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Determiningageat maturity andlongevityaretwo componentghat arecritical for effective
fisheriesmanagemeni7, 8]. In elasmobranchs&geis determinedby countingbandson the
outeranteriorand posteriorcalcifiedstructuresof the vertebradcorpus calcareum) [9] rather
thanthetissuebetweenwo corpus calcareum, the intermedialis [10]. If bandsin the corpus cal-
careum aredifficult to discern,commonpracticeis to usethe bandson the intermedialis asa
guide[11]. Althoughelasmobranchvertebraeéhavebeenanalysedisingthis methodfor over
thirty yearsanunderstandingof vertebraldevelopments still deficient.For exampletherea-
sonswhy somespeciesgspeciallygleep-dwellingsharkshavevertebralbandswith poor read-
ability isunknown[12, 13] anddiscrepanciebetweenvalidatedand non-validatedage
assessmengsenot wellexplained14]. In addition, therelationshipbetweerthe development
of the intermedialis andthe corpus calcareum is not understooddespitethe useof the interme-
dialis asaguidefor ageingrom the corpus calcareum. Theseknowledgegapshaveledto
researcherasingavarietyof preparationtechniqueghataimto increasahe accuracyf age
bandcountingbut thatregularlygivesomewhatnoisy'results Concernsaboutthe validity of
ageassessmentmsledto callsfor consistentmethodologie$15, 16]andamore causalinder-
standingof vertebralgrowth processefl 4]. A greaterunderstandingof vertebraldevelopment
would allowfor simpler,moredirectedageingechniquewith moreaccurataesultsthat
could potentiallybeappliedmorewidelywith agreatelevelof confidence.

While sharkvertebraéhavemainly beenusedfor ageingtheyhaverecentlybeenusedto
track chemicalor elementalariableghroughoutthelife of ananimal[17, 18]. For example,
tissuetakenfrom successiveertebrabandsin White sharkgCarcharodon carcharias) have
allowedresearchert trackisotoperatiosanddiet shiftsduring ontogeny{19]. Metalswithin
sharktissuecanbeusedin asimilarfashionto track changesn trophic levelspatternsof diet,
andpollutantsthatthe individual mayhaveabsorbed20]. Onesuchmetal,strontium, hasthe
potentialto beusedfor trackingmovementof animalsacrosssalinitygradient§21]. More-
over,anumberof studieshaveexaminedvertebralchemistryof sharksto eitherunderstand
stockstructure[22] or nurserysites[23, 24]. Thereis agrowinginterestin the useof elemental
technique®n vertebrago examinevariousaspect®f elasmobranctife-historytraits, but
thereis asurprisinglackof understandingn the developmentallynamicsof elasmobranch
cartilagg17]. Justasincorrectlyassuminghat vertebralgrowth bandsarealwaysaccurate
indicatorsof agecanleadto improper managemenguidelineq14], thereis risk associated
with inferring movementpatternsand populationdynamicsfrom vertebralelementprofiles
without anunderstandingof the physiologicaprocessethat governvertebraldevelopment.

Recentlyresearcherbavebegunto examineelementatistributionswithin elasmobranch
vertebraaisingLaser-Ablatiorinductively CoupledPlasmaViassSpectrometrfLA ICPMS)
to understanchowthesedistributionsarerelatedto age-associatadsualbanding[17] and
environmentalparameter$25]. Suchstudieshavefocusedon the corpus calcareum, the outer
regionof thevertebraeasthesearethe more heavilycalcifiedstructureghat aretraditionally
usedfor assessingge[26]. Thisfocusis likely partiallydriven by the factthat LA ICPMSgen-
erallyacquiregdatain lineartransectsandasaresultelementatlistributionswithin other
structuresof the vertebraenamelythe corpus intermedialis, havepreviouslybeenunobserved.
In addition, the structureof the intermedialis appeardo varygreatlyacrosspeciesandin
somecasesloesnot appeaitto form continuously[27,28]. While sequentiatransectsisingLA
ICPMShaveallowedcompleteelementamapsof vertebrado beconstructed17], the process
haslow throughput(singlesampleat atime) andarelativelylow resolution(50+80pm})hat
maybeunableto resolveelementalariations especiallyn speciesvith smallervertebraeln
contrast,ScanningX-ray Fluorescenc#licroscopy(SXFM)allowsfor relativelyrapid elemen-
tal mappingof numerouswholevertebraetresolutionsbelow15um[21]. Using SXFMto
examineelementalistributionsacrosswvholevertebraef numerousspeciesvould identify
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wider patternsof elementadistributions,anddirectly testthe hypothesighat growth of the
intermedialis is directly relatedto growth of the corpus calcareum [11].

