


Acoustic occurrence and behaviour of Antarctic blue whales

|. General introduction

Antarctic bluewhalesBalaenoptera musculus intermedia werewidelydistributedin the South-
ern Oceanprior to commercialwhaling[1,2,3].Thecurrentpopulationstatusof Antarctic
bluewhaleremainscritically low five decadesifterthe end of whaling;howeverthereare
recentsignsof populationincreasd4,5]. Thesewhaledeedpredominantlyin the euphausiid-
rich watersof the SouthernOceanduring the australsummerthroughautumn;andtheyhave
beenpresumedo fastduring their over-winteringperiodsin low latitudes[3,6]. Acoustic
monitoring effortshavedetectedheir callsasfar north as8ESin the easterrPacificand 8SES
in theIndian Oceansespectively7,8].

Theveryloud (up to ~188dB re luPa@ 1m)soundsproducedby Antarctic bluewhales
enablepassivecousticsurveyinstrumentsto detectAntarctic bluewhalesoverconsiderable
distance$9, 10]andtherebyinvestigatehe behaviour gcologyandhabitatpreferencesf
thesecritically endangereavhalesn situ [11,12]. Antarctic bluewhalegproduceboth charac-
teristicthreepart soundsknown asZ-callsthat arefrequencymodulatedfrom 28to 17Hz
lastingup to 18s[13], and D-callswhich arevariablefrequencymodulatedsignalsover106+
25Hz. TheZ-callsareproducedin long boutsandarethoughtto beamalereproductivedis-
play[13] while D-callsareproducedduring feedingbehaviourby both sexe$14]. Recent
detectionf bluewhaleD-callsindicatethat someanimalsarefeedingandresidentat low lati-
tudesin the Indian Oceanyearround [8]. Little is known aboutthe relationshipof call ratesof
Antarctic bluewhalesandenvironmentalparameter®r the effectson environmentalvariabil-
ity on bluewhaleoccurrencen the SouthernOcean.

The SouthernOceanis the only ocearbasinthatis circumpolar;it containsthe strongeast-
wardflowing Antarctic CircumpolarCurrent (ACC) andis the connectindink atall depths
for watermassexchangebetweerthe earth’'smajor ocearbasing15,16].Thesouthern
boundaryof the ACCis aregionof upwelling(i.e.the Antarctic Divergence}hat occursatthe
SouthernFront [17]. Inter-annualvariationsin the atmospherigressuret sedevel wind
stressseasurfacgemperaturecloud cover,andsea-iceextentoverthe SouthernOceanare
important driversof the ocearcirculationin theregion[15,18+20]Annual changén seace
extentis the major oceanographic/climatifeatureof the SouthernOceanand controlsthe
morphologicaland physiologicahdaptation®f whalessealsandpenguingo life in these
frigid watersboth throughits presencasaphysicabarrierandascritical habitatfor Antarctic
krill, Euphausia superba [21+23].

Satellitemeasurementsf oceancolour arethe principal remote-sensingpol for measuring
ocearproductivity andits responseo climatechange/variabilityfe.g.[18,24]),consequently
seasurfacechlorophyll-aconcentrationgmeasuredsoceancolour) areoftenusedasproxy
for primary productivity (e.g.[25]). Remotelysense@nvironmentalparameterhavethe
potentialto identify biologicalhotspotsfor cetaceanandto thereforeestablistareasf marine
conservatiorpriority (e.g[21,26,27]).

Herewe presentheresultsof analysesn the calltypedistribution (ascalloccurrenceand
acoustidbehaviour(ascallrates)of Antarctic bluewhalesasafunction of satellite-derived
environmentalparametersisingthe circumpolarpassiveacoustiomeasurementduring the
SouthernOceanwWhaleand EcosystenResearciSOWER)programof the International
Whaling Commission(IWC), hereaftelWC SOWERThelWC SOWERprogramwasalong
serieg1978+200990f line-transecsurveycruisedirectedprimarily at obtainingabundance
estimatedgor Antarctic minke whaleq28] andfor aperiod of 14yearq1997+2009lsoincor-
poratedabluewhaleresearcttomponentwhichincludedcollectionof acousticsecordings.
This papercontainstheinterpretationof anappliedmodellingexercisditting onemodelto
the setsof environmentalvariablego the observedtall occurrenceand acoustidoehaviourof
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Antarctic bluewhalesRandomforest(RF)modelrevealghe responsef Antarctic bluewhales
to environmentalvariability andalsohighlight theimportanceof environmentalvariability in
monitoring the statusof Antarctic bluewhales.

Il. Acoustic data
Developing and testing detectors

We analysegbassivecoustiddatacollectedusingboth sonobuoysandtowedhydrophones
during the IWC SOWERcruisesconductedsouthof 55E $o theice edgefrom Decembeto
Februaryof 1996/9 7o 2008/09 Someacoustimbservationgxtendedasfar north as38ESiur-
ing transitsto andfrom the Antarctic (Fig 1). Acousticdataanalysesvereperformedin the
eXtensibleBio-AcousticTool (XBAT) softwarg29] implementedasa MATLAB routine [30]
with automaticdetectiontemplatedor Z- and D-callsdevelopedndappliedin XBAT. A com-
pleteZ-callwith all the three-units(Fig 2A) andthe D-call downsweepingrom 90+30Hz (Fig
2B)wereusedastemplatedecaus¢heyboth containedmostof the energyof the calls.The
first unit (8+12s)of the Z-callisat 28Hz (Fig 2A1),the secondunit is relativelyshort (2+5s)
anddownsweepfrom 28to 19Hz (Fig 2A2),andthethird unit (8+12s)isaslightlyfre-
guency-modulatedetweerl9and 17Hz (Fig 2A3). Multi-harmonicsof Z-calls(Fig 2A)
reflectthe strongsoundenergylevelat the receiverusuallyassociatedith that soundspro-
ducedby animalscloserto the recorderwhilst faint Z-callswith weakenergylevelsarethose
producedby animalsfartherfrom therecorder(Fig 2B).
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Fig 1. Map showing the location of sonobuoy deploymen ts. Those with acoustic detections of Antarctic blue whales are shown as yellow dots. Locations
with no blue whale detections are shown as red dots. The black line represents the positions of SBACC based on Orsi et al. [31].
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Fig 2. Spectrograms showing the two types of Antarctic blue calls; a) the three-unit (1, 2, and 3) frequency
modulated 28 to 17 Hz blue whale Z-calls (green rectangles), and b) high frequency 90-30 Hz downsweeping
D-calls (green rectangles). Each green rectangle represents calls detected by the detector and the hash (#)
represents the count of each call detected. Also presented are one-unit faint Z-calls (red rectangles) and faint
D-call (purple rectangle). Spectrogram parameters: frame size 1.28 s, 25% overlap, FFT size 4096 points,
Hanning window.

