


I. General introduction
AntarcticbluewhalesBalaenoptera musculus intermedia werewidelydistributedin theSouth-
ernOceanprior to commercialwhaling[1,2,3].Thecurrentpopulationstatusof Antarctic
bluewhaleremainscritically low fivedecadesaftertheendof whaling;however,thereare
recentsignsof populationincrease[4,5].Thesewhalesfeedpredominantlyin theeuphausiid-
rich watersof theSouthernOceanduring theaustralsummerthroughautumn;andtheyhave
beenpresumedto fastduring their over-winteringperiodsin low latitudes[3,6].Acoustic
monitoring effortshavedetectedtheir callsasfar north as8ÊSin theeasternPacificand8ÊS
in theIndian Oceansrespectively[7,8].

Theveryloud (up to ~188dBre1uPa@1m)soundsproducedbyAntarcticbluewhales
enablepassiveacousticsurveyinstrumentsto detectAntarcticbluewhalesoverconsiderable
distances[9, 10]andtherebyinvestigatethebehaviour,ecology,andhabitatpreferencesof
thesecriticallyendangeredwhalesin situ [11,12].Antarcticbluewhalesproducebothcharac-
teristicthreepart sounds,knownasZ-callsthatarefrequencymodulatedfrom 28to 17Hz
lastingup to 18s[13], andD-callswhicharevariablefrequencymodulatedsignalsover106±
25Hz.TheZ-callsareproducedin longboutsandarethoughtto beamalereproductivedis-
play[13] whileD-callsareproducedduring feedingbehaviourbybothsexes[14]. Recent
detectionsof bluewhaleD-callsindicatethatsomeanimalsarefeedingandresidentat low lati-
tudesin theIndian Oceanyearround [8]. Little isknownabouttherelationshipof callratesof
Antarcticbluewhalesandenvironmentalparametersor theeffectson environmentalvariabil-
ity on bluewhaleoccurrencein theSouthernOcean.

TheSouthernOceanis theonly oceanbasinthat iscircumpolar;it containsthestrongeast-
wardflowingAntarcticCircumpolarCurrent (ACC) andis theconnectinglink atall depths
for watermassexchangesbetweentheearth'smajoroceanbasins[15,16].Thesouthern
boundaryof theACCisaregionof upwelling(i.e.theAntarcticDivergence)thatoccursat the
SouthernFront [17]. Inter-annualvariationsin theatmosphericpressureatsealevel,wind
stress,seasurfacetemperature,cloudcover,andsea-iceextentovertheSouthernOceanare
important driversof theoceancirculationin theregion[15,18±20].Annualchangein seaice
extentis themajoroceanographic/climaticfeatureof theSouthernOceanandcontrolsthe
morphologicalandphysiologicaladaptationsof whales,seals,andpenguinsto life in these
frigid watersboth throughits presenceasaphysicalbarrierandascritical habitatfor Antarctic
krill, Euphausia superba [21±23].

Satellitemeasurementsof oceancolouraretheprincipal remote-sensingtool for measuring
oceanproductivityandits responseto climatechange/variability(e.g.[18,24]),consequently
seasurfacechlorophyll-aconcentrations(measuredasoceancolour)areoftenusedasproxy
for primary productivity (e.g.[25]). Remotelysensedenvironmentalparametershavethe
potentialto identify biologicalhotspotsfor cetaceansandto thereforeestablishareasof marine
conservationpriority (e.g.[21,26,27]).

Herewepresenttheresultsof analyseson thecalltypedistribution (ascalloccurrence)and
acousticbehaviour(ascallrates)of Antarcticbluewhalesasafunction of satellite-derived
environmentalparametersusingthecircumpolarpassiveacousticmeasurementsduring the
SouthernOceanWhaleandEcosystemResearch(SOWER)programof theInternational
WhalingCommission(IWC), hereafterIWC SOWER.TheIWC SOWERprogramwasalong
series(1978±2009)of line-transectsurveycruisesdirectedprimarily atobtainingabundance
estimatesfor Antarcticminkewhales[28] andfor aperiodof 14years(1997±2009)alsoincor-
poratedabluewhaleresearchcomponentwhichincludedcollectionof acousticsrecordings.
Thispapercontainstheinterpretationof anappliedmodellingexercisefitting onemodelto
thesetsof environmentalvariablesto theobservedcalloccurrenceandacousticbehaviourof
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Antarcticbluewhales.Randomforest(RF)modelrevealstheresponseof Antarcticbluewhales
to environmentalvariabilityandalsohighlight theimportanceof environmentalvariability in
monitoring thestatusof Antarcticbluewhales.

II. Acoustic data

Developing and testing detectors

Weanalysedpassiveacousticdatacollectedusingbothsonobuoysandtowedhydrophones
during theIWC SOWERcruisesconductedsouthof 55ÊSto theiceedgefrom Decemberto
Februaryof 1996/97to 2008/09.Someacousticobservationsextendedasfar north as38ÊSdur-
ing transitsto andfrom theAntarctic (Fig1).Acousticdataanalyseswereperformedin the
eXtensibleBio-AcousticTool (XBAT) software[29] implementedasaMATLAB routine [30]
with automaticdetectiontemplatesfor Z- andD-callsdevelopedandappliedin XBAT.A com-
pleteZ-callwith all thethree-units(Fig2A) andtheD-calldownsweepingfrom 90±30Hz (Fig
2B)wereusedastemplatesbecausetheybothcontainedmostof theenergyof thecalls.The
first unit (8±12s)of theZ-call isat28Hz (Fig2A1),thesecondunit is relativelyshort(2±5s)
anddownsweepsfrom 28to 19Hz (Fig2A2),andthethird unit (8±12s)isaslightlyfre-
quency-modulatedbetween19and17Hz (Fig2A3).Multi-harmonicsof Z-calls(Fig2A)
reflectthestrongsoundenergylevelat thereceiverusuallyassociatedwith thatsoundspro-
ducedbyanimalscloserto therecorderwhilst faint Z-callswith weakenergylevelsarethose
producedbyanimalsfartherfrom therecorder(Fig2B).