Many elementiaturallypresenin seawateareincorporatedinto elasmobranclvertebrae
during growth,andareoften preferentiallyabsorbednsteadof calcium[17].Thefocusof elas-
mobranchelementatesearchasgenerallybeenon theseelementsastheymayyield clues
into the movementpatternsor behaviourof theseanimals[29]. Unlike otherelementszincis
incorporatedinto vertebraeasaresultof physiologicatatherthan environmentally-driven
processegndin teleositolithsistrappedin theinterstitial spacesf expandingmatriceq30].
Zinc canthereforebeconsideredanindirect indicator of physiologicaprocesseassociated
with vertebraldevelopmentResearclon physiologically-driverzincincorporationin elasmo-
branchcartilagemayallowresearcher® betterunderstandvertebraldevelopmenthowsuch
processemayaffectagebandingpatternsandhowto interpretenvironmentally-nediated
changesn otherelementsn vertebrae.

Zinc isacommonlyfound heavymetal,and concentration®f zincin marineenvironments
increasavith depthandarerelatedto silicaleveld31]. Zinc hasmanyknown structuraland
functionalbiochemicalolesin vertebrate$32+34],including astronglink with the develop-
mentof connectivaissuesandcartilage 35, 36]. It accumulatetn marineorganismsandis
heavilyconcentratedwithin eyeq37]. Recentesearchin marinebird featherdndicateshat
absorbancef zinc canvarydiurnally andbetweerspecie$38]. In fish, zinc uptakeis linked to
dietandbonedevelopmen{39] andis stronglymodulatedby the gills [40]. Somestudiessug-
gestthat zinc depositionis environmentallymediatedn fisheg41], andthe uptakeof zinchas
beenextensivelgstudiedto optimizegrowthratesin culturedfish[42,43].In contrastmost
studieson elasmobranchsonsiderzinc solelyasan environmentalcontaminant[44, 45],
ratherthanfor its potentialrole in physiologyor developmentTo date,only onestudyhas
assessefihe-scalezinc distribution or variationsin zinc concentratiorthroughthelife history
of elasmobranchasingLA ICPMS[25]. This studyfocusedexclusivelyn the corpus calcar-
eum of theround stingray(Urobatis halleri) andfound that zinc concentrationsverepositively
correlatedo watertemperaturg46]. However the structureof elasmobranchvertebrads
highly variable andthesepatternsof zinc distribution maynot beconsistenacrosslasmo-
branchswith low ratesof calcification.

Dueto difficultiesassociatewith accessinglementatletectorsand obtainingvertebrae,
mostelementahnalysesf elasmobranciertebraéhavebeenconductedon singlespeciesn
isolation[17,22,24,25,29]. Obtainingelementamapsof zincin sharkvertebraeacrosanulti-
ple ordersandindividualswould providea morewholisticunderstandingof zincincorpo-
ration in elasmobranclvertebraeand,by associationphysiologicaprocessethat mayoccur
in the differentstructureswithin vertebraeSpecificallythe aimsof this studywereto 1) exam-
ine patternsof zinc distribution acrossvholevertebraghrough ontogenywithin individuals
andamongspecie$rom differentorders,and2) comparezinc distributionsbetweervertebral
structuresspecificallfthe intermedialis and corpus calcareum. We predictedthattherewould
beinter-specificdifferencesn the patternsof zincincorporation,andthat zinc distribution in
the intermedialis would correlatewith distribution within the corpus calcareum. Thisis thefirst
known studyto determinethe inter-specificdistribution of zinc acrossvholesharkvertebrae
with resultsbenefittingfisheriesnanagersnd conservationistevhoregularlyusevertebrae
for ageingor ecologicapurposes.