doi:10.131/journal.pon@172705.g002

Thetemplatedetectormethodoperate®n anacoustidime seriesof spectrogramby con-
structingacorrelationkernelfor the vocalization[32]. Callswererecognizedrom spectro-
gramsby cross-correlatingvith the templatekernelbasedn asimilarity levelabovea set
threshold We usedeffectivedetectiontemplategrom 1997to automaticallydetectZ- and D-
callsfrom 1997to 2004acoustiadata,andthentemplatedgrom 2009wereusedfor 2006to
2009datato accountfor changesn fundamentafrequencyof the Z-call[33]. In orderto assess
the performanceof the automatedietectorsthe entire acoustiadatase{1,518hours)was
assessedsuallyto estimatehe numberof falsepositive(detectionghat werenot bluewhale
calls)andfalsenegativg missedbluewhalecalls)calls.Thevisuallyidentified falsepositive
detectionsveremanuallyexcludedrom further acousticanalysesVisuallyidentified false
negativesveremanuallyincorporatedinto thefinal total callnumbercalculations.

Outcomes of detectors

Wetestedsix differentthresholdsrom 20%to 70%by incrementsof 10%to determineopti-
malthresholddor our analyseg¢Fig 3). The 20%detectionthresholdwasbestsuitedto our
studyasit producedthe fewesmissecdcallscomparedo otherthresholdsalthoughthe num-
ber of falsepositivesvasmuch higher.Low thresholdsaregenerallyknown to beeffectiveat
scanninghroughlargedatasetsuchasthe oneusedhere[32]. Falsenegativeerror raterefers
to the percentagef falsenegativecalls. Detectiontemplategrom 1997producedfalsenegative
error ratesof 58%for Z-callsand 79%for D-calls;andaccuracyatesof 42%for Z-callsand
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Fig 3. False negative rates at different threshold s for Z- and D-calls using the 1997 (left) and 2009 (right) detectio n templates.
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21%for D-calls(Fig 3). On the otherhand,templatesrom 2009producedfalsenegativeerror
ratesof 17%for Z-callsand 29%for D-calls;and accuracyatesof 83%for Z-callsand 71%for
D-calls(Fig 3).

Detector caveats

Automateddetectionof animalvocalizationss effectiveat acceleratingcousticdataanalyses
andproducingmorerobustresultsthan humanvisualsounddetectiong32,34].Theveryhigh
falsenegativeerror ratesandlow accuracyatesof the automaticdetectomproducedby the
1997templateouldindicatetheidentified changeof bluewhalecallfrequencyshift overtime
[33,34].In contrastthe 200%templatesanalysediatawithin relativelycomparablgime peri-
ods,henceproducedrelativelybetterdetectionperformancesThefactthatnot all recordedZ-
callscontainedthe three-unitsof the completecallusedin thetemplateandalsothatnot all
recordedD-callscontainedfrequencydownsweepangeof the detector(Fig 2) couldhave
inducedchallenge$o this automaticcross-correlatiordetectionmethod.Noise possiblyfrom
airgunsand otherunknown sourcesgontributedfalsepositiveerror ratesfor both calltypes.
Overall,the XBAT templatedetectoralgorithmwasusefulat detectinghighly stereotypedblue
whalecallseventhoughit yieldedhigherfalsenegativeratesandloweraccuracyatesthan
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otherstudies(e.g.[32+34]).Nonethelesgshe methodcouldbeimprovedby anallowanceo
simultaneouslyiseof morethan onecalltemplate For examplethe simultaneousiseof 3
templatedor the Z-calls,i.e.onecompletethree-unitcalltemplate plusatwo-unit calltem-
plateand one-unit calltemplate(Fig 2) and/or the useof templatedrom differentyearssimul-
taneouslySuchmulti-templatewill permit the useof high thresholdswithout inducing high
falsenegativeerror rates.

Srovi¢ [34] observedhatintra- andinter-annualchangesf callfrequencyaffectecthe
automaticdetectionof NortheastPacificbluewhaleB. m. musculus callsandrecommendec
newdetectiontemplatefor eachyear.More detailedestimate®f the change®f startandend
frequencyof Antarctic bluewhalecallsovertime from this SOWERacoustiadataseandthe
mostrecentlyrecordedbluewhalecallsbothin the SouthernOceanandlow latitudeswill
inform on thelongterm behaviourathangeén bluewhalevocalization@ndwhethersuch
templatedor eachyearshouldbeusedto reducefalsedetections.

Whale numbers and groups

Acousticstations(484total) weredifferentiatedinto two typestype 1 stationsweresonobuoy
deploymentsn associationwith avisualsightingof bluewhaleq107stations)type?2 stations
weredeploymentwithout bluewhalesvisuallydetected 377stations) Estimate®f numbers
of individual bluewhalesand of bluewhalegroupsobservedn type 1 acousticstationswere
sourcedrom theacoustiddataforms completedduring the IWC SOWERcruisesasprovided
bytheWC Secretariahndfrom theline transectisualsurveysightingforms, if whalesvere
seerduring the normalline transectisualsurveysThedate time of theday,andstationnum-
berof eachacoustiaecordingwereusedto link bluewhalesightingsto theacoustiaesultsin
instancesvherebluewhalecallsweredetectedrom the analysesut not heardduring the in
situ monitoring, thewhalenumbersand numberof groupsseenwvereassumedo bezero
unlessamatchingtime and positionwith awhalewasfound in the visualsightingforms.

