ere then use d to ca lcu late means per
b o dy region (dorsal or vent ra l). Mea ns f or each b o dy
r egion wer e t he dat a used in st at ist ica l ana lyses. 

Tensile testing 

In prep arat ion for materia ls test in g, w e pressed four
dogbon e s ha pes in t o eac h skin squ are w i th a custo m
t ool st ee l die (Hen der son Mac hin e In c.) using a 6-ton
B lac k Bu l l me chanica l press. Li ke a cookie cutter, the
steel die pierces the outline of a shape (in this case, four
dogbones) into a mat erial , co mp ressing o nly the shape
edg e, and leavin g t he rest of t he mater ial unchan g ed.
Th e dogbon e s h ape h a s been u s ed in pre vious tensile
testing experiments to concen tra te s tres s a t the cen t ra l
po rtio n o f leas t s ur face are a ( Naresh et a l. 1997 ; C lark
et al. 2016 ; Creager and Porter 2018 ). A successful ten-
si le me chanica l test wi l l resu lt wh en th e materia l fai ls
wh ere th e dogbon e s h ape n arrows. 

Following the press, we disse cte d out the four dog-
bon e s hape test pieces from each squ are (t wo pieces in
the lo ngi tudinal o r ant eropost erio r o r ient at ion, p ara l lel
to the b o dy axis; two in th e h oop or dorsovent ra l
or ient ation, p erp en dicular to th e b o dy axis; Fig. 1 ). We
me asured t he widt h and t hickness of e ac h t est piece
w ith c alipers at the narrow, cent ra l port ion of the piece
and blott ed eac h p iece wi th paper towels (to absorb
ex cess rin g er and reduce slipping) prior t o t esting
( C lark et a l. 2016 ; Creager an d Porter 2018 ; Kenn edy
et a l. 2021 ). We lo ade d indiv idu a l test pie ces into meta l
t ension c la mps in a n Instron E1000 Materia ls Test ing
System and per for med quasi-st atic uni axi al tensile
testing at a 2 mm s −1 strain rate with a 250 N load
ce ll ( Creager an d Port er 2018 ). During t est ing, lo ad-
displacement curv es w ere g en erated an d stan dardized
into s tres s-s train c urves, from w hich we calc ulated
me chanica l propert ies in Inst ro n Bl uehi l l Software
(Norwo o d, MA, USA). Bluehi l l Software generates
s tres s-s train curves using the test piece dimen sion s:
lengt h (10 mm, st a nda rdized), width ( ∼5 mm at center,
me asured pr ior to loading), and thickness (indiv idu al-
ize d, measure d p rio r to loading) to ca lcu la te an accura te
t ensile t est. Mec hanical t ests may be uns ucces sful due
to s e veral fact or s, suc h as s kin pieces s li pp ing mid-test,
failing to fracture in all tis s ue layers, and breaking
outside the area of s tres s concen tra tion. 

Mechanical properties 

We ca lcu late d tensi le st rain a t maxim um lo ad (%), u l-
t imate st ren gth (MPa), Youn g’s Mod ul us (MPa), and
toughness (MPa) for each tensile test. Tensile strain (%),
th e m ea sure of m aterial di splacement, i s the ch an g e in
len gth ov er a mater ial’s or ig ina l length ( ε=�L \ L). Ten-
si le st rain a t maxim um load (%) i s the % of di splace-
men t a t a ma terial’s poin t of maxim um load (highest
s tres s and unstandardized) greates t s tres s (max load).
U ltimat e strength (MPa) is the highest point of s tres s
along a s tres s–s tra in curve a nd r epr esents the gr eat-
est tensile stress that a material can wit hst and. Young’s
Mod ul us o f elastici ty (MPa) is ca lcu late d as the slope
(s tres s/s train) of the linearly increasing elastic segment
of a s tres s–s train curve and r epr esents a material’s ca-
pacity to wit hst an d stress. Toughn ess (MPa), th e resis-
tance of a material to fracture with s tres s, is the total area
under a s tres s–s train curve to the point of failure. Me-
chanica l propert ies, such as Young’s Mod ul us, strength,
an d toughn ess are in depen dent of th e disse cte d sample
size and ca lcu lat ions do not depend on the b o dy size of
each s har k specim en. 

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data
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tatistical analyses 

e per for me d 284 tensi le me chanica l tests on skin
rom 3 species ( N = 12 anim al s), u sing 4 sh a rks (2 f e-

ales and 2 males) of each spe cies. We col lapse d the
e chanica l test ing data into four av erag es r epr esent-

ng o ne val ue fro m each s har k’s dorsa l reg io n fo r both
r ient atio ns (lo ngi tudinal an d h oop) an d vent ra l re-
io n fo r both o r ient atio ns (lo ngi tudinal an d h oop). Es-
ent ia l l y, each indi vidual s har k is r epr esented by one
a ta poin t in each b o dy reg ion and test ing or ient a-
 ion. Tensi le me chanica l data did not meet the as s ump-
 ions ne cess ary to per for m pa ra metric a nalys es (Le v-
ne’s tests; P < 0.001). Tensile tests were in depen dent
 f o n e an oth er, an d m e chanica l propert ies of the skin
re not dependent u po n the size of the disse cte d skin
ample. 