Materials and methods

Multiple specie®f sharkswereacquiredfrom the south-eastericoasiof Australiain the New
SouthWalesSharkMeshing(BatherProtection)Program,andfrom fishingtrawlersbhasedn

PLOS ONE | https://doi.org/10.1371/journal.pone.0190927 January 11,2018 3/14


https://doi.org/10.1371/journal.pone.0190927

Localized zinc distribution in shark vertebrae suggest inter-specific variations in development

Sydneyand Launcestor{NSWand Tasmaniarespectively)SpecieincludedCarcharodon
carcharias, Sphyrna zygaena, Heterodontus portusjacksoni, Carcharhinus obscurus, Carcharhi-
nus limbatus, Carcharhinus brevipinna, Pristiophorus nudipinnis, Pristiophorus cirratus, Squa-
tina albipunctata, and Squatina australis. Agewaspreviouslydeterminedin Raoultetal.[21]
from bandcountsusingconventionaimicroscopeexamination Agecould not bedetermined
for Pristiophorus spp.andSquatina spp.becausdandcountsfor thesespecieselateto somatic
growthratherthanage[47], but this did not preventanysamplesrom beinganalysedvith
SXFM.Specimematurity wasdeterminedusingclaspercalcificationor uteruswall thicken-
ing [48], or, whenthe carcassvasnot availableroughly approximatedrom the sizeof the
sharkusingageand growth curvesfrom previousresearchie.g.Natansonand Skomal49]).
Individualswerecaughtasbycatchandwerenot directly harmedbecausef this study.The
MacquarieUniversity Animal EthicsCommitteeagreedhat ethicsapprovalcouldbewaived,
andno further permitswererequiredfor this study.Animalsvariedin their stage®f maturity
andage Cervicalvertebraavereretrievedfrom individualsandroughly cleanedf tissuewith
asharpknife. Eachvertebrawasthenkeptfrozen(-20ECuntil readyfor sectioning.

Eachsamplenvasmanuallycleanedvith asterilescalpebeforebeingsectionedNo chemi-
calagentavereused. Samplesveresectionedisinganlsometcircular sawwith adiamond-
edgedblade Saggitatlorso-ventrakectionsveremadethroughthe centreof the vertebrae.
Cutswereroughly0.6mmin thicknesslependenbn the calcificationthicknesgmore calcified
specimengouldbecutthinner). While sectioningresiduecanleavemarksor contamination,
anyattemptto chemicallyor physicallyremovepotentialcontaminationmayby association
addadditionalcontaminantssono further sampleprocessingvasconducted Sectionedgam-
pleswereimmediatelyplacedon Kaptonfilm andcoveredwith Kaptonadhesivdéape.This
createdanairtight seathatwould preventdehydrationof the sampleshat cancauseseverdis-
suewarpingduring thelongimagingprocessand preventsross-contaminatiobetweenver-
tebralsectionsSamplesverethen placedbetweertwo microscopeslidesto keepthemflat
during transportto the X-ray Fluorescenc#licroscopy(XFM) beamling/50] atthe Australian
Synchrotronin Melbourne.

Samplesvereattachedo polycarbonatdramesusingcleardouble-sidedape with roughly
15+20sampleperframe.Smallersampleshat would requiregreateresolution(e.g.saw-
sharksandangelsharks)weresamplecata 15micron measuremeninterval,while largersam-
ples(e.g.whalersharks)veresampledat a25micron measuremeninterval.ldealresolution
would behigher,but scanningime is resolutionand areadependentScanningime for each
framevariedbetweenl@nd22hoursperspecimerdependingon the requiredsensitivityand
thetotal areacoveredX-ray fluorescencelatawereprocessedsingGeoPIXH51,52], which
takesinput estimate®f the specimercompositionandthicknesgo correctfor self-absorption
of the X-ray fluorescencéasedn a projected-specimeapproximation(thatis,assumeshat
the elementsareuniformly distributedin the projectiondirection). Dueto theseapproxima-
tions, the presentednapsareagoodindicator of therelativeelementatistribution, although
theremaybe smallartefactglueto tissuethicknessand densityvariation (densityvariations
werefound to beinsignificantby inspectionof the Comptonscatteringsignal).In this styleof
analysissmallunphysicahegativeconcentrationvaluesanoccurdueto errorsin back-
groundestimation but thesedo not significantlyaffectthe interpretationof relativedistribu-
tion information.