Call rate calculation

Thenumberof callsrecordedfrom eachsonobuoyand/or hydrophonedeploymentwvereallo-
catedto eachstationasdocumentedn the IWC SOWERcruisereportsandacoustidorms.
Therecordingduration of eachdeploymentvasdeterminedduring acousticdataanalyses,
andthe stationduration wascalculatedasthe sumof durationsof recordingsfrom that station.
Callratesof both the Z- and D-callswerecalculatedor eachstationasthe total numberof
callsdividedby the stationdurationto givecallsperhour at eachstation.Call rateswerenot
determinedascallsperhour perindividual, howeverput ascallratespergroup(s)per hour
dueto thedifficulty in determiningthe precisenumberof vocallyactiveanimalswithin any
groups.Resultof callrateswerethereafterassignednto day(06:00to 18:00ocaltime) and
night (18:00to0 06:00)dependingon their recordingtime beforefitting to the modelsalthough
suchday/nightdifferentiationreflectedhe surveymodeof the vessetatherthan Antarctic
summerlight regimesasvisualmonitoring only took placefrom 06:00+18:08achday.

[ll. Modeling blue whale occurrence and behaviour
Environmental data used

Satellitechlorophyll-a(chl-a) measurementaereobtainedfrom the globallyblendedand
binnedhigh resolutionlevel-3 casel waterGlobColourproject[35] that mergegshe remotely
senseaceancolourmeasurementfom threesatellitedatasourcesMERIS(Medium Resolu-
tion ImagingSpectrometer)MODIS-Aqua(Moderate-resolutionmaging
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Spectroradiometernd SeaWiF$Sea-viewinyVide Field-of-ViewSensor)However,only
the SeaWiF$neasuredjlobalchlorophyll-adatawereavailabldor Decemberl997through
February2002.The GlobColourchlorophyll-adatawereextractedat amonthly temporalreso-
lution and0.05Kapproximately km) spatialresolutionin the regionsof the SouthOceansur-
veyedduring the IWC SOWERcruisesThreemonth chl-aaveragewerecalculatedor each
surveyedesolutionpoint wherechl-avaluesverenot availabledueto cloud cover All three
monthsusedin this studyfell within the samesummerseasorassociatewith sustaineghyto-
planktonblooms(e.g.[26]). Thus,the Decemberl997averagehl-aconcentrationsvereused
for Januaryand Februaryl997becauséherewereno chl-adatafor thosemonthsasthe Glob-
Colour chl-atime serieonly begann Septembel997 Datawereprocesseth R statistical
softwarepackagg36] usingthe following packagedviatrix [37], stringr [38], andncdf4[39].
Theisin.convert.Runction from www.menugget.blogspot.cowasusedto convertthe
binnedGlobColourchl-adatato agrid format.

Satellite-derivedeasurfacaemperature¢SST)wereobtainedfrom the Groupfor High
ResolutionSeaSurfacelemperaturd GHRSSTYloball eveld seasurfaceemperatureanalysis
produceddaily on a0.25rid spatialresolutionatthe NOAA National Climatic DataCenter
[40]. GHRSSTproductusesptimalinterpolation(Ol) boostedoy datafrom the 4 km Advanced
Very High ResolutiorRadiomete(AVHRR) PathfinderVersion5 time seriegwhenavailable,
otherwiseoperationaNOAA AVHRR dataareused)andin situ shipandbuoyobservations.
TheOl analysiss adaily averagé&STthat is biasadjustedusinga spatiallysmoothed7-dayin
situ SSTaveragandis thereforetunedto about0.3meter[41]. The Open-sourcédrojectfor a
Network DataAccesd$rotocol(OPeNDAP)facility wasusedto getSSTdatavia the Environ-
mentalResearcivision'sDataAcces$rogram(ERDDAP)dataservermusingthe rerddap[42]
andxtractomatic43] packaged R asasimple,consistentmethodto downloadsubset®f data
from agriddeddatasetia aspeciallfformed Uniform Resourcé.ocator(URL). Thedaily SST
productsweresubsequentlaveragedhto monthly SSTproducts.

Seasurfaceheight(SSH)daily measurementa/ereobtainedfrom the Archiving, Validation
andInterpretationof SatelliteOceanographi¢AVISO) dataprogramusingthe erdTAssh1lday
functionin R.AVISO SSHproductcombinesdatafrom up to sixmultiple satellitesincluding
Jason-1TOPEX/Poseidorthe EuropearRemoteSensindERS)Satellited and 2 andtheir
successothe EnvironmentalSatellite ENVISAT),andthe GeodeticSatellit GEOSAT)[44].
Themonthly SSHwassubsequentigomputedfrom the daily product. The SouthernOcean
bathymetrydata(Fig 1) wereobtainedfrom the ETOPO1globalreliefmodelthatintegrates
landtopographyand ocearbathymetryusingthe Earth'ssurfacel arc-minuteglobalrelief
model[45].

Monthly blendedvectorseasurfacewind speedanddirection (at 10m abovesedevel)and
seasurfacawind stresseweredownloadedrom ftp://eclipse.ncdc.noagov/pub/seawinds/Sl/
andprocesseth R usingcustombuilt functions. Thesewind speedsnddirectionsare
blendedfrom multiple satellitegup to six,including the DMSPSpeciaBensoMicrowave/
Imager(SSM/I),the Tropical RainfallMeasuringMission(TRMM), Microwavelmager
(TMI), the Quick ScatterometefQuikSCAT)andthe AdvancedVicrowaveScanningRadi-
ometer-EOSAMSR-E))observationspn aglobal0.25degreespatialgrid anda 6-hourlytem-
poralresolution(sedg46]). The seasurfacewind stresstau (t), wasusedfor our modelling
sinceit isthewind stresamplitudeasascalameangivenin N m™. Distancein kilometres
(km) to the nearesintarctic coastlinevascalculatedusingthe customdevelopedunction
definedasthe shortestistanceto the Antarctic coastlingfor eachof the acousticstations.

