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Abstract暋Compared withtraditionalchemicalanalysis methods,reflectance
spectroscopyhastheadvantagesofspeed,minimalornosamplepreparation,
non灢destruction,andlowcost.Thepresentstudyexploredtheapplicationofthe
reflectancespectroscopy withinnearultraviolet灢visible灢nearinfraredregionto
predictbio灢elementcompositionsintheornithogenicsedimentsfromthemaritime
Antarctic.Atotalof106samplesweretakenfromfourornithogenicsediment
coresontheArdleyIslandofAntarctica,68sampleswereusedforbuildingcali灢
brationequation,and38forpredictionofninebio灢elementsincludingP,Ca,Cu,
Zn,Se,Sr,Ba,FandS.Threemultivariatestatisticalanalysistechniques,in灢
cludingstepwisemultiplelinearregression (Stepwise灢MLR),principalcompo灢
nentregression(PCR)andpartialleastsquaresregression(PLS)wereusedto
developmathematicalrelationshipsbetweenthespectraldataandthechemical
referencedata.Theresultsshowedthattheregression modelsconstructedby
PCRandPLSmodelshavenosignificantdifferences,andobviouslysupervisorto
Stepwise灢MLR.Thecorrelationsbetweenspectra灢predictedandchemicallyana灢
lyzedconcentrationsofninebio灢elementsarestatisticallysignificant,andthecon灢
centration灢versus灢depthprofilespredictedfromreflectancespectrausingPLScali灢
brationmodelareconsistentwiththosefromactualchemicalanalysis.Thesere灢
sultsdemonstratedthefeasibilityofusingreflectancespectroscopytoinferbio灢el灢
ementconcentrationsintheornithogenicsediments,andthusitissuggestedthat
thereflectancespectroscopycouldprovidearapidandvaluabletechniquetoindi灢
rectlyidentifywhetherthesedimentswereinfluencedbypenguindroppingsinthe
Antarcticregion.
Keywords暋 Reflectancespectroscopy,Ornithogenicsediments,Multivariate
statisticalanalysis,Bio灢element,Antarctic.

1暋Introduction



Reflectancespectroscopy,anon灢destructivetechnique,hasbeenconsideredas
analternativeorcomplementarymethodforcompositionalanalysisofvariouschemi灢
calconstituentsinsoil,sedimentandbiologicalsamples,andforassessmentofenvi灢
ronmentalquality[1灢12].Recently,thereisagrowinginterestinusingreflectance
spectroscopyforpalaeolimnologicaland palaeoenvironmentalstudies,sincethis
methodoffersseveralspecialadvantagessuchasspeedofdetermination,minimalor
nopreparationofsamples,non灢destructiveanalysis,noconsumptionofreagents,
andlowcostsofanalysis[13灢22].

Wavelengthpositionandheightofthespectralpeaksfromreflectancespectros灢
copycannotdirectlybeusedfordeterminationsofchemicalcompositions,because
thespectraaretoocomplexandthepeaksinthenearinfraredregionarebroadando灢
verlapping.Instead,thespectrahavetobecalibratedusingsamplesinwhichthe
constituentsofinterestareknownfromreferencemethods.Usefulinformationfrom
thespectracanbeextractedusingchemometrictechniquessuchasstepwisemultiple
linearregression(Stepwise灢MLR)orothermultivariatecalibrationmethodssuchas
principalcomponentregression (PCR),andpartialleastsquares (PLS)regres灢
sion[23].

Inrecentyears,numerousstudiesshowedthattheremnantsofancientpenguin
droppingsinthelakesedimentsnearpenguincoloniesmaybeidentifiedbytheirgeo灢
chemicalcharacteristics,whichmayprovidecontinuousinformationabouthistorical
populationchangesofpenguin[24灢29].Nineelementsincludingsulfur(S),phosphorus
(asP2O5),calcium (asCaO),copper(Cu),zinc(Zn),selenium (Se),strontium
(Sr),barium (Ba)andfluorine(F)havebeenfoundtobeenrichedandsignificantly
correlatedwitheachotherinthesedimentsamendedbypenguinguanos,andtheiras灢
semblageisidentifiedtobeanimportantgeochemicalsignalforindicationofimpact
frompenguindroppingsorguanosoilsinAntarctica[24][30].Besidestheseelemental
proxies,isotopicandorganicgeochemicalproxieshavealsobeensuccessfullyusedto
reconstructthelong灢term variationsinhistoricalpenguinpopulations[31灢33].Since
thesemulti灢proxiesareusuallynotdeterminedonthesamealiquotandthesamples
aretakenfromremoteAntarcticareas,thereisacommontroubleofinsufficienta灢
mountofsamplesforchemicalanalysesinthelaboratories.Therefore,thereisa
needforfasterandmoreefficientandeconomicalmethodstofacilitatereconstruction
ofpalaeorecordsintheAntarcticornithogenicsedimentsandtoimprovetheunder灢
standingoftheeffectsofclimatechangeonpenguinecology.