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].

doi:10.1371/journal.pone.0172705.g001
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Thetemplatedetectormethodoperateson anacoustictime seriesof spectrogramsbycon-
structingacorrelationkernelfor thevocalization[32]. Callswererecognizedfrom spectro-
gramsbycross-correlatingwith thetemplatekernelbasedon asimilarity levelaboveaset
threshold.Weusedeffectivedetectiontemplatesfrom 1997to automaticallydetectZ- andD-
callsfrom 1997to 2004acousticdata,andthentemplatesfrom 2009wereusedfor 2006to
2009datato accountfor changesin fundamentalfrequencyof theZ-call [33]. In orderto assess
theperformanceof theautomateddetectors,theentireacousticdataset(1,518hours)was
assessedvisuallyto estimatethenumberof falsepositive(detectionsthatwerenot bluewhale
calls)andfalsenegative(missedbluewhalecalls)calls.Thevisuallyidentifiedfalsepositive
detectionsweremanuallyexcludedfrom further acousticanalyses.Visuallyidentifiedfalse
negativesweremanuallyincorporatedinto thefinal total callnumbercalculations.

Outcomes of detectors

Wetestedsixdifferentthresholdsfrom 20%to 70%by incrementsof 10%to determineopti-
mal thresholdsfor our analyses(Fig3).The20%detectionthresholdwasbestsuitedto our
studyasit producedthefewestmissedcallscomparedto otherthresholds,althoughthenum-
berof falsepositiveswasmuchhigher.Lowthresholdsaregenerallyknown to beeffectiveat
scanningthroughlargedatasetsuchastheoneusedhere[32]. Falsenegativeerror raterefers
to thepercentageof falsenegativecalls.Detectiontemplatesfrom 1997producedfalsenegative
error ratesof 58%for Z-callsand79%for D-calls;andaccuracyratesof 42%for Z-callsand

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:10.1371/journal.pone.0172705.g002
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21%for D-calls(Fig3).On theotherhand,templatesfrom 2009producedfalsenegativeerror
ratesof 17%for Z-callsand29%for D-calls;andaccuracyratesof 83%for Z-callsand71%for
D-calls(Fig3).

Detector caveats

Automateddetectionof animalvocalizationsiseffectiveatacceleratingacousticdataanalyses
andproducingmorerobustresultsthanhumanvisualsounddetections[32,34].Theveryhigh
falsenegativeerror ratesandlow accuracyratesof theautomaticdetectorproducedby the
1997templatescouldindicatetheidentifiedchangeof bluewhalecallfrequencyshift overtime
[33,34].In contrast,the2009templatesanalyseddatawithin relativelycomparabletime peri-
ods,henceproducedrelativelybetterdetectionperformances.Thefactthatnot all recordedZ-
callscontainedthethree-unitsof thecompletecallusedin thetemplateandalsothatnot all
recordedD-callscontainedfrequencydownsweeprangeof thedetector(Fig2) couldhave
inducedchallengesto thisautomaticcross-correlationdetectionmethod.Noise,possiblyfrom
airgunsandotherunknownsources,contributedfalsepositiveerror ratesfor bothcalltypes.
Overall,theXBAT templatedetectoralgorithmwasusefulatdetectinghighlystereotypedblue
whalecallseventhoughit yieldedhigherfalsenegativeratesandloweraccuracyratesthan

Fig 3. False negative rates at different threshold s for Z- and D-calls using the 1997 (left) and 2009 (right) detectio n templates.

doi:10.1371/journal.pone.0172705.g003
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otherstudies(e.g.[32±34]).Nonetheless,themethodcouldbeimprovedbyanallowanceto
simultaneouslyuseof morethanonecalltemplate.Forexample,thesimultaneoususeof 3
templatesfor theZ-calls,i.e.onecompletethree-unitcalltemplate,plusatwo-unit calltem-
plateandone-unitcalltemplate(Fig2) and/or theuseof templatesfrom differentyearssimul-
taneously.Suchmulti-templatewill permit theuseof high thresholdswithout inducinghigh
falsenegativeerror rates.

SÏ irović [34] observedthat intra- andinter-annualchangesof callfrequencyaffectedthe
automaticdetectionof NortheastPacificbluewhaleB. m. musculus calls,andrecommendeda
newdetectiontemplatefor eachyear.More detailedestimatesof thechangesof startandend
frequencyof Antarcticbluewhalecallsovertime from thisSOWERacousticdatasetandthe
mostrecentlyrecordedbluewhalecallsboth in theSouthernOceanandlow latitudeswill
inform on thelongterm behaviouralchangesin bluewhalevocalizationsandwhethersuch
templatesfor eachyearshouldbeusedto reducefalsedetections.