Monthly seaceextentaveredownloadedrom the G02135atasef4 7] atthe National
Snowandlce DataCentre(NSIDC) datapool repository:ftp://sidads.coloado.edu/
DATASETS/NOAA/GO02135hapefiles/Sedceindexversion2 usesv1.1of theseaice
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concentrationgrom Nimbus-7SMMRandDMSPSSM/I-SSMIPassivéMicrowaveData
(alsoknown asGSFQproduct) astheinput datasourcefor the final portion of the Sedce
Indexrecord.Thedataarealevel-3griddedproduct, mappedo apolar stereographigrid ata
spatialresolutionof 25km. Datawereprocessedsingthe rgdalmappingpackagg48] in R.
Distancegkm) of acousticstationsto theiceedgewerecalculated.

We usedpositionsof the southernboundaryof ACC (Fig 1) definedby Orsi etal.[31]
usinghistoricalhydrographicdatafrom the SouthernOcean Thedatawith the positionswere
downloadedrom http://gcmd.nasa.gov/recds/AADC_southern_ocean_frosthtml.The
distancgkm) of acousticstationsto the closessouthernboundaryof ACC calculatedisinga
customdesignR function.

Model choice

Beforemodellingthe data,we determinedthe effectsof multi-collinearity betweerpredictor
variablesisingthe generalisedarianceinflation factors(GVIF; [49]) implementedthrough
thecarlibrary [50] in R.GVIF is usedto describehow muchmulticollinearity (correlation
betweempredictors)existsn regressioranalysesuchasRandomForestRF).Low GVIF val-
ues(aroundone)indicateweakor no correlations GVIF valuesaroundfive indicatemoderate
correlationsandvaluesof 10or moreindicatestrongcorrelationg51,52].0ur GVIF values
rangedfrom 1.1to 5.8whenexcludingdistanceo theice edgebut reachamaximumof 8.9
whenincluding distanceo theiceedgethusdistanceo the iceedgewaseliminatedasit is
highly correlatedwith latitudeand SSTandits GVIF valuewascloseto the elimination thresh-
old of 10[52].

RFmodelsareknown to providehigherperformanceand havea numberof advantages
overstandardregressiommethoddike generalizeddditivemodels[53+55].RFusesa setof
unpruneddecisiontreesthat arebootstrappedstheygrowwith trainedsampledata,andrely
on randomlychosersubset®f the predictorvariablesascandidatesplitting treenodeg55,56].
RFdoesnot discountsomevariablesompletelyand candidatesplit-variableselection
increaseshe probability of anysolitaryvariablebeingincluded[55,56].A generalisetboosted
regressiorireesmodel(GBM) wasalsousedto modelthe occurrenceandacousticbehaviour
of bluewhalesbut RFwasfound to bebetterat detectingsignalsandhadahigherprediction
accuracythan GBM.

RFmodelwasusedto determinewhich environmentalparameterinfluencedthe acoustic
occurrencepresence/absencé calls)and acoustidbehaviour(call rates)of the Antarctic blue
whaleduring the SouthernOceansummer.The chl-adatawerelog-transformedefore
modelfitting dueto the skewnessf their distribution. Pearson'sorrelationcoefficientr)
werecalculatedo measurehe linear correlation(dependencelpetweerthe callrateof each
calltype.

Therelativeimportanceof predictorvariablesn the modelwasassesseualy computingthe
influenceof eachof the variableson the predictionerror of the model. Therelativeimportance
of eachof the variablesn the modelcanbecomputedby permutingthe Out Of the Bag
(OOB)/testdatasampleor by determiningthe decrease nodeimpurity, asmeasuredy the
meansumof squarestesultingfrom splitting of the variableof interestandaveragingverall
treesFor eachtreethe predictionerror is computedon the OOB dataandthe permuteddata
arecalculatechnd average@crossll treesand normalizedby the standarddeviationof the
difference This normalizedindexis calculatedor eachof the variablesand usedasindex of
relativeimportance RFmodelwasfitted to determinethe importanceof thefollowing predic-
torson bluewhaleoccurrencelongitude latitude,log-transformecchl-a,SSTSSHwater
depth,distancefrom the shoreline distancefrom the nearesSBACCwind stresswind speed,
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Table 1. RF model performanc e for blue whale occurren ce based on AUC.

TypePerf Mean SD
5-foldCV 0.957 0.004
LGOCV 0.957 0.008

TypePerf is the type of performance and SD is the standard deviation.

doi:10.131/journal.pon&172705.t001

wind direction, stationduration, day/night,and month. RFmodelfor callratesdetermined
theimportanceof the following predictors:longitude latitude,log-transformecchl-a,SST,
SSHwaterdepth,distancefrom the shoreline distancefrom the nearesSBACCwind stress,
wind speedwind direction, stationtype,whalenumbers day/night,month andwhalegroups.

The RFoptimal parameterconfigurationsfor both callratemodelswere:the numberof
growingtreesntrees= 500for Z-callsand 3,000for D-calls;the splitting minimum sizeof ter-
minal nodesof treesnodesize= 2 for Z-callsand 1 for D-calls;andthe numberof callratesran-
domly selecte@ttreenodemtry = 3for Z-callsand 2 for D-calls.The RFoptimal parameter
configurationsfor bluewhaleoccurrencanodelling:ntree= 500,nodesize= 1,andmtry = 6.

Sincethe detectionrangef sonobuoysverenot estimatechere weran the RFmodelwith
andwithout sightingdatausingthe aboveoptimal parameterconfigurationsto evaluateeffects
of detectionrangeson bluewhalecallrates.The modelproducedrelativelysimilar setsof out-
putsin both casesThe modellingwasperformedwith the R statisticakoftwarepackageising
librariesrandomForesf57] andranger[58].