We t est ed f or differen ces in m orph olog ica l an d m e-
ha nical va ria bles betw een sex es (f emale a nd male),
esting or ient atio ns (lo ngi tudinal an d h o op), b o dy re-
io ns [do rsal (D) and ventral (V)], and among species
bonn eth ead s har ks, bu l l s har ks, an d si l ky s har ks). To
o this, we performed two-tai le d In depen dent ( k ) Sam-
 les K ruska l–Wa l lis t ests t o evaluat e differences in skin
 orph ology an d m e chanica l propert ies when ana lyz-

n g data amon g sp ecies. We rep o rt wi t h e ach Kruskal–
a l lis test the H -stat ist ic and P -va lue, as wel l as the

eg re es of fre e dom (in p arenth eses). Wh en significant
 P < 0.05), we per for me d p airwise comp arisons and
sed Bo nferro ni co rre ct io ns fo r mul ti ple tests to ad-

us t s tatis t ica l va l ues. We perfo rmed Mann–W hi tney
-t ests t o evaluat e vari ation bet w een sex es, testin g

r ient ations, and b o dy regio ns. Wi t h e ach Mann–
 hi tney U-test, we repo rt t he U-st at ist ic and P -va lue,

s well as the sample sizes ( n 1 and n 2 ) between sexes
 n 1 = females = 23 and n 2 = males = 24), or ient a-
ions ( n 1 = long itudina l = 23 an d n 2 = h oop = 24),
nd b o dy regio ns ( n 1 = do rsal = 24 and n 2 = ven-
 ra l = 23). Significant variance ( P < 0.05) between dis-
 ribut ions and stat ist ica l ly assig ne d mea n ra nks a r e r e-
o rted wi t h t he cor res ponding tes ts. Mea n ra nks rep-
esent t he ar it hmetic av erag e ca lcu late d for a dataset
h at h a s been re-di st ribute d by order ing t he dat a val-
es nomina l ly (1 = lowest, n = highest). Bivari-
 te non pa ra metr ic cor relation s w ere per for med using
he ca lcu late d av erag es fo r individ uals ( N = 47) to
nvestigate the relatio nshi ps between skin morp ho l-
gy an d m e chanica l propert ies. Sig nificant correla-
ions ( P < 0.05) were f urt her ana lyze d to account
o r sex o r o r ient atio n. Fo r each co rrelatio n, we re-
ort the Spe ar man’s r h o corre la tion coefficien t and P -
a lue. Al l data were ana lyze d using IBM SPSS Stat ist ics
o r Windows, versio n 26.0 (IBM Co rp., Armo nk, NY,
SA). 
Alth ough n on-pa ra metric a nalyses do not use the
eans of a dataset to ca lcu late sig nificance, we report
e ans in t he resul ts fo r clari ty and co mpariso n wi th

t her dat a sets in t he lit erature . The da ta presen ted in
gur es r epr esent a l l me chanica l tests, to provide a fu l l
cope of the me chanica l behavior of s har k s kin t est ed in
his study. 

esults 

l l me chanica l t ests t o failur e occurr ed in the narrow,
 tres s-concen tra ting regio n o f the dogb one shap e, ex-
ept in on e specim en. In on e female bonn eth ead s har k,
e chanica l tests to failure were not s ucces sful in the

ent ra l reg ion a lo ng the lo ngi tudinal o r ient ation; t his
 epr esents the only excluded da ta poin t from the de-
cr ibed st ati stical an alyses ( N = 47). Each s har k is r epr e-
ented by four values, denoting the b o dy region and me-
 hanical t est or ient ation, in t he st at ist ics: dorsa l hoop,
o rsal lo ngi tudinal, ventral hoop, and vent ra l long itu-
inal. The figur es r efer enced in the resul ts incl ude a l l
e chanica l test ing data to provide a visual scope of

 har k s kin m e chanica l be haviors m easured h ere; th e fig-
res s h ow each m e chanica l tests a nd a re n ot th e av-
rages ca lcu late d per individua l and used in s tatis tical
nalyses. 

otal length 

ot al lengt h (TL, cm) var ie d sig nifica ntly a mong species
 ut no t betw een sex es ( Fig. 2 A). Si l ky s har ks were sig-
ific antly l ar g er t han bonnet he ad sharks ( P < 0.001)
nd bu l l s har ks (Krus ka l–Wa l lis test; H(2) = 31.305,
 < 0.001). Between sexes, female s har ks had a higher
a nk ed mea n (24.52) tha n m ale sh arks (23.50), but sizes
ere s tatis tic ally simil a r (Ma nn–W hi tney U = 264.0,
 1 = 23, n 2 = 24, P = 0.798 two-tai le d). TL sig nificantly
orrel ated w ith denticle densit y (# denticles mm 

−2 ;
 h o = 0.320, P = 0.028 two-tai le d) an d s k in thick ness
r h o = 0.412, P = 0.004 two-tai le d). TL did n ot re late
o collagen fiber angle ( ◦; r h o = 0.137, P = 0.357). 