Whale numbers and groups

Acousticstations(484total) weredifferentiatedinto two types:type1 stationsweresonobuoy
deploymentsin associationwith avisualsightingof bluewhales(107stations);type2 stations
weredeploymentswithout bluewhalesvisuallydetected(377stations).Estimatesof numbers
of individual bluewhalesandof bluewhalegroupsobservedin type1 acousticstationswere
sourcedfrom theacousticdataformscompletedduring theIWC SOWERcruisesasprovided
by theIWC Secretariatandfrom theline transectvisualsurveysightingforms,if whaleswere
seenduring thenormal line transectvisualsurveys.Thedate,time of theday,andstationnum-
berof eachacousticrecordingwereusedto link bluewhalesightingsto theacousticresults.In
instanceswherebluewhalecallsweredetectedfrom theanalysesbut not heardduring the in
situ monitoring, thewhalenumbersandnumberof groupsseenwereassumedto bezero
unlessamatchingtime andpositionwith awhalewasfound in thevisualsightingforms.

Call rate calculation

Thenumberof callsrecordedfrom eachsonobuoyand/orhydrophonedeploymentwereallo-
catedto eachstationasdocumentedin theIWC SOWERcruisereportsandacousticforms.
Therecordingdurationof eachdeploymentwasdeterminedduring acousticdataanalyses,
andthestationdurationwascalculatedasthesumof durationsof recordingsfrom thatstation.
Call ratesof both theZ- andD-callswerecalculatedfor eachstationasthetotalnumberof
callsdividedby thestationduration to givecallsperhour ateachstation.Call rateswerenot
determinedascallsperhour perindividual,however,but ascallratespergroup(s)perhour
dueto thedifficulty in determiningtheprecisenumberof vocallyactiveanimalswithin any
groups.Resultsof callrateswerethereafterassignedinto day(06:00to 18:00localtime) and
night (18:00to 06:00)dependingon their recordingtime beforefitting to themodels,although
suchday/nightdifferentiationreflectedthesurveymodeof thevesselratherthanAntarctic
summerlight regimesasvisualmonitoring only took placefrom 06:00±18:00eachday.

III. Modeling blue whale occurrence and behaviour

Environmental data used

Satellitechlorophyll-a(chl-a)measurementswereobtainedfrom thegloballyblendedand
binnedhigh resolutionlevel-3,case1 waterGlobColourproject[35] thatmergestheremotely
sensedoceancolourmeasurementsfrom threesatellitedatasources:MERIS(Medium Resolu-
tion ImagingSpectrometer),MODIS-Aqua(Moderate-resolutionImaging
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Spectroradiometer)andSeaWiFS(Sea-viewingWideField-of-ViewSensor).However,only
theSeaWiFSmeasuredglobalchlorophyll-adatawereavailablefor December1997through
February2002.TheGlobColourchlorophyll-adatawereextractedatamonthly temporalreso-
lution and0.05Ê(approximately4km) spatialresolutionin theregionsof theSouthOceansur-
veyedduring theIWC SOWERcruises.Threemonth chl-aaverageswerecalculatedfor each
surveyedresolutionpoint wherechl-avalueswerenot availabledueto cloudcover.All three
monthsusedin thisstudyfell within thesamesummerseasonassociatedwith sustainedphyto-
planktonblooms(e.g.[26]). Thus,theDecember1997averagechl-aconcentrationswereused
for JanuaryandFebruary1997becausetherewereno chl-adatafor thosemonthsastheGlob-
Colourchl-atime seriesonly beganin September1997.Datawereprocessedin Rstatistical
softwarepackage[36] usingthefollowingpackages:Matrix [37], stringr [38], andncdf4[39].
Theisin.convert.Rfunction from www.menugget.blogspot.comwasusedto convertthe
binnedGlobColourchl-adatato agrid format.

Satellite-derivedseasurfacetemperatures(SST)wereobtainedfrom theGroupfor High
ResolutionSeaSurfaceTemperature(GHRSST)globalLevel4 seasurfacetemperatureanalysis
produceddailyon a0.25Êgrid spatialresolutionat theNOAA NationalClimaticDataCenter
[40].GHRSSTproductusesoptimal interpolation(OI) boostedbydatafrom the4km Advanced
VeryHigh ResolutionRadiometer(AVHRR)PathfinderVersion5 timeseries(whenavailable,
otherwiseoperationalNOAA AVHRRdataareused)andin situ shipandbuoyobservations.
TheOI analysisisadailyaverageSSTthat isbiasadjustedusingaspatiallysmoothed7-dayin
situ SSTaverageandis thereforetunedto about0.3meter[41]. TheOpen-sourceProjectfor a
NetworkDataAccessProtocol(OPeNDAP)facilitywasusedto getSSTdataviatheEnviron-
mentalResearchDivision'sDataAccessProgram(ERDDAP)dataserverusingthererddap[42]
andxtractomatic[43] packagesin Rasasimple,consistentmethodto downloadsubsetsof data
from agriddeddatasetviaaspeciallyformedUniform ResourceLocator(URL).ThedailySST
productsweresubsequentlyaveragedinto monthlySSTproducts.

Seasurfaceheight(SSH)dailymeasurementswereobtainedfrom theArchiving,Validation
andInterpretationof SatelliteOceanographic(AVISO)dataprogramusingtheerdTAssh1day
function in R.AVISOSSHproductcombinesdatafrom up to sixmultiple satellites,including
Jason-1,TOPEX/Poseidon,theEuropeanRemoteSensing(ERS)Satellites1 and2 andtheir
successor,theEnvironmentalSatellite(ENVISAT),andtheGeodeticSatellite(GEOSAT)[44].
Themonthly SSHwassubsequentlycomputedfrom thedailyproduct.TheSouthernOcean
bathymetrydata(Fig1) wereobtainedfrom theETOPO1globalreliefmodelthat integrates
landtopographyandoceanbathymetryusingtheEarth'ssurface1 arc-minuteglobalrelief
model[45].