We usedthe 5-fold cross-validatiorn{5-foldCV) andthe LeaveGroup Out CrossValidation
(LGOCV,alsoknown asMonte-Carlocrossvalidation),to quantifythe predictiveaccuracyof
our classificatiormodeltypebetweerthe predictedvaluesand observedraluesof bluewhale
occurrencd59]. Theareaunderthereceiveroperatingcharacteristicurve(AUC) wasusedto
measurehe predictiveaccuracyof our classificatiormodel,i.e.howwellthe modelcorrectly
classifiedhe classescludedin the model(herethe presence/absencé callwhales) AUC
normallytakesvaluedetweerD.5and 1, wherevaluesloserto 1 indicatebetterclassification
ability. Thenumberof replicategnrep) wassetto 200for the modelperformanceassessment.

Using 70%of the datafor training andthe remainingfor validation,the performanceof RF
for callratemodellingwasassesse®&®ootmeansquarepredictionerror (RMSPE)wasusedto
measurdhe differencebetweenvaluegredictedby the modeland observedraluesin addi-
tion, Spearman'sank correlationcoefficient(rho) wasappliedasa qualitativemeasureof the
performanceof the model.A low RMSPEvalueindicatesa bettermodelwhereashe opposite
istrue for rho.

The AUC valuesndicatedbetterperformanceor RFthan GBM (Tablel). Thecorrelations
betweerthe predictedand observedraluef both callrateswerealsohighestfor RF(Table2).
The5-fold crossvalidationand LGOCV broadlyproducedremarkablysimilar results(Tables
land?).

Table 2. RF model perform ance for blue whale call rates based on RMSPE and Spearmen's rho.

Call type
D
D
z
Z

TypePerf
5-foldCV
LGOCV
5-foldCV
LGOCV

doi:10.137/journal.pon®172705002

rho RMSPE
Mean SD Mean SD
0.647 0.012 23.567 0.754
0.645 0.026 23.425 1.663
0.842 0.009 8.651 0.483
0.841 0.018 8.722 0.872
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Southern ocean environmental conditions

SouthernOceanenvironmentalparameteryariedacrosshe 14yearsof the IWC SOWER
cruiseqFig 4), althoughit mustbenotedthat differentregionswerenormally visitedin differ-
entyearsTheblendedog-transformecchl-aconcentrationdor all surveyed/earsanged
betweer2.5and1.7mgm™ (equivalento 0.1and5.3mgm™ untransformedchl-aconcenta-
tions; Fig4A). Thehighestchl-aconcentrationwasfound at 62.78E8nd57.65EWor astation
from February2000whilst the lowestwasat 62.58E8nd 119.28EEor astationfrom February
1999 Chl-aconcentrationsveregenerallyhigherfor Decemberand Februarybetweeryears
(Fig 4A). ThehighestSSTvalueof 20.6EGvasderivedin the Atlantic Oceanat 38.25E&nd
18.29EHuring the 2005/200&ruiseandthe lowestrecordedSSTof -1.6EGvasoff theice
edgeat 63.55E8nd 64.4EWduring 1999/200@ruise(Fig 4B).

Seasurfaceheightwasgenerallybelow-1 m with Decembeiand JanuaryhavinghigherSSH
valueqFig4C).Wind speeddluctuatedacrossll yearqFig4D). Wind directionmedians
rangedbetweerll00Eand 150 Fig 4E).Wind stressmediansfor all the yearsverewell below
0.4N m™ (Fig 4F).January006hadthe highestvalueof 2.5N m™ wind stresobservedat
62.75E8nd 178.89EWhat correspondso wind speedsf 70kts we observediuring that IWC
SOWERcruise. Theyear2007/0&hadenvironmentalanomaliesvhereSSTSSHwind speed,
wind directionandwind stressverehigherthan previousyearqFig 4). Thedistributionsof
themain sixsatellite-derive@nvironmentalariablesacrosghe datadistribution in the South-
ern Oceanshowboth latitudinal andlongitudinaltrendsoverthe studyperiod (Fig 5).

Blue whale call rates

Vocalisationor callratesareimportant for determiningthe approximateacoustidoehaviourof
whalesatagiventime andplace[60]. Typel stationsincluded375bluewhalessightedin 173
groupsassociatewvith the callrates,andcalloccurrencefrom 484acousticstations Antarctic
bluewhaleZ- andD-callratesgeneralljincreasedetweenlanuaryand Februaryof eachyear
(Fig 6). MedianD-call vocalisatiorratesfor stationsduring mostiIWC SOWERyearswvere
wellbelowl0callsperhour (Fig 6). Bluewhalecallratesfor both calltypesweregenerallfiow
during Decembemonthsfor all theyearsD-call ratesfor all the IWC SOWERcruisesvere
observedo behighly correlatedr = 0.68)with the Z-callrates.

Acoustically detected whale occurrence modelling outputs

Presencer absencef aspeciegFig 1) canbeusedto determinepreferredhabitat,andthe
responseurvesof the effectsof differentenvironmentalparametersn the occurrenceof blue
whalesshowsuchpreferencesBluewhalecall presenceshowedvariationrelativeto different
predictorparametergFig 7). The effectsof eachof the parameter®n the occurrenceof blue
whalecallsareshownon theresponseurvesin Fig 8. Distancefrom nearesSBACC Jatitude,
distancerom the nearestntarctic shoresandlongitude,werethe mostimportant predictors
of bluewhaleoccurrence€Fig 9). SSHSST]Jog chl-a,stationduration,wind speedwind direc-
tion, depth,andwind stressveremoderatelyimportant predictorsof occurrencewhereas
month andday/nightwerethe leastimportant predictorsof occurrencgFig 9). Bluewhales
wereonly heardin waterdepthsbetweer808and5,888m.