kin morphology 

kin thickness 
 kin thic kness (mm) was higher among female sharks
n av erag e (1.5 mm) th an m ale sh arks (1.0 mm)
nd s tatis tically greater a mong f em ale sh a rks (mea n
ank = 28.02) compared to males (mean rank = 20.15)
Mann–W hi tney U = 183.5, n 1 = 23, n 2 = 24, P = 0.048
wo-tai le d; Fig. 2 B). Skin thickness significantly var-
ed among sp ecies; b onn eth ead s har k s kin was thin-
er (0.71 mm) than bu l l shark (1.39 mm, P < 0.001)
nd si l ky s har k s kins (1.42 mm, P < 0.001) (Krus kal–
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Fig. 2 Body morphology significantly varies between sexes and among species. (A) Silky sharks w er e significantly greater in body size (TL) 
r elativ e 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icad111/7241811 by Florida Atlantic U

niversity user on 08 Septem
ber 2023
Wa l lis test; H(2) = 28.089, P < 0.001 two-tai le d; Fig.
2 B). There was no significant difference in thickness be-
twe en dorsa l and vent ra l b o dy regio ns (Mann–W hi tney
U = 293.0, n 1 = 23, n 2 = 24, P = 0.717). Skin thickness
significan tly, nega ti vel y correl ated w ith denticle density
(r h o = −0.331, P = 0.023), but did not rel ate w ith col-
lagen fiber angle (r h o = 0.252, P = 0.088). 

Collagen fiber angle 

Collagen fiber angle and denticle density were signifi-
cantl y positi vel y related (rho = 0.462, P = 0.001, two-
tai le d). Col lag en fiber an gle ( ) significantly differed
betw een sex es, with female s har k s kin (53.5 

◦) con-
ta ining la rger fiber a ngles (relative to the lo ngi tudinal
axi s) th an m ale sh ark skin (51.47 

◦) (Mann–W hi tney
U = 144.0, n 1 = 23, n 2 = 24, P = 0.005 two-sided; Fig.
3 B); mea n ra nks f or a ngle dist ribut ion s w ere 29.74 (fe-
males) and 18.50 (ma les). Col lagen fiber angle did not
significa ntly differ a m ong species (Krus kal–Wallis test;
H (2) = 4.041, P = 0.133) nor b etween b o dy regions
(Mann–W hi tney U = 247.0, n 1 = 23, n 2 = 24, P = 0.536
two-sided); t hese st atistic al simil a rities a mong species
and b o d y regions in co llag en fiber an gle ar e r eliable r e-
sults and provide a negative control for internal validity.

Denticle density 
Denticle density (# denticles mm 

−2 ) did not signifi-
ca ntly va ry betw een sex es or b o dy regio ns, bu t did vary
significa ntly a m ong species (Krus ka l–Wa l lis test; H (2)
= 31.156, P < 0.001, two-tai le d; Fig. 3 A). The distri-
bu tio n o f denticle densi t ies indicate d that bu l l s har k
skin (15.18 denticles mm 

−2 ) was significantly less denti-
cle dense than b oth b onn eth ead s har k s kin (35.83 den-
ticles mm 

−2 ; P < 0.001) and silky s har k s kin (36.97
denticles mm 

−2 ; P < 0.001; Fig. 3 A). Denticle den-
sit y bet w een sex es was greater amon g fem ale sh arks
(36.17 denticles mm 

−2 ) comp are d to m ale sh arks (23.62
denticles mm 

−2 ), but not significantly (Mann–W hi tney
U = 212.0, n 1 = 23, n 2 = 24, P = 0.172). Mean ranks
in denticle den sity w ere 26.78 for f emales a nd 21.33 for
m ales, but the di stribu tio ns did not differ. Female silky
s har ks (38.10 denticles mm 

−2 ) and female bonn eth ead
s har ks (52.13 denticles mm 

−2 ) had higher mean den-
t icle densit ies t han t heir ma le counterp a rts (35.06 a nd
24.19 denticles mm 

−2 , respecti vel y), while among bull
s har ks, density was low er amon g females (14.22 denti-
cles mm 

−2 ) comp are d to ma les (15.76 dent icles mm 

−2 ).
Denticle density was s tatis tic ally simil ar bet ween dorsal
and vent ra l b o dy regio ns (Mann–W hi tney U = 243.0,
n 1 = 23, n 2 = 24, P = 0.482); mean ranks were 25.38
(D) and 22.57 (V). 

Mechanical properties 

Tensile strain at maximum load 

Tensi le st rain a t maxim um lo ad (%) sig nifica ntly va r-
ied among species and between testing or ient atio ns, bu t
not between sexes ( Fig. 4 ). Among spe cies, si l ky s har k
skin (80.16%) had significantly higher tensile strain at
m ax load th an bonn eth ead s har k (28.57%, P < 0.001)
and bu l l s har k (24.85%, P < 0.001) s kins; th e distri-
bu tio ns differed significantl y (K ru skal–Walli s test; H (2)
= 29.050, P < 0.001 two-tai le d; Fig. 4 ). Bonn eth ead
s har ks an d bu l l s har ks h ad stati st ica l ly simi lar ten-
si le st rain ( P = 0.893). Betwe en test ing or ient ations,
s har k s kin t est e d a lo ng the lo ngi tudinal o r ient ation
had greater av erag e ten si le st rain (extensibi lity; 67.61%)
than skin t est e d a long th e h oop or ient ation (46.56%);
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Fig. 3 Skin morphology significantly varies between sexes and among species. (A) Denticle density of bull shark skin was significantly less 
than the density of bonnethead shark or silky shark skin (Kruskal–Wallis test; N = 47). (B) Collagen fiber angles w er e significantly greater 
among female shark skin (F; gray) than male shark skin (M; white; Mann–Whitney U; N = 47). Box-and-whisker plots include all raw 

averages among skin squares; plots do not represent averages used in statistical analyses. The P values are provided for significance 
between sexes and among species. 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. 