Accordingtotheissuedreports,reflectancespectroscopyhasrarelybeenused
forscientificresearchinmaritimeAntarctic.Inthispaper,foursedimentcoresinflu灢
encedbypenguindroppingsontheArdleyIslandwereselectedandthecorresponding
reflectancespectroscopysignalswereanalyzedwiththemainobjectivetoexaminethe
feasibilityofusingreflectancespectroscopywithinnearultraviolet灢visible灢nearinfra灢
redregiontodetermineninebio灢elementsconcentrationsinthesediments.Ifthiscan
bedonesuccessfully,reflectancespectroscopywillallownumerouschemicalconstit灢
uentsincoresectionstobedeterminedrapidlyandsimultaneously,andthusgreatly
reducethecostforcertainchemicalanalyses.Thus,inthefuturethisapproachmay
providearapidtechniquetoidentifywhetherthesedimentsareimpactedbypenguin
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droppingsintheAntarctica,andfurthertoreconstructthepalaeoecologicalevolution
recordedintheAntarcticornithogenicsediments.

2暋StudyArea

暋暋TheArdleyIsland(62曘13曚S,58曘56曚W),a2kmlongand1.5kmwideisland,is
about500mtotheeastofFildesPeninsula,MaxwellBay,KingGeorgeIslandand
connectedwiththeFildesPeninsulabyasandydam (Fig.1).TheGreatWallSta灢
tionofChinaislocatedabout0.5kmtothewestoftheisland.Thestudyareahasa
coldoceanicclimate,characteristicofmaritimeAntarctica.Accordingtothemeteor灢
ologicalrecordsfromtheGreatWallStation,themeanannualprecipitationisabout
630mm,theannualaveragerelativehumidityisabout90%,andthemeanannualair
temperatureisaround-2.6曟 withawinterlowat-26.6曟,andsummerhighat
11.7曟.Itisfreeofsnowandiceduringthesummer.Geologically,theislandmain灢
lyconsistsoftertiaryandesiticandbasalticlavasandtuffstogetherwithraisedbeach
terraces.Thetopographyoftheislandisrelativelyflatwiththehighestelevationof
70m.Seventy灢eightypercentoftheislandiscoveredbyvegetation,predominantly
consistingofmossesandlichens.

ArdleyIslandisoneofthemostimportantpenguincoloniesinthemaritimeAnt灢
arcticregion.In1991,thisislandhasbeendeclaredasAntarcticSpeciallyProtected
AreabytheProtocolonEnvironmentalProtectiontotheAntarcticTreaty.During
thebreedingperiodeverysummer,thenumberofpenguinsonthisislandwasabout
10218;themajorspecieswereGentoo(Pygoscelispapua,74%),Adelie(Pygos灢
celisadeliae,21%)andChinstrap(Pygoscelisantarctica,5%)[31,34].Itisestimated
thatpenguinsontheArdleyIslanddischargeabout139tdroppingsbasedonthehy灢
pothesisthateachpenguinexcretes84.5gdroppings(dryweight)adayduringthe
breedingperiod[27,30].Droppingsaretransferredanddepositedinthelakesordepres灢
sionsbyiceorsnowmeltwater,andthoseancientpenguinwasteproductspreserved
inthesedimentsrecordthehistoricalinformationofpenguinpopulationchange[24].