Monthly blendedvectorseasurfacewind speedanddirection(at10m abovesealevel)and
seasurfacewind stressesweredownloadedfrom ftp://eclipse.ncdc.noaa.gov/pub/seawinds/SI/
andprocessedin Rusingcustombuilt functions.Thesewind speedsanddirectionsare
blendedfrom multiple satellites(up to six,including theDMSPSpecialSensorMicrowave/
Imager(SSM/I),theTropicalRainfallMeasuringMission(TRMM), MicrowaveImager
(TMI), theQuick Scatterometer(QuikSCAT)andtheAdvancedMicrowaveScanningRadi-
ometer-EOS(AMSR-E))observations,on aglobal0.25degreespatialgrid anda6-hourlytem-
poralresolution(see[46]). Theseasurfacewind stress,tau(τ), wasusedfor our modelling
sinceit is thewind stressamplitudeasascalarmeangivenin N m-2. Distancein kilometres
(km) to thenearestAntarcticcoastlinewascalculatedusingthecustomdevelopedfunction
definedastheshortestdistanceto theAntarcticcoastlinefor eachof theacousticstations.

Monthly seaiceextentsweredownloadedfrom theG02135dataset[47] at theNational
SnowandIceDataCentre(NSIDC)datapool repository:ftp://sidads.colorado.edu/
DATASETS/NOAA/G02135/shapefiles/.Seaiceindexversion2 usesV1.1of theseaice
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concentrationsfrom Nimbus-7SMMRandDMSPSSM/I-SSMISPassiveMicrowaveData
(alsoknownasGSFCproduct)astheinput datasourcefor thefinal portion of theSeaIce
Indexrecord.Thedataarealevel-3griddedproduct,mappedto apolarstereographicgrid ata
spatialresolutionof 25km. Datawereprocessedusingthergdalmappingpackage[48] in R.
Distances(km) of acousticstationsto theiceedgewerecalculated.

Weusedpositionsof thesouthernboundaryof ACC(Fig1) definedbyOrsi etal.[31]
usinghistoricalhydrographicdatafrom theSouthernOcean.Thedatawith thepositionswere
downloadedfrom http://gcmd.nasa.gov/records/AADC_southern_ocean_fronts.html.The
distance(km) of acousticstationsto theclosestsouthernboundaryof ACCcalculatedusinga
customdesignRfunction.

Model choice

Beforemodellingthedata,wedeterminedtheeffectsof multi-collinearitybetweenpredictor
variablesusingthegeneralisedvarianceinflation factors(GVIF; [49]) implementedthrough
thecarlibrary [50] in R.GVIF isusedto describehowmuchmulticollinearity(correlation
betweenpredictors)existsin regressionanalysessuchasRandomForest(RF).LowGVIF val-
ues(aroundone)indicateweakor no correlations,GVIF valuesaroundfive indicatemoderate
correlations;andvaluesof 10or moreindicatestrongcorrelations[51,52].Our GVIF values
rangedfrom 1.1to 5.8whenexcludingdistanceto theiceedgebut reachamaximumof 8.9
whenincludingdistanceto theiceedge,thusdistanceto theiceedgewaseliminatedasit is
highlycorrelatedwith latitudeandSSTandits GVIF valuewascloseto theeliminationthresh-
old of 10[52].

RFmodelsareknownto providehigherperformanceandhaveanumberof advantages
overstandardregressionmethodslike generalizedadditivemodels[53±55].RFusesasetof
unpruneddecisiontreesthatarebootstrappedastheygrowwith trainedsampledata,andrely
on randomlychosensubsetsof thepredictorvariablesascandidatesplitting treenodes[55,56].
RFdoesnot discountsomevariablescompletelyandcandidatesplit-variableselection
increasestheprobabilityof anysolitaryvariablebeingincluded[55,56].A generalisedboosted
regressiontreesmodel(GBM) wasalsousedto modeltheoccurrenceandacousticbehaviour
of bluewhalesbut RFwasfound to bebetteratdetectingsignalsandhadahigherprediction
accuracythanGBM.

RFmodelwasusedto determinewhichenvironmentalparametersinfluencedtheacoustic
occurrence(presence/absenceof calls)andacousticbehaviour(call rates)of theAntarcticblue
whalesduring theSouthernOceansummer.Thechl-adatawerelog-transformedbefore
modelfitting dueto theskewnessof their distribution.Pearson'scorrelationcoefficients(r)
werecalculatedto measurethelinearcorrelation(dependence)betweenthecallrateof each
calltype.