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 r epr esent av erages used in statistical analyses; P values ar e pro vided f or 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. 
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ea n ra nks f o r lo ngi tudinal and hoop were 29.00 and
9.21, respe ct i vel y, an d th e distri bu tio ns differed signif-
ca ntly (Ma nn–W hi tney U = 161.0, n 1 = 23, n 2 = 24,
 = 0.014; Fig. 4 ). Tensi le st ra in a m ong s har ks av erag ed
8.16% extension a mong f emales a nd 64.05% a mong
ales; sex es w ere s tatis tic ally simil a r in ra nk ed mea ns

70.05 and 72.11) an d distri bu tio ns (Mann–W hi tney

 = 339.0, n 1 = 23, n 2 = 24, P = 0.180). n  
ltimate strength 

 ltimat e strength (MPa) varied significantly among
pecies, but did not differ between sexes, testing orien-
atio ns, o r b o dy regions ( Fig. 5 ). U ltimat e strength dis-
 ribut ions varie d sig nificantly among spe cies (Kruska l–

a l lis test; H (2) = 26.926, P < 0.001, two-tai le d; Fig. 5 ).
i l ky s har ks had stron g er skin (33.44 MPa) than bon-
 eth ead s har ks (16.50 MPa, P < 0.001) and bu l l skin
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Fig. 5 Ultimate strength varies significantly among species but not between sexes. Silky shark skin was significantly stronger than 
bonnethead shark skin and bull shark skin. Box-and-whisker plots include all raw strength data; plots do not r epr esent av erages used in 
statistical analyses. The P value is provided for significance among species (Kruskal–Wallis test; 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. 
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s har ks (10.87 MPa, P < 0.001). Bonn eth ead s har ks an d
bu l l s har ks h ad stati st ica l ly simi lar skin strength distri-
bu tio ns ( P = 0.482). W hen p o oled acros s s pecies, fe-
m ale sh ark skin wa s stron g er on av erag e (26.72 MPa)
th an m ale sh ar k s kin (22.26 MPa), but m ea n ra nk
was low er amon g fem ale sh arks (20.22) comp are d to
males (27.63); the dist ribut ions of st ren gth betw een
sexes differed, but not significantly (Mann–W hi tney
U = 363.0, n 1 = 23, n 2 = 24, P = 0.064). Between ori-
en ta tions, s har k s kin in th e lo ngi tudinal (A–P) o rien-
tation (22.31 MPa) was weak er tha n skin t est ed in the
hoop (D–V) or ient ation (31.11 MPa). Me a n ra nks in
u lt imate st ren gth w ere 20.78 (A–P) and 27.08 (D–V);
t he distr ibu tio ns o f o r ient at ions differe d, b ut no t signif-
ica ntly (Ma nn–W hi tney U = 350.0, n 1 = 23, n 2 = 24,
P = 0.115; Fig. 5 ). 

Young’s Modulus (stiffness) 
Young’s Mod ul us (MPa) significa ntly va rie d betwe en
testing or ient atio ns bu t did not vary betw een sex es or
b o dy regio ns, no r amo ng species ( Fig. 6 ). Mea n ra nks
in s tiffnes s were 22.22 (females) and 25.92 (males) and
t he distr ibu tio ns differed, bu t not significantly (Mann–
W hi tney U = 322.0, n 1 = 23, n 2 = 24, P = 0.328). Av-
era ge s tiffnes s p o oled across species was higher in fe-
male skin (79.06 MPa) than male skin (67.96 MPa),
hig hlig h ting the com plexity of s kin stiffn ess. Shar k s kin
s tiffnes s significantly varie d betwe en long itudina l (A–
P; 59.66 MPa) and hoop (D–V; 103.49 MPa) or ient a-
tions; mea n ra nks were 14.26 (lo ngi tudinal, A–P) and
33.33 (h oop, D–V), an d th e distri bu tio ns differed sig-
nifica ntly (Ma nn–W hi tney U = 500.0, n 1 = 23, n 2 = 24,
P < 0.001; Fig. 6 ). 

Stiffn ess did n ot vary betwe en dorsa l and vent ra l
b o dy regions (Mann–Whitney U = 297.0, n 1 = 23,
n 2 = 24, P = 0.655). Dist ribut ions of s kin stiffn ess were
s tatis tic ally simil a r a mo ng bo nnet he ad sharks (88.49
MPa), bu l l s har ks (75.44 MPa), and si l ky sharks (73.71
MPa) (Kruska l–Wa l lis test; H (2) = 0.267, P = 0.875). 