To quantifyanychangesdn zincdepositionduring ontogenywithin anindividual, relative
structuraldifferencesn zinc concentrationsvereextractedrom thelargerdatasetérom a
bandplacedn theintermedialis startingfrom the centreof the vertebraeand projectingout-
wards(Fig 1). While it is possibldo infer absoluteconcentration®f elements/ia SXFM,it
would requirecorrectingfor variationsin thicknesshat mayoccuracrosghevertebral
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sectionsln thisinstancethe raw uncorrecteddatawereused sincerelativechangescrosshe
vertebraaveremoreinformativethan absoluteconcentrationsThefocusof this studywasto
determinerelativestructuralchangesn zinc composition,andthe high (< 25pm)spatialaccu-
racyof SXFMwasmorethan sufficientto achievehis.

Meanzinc andcalciumdetectionsacrossransectof the corpus calcareum in Raoultetal.
[21] (which usedthe samevertebraewerecomparedo meanzinc andcalciumdetections
acrossimilartransectsn the intermedialis to determinewhetherzinc concentrationacross
vertebralstructurediffer.

To enablean accuratevisualrepresentatiorof zinc concentrationsacrosshe vertebral
structure,zinc datawereoverlaidonto imagegeneratedrom the Comptonscatter(effectively
electron/sampleensity similar to agenericX-ray) to givethe elementatistribution some
anatomicaktontext(Fig 1). Birth structuresthe vertebralareaghatindicatewheresharksran-
sitionedfrom embryosto neonateswereindicatedwith the presumptionthattheywerechar-
acterisedy distinct changesn the angleof the corpus calcareum [10]. The extractedzinc data
werethenanalysedor everyspeciesisingalinearregressiorcomparingzinc concentration
anddistancerom the centreof the vertebralyoungerage)to the outsideof the vertebra(older
age)at 150r 25pmintervals the acquisitionpointsfor the XFM; this led to regressionsn
roughly 360+ 20pointspervertebraeon average.

Fig 1. Measured concentrations of zinc in the vertebra of a White shark. Relatie zincconcentratios (in colour)
obtainedfrom alongitudinal sectionof acervicalvertebraoverlaidonto the Comptan Scatteimageof aWhite shark
(Carcharodon carcharias) with theredline throughthe intermedialis indicatingthe transecusedto extractzinc data
for analyses.

https://cbi.org/10.1371durnal.por.0190927.¢0L
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Table 1. Comparison of mean zinc and calcium detection rates (approximate ppm) of line transects across the corpus calcareum and the intermedialis using SXFM.

Species

Carcharhinus
obscurus

Carcharhinus
brevipinna

Heterodondus
portjacksoni

Sphyrna zyaena

Carcharhinus
limbatus

Carcharodon
carcharias

Squatina australis
Squatina
albipunctata
Pristiophorus
nudipinnis
Pristiophorus
cirratus

https://da.org/10.1371durnal.pon®190927.t001

Common name
DuskyWhaler
Spinner
PortJackson
Smooth
Hammehead
BlacktipWhaler

White

AustralianAngel
EasterrAngel

Southern
Sawshark

Common
Sawshark

Corpus calcareum zinc
detection (mean + S.E.)

Intermedialis zinc calcium
detection (mean + S.E.)

Corpus calcareum calcium
detection (mean + S.E.)

Intermedialis zinc
detection (mean + S.E.)

0.35+0.15 18.1+0.39 17,303t 113 14,614+ 285
2.97+0.16 23.7+0.46 121,75% 1,140 147,552+ 1,484
29.99+0.73 51.13+1.97 54,540:172 32,950+ 1,279
8.15+0.34 18.6+11.43 53,785 314 29,124+ 571
-5.69+ 0.83 12.71+0.78 22,148+ 287 14,846+ 670
3.38+0.31 13.39+ 0.84 38,586t 255 16,061+ 739
1.1+0.24 13.38+0.46 50,114+ 406 45,709 1,510
-1.38+ 0.30 8.91+0.41 233,401 1,120 134,908 3,262
5.08+ 1.22 8.44+ 0.48 190,37% 3,471 72,373t 3,033
0.34+1.84 11.37+0.61 113,406 6,454 51,773+ 3,268