Therelativeimportanceof predictorvariablesin themodelwasassessedbycomputingthe
influenceof eachof thevariableson thepredictionerror of themodel.Therelativeimportance
of eachof thevariablesin themodelcanbecomputedbypermutingtheOut Of theBag
(OOB)/testdatasampleor bydeterminingthedecreasein nodeimpurity, asmeasuredby the
meansumof squares,resultingfrom splittingof thevariableof interestandaveragingoverall
trees.Foreachtreethepredictionerror iscomputedon theOOBdataandthepermuteddata
arecalculatedandaveragedacrossall treesandnormalizedby thestandarddeviationof the
difference.Thisnormalizedindexiscalculatedfor eachof thevariablesandusedasindexof
relativeimportance.RFmodelwasfitted to determinetheimportanceof thefollowingpredic-
torson bluewhaleoccurrence:longitude,latitude,log-transformedchl-a,SST,SSH,water
depth,distancefrom theshoreline,distancefrom thenearestSBACC,wind stress,wind speed,

Acoustic occurrence and behaviour of Antarctic blue whales

PLOS ONE | DOI:10.1371/journal.pone.0172705 February 21, 2017 8 / 24

http://gcmd.nasa.gov/records/AADC_southern_ocean_fronts.html


wind direction,stationduration,day/night,andmonth.RFmodelfor callratesdetermined
theimportanceof thefollowingpredictors:longitude,latitude,log-transformedchl-a,SST,
SSH,waterdepth,distancefrom theshoreline,distancefrom thenearestSBACC,wind stress,
wind speed,wind direction,stationtype,whalenumbers,day/night,month andwhalegroups.

TheRFoptimalparameterconfigurationsfor bothcallratemodelswere:thenumberof
growingtreesntrees= 500for Z-callsand3,000for D-calls;thesplittingminimum sizeof ter-
minal nodesof treesnodesize= 2 for Z-callsand1 for D-calls;andthenumberof callratesran-
domlyselectedat treenodemtry = 3 for Z-callsand2 for D-calls.TheRFoptimalparameter
configurationsfor bluewhaleoccurrencemodelling:ntree= 500,nodesize= 1,andmtry = 6.

Sincethedetectionrangesof sonobuoyswerenot estimatedhere,weran theRFmodelwith
andwithout sightingdatausingtheaboveoptimalparameterconfigurationsto evaluateeffects
of detectionrangeson bluewhalecallrates.Themodelproducedrelativelysimilarsetsof out-
putsin bothcases.Themodellingwasperformedwith theRstatisticalsoftwarepackageusing
librariesrandomForest[57] andranger[58].

Weusedthe5-foldcross-validation(5-foldCV)andtheLeaveGroupOut CrossValidation
(LGOCV,alsoknownasMonte-Carlocrossvalidation),to quantifythepredictiveaccuracyof
our classificationmodeltypebetweenthepredictedvaluesandobservedvaluesof bluewhale
occurrence[59]. Theareaunderthereceiveroperatingcharacteristiccurve(AUC) wasusedto
measurethepredictiveaccuracyof our classificationmodel,i.e.howwell themodelcorrectly
classifiedtheclassesincludedin themodel(herethepresence/absenceof callwhales).AUC
normallytakesvaluesbetween0.5and1,wherevaluescloserto 1 indicatebetterclassification
ability.Thenumberof replicates(nrep)wassetto 200for themodelperformanceassessment.

Using70%of thedatafor training andtheremainingfor validation,theperformanceof RF
for callratemodellingwasassessed.Rootmeansquarepredictionerror (RMSPE)wasusedto
measurethedifferencebetweenvaluespredictedby themodelandobservedvalues.In addi-
tion, Spearman'srank correlationcoefficient(rho) wasappliedasaqualitativemeasureof the
performanceof themodel.A low RMSPEvalueindicatesabettermodelwhereastheopposite
is true for rho.

TheAUC valuesindicatedbetterperformancefor RFthanGBM(Table1).Thecorrelations
betweenthepredictedandobservedvaluesof bothcallrateswerealsohighestfor RF(Table2).
The5-foldcrossvalidationandLGOCVbroadlyproducedremarkablysimilar results(Tables
1and2).

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

rho RMSPE

Call type TypePerf Mean SD Mean SD

D 5-foldCV 0.647 0.012 23.567 0.754

D LGOCV 0.645 0.026 23.425 1.663

Z 5-foldCV 0.842 0.009 8.651 0.483

Z LGOCV 0.841 0.018 8.722 0.872

doi:10.1371/journal.pone.0172705.t002

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:10.1371/journal.pone.0172705.t001
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Southern ocean environmental conditions

SouthernOceanenvironmentalparametersvariedacrossthe14yearsof theIWC SOWER
cruises(Fig4),althoughit mustbenotedthatdifferentregionswerenormallyvisitedin differ-
entyears.Theblendedlog-transformedchl-aconcentrationsfor all surveyedyearsranged
between2.5and1.7mgm-3 (equivalentto 0.1and5.3mgm-3 untransformedchl-aconcenta-
tions;Fig4A).Thehighestchl-aconcentrationwasfoundat62.78ÊSand57.65ÊWfor astation
from February2000whilst thelowestwasat62.58ÊSand119.28ÊEfor astationfrom February
1999.Chl-aconcentrationsweregenerallyhigherfor DecemberandFebruarybetweenyears
(Fig4A).ThehighestSSTvalueof 20.6ÊCwasderivedin theAtlantic Oceanat38.25ÊSand
18.29ÊEduring the2005/2006cruiseandthelowestrecordedSSTof -1.6ÊCwasoff theice
edgeat63.55ÊSand64.4ÊWduring 1999/2000cruise(Fig4B).