3暋MaterialsandMethods

3.1暋Samplecollectionandchemicaldata

Atotalof106sampleswerecollectedfromfoursedimentcores(Y2,Y2灢4,Y4
andAD3)ontheArdleyIslandforspectralandchemicalanalyses.Forcomparison,5
soilsamples(N1)and3pureguanosamples(AP)wereanalyzedforspectralcharac灢
teristics.ThesamplingsitesoffoursedimentcoresareshowninFigure1.Thesedi灢
mentcoresY2andY2灢4arecollectedfromthesamelakeY2.Thelithologicalde灢
scriptionsofthesesedimentcoresaregiveninthereferences[24,28,30],inwhichstudies
haveshowedthatallthesedimentcoresareinfluencedbypenguindroppings.Inthe
laboratory,thesedimentcoresweresectionedattheintervalsof1灢2cm,andthesub灢
sampleswereair灢dried,sievedandthengroundtopowderforchemicalanalysis.The
chemicalmethods,aswellastheconcentrationsofninebio灢elementsincludingS,P,
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Ca,Cu,Zn,Se,Sr,BaandFinthesedimentsubsamples,arereportedindetailin
thereferencesmentionedabove.Thesoilsamples(N1)wereaffectedneitherbypen灢
guindroppingsnorbybiologicalaction,andtheyarenaturalproductsoflocalbed灢
rockweathering[35].

3.2暋Spectralmeasurementandtransformation

Priortospectralanalysis,thecollectedsedimentsubsamplesweregroundina
mortar
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Fig.1暋Studiedareaandsamplingsites(Y2,Y4andAD3).Inthetoppanel,markerAshowslakes,
markerBshowsnetworkofmeltwaterchannels.Inthebottompanel,thecontourintervalis10
meter(FromLiuetal.2005).

topassa0.074mmsieve,andthendriedat105曟for2hours.Foreachsample,ap灢
proximately1gpowderwaspackedintoameasuringcell,andsubsequentlythespec灢
tralreflectancewasrecordedinShimadzuSolidSpec灢3700 UV灢VIS灢NIR Recording
Spectrophotometer,configured with UV灢Probesoftware.Allthesamples were
scannedoverawavelengthrangeof200灢2600nmcoveringthenearultraviolet灢visible灢
nearinfraredregionat1nminterval.Atotalof2401datapointswerecollectedfor
eachspectrumandittooklessthan10minutestocompleteascan.Sampleswere
readagainstanexternalpolyethylene(zeroabsorbance)reference,whichwasread
alternatelywiththesamples.Thereferencespectrum wasautomaticallysubtracted
fromeachsamplespectrumandtheresultingspectrumautomaticallyrecorded.To
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establisharobustpredictionmodel,severalspectralpretreatmentswereappliedto
thereflectancespectratooptimizetheaccuracy.UsingUV灢Probesoftware,theorig灢
inalreflectance(r)datacouldbetransformedtofirst(r曚)orsecond(r曞)derivative,
reciprocal(1/r)andabsorbance(log1/r)data.

3.3暋Modelconstructionandvalidation

Toestablishandtestmathematicalrelationshipsbetweenspectraldataandthe
correspondingchemicalreferencedata,twosetsofsampleswerecreatedfirstly:cali灢
brationsetandpredictionset.Foreachchemicalconstituent,stepwisemultipleline灢
arregression,principalcomponentregressionandpartialleastsquaresregression
methodswereusedtofindandtestthemathematicalrelationship,thentheircalibra灢
tionresultswerecompared.

