


Determiningageatmaturity andlongevityaretwo componentsthatarecritical for effective
fisheriesmanagement[7, 8]. In elasmobranchs,ageisdeterminedbycountingbandson the
outeranteriorandposteriorcalcifiedstructuresof thevertebrae(corpus calcareum) [9] rather
thanthetissuebetweentwo corpus calcareum, the intermedialis [10]. If bandsin thecorpus cal-
careum aredifficult to discern,commonpracticeis to usethebandson the intermedialis asa
guide[11]. Althoughelasmobranchvertebraehavebeenanalysedusingthismethodfor over
thirty years,anunderstandingof vertebraldevelopmentisstill deficient.Forexample,therea-
sonswhysomespecies,especiallydeep-dwellingsharks,havevertebralbandswith poor read-
ability isunknown[12,13]anddiscrepanciesbetweenvalidatedandnon-validatedage
assessmentsarenot wellexplained[14]. In addition,therelationshipbetweenthedevelopment
of the intermedialis andthecorpus calcareum isnot understood,despitetheuseof the interme-
dialis asaguidefor ageingfrom thecorpus calcareum. Theseknowledgegapshaveledto
researchersusingavarietyof preparationtechniquesthataim to increasetheaccuracyof age
bandcountingbut that regularlygivesomewhat̀noisy'results.Concernsaboutthevalidity of
ageassessmentshasledto callsfor consistentmethodologies[15,16]andamorecausalunder-
standingof vertebralgrowthprocesses[14]. A greaterunderstandingof vertebraldevelopment
wouldallowfor simpler,moredirectedageingtechniqueswith moreaccurateresultsthat
couldpotentiallybeappliedmorewidelywith agreaterlevelof confidence.

While sharkvertebraehavemainlybeenusedfor ageing,theyhaverecentlybeenusedto
trackchemicalor elementalvariablesthroughoutthelife of ananimal[17,18].Forexample,
tissuetakenfrom successivevertebralbandsin White sharks(Carcharodon carcharias) have
allowedresearchersto trackisotoperatiosanddiet shiftsduring ontogeny[19]. Metalswithin
sharktissuecanbeusedin asimilar fashionto trackchangesin trophic levels,patternsof diet,
andpollutantsthat theindividual mayhaveabsorbed[20]. Onesuchmetal,strontium,hasthe
potentialto beusedfor trackingmovementsof animalsacrosssalinitygradients[21]. More-
over,anumberof studieshaveexaminedvertebralchemistryof sharksto eitherunderstand
stockstructure[22] or nurserysites[23,24].Thereisagrowinginterestin theuseof elemental
techniqueson vertebraeto examinevariousaspectsof elasmobranchlife-historytraits,but
thereisasurprisinglackof understandingin thedevelopmentaldynamicsof elasmobranch
cartilage[17]. Justasincorrectlyassumingthatvertebralgrowthbandsarealwaysaccurate
indicatorsof agecanleadto impropermanagementguidelines[14], thereis risk associated
with inferring movementpatternsandpopulationdynamicsfrom vertebralelementprofiles
without anunderstandingof thephysiologicalprocessesthatgovernvertebraldevelopment.

Recently,researchershavebegunto examineelementaldistributionswithin elasmobranch
vertebraeusingLaser-AblationInductivelyCoupledPlasmaMassSpectrometry(LA ICPMS)
to understandhowthesedistributionsarerelatedto age-associatedvisualbanding[17] and
environmentalparameters[25]. Suchstudieshavefocusedon thecorpus calcareum, theouter
regionof thevertebrae,asthesearethemoreheavilycalcifiedstructuresthataretraditionally
usedfor assessingage[26]. This focusis likely partiallydrivenby thefactthatLA ICPMSgen-
erallyacquiresdatain lineartransects,andasaresultelementaldistributionswithin other
structuresof thevertebrae,namelythecorpus intermedialis, havepreviouslybeenunobserved.
In addition,thestructureof the intermedialis appearsto varygreatlyacrossspecies,andin
somecasesdoesnot appearto form continuously[27,28].While sequentialtransectsusingLA
ICPMShaveallowedcompleteelementalmapsof vertebraeto beconstructed[17], theprocess
haslow throughput(singlesampleatatime) andarelativelylow resolution(50±80μm)that
maybeunableto resolveelementalvariations,especiallyin specieswith smallervertebrae.In
contrast,ScanningX-rayFluorescenceMicroscopy(SXFM)allowsfor relativelyrapidelemen-
tal mappingof numerouswholevertebraeat resolutionsbelow15μm[21]. UsingSXFMto
examineelementaldistributionsacrosswholevertebraeof numerousspecieswould identify