Acoustic behaviour modelling outputs

Modelresponseurvesof the effectsof 15differentsummerenvironmentalparameter®n the
callratesof the two bluewhalecalltypesbasedn the 14yearsacoustidime seriesareshown
in Figs10and11.The RFmodelfound thatthedistancerom the SBACCJatitudeand
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1997 to 2009 in areas surveyed by the IWC SOWER cruises in the Southern Ocean (38+78ES-180-180EE). (a) Log transformed blended chl-
a concentrations (mg m™), (b) Sea surface temperatures (°C), (c) Sea surface heights (m), (d) Wind speed (m s™"), (e) Wind direction (degrees),
and (f) Wind stress (N m™). Note that not all environmental variables were acquired for all months of our study period due to satellite data

Date
Fig 4. Monthly variations of the six satellit e-derived environmen tal predictors used in models for the summer (Decembe rtFebruary) of

unavailability.
doi:10.1371/jounal.pone.017205.9g004
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Fig 5. Global climatology of environ mental variables observe d during the austral summers (December- February ) of 1997+2009.
Horizontal distribution of the (a) log-transformed chl-a, (b) SST, (c) SSH, (d) sea surface wind speed (color) in m s™ and vector (arrows), (€) sea
surface wind stress (color) in N m and vector (arrows). Only SeaWifs chl-a data were used for plotting the relative distribution of chl-a
concentrations.

doi:10.8B71/journal.pon8172705.g0B

numberof whalesat a stationwerethe mostimportant predictorsof D-call vocalisatiorrates
(Fig 12).Longitude followedby whalegroups(numberof groupsizef 1,2 and4 weremostly
influential), depth,wind stressyind speedSSTthe distancefrom the Antarctic shore wind
direction,and SSHweremoderatelyimportant predictorsof acoustidoehaviour(Fig 12).Log
chl-a,month andtime of daywerethe leasimportant predictorsof D-call rates(Fig 12).Dis-
tancefrom the SBACCJatitudeandlongitudewerethe mostimportant predictorsof the blue
whaleZ-callvocalisatiorrateby the RFmodel(Fig 12). Whalegroups(numberof groupsizes
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of 1,2 and4 weremostlyinfluential) followedby SSH the distancerom the Antarctic shore,
depth,numberof whaleswind direction,log chl-a,wind stressand SSTwerethe moderately

important predictorsof behaviour(Fig 12).Wind speedmonth andtime of dayweretheleast
important predictorsof Z-callrates.

IV. Blue whales in the Antarctic environment

Environmentalconditionswereimportantin predictingthe calloccurrenceandacoustic
behaviourof bluewhalesn the SouthernOcean Callratesincreasedn Januaryand February
of eachyear likely dueto theincreasinghumbersof bluewhalesarriving in the Southern
Oceanfrom their overwinteringgroundsrelativeto Decembefwheremore extensiveseace
extentcould potentiallyhaveaffectedhedistribution of vocalAntarctic bluewhaled61,62].
However month of surveywasthe leastmportant predictor of both calloccurrenceandvoca-
lisationratesin our modellingoutputs.We suspecthatthis is becaus¢he surveymonthsof all
IWC-SOWERcruisedall within the sameseasonhencetheir overallresultsarecomparable
althoughtheremight besomeinter-month differences.

PLOS ONE | DOI:10.1371/journal.pone.0172705 February 21,2017 13/24



Acoustic occurrence and behaviour of Antarctic blue whales

Absent —— Present

Latitude Longitude & SST SSH
£ 21
° s 31 “
& s <
s - 3
3 o #5
- 3
8 | o
s S 39 ~
s =l
S S
8 =] o
sS4 84 4o & eswwe 2 o
= I IR DR T S T T T T T T T
-80 -70 -60 -50 -40 -200 -100 0 100 200 o 5 10 15 20 -15 -1.0 -05 00 05 1.0
= Depth WindStress WindSp WindDir
3
Ey - 8 ®
2 3 | g =
28 8 2
g < e | 24
= e o g
TS 24 2
£ o g 4
g 7 g ]
LE . g | g
H — "t s -7 4r—"77""—
o 2000 4000 6000 00 05 10 15 20 25 0 5 10 o 100 200 300
StationDur SBACC IChl.a Distance

L
!

A T
00 02 04 06

!
&
~
°
~

!

S e
0 5 10 15

Feb Jan Dec Day _ Night
Month Time

Ao

500 0 500 1000 1500 2000

-

0 1000 2000 3000 4000

0.0000 0.0010 0.0020
0.0000.0010.002 0.003

0.00 005 0.10 0.15

Value

Proportion of
occurrence
o o o
2 o &

°
i

Fig 7. Kernel density distribu tion of each of the variables used in this study to define the occurren ce
of both blue whale calls in the Southern Ocean. Open circles represent each presence and absence of
blue whales while barplots are for factor variables. SBACC is the distance of acoustic station from the nearest
southern boundary of ACC (km), StationDur is station duration (hrs), IChl.a is log chlorophyll-a (mg m™),
Distance is the distance from the nearest Antarctic shore (km), WindSp is wind speed (m s™), and WindDir is
wind direction (°).

doi:10.131/journal.pon@172705.g007

Not surprisingly thetypel (presencef whalegroup >1) stationhadahighereffecton call
ratesthantype?2 (no whalegroupspresent)station(Figs10and11),confirming thatdeploying
anacoustidnstrumentin thevisualpresencef whaledgncreasedhe probabilitiesof recording
their soundsandthat theremight beotherunobservedocallyactivewhalesn the areainter-
actingwith the sightedwhalesAcousticstationswherebluewhalesverenot detectedmight
indicatethat whalesvereabsenfrom the areaor silent.Callratesincreasedvith numberof
whalesandgroupsin anareaabehaviouralsonotedin North Atlantic right whalesEubalaena
glacialis [60]. Therecordingduration of stationswasfound to beamoderatelyimportant
predictorof the calloccurrenceof bluewhalesy the RFmodel,reflectingthat the lengthof
theacoustiaecordingaffectshe probability of detectingbluewhaleswithin anarea[13].
Althoughhighercallrateswererecordedduring the daythanat night, time of the daywasthe
leastimportant predictorbecaus@acousticoccurrenceandvocalisation®ccurredindepen-
dentlyof time of theday.