Seasurfaceheightwasgenerallybelow-1 m with DecemberandJanuaryhavinghigherSSH
values(Fig4C).Wind speedsfluctuatedacrossall years(Fig4D).Wind directionmedians
rangedbetween100Êand150Ê(Fig4E).Wind stressmediansfor all theyearswerewellbelow
0.4N m-2 (Fig4F).January2006hadthehighestvalueof 2.5N m-2 wind stressobservedat
62.75ÊSand178.89ÊWthatcorrespondsto wind speedsof 70ktsweobservedduring that IWC
SOWERcruise.Theyear2007/08hadenvironmentalanomalieswhereSST,SSH,wind speed,
wind directionandwind stresswerehigherthanpreviousyears(Fig4).Thedistributionsof
themainsixsatellite-derivedenvironmentalvariablesacrossthedatadistribution in theSouth-
ernOceanshowboth latitudinalandlongitudinaltrendsoverthestudyperiod(Fig5).

Blue whale call rates

Vocalisationor callratesareimportant for determiningtheapproximateacousticbehaviourof
whalesatagiventime andplace[60]. Type1 stationsincluded375bluewhalessightedin 173
groupsassociatedwith thecallrates,andcalloccurrence,from 484acousticstations.Antarctic
bluewhaleZ- andD-call ratesgenerallyincreasedbetweenJanuaryandFebruaryof eachyear
(Fig6).MedianD-callvocalisationratesfor stationsduring mostIWC SOWERyearswere
wellbelow10callsperhour (Fig6).Bluewhalecallratesfor bothcalltypesweregenerallylow
during Decembermonthsfor all theyears.D-call ratesfor all theIWC SOWERcruiseswere
observedto behighlycorrelated(r = 0.68)with theZ-call rates.

Acoustically detected whale occurrence modelling outputs

Presenceor absenceof aspecies(Fig1) canbeusedto determinepreferredhabitat,andthe
responsecurvesof theeffectsof differentenvironmentalparameterson theoccurrenceof blue
whalesshowsuchpreferences.Bluewhalecallpresenceshowedvariationrelativeto different
predictorparameters(Fig7).Theeffectsof eachof theparameterson theoccurrenceof blue
whalecallsareshownon theresponsecurvesin Fig8.Distancefrom nearestSBACC,latitude,
distancefrom thenearestAntarcticshoresandlongitude,werethemostimportant predictors
of bluewhaleoccurrence(Fig9).SSH,SST,logchl-a,stationduration,wind speed,wind direc-
tion, depth,andwind stressweremoderatelyimportant predictorsof occurrence,whereas
month andday/nightweretheleastimportant predictorsof occurrence(Fig9).Bluewhales
wereonly heardin waterdepthsbetween308and5,888m.

Acoustic behaviour modelling outputs

Model responsecurvesof theeffectsof 15differentsummerenvironmentalparameterson the
callratesof thetwo bluewhalecalltypesbasedon the14yearsacoustictime seriesareshown
in Figs10and11.TheRFmodelfound that thedistancefrom theSBACC,latitudeand
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Fig 4. Monthly variations of the six satellit e-derived environmen tal predictors used in models for the summer (December±Februa ry) of
1997 to 2009 in areas surveyed by the IWC SOWER cruises in the Southern Ocean (38±78ÊS, -180-180ÊE). (a) Log transformed blended chl-

a concentrations (mg m-3), (b) Sea surface temperatures (˚C), (c) Sea surface heights (m), (d) Wind speed (m s-1), (e) Wind direction (degrees),

and (f) Wind stress (N m-2). Note that not all environmental variables were acquired for all months of our study period due to satellite data

unavailability.

doi:10.1371/journal.pone.0172705.g004
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numberof whalesatastationwerethemostimportant predictorsof D-callvocalisationrates
(Fig12).Longitude,followedbywhalegroups(numberof groupsizesof 1,2and4weremostly
influential),depth,wind stress,wind speed,SST,thedistancefrom theAntarcticshore,wind
direction,andSSHweremoderatelyimportant predictorsof acousticbehaviour(Fig12).Log
chl-a,month andtime of dayweretheleastimportant predictorsof D-call rates(Fig12).Dis-
tancefrom theSBACC,latitudeandlongitudewerethemostimportant predictorsof theblue
whaleZ-callvocalisationrateby theRFmodel(Fig12).Whalegroups(numberof groupsizes

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-1 and vector (arrows), (e) sea

surface wind stress (color) in N m-2 and vector (arrows). Only SeaWifs chl-a data were used for plotting the relative distribution of chl-a

concentrations.

doi:10.1371/journal.pone.0172705.g005
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of 1,2 and4 weremostlyinfluential) followedbySSH,thedistancefrom theAntarcticshore,
depth,numberof whales,wind direction,logchl-a,wind stress,andSSTwerethemoderately
important predictorsof behaviour(Fig12).Wind speed,month andtime of dayweretheleast
important predictorsof Z-call rates.

IV. Blue whales in the Antarctic environment
Environmentalconditionswereimportant in predictingthecalloccurrenceandacoustic
behaviourof bluewhalesin theSouthernOcean.Call ratesincreasedin JanuaryandFebruary
of eachyear,likely dueto theincreasingnumbersof bluewhalesarriving in theSouthern
Oceanfrom their overwinteringgroundsrelativeto Decemberwheremoreextensiveseaice
extentcouldpotentiallyhaveaffectedthedistribution of vocalAntarcticbluewhales[61,62].
However,month of surveywastheleastimportant predictorof bothcalloccurrenceandvoca-
lisationratesin our modellingoutputs.Wesuspectthat this isbecausethesurveymonthsof all
IWC-SOWERcruisesfall within thesameseason,hencetheir overallresultsarecomparable
althoughtheremight besomeinter-month differences.