Thefirstmethodisstepwisemultiplelinearregression(Stepwise灢MLR).Con灢
sideringthatthereflectpeaks(orabsorbvalleys)arethemostsignificant(seebe灢
low),thereflectpeaksofeachspectracurveandremovedtheoverlappingoneswere
pickedout.Atotalof121peakswereselectedtoperformtheregressionanalysesand
establishthemathematicalrelationshipbetweentheseindependentvariableswithref灢
erencechemicaldata,thedependentvariables.Fivemathematicalregressionequa灢
tionsusingtheindependentvariableoftherawopticaldata(r)andfourderiveddata
(r曚,r曞,1/r,log(1/r))andthecalibrationdatasetwerecomputedbytheStepwise灢
MLRoptionofMATLAB7.1;r曚andr曞representthefirstandsecondorderderiva灢
tivesofr.Thesecomputationsgeneratedanumberofstatisticalparameterssuchas
R2(squareoftheregressioncoefficient)andRMSE(rootmeansquarederrorofcali灢
bration)[18].Theregressionequationsfromthecalibrationdatasetwereusedtopre灢
dicttherelevantchemicalconstituentsofthepredictionset.Thepredictedvalues
werecomparedwiththemeasuredreferencevaluesusingseveralstatistics,suchas
R,thecoefficientoflinearcorrelation,andSEP,thestandarderrorofprediction
(thestandarddeviationofthepointsaboutthe1暶1line).Foreachconstituent,the
regressionequationyieldingthehighestRandthelowestSEPwasacceptedasthe
bestones.Theregressionequationwasfurtherevaluatedbytwoadditionalstatistical
qualityparameters:theresidualpredicationdeviation (RPD)andratioerrorrange
(RER).TheRPDistheratioofthestandarddeviation(SD)ofthereferencechemis灢
tryvaluesforthepredictionsetovertheSEP.TheRERistheratiooftherangeof
thereferencechemistryvaluesinthepredictionsetovertheSEP.Inagriculturalap灢
plications,RPDvalues>5aredesirable,>3areacceptable,andbetween2.5-3are
suitableforscreening;RERshouldbegreaterthan10[16,17].

Thesecond method,principalcomponentregression (PCR)isatwo灢stage
process.First,itminimizesthenumberofindependentcomponentsrequiredtode灢
scribethevariationsovertheentirespectrumandbetweenspectra.Thistechnique
enablesatotalof2401spectralpointstobereducedtoafewprincipalcomponents
(PCs),wherethePCsdescribethespectralvarianceoverallthesamples.Second,
thesePCsareregressedagainstknownpropertydata(measuredconcentration),and
thenregressionmodelsareconstructed.Inthisstudy,themethodofsingularvalue
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decomposition(SVD)inMATLAB7.1wereusedandthemethodof“validationset
prediction暠waschosentoevaluatetheprecisionofregression[36].Regressionmodels
werefurtherevaluatedbythestatisticparametersmentionedabove.

Thethirdmethod,partialleastsquaresregression (PLS),iswidelyusedfor
multivariatecalibrationandhasbeenappliedinvariousapplicationsforchemicalanal灢
ysis.PLSdecomposesspectraldata(X)andsedimentpropertydata(Y)intoanew
smallersetoflatentvariablesandtheirscoresthatbestdescribeallthevarianceinthe
data[3].PLSwasperformedusingParLeSsoftwareversion3.1,whichisspecially
designedforchemometricanalysisofspectroscopicdata[37].Inthepresentstudythe
sameoptimalspectralindiceswasusedasPCR.FollowingtheprocedureofMalleyet
al.(1999)[16],crossvalidation,alsoknownas‘jackknifing暞or‘leave灢one灢out暞,was
usedtopickoutthebestnumberoffactorsforregression.ThePLScanbeperformed
tomaximizethesizeofthecalibrationdatasetandtopredictallofthesamples.It
usedthemathematicaltreatmentandnumberofPLSfactorsfromtheprevioussteps
todevelopcalibrations.Theprocedurewasrepeated68timesuntileachsampleis
predicted.Regressionmodelswerefurtherevaluatedbythestatisticsmentioneda灢
bove(R,SEP,RPDandRER)toensuretheyarerobustenoughforpredictingcon灢
centrationdataofninebio灢elementsfromthereflectancespectral.

4暋Resultsanddiscussion

4.1暋Distributionsofelementsandspectralcharacteristics

Reflectancespectraofrepresentativesamplesfromthefourornithogenicsedi灢
mentcoresaregiveninFigure2.Itcanbeseenfromthisfigurethattheshapeofthe
spectracurvesisalmostidenticalforallfoursamples,butthereflectancevaluesare
notablydifferent.Alltheornithogenicsedimentshavehighreflectanceintensityin
thenear灢infraredlightregion(800-2500nm).Theornithogenicsedimentsarepre灢
dominatelycomposedoftheweatheringproductsfrombedrocksandthepenguingua灢
no,andtheguanocontainsmuchmoreorganicmatterthantheweatheringproducts,
thustheinputofpenguinguanocouldsignificantlyinfluencethecontentoforganic
matterinthesediments[26,32].Numerousstudieshaveshownthattheattributesofor灢
ganicmaterialsareimportantforNIRspectralfeature[18,20].Itisassumedthatthe
penguinguanoenrichedwithorganicmatteristhedominantinfluencingfactoronthe
reflectancespectraoftheseornithogenicsediments.
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Fig.2暋Reflectancespectraofrepresentativesamplesfromthefoursedimentcores.