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

PLOS ONE | https://doi.org/10.1371/journal.pone.0190927 January 11, 2018 2 / 14

Accessto theAustralianSynchrotronwas
supportedundertheNSWIndustrySynchrotron
AccessScheme, fundedbytheNSWOfficeof
ScienceandResearch.Thefundershadnorolein
studydesign,datacollectionandanalysis,decision
to publish,orpreparationof themanuscript.

Competinginterests: Theauthorshavedeclared
thatnocompetinginterestsexist.

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


widerpatternsof elementaldistributions,anddirectlytestthehypothesisthatgrowthof the
intermedialis isdirectlyrelatedto growthof thecorpus calcareum [11].

Manyelementsnaturallypresentin seawaterareincorporatedinto elasmobranchvertebrae
during growth,andareoftenpreferentiallyabsorbedinsteadof calcium[17].Thefocusof elas-
mobranchelementalresearchhasgenerallybeenon theseelements,astheymayyieldclues
into themovementpatternsor behavioursof theseanimals[29]. Unlike otherelements,zinc is
incorporatedinto vertebraeasaresultof physiologicalratherthanenvironmentally-driven
processes,andin teleostotolithsis trappedin theinterstitial spacesof expandingmatrices[30].
Zinc canthereforebeconsideredanindirect indicatorof physiologicalprocessesassociated
with vertebraldevelopment.Researchon physiologically-drivenzincincorporationin elasmo-
branchcartilagemayallowresearchersto betterunderstandvertebraldevelopment,howsuch
processesmayaffectagebandingpatterns,andhowto interpretenvironmentally-mediated
changesin otherelementsin vertebrae.

Zinc isacommonlyfoundheavymetal,andconcentrationsof zinc in marineenvironments
increasewith depthandarerelatedto silicalevels[31]. Zinc hasmanyknownstructuraland
functionalbiochemicalrolesin vertebrates[32±34],includingastronglink with thedevelop-
mentof connectivetissuesandcartilage[35,36].It accumulatesin marineorganismsandis
heavilyconcentratedwithin eyes[37]. Recentresearchin marinebird feathersindicatesthat
absorbanceof zinccanvarydiurnally andbetweenspecies[38]. In fish,zincuptakeis linked to
dietandbonedevelopment[39] andisstronglymodulatedby thegills[40]. Somestudiessug-
gestthatzincdepositionisenvironmentallymediatedin fishes[41], andtheuptakeof zinchas
beenextensivelystudiedto optimizegrowthratesin culturedfish [42,43].In contrast,most
studieson elasmobranchsconsiderzincsolelyasanenvironmentalcontaminant[44,45],
ratherthanfor its potentialrole in physiologyor development.To date,only onestudyhas
assessedfine-scalezincdistribution or variationsin zincconcentrationthroughthelife history
of elasmobranchsusingLA ICPMS[25]. Thisstudyfocusedexclusivelyon thecorpus calcar-
eum of theround stingray(Urobatis halleri) andfound thatzincconcentrationswerepositively
correlatedto watertemperature[46]. However,thestructureof elasmobranchvertebraeis
highlyvariable,andthesepatternsof zincdistribution maynot beconsistentacrosselasmo-
branchswith low ratesof calcification.