In this study,Antarctic bluewhalesverecommonlyfound in waterswith SSTdetween
-1.4EQand3.5ECwhich suggestthatthis speciesiasabroadtemperaturetolerancein the
SouthernOcean This couldalsoexplainthe latitudinal dependencef bluewhalesasthe
colderwatersaregenerallyfound further southneartheiceedge D-call ratesincreasedvhen
SSTsverebelow0.3EGllustrating a preferencdor temperaturesssociatedvith high zoo-
planktonproductivity of the ACC thermalfronts. Inter-annualvariabilityin SSTandmeso-
scaleocearcirculationaffecttheinherentAntarcticice coverthatis critical to the distribution
of bluewhalepreyspecieguphausia superba [15,18].SSTvalueshetweer0+3.5E@eredem-
onstratedby the RFmodelasmostpreferredrangefor the Z-callrates.

Theareabetweertheiceedgeand800km from the nearesAntarctic shorewasdetermined
by the modelto beimportant for calloccurrenceand call ratesof Antarctic bluewhalesn
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summer.Thisindicateghat not all bluewhalegransitto theice edgeto feed but that some
animalsremainwell north of theice edge The SBACGs associatedith high primary produc-
tion, krill andwhalessuggestinghatit providespredictablyproductiveforagingfor manyspe-
ciesjt is of critical importanceto the function of the SouthernOceanecosystent3,64].
However our resultsshowedhatregionsfurther awayfrom the SBACChut closerto theice
edgewerethe mostpreferredby bluewhalesThisresultshowsghat bluewhalesn the South-
ern Oceanpreferproductiveareasloserto the Antarctic shores.
Waterdepthsbetweer880and5,900m attheiceedgeand opensearespectivelyvereof
importancefor both the occurrenceand acoustidoehaviourof whalegeflectingawide bathy-
metric preferencdy the speciedlt isimportant to notethatthelocationof theiceedgen
summergenerallyapproximateshe continentalslopefront (i.e.the shallowetisobathdn this
study)andis normally aregionof high chl-a(Fig 7A) and preyavailability Kasamatsiet al.
[65] alsofound that bluewhalegpreferredthe ice edgeregions Latitudesbetweer60ESind
75ESvereimportant for the occurrenceandvocalisatiorratesof bluewhalesLongitudes
betweerbOEWand 30EEand 90EEand 180E Rvereimportant longitudinal bandsfor the
bluewhaleoccurrenceandvocalisatiorratesreflectingthat theseareasareassociateaith
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bathymetricfeatureshat areimportant for phytoplanktonbloomsin the SouthernOcean
[16]. Not surprisingly,moredevotedsurveyeffortin thesdongitudinal bandsresultedn
higherprobability of encounteringoluewhaleq13]. High historicalbluewhalecatches
recordedin thesdongitudinalbandsconfirm theseareasaspreferredhabitatsfor bluewhales
in the SouthernOcean3].

SSHvaluesof lesghan-1 m wereimportant to bluewhaleoccurrenceand callratesjndi-
catingthatbluewhalesoccurredcloserto the Antarctic PeninsuleasSSHdecreasedloserto
the Antarctic Peninsuld66]. Specificvaluesof SSHareknown to definefronts andeddiesn
the SouthernOceanwhichin turn increasereyabundancer availabilityby enhancing

PLOS ONE | DOI:10.1371/journal.pone.0172705 February 21,2017 16/24



Acoustic occurrence and behaviour of Antarctic blue whales

Whale numbers SBACC (km) Latitude (°S) Groups
124 2 1
117 9 8
] 10+ |
10 e j 6-
8 8 | |
7 6 &
6 6 2
5- 5 o
0 2 4 6 8 10 0 500 1000 1500 70 60 50 -40 o 1 2 3 4 5
Longitude (°E) Distance (km) Wind speed (ms™) Wind stress (N m™)
6.6 - 6.4 7.0
6.4 6.4+ 6.2 6.5
6.2 6.2 6.0
6.0 6.0 . 6.0
5.8 5.81 ' |
5.6 5.61 il 59
5.4 5.4- -
150 ' 50 ' 50 ' 150 0 ' 1000 ' 2000 ' 3000 ' 2 4 6 8 10 00 05 10 15 20 25
Depth (m) Wind direction (°) SST (°C) SSH (m)
114 1 8.0- 6.4+
101 63 7.5 6.2
9 6.0 7.0 6.0
87 6.51 o5
4 5.5 6.01 :
6 5. 54 5.6~
[~
Y 1000 ' 3000 ' 5000 | 50 100 ' 200 ' 300 0 5 10 15 20 15 ' -05 00 05 1.0
Month Log chlorophyll-a (mg m™®) Day/Night
7.5
5
p 7.0
3 6.5
2 60_
(1) 5.5
Dec Feb Jan -? -|1 d) “ Day Night

Fig 10. Partial effects of the different predic tors on D-call rates of blue whales using the RF model. Plots indicate the marginal effect on blue whale
call occurrence (y-axes) by each predictor variable (x-axis).