暋暋Sometraceelementsinsedimentsandsoilsgenerallydonotrespondtotheinci灢
dentlightdirectly,buttheymaybedetectableinthespectrumsignaturesbecause
theycanformcomplexwithorganicmatter,andbeassociatedwithmoietiessuchas
hydroxides,sulfides,carbonatesoroxidesthataredetectable,andbeabsorbedto
claysthatabsorblightinsomewavelengthrange[2,8,20].Sunetal.(2000,2001,
2004)[24,25,30]reportedthatnineinorganicelementsincludingS,P,Ca,Cu,Zn,Se,
Sr,BaandFwereenrichedandsignificantlycorrelatedwitheachotherinthesoilsor
sedimentsamendedbypenguinguanos.TheassemblageofP,Sr,Cu,Zn,Se,Ca,
F,BaandSissuggestedtobeanimportantgeochemicalmarkerforpenguindrop灢
pingsorthesoilsandsedimentsimpactedbytheminthemaritimeAntarctic.Thus,
itcanbereasonablyinferredthatthereflectingintensityoftheornithogenicsedi灢
mentsisrelatedtotheconcentrationsoftheninebio灢elements.

Inthisstudy,thespectradatathatrepresentthesamedatasetsforallthenine
bio灢elementswerechosen.Usingthesameprocedureforchemicaldataprocessing,
spectraaresortedfromlowesttohighestreflectancevaluesanddividedintotwo
groups.Two灢thirdsofthespectrawereusedasacalibrationset,andtheremaining
asapredicationset.Eachsetrepresentedapproximatelythefullrangeofconcentra灢
tions.Two灢thirdsofthespectrawereusedascalibrationset,therestaspredication
set,andtheyconsistof68(exceptforelementBa,n=67)and38samples,respec灢
tively.Chemicallydeterminedconcentrationsofninebio灢elements(P2O5,CaO,Cu,
F,Ba,S,Zn,Sr,andSe)inbothsetsaregiveninTable1,andtheyareoflargevar灢
iations,indicatingvariableinfluenceofpenguindroppingsonthesediments [24,28].
Thevaluesofstandarddeviation(SD)andrangeareusedtocomputethestatisticof
RPDandRERinthemodelcalibration,respectively.

Table1.暋Chemicallydeterminedconcentrationsofninebio灢elementsinthecalibrationandpredictionsets
Element Units(g/g) set min max mean range SD n

P2O5 10-2 Cal 0.74 15.52 6.372 14.78 3.688 68
Pred 0.64 13.45 6.472 12.81 4.339 38

CaO 10-4 Cal 5.23 19.80 9.931 14.57 3.453 68
Pred 5.18 18.35 10.304 13.17 4.455 38

Cu 10-4 Cal 0.62 9.95 3.600 9.33 2.105 68
Pred 0.65 7.65 3.619 7.00 2.335 38

F 10-4 Cal 3.92 123.90 40.200 119.58 27.690 68
Pred 3.21 83.13 38.037 79.92 28.501 38

Ba 10-4 Cal 0.93 2.54 1.635 1.61 0.474 67
Pred 0.95 2.42 1.509 1.48 0.404 38

S 10-4 Cal 1.40 178.00 38.990 176.60 42.520 68
Pred 1.30 18.40 52.550 182.70 57.360 38

Zn 10-4 Cal 0.52 8.35 3.424 7.83 2.010 68
Pred 0.35 7.52 3.447 7.17 2.367 38

Sr 10-4 Cal 3.69 19.30 9.191 15.61 4.779 68
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Pred 3.84 18.46 9.163 14.62 5.422 38

Se 10-6 Cal 1.44 54.90 17.823 53.46 14.905 68
Pred 1.69 49.70 18.716 48.01 17.772 38