Dueto difficultiesassociatedwith accessingelementaldetectorsandobtainingvertebrae,
mostelementalanalysesof elasmobranchvertebraehavebeenconductedon singlespeciesin
isolation[17,22,24,25,29].Obtainingelementalmapsof zinc in sharkvertebraeacrossmulti-
pleordersandindividualswouldprovideamorewholisticunderstandingof zinc incorpo-
ration in elasmobranchvertebraeand,byassociation,physiologicalprocessesthatmayoccur
in thedifferentstructureswithin vertebrae.Specifically,theaimsof thisstudywereto 1) exam-
inepatternsof zincdistribution acrosswholevertebraethroughontogenywithin individuals
andamongspeciesfrom differentorders,and2) comparezincdistributionsbetweenvertebral
structures,specificallythe intermedialis andcorpus calcareum. Wepredictedthat therewould
beinter-specificdifferencesin thepatternsof zinc incorporation,andthatzincdistribution in
the intermedialis wouldcorrelatewith distribution within thecorpus calcareum. This is thefirst
knownstudyto determinetheinter-specificdistribution of zincacrosswholesharkvertebrae
with resultsbenefittingfisheriesmanagersandconservationistswhoregularlyusevertebrae
for ageingor ecologicalpurposes.

Materials and methods
Multiple speciesof sharkswereacquiredfrom thesouth-easterncoastof Australiain theNew
SouthWalesSharkMeshing(BatherProtection)Program,andfrom fishingtrawlersbasedin
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SydneyandLaunceston(NSWandTasmania,respectively).SpeciesincludedCarcharodon
carcharias, Sphyrna zygaena,Heterodontus portusjacksoni,Carcharhinus obscurus,Carcharhi-
nus limbatus, Carcharhinus brevipinna, Pristiophorus nudipinnis, Pristiophorus cirratus, Squa-
tina albipunctata, andSquatina australis. Agewaspreviouslydeterminedin Raoultetal.[21]
from bandcountsusingconventionalmicroscopeexamination.Agecouldnot bedetermined
for Pristiophorus spp.andSquatina spp.becausebandcountsfor thesespeciesrelateto somatic
growthratherthanage[47], but thisdid not preventanysamplesfrom beinganalysedwith
SXFM.Specimenmaturity wasdeterminedusingclaspercalcificationor uteruswall thicken-
ing [48], or, whenthecarcasswasnot available,roughlyapproximatedfrom thesizeof the
sharkusingageandgrowthcurvesfrom previousresearch(e.g.NatansonandSkomal[49]).
Individualswerecaughtasbycatchandwerenot directlyharmedbecauseof thisstudy.The
MacquarieUniversityAnimal EthicsCommitteeagreedthatethicsapprovalcouldbewaived,
andno further permitswererequiredfor thisstudy.Animalsvariedin their stagesof maturity
andage.Cervicalvertebraewereretrievedfrom individualsandroughlycleanedof tissuewith
asharpknife.Eachvertebrawasthenkeptfrozen(-20ÊC)until readyfor sectioning.

Eachsamplewasmanuallycleanedwith asterilescalpelbeforebeingsectioned.No chemi-
calagentswereused.SamplesweresectionedusinganIsometcircularsawwith adiamond-
edgedblade.Saggitaldorso-ventralsectionsweremadethroughthecentreof thevertebrae.
Cutswereroughly0.6mmin thicknessdependenton thecalcificationthickness(morecalcified
specimenscouldbecut thinner). While sectioningresiduecanleavemarksor contamination,
anyattemptto chemicallyor physicallyremovepotentialcontaminationmaybyassociation
addadditionalcontaminants,sono further sampleprocessingwasconducted.Sectionedsam-
pleswereimmediatelyplacedon Kaptonfilm andcoveredwith Kaptonadhesivetape.This
createdanairtight sealthatwouldpreventdehydrationof thesamplesthatcancauseseveretis-
suewarpingduring thelongimagingprocess,andpreventscross-contaminationbetweenver-
tebralsections.Sampleswerethenplacedbetweentwo microscopeslidesto keepthemflat
during transportto theX-rayFluorescenceMicroscopy(XFM) beamline[50] at theAustralian
Synchrotronin Melbourne.