Most studiesexpresginc concentrationsaisZn:Caratios[17]. Thisis doneon the basighat
elementsareincorporatedinsteadof calcium,whichis not the casdor zinc,andfor thisreason
Zn:Caratiosmaynot bean effectivewayto examinetrendsin accumulatioracrosspecies
with differentratesof calcificationand zincaccumulation For comparativeassessmentith
previousstudieshoweverwealsoincorporatedrelativecalciumconcentrationsgnto our fig-
ures.To makeelementapatternseasieto discern,datawereanalysedisinglocallyweighted
smoothing(LOESSith aspansettingof 0.3providedby the ggplot2packagég53]. All analy-
sesvereconductedusingR statisticakoftwareversion3.3.3through RStudio[54].

Results

Zinc washighly localisedwithin the vertebraeof all specie®f sharkssampled Tablel, Fig 2).
In generaltherewerelowerzinclevelsn the corpus calcareum of sharkswith the exceptionof
thosefrom the Port Jacksor{Heterodontus portjacksoni), which displayedzinc bandingsimilar
to strontium bandsor agebands(Tablel, Fig 2). Meanzinc concentrationsverealwayshigher
in the intermedialis thanin the corpus calcareum, oftenby atleastan order of magnitude This
differencewasmuchgreatethantherelativedifferencesn calciumdetectionin thesewo
structureswhich generallyshowedhe oppositepatternof higherdetectionratesin the corpus
calcareum, with the exceptionof SpinnersharksCarcharhinus brevipinna). Zinc concentra-
tionswithin the intermedialis werehighly variablebetweerspeciesand zinc bandingwithin
the intermedialis appearedo becorrelatedo agebandsin mostspecies.

While zinc concentrationsverehighly variablewithin vertebraeacrossndividuals,and
acrosspeciegFig 3) somepatternswereevident.Linearregressionshowedsignificantnega-
tive relationshipshetweerzinc concentrationanddistancealongthe intermedialis in 8 of the
10speciegxaminedTable2). Theexceptiorto this wasthe CommonSawsharksyhich dis-
playedasignificantlypositiverelationshipbetweerzinc concentrationanddistancealongthe
intermedialis (Table2).
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Port Jackson Shark Smooth Hammerhead Blacktip Whaler
Spinner Shark

White Shark Australian Angel Eastern Angel Southern Sawshark Common Sawshark
Shark

Fig 2. Scanning X-Ray Fluorescence Microscope (SXFM) image of shark vertebrae in the zinc spectrum (size not to scale) for Dusky (Carcharhinus obscurus),
Spinner (Carcharhinus brevipenna), Port Jackson (Heterodontus portjacksoni), Smooth Hammerhead (Sphyrna zygaena), Blacktip (Carcharhinus limbatus),
White (Carcharodon carcharias), Australian Angel (Squatina australis), Eastern Angel (Squatina albipunctata), Southern Sawshark (Pristiophorus
nudipinnis), and Common Sawshark (Pristiophorus cirratus). Resultareoverlayednto Comptonscattemmaps gssentiallyn X-ray of the samplg(white colour).
Colourssignifyconcentratims of zinc.Zinc concentratims arehighestin the intermedialis in all specieshe highesttoncentraéions oftenoccurringpre-birth.
Noticetheabsencef colour (read:zinc)in the corpus calcareum, excepin the Port JacksonBirth marksindicatedwith red arrows.

https://da.org/10.137 1§urnal.por.0190927.¢0R

Discussion

Zinc concentrationsvithin andamongvertebraen the specie®f sharksassessedhried,how-
ever,somepatternswereevident.Severof the ten speciegxhibitedsubstantiallyhigherpre-
birth zinc concentrationghanin subsequenstagepost-birth. Contraryto predictionszinc
wasprimarily detectedn theinner regionsof the vertebraeawithin the intermedialis, andwas
generallydetectedatlevelsoveran order of magnitudehigherthanin the corpus calcareum for
all speciestherthanthe Port JacksonConcentration®f zincdid not correlateto calcium
concentrationsVisiblebandsof zincthat correspondedo traditional visualagebandsin the
intermedialis wereobservedn mostspeciesThiswasnot the casehoweverfor sawsharkand
angelsharksjn whichthe intermedialis bandswerenot correlatedwith ageastraditionally
measuredqseadiscussionin Raoult[48] andRaoultetal.[21]).