4.2暋Constructionofcalibrationmodels

Table2summarizestheresultsofoptimalStepwise灢MLR modelandstatistical
parameters.Asshowninthistable,thepredictionqualitystronglydependsondata
preprocessing.Forexample,thebestresultswereachievedusingfirstorderderiva灢
tive(r曚)forSr,CuandSe,reciprocal(1/r)forSandZn,andoriginalspectra(r)
forP2O5andBa.Theoptimalmodelsachievedhighprecisionsofregressionandvali灢
dationforeachbio灢element,andallthecoefficientsofregressioncalibrations,R2,
areclosetoorexceed0.95.Thecorrelationcoefficients,R,betweenthereflectance
spectrumpredicatedandchemicallydeterminedconcentrationsishigherthan0.95,
exceptforBa(R=0.894).RPDare>2.5formostelements,andRERare>10for
P,Ca,Cu,F,SandZn.ThewavelengthsuponwhichtheStepwise灢MLRcalibra灢
tionsarebasedarelistedinTable2,theyindicatetheregionsofthespectrumusedin
theprediction,andaredifferentforeachelement.Thisresultisconsistentwiththe
observationsbyMalleyetal.(1999)[16]andMalleyandWilliams(1997)[2].General灢
ly,theresultsofmodelreconstructionbytheStepwise灢MLRcalibrationaresatisfac灢
toryformostbio灢elements,indicatingthatthespectralmethodhaspotentialtopre灢
dictrapidlytheconcentrationsofninebio灢elementsintheornithogenicsedimentsin
themaritimeAntarctic.

Table2.暋Predictionaccuracy,mathematicaltreatmentsmodel,andusedwavelengthsforthedetermina灢
tionofninebio灢elementconcentrationsbystepwise灢MLR

Element P2O5 CaO Cu F Ba S Zn Sr Se
R2 0.983 0.963 0.973 0.981 0.947 0.955 0.961 0.933 0.948

RMSE 0.523 0.713 0.375 4.060 0.121 9.424 0.415 1.333 3.583
R 0.962 0.972 0.971 0.963 0.894 0.976 0.969 0.951 0.959

SEP 1.179 1.059 0.578 7.686 0.192 11.902 0.588 1.630 5.611
RPD 3.681 4.209 4.043 3.708 2.107 4.819 4.026 3.327 3.167
RER 10.868 12.442 12.120 10.398 7.692 15.351 12.194 8.970 8.556
Model r log1/r r曚 log1/r r 1/r 1/r r曚 r曚

Wavelength/nm 844 669 669 654 260 654 654 844 844
876 1720 844 844 669 669 669 1407 866
1730 1916 929 1021 844 844 1720 1715 1400
1741 1934 1400 1916 1021 859 1838 1724 2250
1855 2108 1709 1939 1916 1846 2409 2213 2346
1922 2132 1720 2209 2102 2144 2491 2230 2351
1939 2213 2102 2400 2235 2346 2504
2209 2480 2292 2495 2240 2367
2400 2487 2351 2510 2245 2427

2510 2250
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暋暋ThestatisticalparametersofthefinalmodelsusingthePCRmethodaresumma灢
rizedinTable3.CalibrationsdevelopedbyPCRforallbio灢elementsproducedgood
relationshipswithRs>0.92andRPDs>2.5.MostRERvaluesarebeyound10ex灢
ceptforBa.ComparedwiththeresultsofStepwise灢MLRcalibrations(Table2),
PCRcalibrationshavethehighercorrelationcoefficientsRs,lowerSEPs,largerRP灢
DsandRERsforthesameinorganicelement.Thus,PCRcalibrationsutilizingthe
wholespectrumdata(2401spectralpoints)wereclearlysuperiortoStepwise灢MLR
characteristicofsegmentalspectraanalyses.

Table3.暋Regressionstatisticsandparameterestimatesforthedeterminationofninebio灢elementconcen灢
trationsbyPCRmethod

element P2O5 CaO Cu F Ba S Zn Sr Se
units 10-2 10-2 10-4 10-4 10-4 10-4 10-4 10-4 10-6

Model r log1/r r曚 log1/r r 1/r 1/r r曚 r曚
R 0.978 0.983 0.977 0.975 0.924 0.984 0.987 0.979 0.963

SEP 0.890 0.862 0.496 6.105 0.161 9.875 0.374 1.094 4.668
RPD 4.876 5.171 4.710 4.668 2.513 5.809 6.322 4.955 3.807
RER 14.395 15.287 14.119 13.090 9.176 18.501 19.150 13.360 10.284