Sampleswereattachedto polycarbonateframesusingcleardouble-sidedtape,with roughly
15±20samplesperframe.Smallersamplesthatwouldrequiregreaterresolution(e.g.saw-
sharksandangelsharks)weresampledata15micron measurementinterval,while largersam-
ples(e.g.whalersharks)weresampledata25micron measurementinterval.Idealresolution
wouldbehigher,but scanningtime is resolutionandareadependent.Scanningtime for each
framevariedbetween16and22hoursperspecimendependingon therequiredsensitivityand
thetotalareacovered.X-rayfluorescencedatawereprocessedusingGeoPIXE[51,52],which
takesinput estimatesof thespecimencompositionandthicknessto correctfor self-absorption
of theX-rayfluorescencebasedon aprojected-specimenapproximation(that is,assumesthat
theelementsareuniformly distributedin theprojectiondirection).Dueto theseapproxima-
tions,thepresentedmapsareagoodindicatorof therelativeelementaldistribution,although
theremaybesmallartefactsdueto tissuethicknessanddensityvariation(densityvariations
werefound to beinsignificantby inspectionof theComptonscatteringsignal).In thisstyleof
analysis,smallunphysicalnegativeconcentrationvaluescanoccurdueto errorsin back-
groundestimation,but thesedo not significantlyaffecttheinterpretationof relativedistribu-
tion information.

To quantifyanychangesin zincdepositionduring ontogenywithin anindividual, relative
structuraldifferencesin zincconcentrationswereextractedfrom thelargerdatasetsfrom a
bandplacedin the intermedialis startingfrom thecentreof thevertebraeandprojectingout-
wards(Fig1).While it ispossibleto infer absoluteconcentrationsof elementsviaSXFM,it
wouldrequirecorrectingfor variationsin thicknessthatmayoccuracrossthevertebral
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sections.In this instancetherawuncorrecteddatawereused,sincerelativechangesacrossthe
vertebraeweremoreinformativethanabsoluteconcentrations.Thefocusof thisstudywasto
determinerelativestructuralchangesin zinccomposition,andthehigh (< 25μm)spatialaccu-
racyof SXFMwasmorethansufficientto achievethis.

Meanzincandcalciumdetectionsacrosstransectsof thecorpus calcareum in Raoultetal.
[21] (whichusedthesamevertebrae)werecomparedto meanzincandcalciumdetections
acrosssimilar transectsin the intermedialis to determinewhetherzincconcentrationacross
vertebralstructuresdiffer.

To enableanaccuratevisualrepresentationof zincconcentrationsacrossthevertebral
structure,zincdatawereoverlaidonto imagesgeneratedfrom theComptonscatter(effectively
electron/sampledensity,similar to agenericX-ray) to givetheelementaldistribution some
anatomicalcontext(Fig1).Birth structures,thevertebralareasthat indicatewheresharkstran-
sitionedfrom embryosto neonates,wereindicatedwith thepresumptionthat theywerechar-
acterisedbydistinctchangesin theangleof thecorpus calcareum [10]. Theextractedzincdata
werethenanalysedfor everyspeciesusingalinearregressioncomparingzincconcentration
anddistancefrom thecentreof thevertebra(youngerage)to theoutsideof thevertebra(older
age)at15or 25μmintervals,theacquisitionpointsfor theXFM; this ledto regressionson
roughly360± 20pointspervertebraeon average.

Fig 1. Measured concentrations of zinc in the vertebra of a White shark. Relativezincconcentrations(in colour)
obtainedfrom alongitudinalsectionof acervicalvertebraoverlaidonto theCompton Scatterimageof aWhite shark
(Carcharodon carcharias) with theredline throughtheintermedialis indicatingthetransectusedto extractzincdata
for analyses.

https://doi.org/10.1371/journal.pone.0190927.g001
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MoststudiesexpresszincconcentrationsasZn:Caratios[17]. This isdoneon thebasisthat
elementsareincorporatedinsteadof calcium,whichisnot thecasefor zinc,andfor this reason
Zn:Caratiosmaynot beaneffectivewayto examinetrendsin accumulationacrossspecies
with differentratesof calcificationandzincaccumulation.Forcomparativeassessmentwith
previousstudies,however,wealsoincorporatedrelativecalciumconcentrationsinto our fig-
ures.To makeelementalpatternseasierto discern,datawereanalysedusinglocallyweighted
smoothing(LOESS)with aspansettingof 0.3providedby theggplot2package[53]. All analy-
seswereconductedusingRstatisticalsoftwareversion3.3.3throughRStudio[54].