Our studyshowghat zincaccumulates sharkvertebraebut thetiming and magnitudeof
accumulationvarieswithin andbetweerspeciesNo singlepatternin zinc distribution wasevi-
dentamongall the speciesested Becauseinc depositionis driven by physiology[17], the
absencef anysinglepatternsuggestthat the physiologicaprocessethat drive vertebral
developmenarehighly variedamongelasmobranch&inc depositionin elasmobranchsan
bemediatedby externattemperaturg25]. To somedegreethis mayexplainwhy no singlever-
tebralageingechniquehasbeenwidelyapplicableio arangeof specie$l5]; thedevelopment
andlikely the elementaktructureof vertebraeappeaito be highly variablewithin this group.
We suggesthatamorethoroughunderstandingof vertebraldevelopmentand specifically
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Fig 3. Scatter plots depicting zinc (in black) and calcium (in red) detection rates measured inside vertebral
sections of the intermedialis, from the centre of the vertebra (distance = 0) to the outside. Rawdatawith locally-
weighedsmoothing+ 95%C.I. presentedor anindividual Dusky(Carcharhinus obscurus), Spinner(Carcharhinus
brevipenna), Port Jacksor{Heterodontus portjacksoni), SmoothHammerheadSphyrna zygaena), Blacktip
(Carcharhinus limbatus), andWhite (Carcharodon carcharias) sharksLocallyweighedsmoothingresultsummarisirg
trendsfor AustralianAngel(Squatina australis, n = 6), EasterrAngel(Squatina albipunctata, n = 4), Southern
SawsharkPristiophorus nudipinnis, n = 3),and CommonSawsharKPristiophorus cirratus, n = 3). Approximate
locationsof birth marksareindicatedby red arrows.

https://dbi.org/10.1371durnal.por.0190927.908

howandwhy it variesamongspecie®f elasmobranchsyould helpfisherieananagersnd
researcheranderstandandpredictdiscrepanciebetweervalidatedand non-validatedageing
methodologies.

Thefrequentassumptiorthat vertebralgrowthis generallycorrelatecbetweerthe interme-
dialis andthe corpus calcareum (e.g.in Goldmanetal.[11]) requiresre-examinationrwhencom-
paringtraceconcentration®f zincin thesestructuresWhile zinc concentrationsn Port
Jacksorsharkswvereat similar levelsacrosshe vertebralstructuresand maybecorrelated zinc
concentrationavereeitherundetectabl@r ordersof magnitudelowerin the corpus calcareum
thanin theintermedialis in otherspeciesandthedifferencein calcificationbetweerthetwo
structuresvasmuch smaller.This elementatelationshipappeardo betheinverseto that of
strontium, whichwasmainly detectedn the corpus calcareum in similar specie$21]. Thecarti-
lagestructureof the intermedialis is comprisedof larger lessdensely-packedellsthanthe cor-
pus calcareum [55], andit is possiblghatthis lowerlevelof calcificationallowsfor morezincto
beincorporatedinto theseinterstitial spacesThedifferencein relativezinc concentration
betweerthe two structuress muchgreaterthanthat of calcium,howeverwhich suggestthat
calcificationratesalonecannotexplaindifferencesn zinc concentrationdetweerthe struc-
tures.Thesepointssuggesthat elementatieposition atleastfor zinc,in the intermedialis and
the corpus calcareum aregoverneddy asyetundetermineddifferentphysiologicaprocesses.

Severof theten speciegxaminedhadhigherzinc concentrationgre-birth than post-birth
in the intermedialis. Somespecie®f sharkscandisplaymaternalsignatureg19,56] across
aplacentahndplacentaembryonicdevelopmentypesFor examplemuscleandliver tissues
from Atlantic Sharpnos@eonatediaveisotopesignaturesimilarto their mother's[57]. It is
thuspossiblehat pre-birth zinc concentrationsnayberelatedto the concentrationof zinc
thatwaspresenin their mother.However the zinc concentrationsn older portionsof the
vertebradn this studyweregeneralljowerthan pre-birth levelsThe patternis further

Table 2. Results of linear regressions of zinc concentrations from the middle of the vertebrae (young age/pre-birth) to the outside of the vertebrae (old age/age at

death).