暋暋Table4summarizesthestatisticparametersforPLScalibration.Thepredicted
concentrationsbyPLSforP2O5,CaO,Cu,F,S,ZnandSrhaveRs>0.97,RPDs>
4.0andRERs>12,indicativeofgoodcalibrations.ThecalibrationforSegivesRof
0.956,RPDof3.472andRERof9.381.ThepoorestcalibrationisforBa,itgivesa
highcorrelationcoefficientRof0.914,butboththeRPDat2.421andRERat8.842
arelowerthandesirable.ComparedwiththeresultsofStepwise灢MLRcalibrations
(Table2),PLScalibrationshavehighercorrelationcoefficientsRs,lowerSEPs,lar灢
gerRPDsandRERs.Thus,PLScalibrationsutilizingwholespectrumdata(2401
spectralpoints)arealsoclearlysuperiortoStepwise灢MLRcalibrationmethod.Com灢
paredwiththeresultofPCRcalibrations,itisfoundthatthedifferencesamongthe
statisticsR,SEP,RPDandRERareverysmall.Duetotheoverlappingofabsorp灢
tionpeaksandthecollinearityoftheabsorbanceatdifferentwavelengths,methodsu灢
singsinglewavelengthssuchasStepwise灢MLRareusuallylesssuccessfulthanprinci灢
palcomponentregression(PCR)orpartialleastsquaresregression(PLS),whichu灢
tilizethewholespectrumtoextractthespectralfingerprintofachemicalcompound.
Therefore,itissuggestedthatthereflectancespectralmethodutilizingmathematical
treatmentmodelsPCRandPLShasthepotentialtorapidlypredicttheconcentrations
ofninebio灢elementsintheornithogenicsedimentsofthemaritimeAntarctic.

Table4.暋Mathematicaltreatmentmodel,optimalnumberoffactors,andpredictionstatisticsforthede灢
terminationofninebio灢elementconcentrationsbyPLS

Element P2O5 CaO Cu F Ba S Zn Sr Se
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Model r log1/r r曚 log1/r r 1/r 1/r r曚 r曚
Nooffactors 17 16 7 14 9 10 10 8 8

R 0.976 0.973 0.972 0.975 0.914 0.982 0.987 0.977 0.956
SEP 0.953 1.035 0.542 6.196 0.167 10.363 0.386 1.132 5.118
RPD 4.555 4.302 4.305 4.600 2.421 5.535 6.127 4.790 3.472
RER 13.447 12.719 12.905 12.899 8.842 17.631 18.56 12.916 9.381

暋暋Figure3givesloadingsofthefirstfactorsofreflectancespectraldatafromPLS
vs.wavelengthforninebio灢elements.Theloadingsindicate wavelengthregions
wherevariancewasusedincomputingthePLScalibrationequations.Theresults
showedthatthefirstPLSfactorforallninebio灢elementsaccountforthevastmajori灢
tyofthevarianceintheirconcentrations (93%,87%,88%,96%,87%,82%,
59%,90%,73%forBa,Zn,P2O5,CaO,Cu,F,S,SrandSe,respectively)and
theloadingsarevirtuallyidentical(Fig.3).Thisindicatesthattheorganicmatter
fromthepenguindroppingsresponsibleforthevariabilityinthebio灢elementlevelsis
ofthesamequalityforallbio灢elements[2].Furthermore,forallninebio灢elements,
theloadingversuswavelengthprofilesofthefirstfactorareveryconsistentwith
thosecurvesofreflectancespectrumofthesedimentsamples(Fig.2),andthiscon灢
firmsthatthereflectancespectrumintensityoftheornithogenicsedimentsispredom灢
inantlycontrolledbytheconcentrationchangesofninebio灢elements,whichdepend
ontheamountofpenguindroppinginput.

Fig.3暋LoadingsofthefirstfactorofreflectancespectraldatafromPLSvs.wavelengthforninebio灢elements.