Results
Zinc washighly localisedwithin thevertebraeof all speciesof sharkssampled(Table1,Fig2).
In general,therewerelowerzinc levelsin thecorpus calcareum of sharks,with theexceptionof
thosefrom thePort Jackson(Heterodontus portjacksoni), whichdisplayedzincbandingsimilar
to strontiumbandsor agebands(Table1,Fig2).Meanzincconcentrationswerealwayshigher
in the intermedialis thanin thecorpus calcareum, oftenbyat leastanorderof magnitude.This
differencewasmuchgreaterthantherelativedifferencesin calciumdetectionin thesetwo
structures,whichgenerallyshowedtheoppositepatternof higherdetectionratesin thecorpus
calcareum, with theexceptionof Spinnersharks(Carcharhinus brevipinna). Zinc concentra-
tionswithin the intermedialis werehighlyvariablebetweenspecies,andzincbandingwithin
the intermedialis appearedto becorrelatedto agebandsin mostspecies.

While zincconcentrationswerehighlyvariablewithin vertebrae,acrossindividuals,and
acrossspecies(Fig3) somepatternswereevident.Linearregressionsshowedsignificantnega-
tiverelationshipsbetweenzincconcentrationanddistancealongthe intermedialis in 8 of the
10speciesexamined(Table2).Theexceptionto thiswastheCommonSawsharks,whichdis-
playedasignificantlypositiverelationshipbetweenzincconcentrationanddistancealongthe
intermedialis (Table2).

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 Common name Corpus calcareum zinc

detection (mean ± S.E.)

Intermedialis zinc

detection (mean ± S.E.)

Corpus calcareum calcium

detection (mean ± S.E.)

Intermedialis zinc calcium

detection (mean ± S.E.)

Carcharhinus
obscurus

DuskyWhaler 0.35± 0.15 18.1± 0.39 17,303± 113 14,614± 285

Carcharhinus
brevipinna

Spinner 2.97± 0.16 23.7± 0.46 121,759± 1,140 147,552± 1,484

Heterodondus
portjacksoni

Port Jackson 29.99± 0.73 51.13± 1.97 54,540±172 32,950± 1,279

Sphyrna zyaena Smooth
Hammerhead

8.15±0.34 18.6± 11.43 53,785± 314 29,124± 571

Carcharhinus
limbatus

BlacktipWhaler -5.69± 0.83 12.71± 0.78 22,148± 287 14,846± 670

Carcharodon
carcharias

White 3.38± 0.31 13.39± 0.84 38,586± 255 16,061± 739

Squatina australis AustralianAngel 1.1± 0.24 13.38±0.46 50,114± 406 45,709± 1,510

Squatina
albipunctata

EasternAngel -1.38± 0.30 8.91±0.41 233,401± 1,120 134,908± 3,262

Pristiophorus
nudipinnis

Southern
Sawshark

5.08± 1.22 8.44± 0.48 190,379± 3,471 72,373± 3,033

Pristiophorus
cirratus

Common
Sawshark

0.34± 1.84 11.37± 0.61 113,406± 6,454 51,773± 3,268

https://doi.org/10.1371/journal.pone.0190927.t001
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Discussion
Zinc concentrationswithin andamongvertebraein thespeciesof sharksassessedvaried,how-
ever,somepatternswereevident.Sevenof thetenspeciesexhibitedsubstantiallyhigherpre-
birth zincconcentrationsthanin subsequentstagespost-birth.Contraryto predictions,zinc
wasprimarily detectedin theinner regionsof thevertebraewithin the intermedialis, andwas
generallydetectedat levelsoveranorderof magnitudehigherthanin thecorpus calcareum for
all speciesotherthanthePort Jackson.Concentrationsof zincdid not correlateto calcium
concentrations.Visiblebandsof zincthatcorrespondedto traditionalvisualagebandsin the
intermedialis wereobservedin mostspecies.Thiswasnot thecase,however,for sawsharksand
angelsharks,in whichthe intermedialis bandswerenot correlatedwith ageastraditionally
measured(seediscussionsin Raoult[48] andRaoultetal.[21]).