Toughness 
Toughness (MPa) varied significantly between sexes
a nd a mo ng species bu t did not differ betwe en test ing
or ient atio ns o r b o dy regions ( Fig. 7 ). Fem ale sh arks
(14.30 MPa) had tougher skin than male s har ks (11.71
MPa) when av erag ed acros s s pe cies, but fema le s har k
skin had a lower ra nk ed mea n (19.83) th an m ale sh ark
s kin (28.00), in dicat ing ma le s har ks have tough er s kin;
t he distr ibu tio ns differed significa ntly (Ma nn–W hi tney
U = 372.0, n 1 = 23, n 2 = 24, P = 0.041; Fig. 7 ). Distri-
bu tio ns o f toughness varie d sig nificantly among species;
si l ky s har k s kin was tough er (20.47 MPa) than bon-
n eth ead s har k (4.14 MPa, P < 0.001) an d bu l l s har k
skin (1.87 MPa, P < 0.001) (Kruska l–Wa l lis test; H(2)
= 29.840, P < 0.001 two-tai le d; Fig. 7 ). Bonn eth ead
s har ks an d bu l l s har ks had s tatis t ica l ly simi lar skin
toughness ( P = 0.782). Ther e wer e no significant dif-
ferences in toughness betwe en dorsa l and vent ra l b o dy
regio ns (Mann–W hi tney U = 287.0, n 1 = 24, n 2 = 23,
P = 0.815). Toughness was stat ist ica l ly simi lar betwe en
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Fig. 6 Young’s Modulus varies significantly between testing orientations but not sexes. Skin tested along the hoop orientation (H) was 
significantl y stiff er than skin along the longitudinal orientation (L). Box-and-whisker plots include all raw stiffness data; plots do not 
r epr esent av erages used in statistical anal yses. The P value is pro vided f or 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. 

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 
r epr esent av erages used in statistical analyses. The P values ar e pro vided f or significance between sex es and among species. Box es 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. 
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esting or ient ation s, av eragin g 13.22 MPa (lo ngi tudinal,
–P) and 14.46 MPa (hoop, D–V); mean ranks were
3.52 and 24.46 for long itudina l an d h o op, resp e ct i vel y,
n d th e distri bu tio ns did not differ significa ntly (Ma nn–

 hi tney U = 287.0, n 1 = 23, n 2 = 24, P = 0.815). l  
orphology and mechanical properties 
e found signific ant rel atio nshi ps between skin mor-

 ho logy a nd mecha nical prop erties. Bo dy size (TL)
ignificant ly cor related wit h tensile strain at max
oad (r h o = 0.720, P < 0.001), u lt imate st rength
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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). 
(C) Young’s Modulus did not have a significant relationship with denticle density. (D) Toughness significantly correlated with denticle 
density (rho = 0.338). Scatterplot data r epr esent all denticle density averages for skin squares and mechanical testing data. Plots do not 
r epr esent 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 r epr esent female sharks (F); white data 
points r epr esent male sharks (M). 
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(r h o = 0.684, P < 0.001), and toughness (0.716,
P < 0.001). Denticle densit y signific ant ly cor related
wi th ul timate strength (r h o = 0.360, P = 0.013) and
toughn ess (r h o = 0.338, P = 0.020; Fig . 8 ). Coll agen
fiber angle did not significantly relate to tensile strain,
or any me chanica l propert ies ( Supplementary Fig. 2 ).
S kin thic kn ess did n ot significant ly cor rel ate w ith ten-
si le st ra in, or a ny mecha nic al propert y ( Supplementar
y Fig. 3 ). 

Discussion 

We have quant ifie d sex differences in th e m orph ol-
ogy an d m e chanica l behavior of s har k s kin fr om thr ee
sp ecies b etween b o dy regions and testing or ient ations
(lo ngi tudinal an d h oo p). We fo und significant sex dif-
f erences a mo ng skin mo rp ho logy variab les (skin thick-
n ess an d collagen fiber a ngle) a n d m e chanica l tough-
n ess. Female s har k s kin was thick er a nd conta ined
lar g er collag en fiber an gles comp are d to ma le s har k
s kin, alth ough male s har ks had significantly tougher
skin ( Figs 2 A, 3 B, and 7 ). We f ound significa nt im-
pacts of testing or ient atio n o n the tensi le st rain at max
lo ad and st iffness of shark skin ( Figs 4 and 6 ). Skin
t est e d long itudina l ly was more ext ensible , while skin
t est e d a long th e h oop or ient ation was stiffer, a nd this
was found across sexes and species. We found that si l ky
s har k s kin was stron g er , tougher , an d m ore extensi ble
than skin from bonn eth ead s har ks an d bu l l s har ks ( Figs
4 , 5 , and 7 ). Body region (dorsal and ventral) was not a
signific ant indic ato r o f any of th e m e chanica l or mor-
p ho log ica l var iables me asure d, so it wi l l not be dis-
cussed f urt h er; like ly region s w ere not significantly dif-
ferent due to either the immature age of specimens in
this study or the adjacent proximity of b o dy regions
comp are d. We foun d re lations hips between m echanical
propert ies (st rength an d toughn ess) an d m orph olog ica l
variables (denticle density and TL), as well as an impact
of TL on tensile strain at max load ( Fig. 8 B and D). 