Fig 6. Box and whiske r plots showing the Antarctic blue whales vocalization rate trends for the Z- and D- calls detected over the summer months
during the IWC SOWER surveys. The box represent the first quartile to the third quartile (the interquartile range), and the segment inside the box is the

median. The whisker delineates 1.5 times the interquartile width, and the closed circles are observations that are outside the range covered by the whisker.

doi:10.1371/journal.pone.0172705.g006
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Not surprisingly,thetype1 (presenceof whalegroup�1) stationhadahighereffecton call
ratesthantype2 (no whalegroupspresent)station(Figs10and11),confirming thatdeploying
anacousticinstrumentin thevisualpresenceof whalesincreasedtheprobabilitiesof recording
their sounds,andthat theremight beotherunobservedvocallyactivewhalesin theareainter-
actingwith thesightedwhales.Acousticstationswherebluewhaleswerenot detectedmight
indicatethatwhaleswereabsentfrom theareaor silent.Call ratesincreasedwith numberof
whalesandgroupsin anarea,abehaviouralsonotedin North Atlantic right whalesEubalaena
glacialis [60]. Therecordingdurationof stationswasfound to beamoderatelyimportant
predictorof thecalloccurrenceof bluewhalesby theRFmodel,reflectingthat thelengthof
theacousticrecordingaffectstheprobabilityof detectingbluewhaleswithin anarea[13].
Althoughhighercallrateswererecordedduring thedaythanatnight, time of thedaywasthe
leastimportant predictorbecauseacousticoccurrenceandvocalisationsoccurredindepen-
dentlyof time of theday.

In thisstudy,Antarcticbluewhaleswerecommonlyfound in waterswith SSTsbetween
-1.4ÊCand3.5ÊC,whichsuggeststhat thisspecieshasabroadtemperaturetolerancein the
SouthernOcean.Thiscouldalsoexplainthelatitudinaldependenceof bluewhales,asthe
colderwatersaregenerallyfound further southneartheiceedge.D-call ratesincreasedwhen
SSTswerebelow0.3ÊCillustratingapreferencefor temperaturesassociatedwith highzoo-
planktonproductivityof theACCthermalfronts.Inter-annualvariability in SSTandmeso-
scaleoceancirculationaffecttheinherentAntarctic icecoverthat iscritical to thedistribution
of bluewhalepreyspeciesEuphausia superba [15,18].SSTvaluesbetween0±3.5ÊCweredem-
onstratedby theRFmodelasmostpreferredrangefor theZ-callrates.

Theareabetweentheiceedgeand800km from thenearestAntarcticshorewasdetermined
by themodelto beimportant for calloccurrenceandcallratesof Antarcticbluewhalesin

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), lChl.a is log chlorophyll-a (mg m-3),

Distance is the distance from the nearest Antarctic shore (km), WindSp is wind speed (m s-1), and WindDir is

wind direction (˚).

doi:10.1371/journal.pone.0172705.g007
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summer.This indicatesthatnot all bluewhalestransit to theiceedgeto feed,but thatsome
animalsremainwellnorth of theiceedge.TheSBACCisassociatedwith highprimaryproduc-
tion, krill andwhales,suggestingthat it providespredictablyproductiveforagingfor manyspe-
cies;it isof critical importanceto thefunction of theSouthernOceanecosystem[63,64].
However,our resultsshowedthat regionsfurther awayfrom theSBACCbut closerto theice
edge,werethemostpreferredbybluewhales.Thisresultshowsthatbluewhalesin theSouth-
ernOceanpreferproductiveareascloserto theAntarcticshores.

Waterdepthsbetween380and5,900m at theiceedgeandopensea,respectively,wereof
importancefor both theoccurrenceandacousticbehaviourof whalesreflectingawidebathy-
metricpreferenceby thespecies.It is important to notethat thelocationof theiceedgein
summergenerallyapproximatesthecontinentalslopefront (i.e.theshallowerisobathsin this
study)andisnormallyaregionof highchl-a(Fig7A) andpreyavailability.Kasamatsuetal.
[65] alsofound thatbluewhalespreferredtheiceedgeregions.Latitudesbetween60ÊSand
75ÊSwereimportant for theoccurrenceandvocalisationratesof bluewhales.Longitudes
between50ÊWand30ÊE,and90ÊEand180ÊEwereimportant longitudinalbandsfor the
bluewhaleoccurrenceandvocalisationratesreflectingthat theseareasareassociatedwith

Fig 8. RF model plots of partial effects of the different predictor s on the occurren ce of blue whale D- and Z-calls. Y-axis is the partial effect of each

predictor on occurrence (in logit-scale).

doi:10.1371/journal.pone.0172705.g008
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bathymetricfeaturesthatareimportant for phytoplanktonbloomsin theSouthernOcean
[16]. Not surprisingly,moredevotedsurveyeffort in theselongitudinalbandsresultedin
higherprobabilityof encounteringbluewhales[13]. High historicalbluewhalecatches
recordedin theselongitudinalbandsconfirm theseareasaspreferredhabitatsfor bluewhales
in theSouthernOcean[3].