Our studyshowsthatzincaccumulatesin sharkvertebrae,but thetiming andmagnitudeof
accumulationvarieswithin andbetweenspecies.No singlepatternin zincdistribution wasevi-
dentamongall thespeciestested.Becausezincdepositionisdrivenbyphysiology[17], the
absenceof anysinglepatternsuggeststhat thephysiologicalprocessesthatdrivevertebral
developmentarehighlyvariedamongelasmobranchs.Zinc depositionin elasmobranchscan
bemediatedbyexternaltemperature[25]. To somedegree,thismayexplainwhyno singlever-
tebralageingtechniquehasbeenwidelyapplicableto arangeof species[15]; thedevelopment
andlikely theelementalstructureof vertebraeappearto behighlyvariablewithin thisgroup.
Wesuggestthatamorethoroughunderstandingof vertebraldevelopment,andspecifically

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). ResultsareoverlayedontoComptonscattermaps,essentiallyanX-rayof thesample(whitecolour).
Colourssignifyconcentrationsof zinc.Zinc concentrationsarehighestin theintermedialis in all species,thehighestconcentrationsoftenoccurringpre-birth.
Noticetheabsenceof colour(read:zinc) in thecorpus calcareum, exceptin thePortJackson.Birth marksindicatedwith redarrows.

https://doi.org/10.1371/journal.pone.0190927.g002
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howandwhy it variesamongspeciesof elasmobranchs,wouldhelpfisheriesmanagersand
researchersunderstandandpredictdiscrepanciesbetweenvalidatedandnon-validatedageing
methodologies.

Thefrequentassumptionthatvertebralgrowthisgenerallycorrelatedbetweentheinterme-
dialis andthecorpus calcareum (e.g.in Goldmanetal.[11]) requiresre-examinationwhencom-
paringtraceconcentrationsof zincin thesestructures.While zincconcentrationsin Port
Jacksonsharkswereatsimilar levelsacrossthevertebralstructuresandmaybecorrelated,zinc
concentrationswereeitherundetectableor ordersof magnitudelowerin thecorpus calcareum
thanin theintermedialis in otherspecies,andthedifferencein calcificationbetweenthetwo
structureswasmuchsmaller.Thiselementalrelationshipappearsto betheinverseto thatof
strontium,whichwasmainlydetectedin thecorpus calcareum in similarspecies[21]. Thecarti-
lagestructureof theintermedialis iscomprisedof larger,lessdensely-packedcellsthanthecor-
pus calcareum [55], andit ispossiblethat this lowerlevelof calcificationallowsfor morezincto
beincorporatedinto theseinterstitialspaces.Thedifferencein relativezincconcentration
betweenthetwo structuresismuchgreaterthanthatof calcium,however,whichsuggeststhat
calcificationratesalonecannotexplaindifferencesin zincconcentrationsbetweenthestruc-
tures.Thesepointssuggestthatelementaldeposition,at leastfor zinc,in theintermedialis and
thecorpus calcareum aregovernedbyasyetundetermineddifferentphysiologicalprocesses.

Sevenof thetenspeciesexaminedhadhigherzincconcentrationspre-birth thanpost-birth
in the intermedialis. Somespeciesof sharkscandisplaymaternalsignatures[19,56]across
aplacentalandplacentalembryonicdevelopmenttypes.Forexample,muscleandliver tissues
from Atlantic Sharpnoseneonateshaveisotopesignaturessimilar to their mother's[57]. It is
thuspossiblethatpre-birth zincconcentrationsmayberelatedto theconcentrationsof zinc
thatwaspresentin their mother.However,thezincconcentrationsin olderportionsof the
vertebraein thisstudyweregenerallylowerthanpre-birth levels.Thepatternis further

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.presentedfor anindividual Dusky(Carcharhinus obscurus), Spinner(Carcharhinus
brevipenna), Port Jackson(Heterodontus portjacksoni), SmoothHammerhead(Sphyrna zygaena), Blacktip
(Carcharhinus limbatus), andWhite (Carcharodon carcharias) sharks.Locallyweighedsmoothingresultsummarising
trendsfor AustralianAngel(Squatina australis, n = 6),EasternAngel(Squatina albipunctata, n = 4),Southern
Sawshark(Pristiophorus nudipinnis, n = 3),andCommonSawshark(Pristiophorus cirratus, n = 3).Approximate
locationsof birth marksareindicatedbyredarrows.

https://doi.org/10.1371/journal.pone.0190927.g003

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 Common name n df F value Total length (m) Sex Age P value R2 Relationship with age