4.3暋ComparisonofNIR灢predicatedandreferencebio灢elementconcentrations

Assuggestedpreviously,PLShasadvantagesinreducingnoise,detectingthe
compositionsofunknownsamplesthatarenotrepresentedbythecalibrationmodel,
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andobviatingtheneedforwavelengthselection;andittendstoimprovemodelstabil灢
ityandincreasepredictionaccuracy[3].Therefore,uptonowPLSiswidelyusedfor
multivariatecalibrationandchemicalanalysis.Inpresent,thecalibrationequations
constructedbyPLSapproachwereusedtopredictchemicalconstitutesofeachsam灢
pleforthecoresY2andY4,andthencompareNIR灢predicatedandreferencecore
profiles.

Thereferenceconcentrationdataofninebio灢elementsintheornithogenicsedi灢
mentsandthosepredicatedbyPLSonUV灢VIS灢NIRarecomparedinFigure4.As
showninthisfigure,theslopesofthemeasuredvs.predicatedregressionlinesforall
theninebio灢elementsarenotsignificantlydifferentfrom1,indicatingthatthistech灢
niquedoesnotoverorunderestimatethechemicalpropertiesofornithogenicsedi灢
ments.
暋暋Tovisuallycomparetheconcentration灢versus灢depthprofilesdeterminedbyrefer灢
encechemistryandreflectancespectralmethods,theconcentrationsofninebio灢ele灢
mentsinallthesubsamplesfromthesedimentcoresY2andY4werecomputedusing
thePLScalibration

Fig.4暋CorrelationsbetweentheconcentrationsdeterminedbyPLSandreference
chemistryofninebio灢elements.

model.ThemeasuredandinferredvaluesforY2andY4sedimentcoresareplotted
versusdepthinFigure5andFigure6,respectively.Asshowninthesetwofigures,
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withtheexceptionofBainY4(Fig.6),whichhasarelativelylowcorrelationcoeffi灢
cientof0.35(p>0.01),allthereflectancespectrum灢predicatedprofilesofninebio灢
elementsaresignificantlycorrelatedwiththosebychemistryreference(p<0.01).
Thisimpliesthattheoveralltrendsinbio灢elementconcentrationsintheornithogenic
sedimentcoresontheArdleyIslandcanbereconstructedfromreflectancespectrum
withoutchemicalmeasurements.ForBainthecoreY4,themarkeddifferenceis
likelyduetothefactthatBaintheY4lacustrinesedimentsisassociatedwithlitho灢
genicelements,notbio灢sourceones[28].

5暋Conclusions

暋暋Inthispaper,fourAntarcticornithogenicsedimentcoresweretakenasstudy
samples,andmeasuredbybothchemicalandspectralmethods.BasedontheStep灢
wise灢MLR,PCRandPLSapproaches,mathematicalrelationshipsbetweenthespec灢
tralandthechemicalreferencedataweredeveloped.Thecorrelationstructurere灢
flectsclearlythepredictionresults:

Fig.5暋Comparisonofconcentrationversusdepthprofilesdeterminedbyreferencechemistry(soliddot
line)andPLS灢predictedbyreflectancespectroscopy(hollowdotline)forninebio灢elementsinthe
Y2core.
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Fig.6暋Comparisonofconcentra灢
tionversusdepthprofiles
determined byreference
chemistry (solid circle
lines)andPLS灢predicted
byreflectancespectrosco灢
py (hollowcirclelines)
forninebio灢elementsin
the Y4 lacustrine sedi灢
ments.
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thereflectancespectraofthesedimentsaresignificantlycorrelatedwiththeninebio灢
elementconcentrations(S,P,Ca,Cu,Zn,Se,Sr,Ba)andtheseelementsarepre灢
dictedmorepreciselybyPCRandPLS.ThecorrelationcoefficientsbetweenPLS灢
predictedandchemicallyanalyzedconcentrationsoftheseninebio灢elementsarevery
high,andthepredicatedconcentration灢versus灢depthprofileswereveryconsistent
withthosefromactualchemicalanalysis.Theseresultsdemonstratedthatitwasfea灢
sibletopredictbio灢elementcompositionsinthemaritimeAntarcticusingtherapid,
cost灢effective,non灢destructiveandsimultaneoustechniqueofreflectancespectrosco灢
py.Therebythistechniquehasthepotentialofbeingavaluabletoolforthepalaeo灢
ecologicalprocessstudyofpenguins,otherseabirdsandmammalsinAntarcticregion
throughaugmentingsamplingdensity.
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