Species
Carcharhinus obscurus
Carcharhinus brevipinna
Heterodondus portjacksoni
Sphyrna zyaena
Carcharhinus limbatus
Carcharodon carcharias
Squatina australis
Squatina albipunctata
Pristiophorus nudipinnis

Pristriophorus cirratus

Common name n | df | Fvalue | Total length (m) Sex Age | Pvalue R> | Relationship with age
DuskyWhaler 1| 320 1.29 2.8 F 21 0.255 | N/A N/A
Spinner 1| 333 | 6791 2.4 F 12 | <0.001| 0.17 Negative
PortJackson 1| 326 | 33.07 1.15 F 17 | <0.001| 0.09 Negative
SmoothHammerhead | 1 | 271 | 5.407 1.7 F 0.021 | 0.015 Negative
BlacktipWhaler 1| 318 0.05 1.9 F 0.81 N/A N/A
White 1| 506 | 163.1 2.7 F 9 <0.001 0.24 Negative
Australian Angel 6 | 1217| 69.54 0.65+0.14 3F,3M N/A | <0.001| 0.38 Negative
EasterrAngel 4 | 772 | 33.68 1.07+0.07 3F,1M N/A | <0.001| 0.23 Negative
SouthernSawshde | 3 | 668 | 18.54 0.86+0.15 2F,1M, N/A | <0.001| 0.10 Negative
CommonSawshark | 3 | 754 | 10.33 0.71+0.09 2M, 1unknown | N/A | <0.001| 0.06 Positive

For speciesvith multiple samplestotal lengthsareindicated asmeanst S.E Agewasdetermiredusingtraditional methodsin Raoultetal.[21].

https://da.org/10.1371durnal.pon®190927.t002
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complicatedby unexpecteghatternsof depositionobservedn somespeciesvith different
earlydevelopmentastrategiestEasternAngelsharkswhich developaplacentallyhadhigher
pre-birth zinc detectionratesthanthe placentaSmoothHammerheadResearclon amore
comprehensivelatasethatincludesindividualsfrom differentgenerationsndlocationsis
neededo determinewhetherembryonicdevelopmentgbrocessesequesteavailableelements
in concentrationgelatedto maternalconcentrationsandwhetherotherprocessesncouple
this relationshipduring development.

Observedgost-birth variationsin zinc distributionsmaybedriven by diet or environment
[17]. The Common Sawsharlks abenthicpredatorwith adiet mainly consistingof invertebrates
suchasshrimp [58+60].Decapodshellsareknown to absorbenvironmentallyavailablezinc
[61], implying that high concentrationf zinc post-birthin this speciesnay,therefore pe
relatedto diet. Converselythe SouthernSawsharks a piscivorousspecieshatis sympatricwith
the CommonSawsharlovermuch of its distribution, doesnot havea similar patternof zinc
depositiondespitefeedingat a highertrophic level[58]. If zincconcentrationsvererelatedto
bioaccumulationSouthernSawsharkshouldsimilarly exhibit higherzinc concentrationsvith
increasingage Similarly,the lackof a positiverelationshipbetweerzinc concentrationsanddis-
tancealongthe vertebrador carcharhinidsharkspecieshat preyon animalswith high levelsof
bioaccumulatior{62, 63]impliesthat zinc doesnot bioaccumulatén sharkvertebraeTogether,
this suggestthat bioaccumulatiorhasaminor or negligiblerole in zinc deposition,andthat
zincdepositionis mostlikely primarily controlledby physiologicaprocesses.

Althoughthe phylogenetidreadthof our studyis large the costsof synchrotronusepre-
cludedlargernumbersof individualsper speciesT his mayhaverestrictedidentification of
clearpatternswithin andbetweerspeciesespeciallyhe possibilityof effectsof individual age
or sexHowever thisfirst studyinto elasmobranclvertebraechemistryusingX-ray Fluores-
cenceMicroscopyhasprovidedunigueinsightsinto zinc depositionin sharksandidentified
possibleavenuegor further researcho understandhe depositionabrocessewithin species
with differentdevelopmentastrategiesnd/or life history requirements.

Supporting information

S1 File. Raw data of signal detections for linear sections across all vertebrae examined in
this study. Thedataalsoincludesotherelementshat weredetectablehut not necessarily
detectedn significantamounts.

(XLSX)
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