Carcharhinus obscurus DuskyWhaler 1 320 1.29 2.8 F 21 0.255 N/A N/A

Carcharhinus brevipinna Spinner 1 333 67.91 2.4 F 12 < 0.001 0.17 Negative

Heterodondus portjacksoni Port Jackson 1 326 33.07 1.15 F 17 < 0.001 0.09 Negative

Sphyrna zyaena SmoothHammerhead 1 271 5.407 1.7 F 3 0.021 0.015 Negative

Carcharhinus limbatus BlacktipWhaler 1 318 0.05 1.9 F 7 0.81 N/A N/A

Carcharodon carcharias White 1 506 163.1 2.7 F 9 < 0.001 0.24 Negative

Squatina australis AustralianAngel 6 1217 69.54 0.65± 0.14 3F,3M N/A < 0.001 0.38 Negative

Squatina albipunctata EasternAngel 4 772 33.68 1.07± 0.07 3F,1M N/A < 0.001 0.23 Negative

Pristiophorus nudipinnis SouthernSawshark 3 668 18.54 0.86± 0.15 2F,1M, N/A < 0.001 0.10 Negative

Pristriophorus cirratus CommonSawshark 3 754 10.33 0.71±0.09 2M, 1 unknown N/A < 0.001 0.06 Positive

For specieswith multiple samples,total lengthsareindicated asmeans± S.E.Agewasdeterminedusingtraditional methodsin Raoultetal. [21].

https://doi.org/10.1371/journal.pone.0190927.t002
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complicatedbyunexpectedpatternsof depositionobservedin somespecieswith different
earlydevelopmentalstrategies.EasternAngelsharks,whichdevelopaplacentally,hadhigher
pre-birth zincdetectionratesthantheplacentalSmoothHammerhead.Researchon amore
comprehensivedatasetthat includesindividualsfrom differentgenerationsandlocationsis
neededto determinewhetherembryonicdevelopmentalprocessessequesteravailableelements
in concentrationsrelatedto maternalconcentrations,andwhetherotherprocessesuncouple
this relationshipduring development.

Observedpost-birthvariationsin zincdistributionsmaybedrivenbydiet or environment
[17].TheCommonSawsharkisabenthicpredatorwith adietmainlyconsistingof invertebrates
suchasshrimp[58±60].Decapodshellsareknownto absorbenvironmentallyavailablezinc
[61], implying thathighconcentrationsof zincpost-birthin thisspeciesmay,therefore,be
relatedto diet.Conversely,theSouthernSawsharkisapiscivorousspeciesthat issympatricwith
theCommonSawsharkovermuchof its distribution,doesnot haveasimilarpatternof zinc
deposition,despitefeedingatahighertrophic level[58]. If zincconcentrationswererelatedto
bioaccumulation,SouthernSawsharksshouldsimilarlyexhibithigherzincconcentrationswith
increasingage.Similarly,thelackof apositiverelationshipbetweenzincconcentrationsanddis-
tancealongthevertebraefor carcharhinidsharkspeciesthatpreyon animalswith high levelsof
bioaccumulation[62,63] impliesthatzincdoesnot bioaccumulatein sharkvertebrae.Together,
thissuggeststhatbioaccumulationhasaminor or negligiblerole in zincdeposition,andthat
zincdepositionismostlikely primarily controlledbyphysiologicalprocesses.

Althoughthephylogeneticbreadthof our studyis large,thecostsof synchrotronusepre-
cludedlargernumbersof individualsperspecies.Thismayhaverestrictedidentificationof
clearpatternswithin andbetweenspecies,especiallythepossibilityof effectsof individual age
or sex.However,this first studyinto elasmobranchvertebraechemistryusingX-rayFluores-
cenceMicroscopyhasprovideduniqueinsightsinto zincdepositionin sharksandidentified
possibleavenuesfor further researchto understandthedepositionalprocesseswithin species
with differentdevelopmentalstrategiesand/or life historyrequirements.

Supporting information
S1 File. Raw data of signal detections for linear sections across all vertebrae examined in

this study. Thedataalsoincludesotherelementsthatweredetectable,but not necessarily
detectedin significantamounts.
(XLSX)
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