doi:10.1371/joural.pone.072705.9g010

primary production[17,67].Seasurfacewnind stresss consideredmportantin the Ekman's
transportof the wind-driven currentssuchasthe ACC by leadingto upwellingand downwel-
ling in differentareasfthe ocean16,17,68]Thesatellite-deriveavind stressaluesof this
studywerewithin the0.5+1.0N m rangeobservedy Nowlin andKlinck [17] and Thomalla
etal.[69] for the SouthernOceanalthoughNowlin andKlinck [17] observedvind stress
valuesaround2.5N m™2 betweer20EWand 110EEWind direction controlsthe supplyof
nutrient carryingsedimentgo the continentalmargin, thusis animportant signof ocearpro-
ductivity whichis closelycoupledto climatevariability[18]. Theoccurrenceandvocalisation
ratesof bluewhalesshowedstrongpreference$or south-easterlyo north-westerlywindsthat
areconsistenwith windsawayfrom, andreturning to, the Antarctic continentsuggestingvi-
denceof high productivity associatewvith thosewind directions.
Satellite-derivedeasurfacenind speedsf lessthan 10m s* wereexperiencedcrosghe
surveyregionsandthesewind speedsveretypicalfor the SouthernOcean46,70].These
wind speedgoincidewith the goodto moderatelygoodweatherconditionsrequiredto con-
ductline transectisualsurveysandsonobuoydeploymentsFurthermore suchwind speeds
areimportant for ocearcirculation,air-seagasand chemicalexchangeand nutrient transport
(e.g.[16,17])andaregenerallyindicativeof phytoplanktonproductiveareasassociatewith
frontsandeddiesWind speeds alsoimportant acousticallyn the generatiorof oceanic
underwatemoise[71], andmayinfluencethe acousticdbehaviourof marinemammalg72].
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Our RFresultsshowedhat detectionf vocalisatiorby bluewhalesverehigheratwind
speeddelow6 m s* (Figs10and11).

Deploymentf acoustidnstrumentsin poor weatherconditions(at wind speedsbovel0
m s?) areneededo further predictthe temporalandspatialeffectsof wind-inducednoiseon
the acoustidbehaviourof bluewhaleqalthoughwind noisemight impactthe detectionof
calls).High wind speedsirealsoknown to introduceair bubblesn the upperwatercolumn
thatabsorbandrefractsound[73]. The usesof stationaryor mooredhydrophonesuchas
autonomousacoustiaecordersor mobile oceanglidersto recordanimalsoundshavethe
potentialto reveakhe possiblesffectsof wind on the acoustidehaviourof bluewhalesata
high spatialandtemporalresolution.This canalsoprovidesomeinformation on whether
eddiesareableto inducehigh chl-athat attractbluewhalesAs thesedynamicinstruments(i.e.
gliders)arecapablef beingcontrolledremotely theyhavethe potentialto follow a particular
featureof interestsuchasameanderingront or eddy.

Availableevidencedemonstratehatkrill aremostabundantin areaswith the highest-pro-
ductivity within their habitats(e.g.[74]), yetsimplisticcorrelationshavenot beenfound between
productivity in the SouthernOceanandkrill abundancg75,76].Negativerill-phytoplankton
relationshipgoundin the SouthernOceanmayreflectlocallyhigh krill densitieghatdrive down
the phytoplanktonbiomasg75,77] ,thushigh krill densitiegthe major phytoplanktonconsumer
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in the SouthernOcean)canbeassociatedith locallylow chl-aconcentrationsConsiderable
variationin chl-aconcentratiorwasobservecamongdifferentyearsandlocationsacrosghe sur-
veyareaandtherewasanegativaelationshipbetweerthe acousticoccurrenceof bluewhales
andchl-aconcentrationsBranchetal.[3] and Srovi¢ andHildebrand [78] alsoobservedinega-
tive relationshipbetweerbluewhalesand chl-aconcentrationglerivedfrom SeaWIF&ndin

situ watersampling respectivelyThis mayreflectthat bluewhalesaggregatendvocalizen
areaswith high zooplanktonbiomassSimilarly, RFindicatedthat low chl-ais highly important

PLOS ONE | DOI:10.1371/journal.pone.0172705 February 21,2017
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for the production of Z-calls(i.e.the non-feedingcall),which couldindicatethat Antarctic blue
whalesnaybeacousticallymore activewhennot feeding.

Theresultsof the RFmodelprovideevidenceahat bluewhaleoccurrenceandacoustic
behaviouraresensitiveo annualvariabilitiesof major environmentalparametersuchaschl-
a,wind speedwind direction andstressSSHand SST Consequentlybluewhaleanight be
vulnerableto eithergraduallong-termchange®r abruptand persistenshort-termchangesr
variability (i.e.climatechangepf thosekeyenvironmentalfactors.This might hamperthe
recovenyof this speciesandleadto habitatlossandlocaldistributional shifts[21,79]asclimate
variability/changeeffectamayinfluencethe availabilityand distribution of prey (i.e. Antarctic
krill). TheNorthern HemispherebluewhaleBalaenoptera musculus populationis considered
highly vulnerableto climatechangd80]; the vulnerabilityof Antarctic bluewhaledo climate
changeseemdo bejustashigh.

Conclusions

TheRFmodellingenabledhe explicitinterpretationof the complexrelationshipshetween
bluewhalesandtheir environmentfrom our longterm acoustiaddataset.RFperformedwell
for callratesand occurrencemodelling,it holdsperhapghe greatespromisefor acoustic
behaviourandoccurrencanodellingbecausef its wide versatilitythat allowsit to assume
simpler,fasterand moreinterpretableformswith incorporableautomaticpredictorselection.

Antarctic bluewhalesshowedoth latitudinal and longitudinal preferences the Southern
OceanPassivacoustidechniquegrovidedusefulinformation on bluewhaleoccurrenceand
behaviourhowevermoredirectand continuousacoustiaecordingof bluewhalesareneeded.
Whalespreferredrelativelycolderwaterscloserto theice edgewith potentiallyhigh krill abun-
dancesandoccurredcloserto theiceedge Theyear2007/08vasan environmentalanomaly
andbluewhalecallratesrespondedo the changesuggestinghat future changesn environ-
mentalconditionshavethe potentialto affectbluewhalebehaviourandoccurrenceThelink
betweerenvironmentalconditionsandbluewhaleoccurrenceandbehaviourevealedmpor-
tantbiologicalinformation essentialor improving the managemenand conservatiorof this
depletedvhalespeciesThis studyshowshe potentialinfluenceof long-termsystemati@nvi-
ronmentalchangeon Antarctic bluewhales.
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