Skin morphology 

We found sex to be a significant factor in skin morp ho l-
ogy (sk in thick nes s and colla gen fiber angle). In this
study, fem ale sh ar k s kin was 50% thick er a nd conta ined
lar g er collag en fiber angles (relative to the lo ngi tudi-
n al axi s) th an m ale sh ark skin ( Figs 2 B and 3 B), con-
sistent with oth er e lasm obran chs ( Pratt 1979 ; K aji ura
et al. 2000 ; Crooks et al. 2013 ). We found that b o dy
size (TL) varied among species but not between sexes,
indica ting tha t sex differences observed in s har k s kin
are not dependent on b o dy size alone ( Fig. 2 A). As

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data
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i th p r evious r esear ch, w e found collag en fiber an-
les in the con serv ed ran g e (40–60 

◦) amon g species,
 s well a s int er specific differen ces in s k in thick ness
 Mott a 1977 ; Wainwr ight et a l. 1978 ; Naresh et a l.
997 ; K aji ura et al. 2000 ; Crooks et al. 2013 ). In this
tudy, bonn eth ead s har ks had s kin h alf a s thick a s the
kin of bu l l s har ks an d si l ky s har ks ( Fig. 2 B). Bu l l
 har ks, on th e oth er han d , had lower dentic le den-
i ty than bo nn eth ead s har ks an d si l ky s har ks, which
 an be expl ained by the nega tive correla tion we ob-
erv ed betw een skin thickness and denticle density
 Fig . 3 A; R eif 1985 ; Raschi and Tab i t 1992 ; K aji ura
t al. 2000 ; Crooks et al. 2013 ; Creager and Porter
018 ). 

D er ma l dent icle density and dent icle m orph ology
re known to vary among sp ecies, b o dy regions, and
 ith TL ( R eif 1985 ; Raschi and Tab i t 1992 ; Motta et al.
012 ; Crooks et al. 2013 ; Díez et al. 2015 ; Creager and
o rter 2018 ; Do m e l et al . 2018 ; Gabler-S mith et al .
021 ). Co nsistent wi th p r evious r esear ch, we found that
enticle densi ty co rrelated wi th TL, collagen fiber an-
le , and inver sely with skin thickness. We found den-
ic le density t o be high er am ong female s har ks, al-
h ough n ot significantly. We did not find differences
n denticle density between sexes or b o dy regions,
ossib l y due to the immature age of sharks. Denticle
ensity increases con tin uou sly a s a sh ark increa ses in
 o d y size, rep laces derma l dent icles, an d experien ces
eve lopm ental changes w ith sexu al ma tura tion ( Reif
981 ; Meyer and Seegers 2012 ; Co op er et al. 2018 ;
abler-S mith et al . 2021 ). Derma l dent icle density var-

ed among s pecies, consis tent with the lit erature , and in
his study, bu l l s har ks had significan tly lower den ticle
ensi ty than bo nn eth ead s har ks an d si l ky s har ks ( Fig.
 A). D er ma l dent icle variat io n (in densi ty an d m or-
 ho logy) impacts hydrod yna mic efficiency a nd lik ely
 eflects br oader lif estyle differen ces as denticle m or-
 ho logy is strongly correl ated w ith species ecology and
w imming st yle ( Ra schi and Mu sick 1984 ; Reif 1985 ;
aschi and Tab i t 1992 ; G rav en dee l et al. 2002 ; Lang
t al. 2011 ; Motta et al. 2012 ; Oeffner and Lauder
012 ; Díe z et a l. 2015 ; Di l lon et a l. 2017 ; Ferron and
otella 2017 ; Creager and Porter 2018 ; Dom e l et al.
018 ; de Lima Viliod et al. 2021 ). Fas t, active s pecies,

i ke si l ky s har ks, have denticles suited to minimize drag
hrough sma l l, densely p acke d dent icles ( Raschi and
ab i t 1992 ; Di l lon et a l. 2017 ). Dent icles of slower,
ha l lower-water spe cies, li ke the bu l l sha rk, a re flatter,
ess aerodyna mic, a n d m o re sui ted as p rote ct ive armor,
hich may also explain the significantly low denticle
ensi ty o f bu l l s har ks foun d h ere ( Raschi an d Musick
984 ). 
v  
echanical properties 

e found sex differences in skin toughness; male shark
 kin was tough er tha n f em ale sh ark skin ( Fig. 7 ). We
o und to ughness ran g ed from 0.50 to 40.90 MPa, a
ider ran g e th an previou sly report ed , possib l y due to

 he var iatio n amo ng s har k s pecies s tudied (2.5–16 MJ
 

−3 or 2.5–16 MPa; Creager and Porter 2018 ). We
ound that tensi le st rain at maximum lo ad (%), u lt imate
ensi le st rength (MPa), an d toughn ess (MPa) signifi-
a ntly va ried a mong s pecies. Silk y s har k s kin m echani-
 al behav io r was stro n g er , tougher , and more extensible
 han bonnet he ad shark and bu l l shark skin ( Figs 4 , 5 ,
nd 7 ). Si l ky shark skin had significantly great er t en-
i le st rain (extensibi lity)—exten ding m ore than t w ice
s fa r—compa red to skin from both bonn eth ead s har ks
nd bu l l s har ks ( Fig. 4 A). We foun d t hat testing or ient a-
 ion imp acte d tensi le st ra in a n d stiffn ess (Young’s Mod-
lus, MPa; Figs 4 and 6 ). We f ound significa nt ly gre ater

ensi le st rain in skin t est e d long itudina l ly comp are d to
 kin in th e h oop or ient at ion, and sig nificantly g reater
 tiffnes s among skin t est ed in the hoop or ient atio n, co n-
istent with previous resea rch ( Wa inwright et al. 1978 ;
ebra nk 1980 ; Na resh et al. 1997 ). While sex differences

n tensi le st rain were not sig nificant, ma le s har k s kin
 rende d higher than fem ale sh ar k s kin extension ( Fig.
 ). 

Ten sile exten sib ili ty varies alo ng the b o dy, with ante-
ior and vent ra l reg ion s havin g lar g er collag en fiber an-
les and greater extensib ili t y ( Raj a ra m a nd Ra ma natha n
982 ; Naresh et al . 1997 ). S ize variation among species,
 s well a s ch an g es in b o dy size dur ing growt h, may
 equir e gr eat er t ensile ext ensib ili ty to accommodate
han g es in fo rce transmissio n relative to age and b o dy
ize, a nd f em ale sh arks m ay becom e m ore extensi ble
it h matur ity, such as during pregnancy. 
We hypot hesized t hat skin strengt h would vary by

ex and that fem ale sh arks would have stronger skin.
hese data do not demonstrate a significant impact of

ex on skin strength. In fact, we found the o p posite
ren d, wh ere male s har k s kin was n ear l y significantl y
tron g er ( P = 0.064; Fig. 5 ). It may be that sex differ-
nces in strength do not become significantly differ-
n t un t i l s har ks re ach matur i ty, bu t i t seems likely that
 ale sh ark skin may be come st ron g er than female s har k

kin. We r ecor ded str en gth betw een 3 and 76 MPa,
o mp rising a wider (bu t co mpa rable) ra nge compa red
it h ot h er species in c luding blac kt ip, sca l lope d ham-
 er h ead, bonn eth ead, an d bu l l s har ks (7–43 MPa), as
ell as the spadenose shark (24–32 MPa) ( Naresh et al.
997 ; Creager and Porter 2018 ). Strength was consistent
it h ot her mar ine biolog ica l materia l s: ela sm obran ch

er tebrae car t i la ge (4–24 MPa); ha gfis h s kin (21 MPa)
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an d ten don (48 MPa); ost eic hthyes s kin (9 MPa) an d
tendon (30 MPa) ( Brainerd 1994 ; S hadwic k et al. 2002 ;
Summ ers an d Koob 2002 ; Port er et al . 2006 ; Clark et al.
2016 ). 

We found that skin s tiffnes s varied significantly be-
twe en test ing or ient ations ( Fig. 6 ). We found that skin
along th e h oop or ient ation was significa ntly stiffer tha n
skin t est e d in the long itudina l or ient ation ( Fig. 6 ; Mott a
1977 ; Wainwright et al. 1978 ; Hebrank 1980 ; Naresh
et al. 1997 ). We rep ort Young’s Mo d ul us between 14.6
and 276.6 MPa, a ran g e slightly broader than reported
among co asta l sharks (17–229 MPa; Creager and Porter
2018 ). We found shark skin consistently stiffer than os-
t eic hthyes skin (6–20 MPa) and tendon (1.2–1.4 MPa;
Brainerd 1994 ; S hadwic k et al . 2002 ; Clark et al . 2016 ).
Stiffness is known to be greater posteriorly comp are d to
anterior ly; h ow ev er, w e examined dorsov entral region s
rat her t ha n a nt eropost erio r regio ns ( Naresh et al. 1997 ;
Creager and Porter 2018 ). The simi larit ies in s tiffnes s
amon g sex es an d species may in dicat e a limit ed ran g e
f or effe ct ive me chanica l st iffness, potent ia l ly relate d to
the con serv e d col lag en fiber an gles amon g s har ks ( Fig.
3 B; Mott a 1977 ; Wainwr ight et al. 1978 ). Th e fin dings
for s tiffnes s may be due to t he immature st atus of t hese
sp ecimens; it is p ossible that f emale sha r ks experien ce
re duce d skin s tiffnes s relative to male s har ks (as in di-
cated by the lar g er collag en fiber a ngles a mong f emale
s har ks) during sexual ma tura tion, which may result in
greater skin extension. 

Morphology impacts mechanical behavior 

Co nsistent wi th o ur hypo th esis, s har k species of lar g er
b o dy size (greater TL) had skin associated with greater
extensib ili ty, strength, an d toughn es s. In this s tudy, si l ky
s har ks were the lar g est-b o died sp e cies, whi le bonnet-
h ead s har ks were th e sma l lest and bu l l s har ks were
in termedia te, indica t ing st r ong r e lations hips between
b o dy size and me chanica l behaviors ( Fig. 2 A). Possi-
b l y, g reater me chanica l work is r equir ed by the skin
a mong la rger-b o died s har k species, an d silky s har ks
swim faster and dive de eper relat ive to other study
sp ecies. Bo dy size was not the only predictor of the
me chanica l behavior observed, and me chanica l prop-
ert y c a lcu lat ions are in depen den t of sam ple size. We
found tha t den t icle density sig nificant ly cor related wit h
s har k s kin strength an d toughn ess ( Fig. 8 B an d D).
We did not find significant relatio nshi ps between col-
lag en fiber an gle a nd a ny mecha nical pro perties ( Sup p
lementary Fig. 2 ), or between skin thickness and any
me chanica l propert ies ( Supplementary Fig. 3 ). In this
study, bonn eth ead s har ks had th e thinn est s kin am ong
species, but they did not differ me chanica l ly from bu l l
s har k s kin. Bu l l s har ks had th e lowest denticle den-
si ty amo ng species bu t did not differ mecha nically from
bonn eth ead s har k s k in. If thick ness or denticle den-
sity were pr imar il y responsib le f or sha rk skin mechani-
c al behav io r, bo nn eth ead s har ks an d bu l l s har ks would
not have been s tatis tic ally simil a r mecha nically. Among
m orph olog ica l va riables, la r g er b o dy size (TL) was as-
soci ated w it h gre a ter den ticle density a nd thick er skin.
Denticle density was also associated with lar g er collag en
fiber angles and thinner skin. There are clearly complex
co ntribu ting facto rs determining s har k s kin m echani-
c al behav io rs, so me o f which s eem s ex-depen dent an d
ot hers t hat se em spe cies-dependent. 

Denticle density h a s been s h ow n prev iously to in-
cre ase wit h s kin stiffn ess an d decrease with skin tough-
n ess. Our fin dings su ppo rt t hat t h ese re lations hips may
differ reg iona l l y by samp lin g and ten si le test ing a long
two s tres s axes, due to t he ar ran g ement of collag en
fibers am ong s har ks an d th e impact o f o r ient atio n o n
me chanica l behavior ( Motta 1977 ; Wainwright et al.
1978 ; Nar esh et al . 1997 ; Cr eager and Porter 2018 ). Or-
ga nization a mong dermal denticles and collagen fiber
n etwor ks a l low s har k s kin to fun ction as an external
tendo n, facili tating mechanical advantage during swim-
min g, to tran smit ener gy alon g the b o dy effe ct i vel y by
modu lat ing skin st iffness and extension ( Motta 1977 ;
Wainwright et al. 1978 ; Long et al. 2002 ; Long and
Nipper 1996 ). Effe ct i vel y, shark skin ne e ds to be me-
chanica l l y ad vant ageous (per for m work) during swim-
ming an d be h ave ani so tro pic ally (mechanic ally differ-
ent along varying axes of s tres s) to function as an ex-
otendon. In this study, we found relatio nshi ps amo ng
s kin m orph ology an d m e chanica l propert ies, sex differ-
en ces in s kin toughn ess, an d simi larit ies betwe en sexes
a nd a mong species in skin s tiffnes s, providing s upport
for the exotendon hypothesis. 

Conclusion 

Am ong s har k spe cies, sexua l dim orphisms in clude male
s har k clasper deve lopm ent, en large d ma le bonn eth ead
s har k cephalo fo ils, lar g er b o dy sizes among female
s har ks, an d grea ter den ticle density an d s kin thick-
n ess am ong female s har ks ( Pratt 1979 ; Comp ag no 1984 ;
K aji ura et al. 2000 ; K aji ura et al. 2005 ). We found signif-
icant ly gre ater skin thickn ess an d lar g er collag en fiber
a ngles a mong f em ale sh a rks, a nd significa ntly tougher
s kin am ong male s har ks, even in th ese immature ani-
m al s. Sh ar k s kin resists significant structural deforma-
t ion, ke epin g lon g itudina l and hoop s tres ses opt ima l,
t hrough fiber ar ran g emen t a t ∼54 

◦ angles ( Motta 1977 ;
Wainwright et al. 1978 ). In this study, si l ky s har ks were
the lar g est-b o died sp ecies, an d th eir s kin was signifi-
cantly stron g er , tougher , an d m ore extensi ble than bon-
n eth ead s har k or bu l l s har k s kin. This fin din g sugg ests

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icad111#supplementary-data
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 hat t h ere may be a m e chanica l ne e d f or a la r g er s har k
o have tougher skin, capable of greater extensio n—bu t
t could also be necessa ry f or the quick swimming and
eep diving of silky s har ks spe cifica l ly (among study
pecies), rat her t ha n a n effect of b o dy size. As s har ks
ge, th e s kin’s m e chanica l beha vior ma y adapt to meet
 chan gin g gradient of r equir em ents; h ow ev er, in these
mm ature sh a rks, it appea r s that ac hieving ext ensible ,
trong, an d tough s kin is a t rade-off betwe en having
igh denticle density and minimal thickness. A compar-
t ive ana lysis of skin morp ho logy a nd mecha nical prop-
rt ies betwe en immature and sexua l ly m ature sh arks
ould provide a clearer un derstan ding of sex differ-

nces at va rying lif e s ta ges and indicate any develop-
enta l p atter ns t hat ar ise dur ing matur ity. This study

ro vides a no vel co mpariso n o f s har k s kin variation be-
w een sex es m orph olog ica l ly and me chanica l ly, which
an a l low fo r imp rov ed dev e lopm ent o f b io insp ired ma-
eria ls b ase d on s har k s kin m orph ology an d provide a
ett er under standing of the impacts of sex differences

n s har k s kin m e chanica l behavior. 
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