SSHvaluesof lessthan-1 m wereimportant to bluewhaleoccurrenceandcallrates,indi-
catingthatbluewhalesoccurredcloserto theAntarcticPeninsulaasSSHdecreasedcloserto
theAntarcticPeninsula[66]. Specificvaluesof SSHareknownto definefrontsandeddiesin
theSouthernOceanwhich in turn increasepreyabundanceor availabilitybyenhancing

Fig 9. Relative importa nce of the different predictors influencin g the occurren ce of blue whales based on RF. Relative variable importance is

measured by residual sum of squares and expressed relative to the maximum.

doi:10.1371/journal.pone.0172705.g009
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primary production[17,67].Seasurfacewind stressisconsideredimportant in theEkman's
transportof thewind-drivencurrentssuchastheACCby leadingto upwellinganddownwel-
ling in differentareasof theocean[16,17,68].Thesatellite-derivedwind stressvaluesof this
studywerewithin the0.5±1.0N m-2 rangeobservedbyNowlin andKlinck [17] andThomalla
etal.[69] for theSouthernOcean,althoughNowlin andKlinck [17] observedwind stress
valuesaround2.5N m-2 between20ÊWand110ÊE.Wind directioncontrolsthesupplyof
nutrient carryingsedimentsto thecontinentalmargin,thusisanimportant signof oceanpro-
ductivity which iscloselycoupledto climatevariability[18]. Theoccurrenceandvocalisation
ratesof bluewhalesshowedstrongpreferencesfor south-easterlyto north-westerlywindsthat
areconsistentwith windsawayfrom, andreturning to, theAntarcticcontinentsuggestingevi-
denceof highproductivityassociatedwith thosewind directions.

Satellite-derivedseasurfacewind speedsof lessthan10m s-1 wereexperiencedacrossthe
surveyregions,andthesewind speedsweretypicalfor theSouthernOcean[46,70].These
wind speedscoincidewith thegoodto moderatelygoodweatherconditionsrequiredto con-
duct line transectvisualsurveysandsonobuoydeployments.Furthermore,suchwind speeds
areimportant for oceancirculation,air-seagasandchemicalexchangesandnutrient transport
(e.g.[16,17])andaregenerallyindicativeof phytoplanktonproductiveareasassociatedwith
frontsandeddies.Wind speedisalsoimportant acousticallyin thegenerationof oceanic
underwaternoise[71], andmayinfluencetheacousticbehaviourof marinemammals[72].

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/journal.pone.0172705.g010
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Our RFresultsshowedthatdetectionsof vocalisationbybluewhaleswerehigheratwind
speedsbelow6 m s-1 (Figs10and11).

Deploymentsof acousticinstrumentsin poorweatherconditions(atwind speedsabove10
m s-1) areneededto further predictthetemporalandspatialeffectsof wind-inducednoiseon
theacousticbehaviourof bluewhales(althoughwind noisemight impactthedetectionof
calls).High wind speedsarealsoknownto introduceair bubblesin theupperwatercolumn
thatabsorbandrefractsound[73]. Theusesof stationaryor mooredhydrophonesuchas
autonomousacousticrecordersor mobileoceanglidersto recordanimalsoundshavethe
potentialto revealthepossibleeffectsof wind on theacousticbehaviourof bluewhalesata
highspatialandtemporalresolution.Thiscanalsoprovidesomeinformation on whether
eddiesareableto inducehighchl-athatattractbluewhales.Asthesedynamicinstruments(i.e.
gliders)arecapableof beingcontrolledremotely,theyhavethepotentialto follow aparticular
featureof interestsuchasameanderingfront or eddy.

Availableevidencedemonstratethatkrill aremostabundantin areaswith thehighest-pro-
ductivity within their habitats(e.g.[74]), yetsimplisticcorrelationshavenot beenfoundbetween
productivity in theSouthernOceanandkrill abundance[75,76].Negativekrill-phytoplankton
relationshipsfound in theSouthernOceanmayreflectlocallyhighkrill densitiesthatdrivedown
thephytoplanktonbiomass[75,77],thushighkrill densities(themajorphytoplanktonconsumer

Fig 11. Partial effects of the different predic tors on Z-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). Contribution of each variable to the model given below the function. Y-axes are different across

all plots. Scale of x-axes is different across each predictor variable.

doi:10.1371/journal.pone.0172705.g011
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in theSouthernOcean)canbeassociatedwith locallylow chl-aconcentrations.Considerable
variationin chl-aconcentrationwasobservedamongdifferentyearsandlocationsacrossthesur-
veyarea,andtherewasanegativerelationshipbetweentheacousticoccurrenceof bluewhales
andchl-aconcentrations.Branchetal.[3] andSÏ irović andHildebrand[78] alsoobservedanega-
tiverelationshipbetweenbluewhalesandchl-aconcentrationsderivedfrom SeaWIFSandin
situ watersampling,respectively.Thismayreflectthatbluewhalesaggregateandvocalizein
areaswith highzooplanktonbiomass.Similarly,RFindicatedthat low chl-aishighly important

Fig 12. Relative importance of the different predictor s in influencing the acoustic behaviou r of blue whales based on RF model results. Relative

variable importance is measured by residual sum of squares and expressed relative to the maximum.

doi:10.1371/journal.pone.0172705.g012
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for theproductionof Z-calls(i.e.thenon-feedingcall),whichcouldindicatethatAntarcticblue
whalesmaybeacousticallymoreactivewhennot feeding.

Theresultsof theRFmodelprovideevidencethatbluewhaleoccurrenceandacoustic
behaviouraresensitiveto annualvariabilitiesof majorenvironmentalparameterssuchaschl-
a,wind speed,wind directionandstress,SSHandSST.Consequently,bluewhalesmight be
vulnerableto eithergraduallong-termchangesor abruptandpersistentshort-termchangesor
variability(i.e.climatechange)of thosekeyenvironmentalfactors.Thismight hamperthe
recoveryof thisspeciesandleadto habitatlossandlocaldistributionalshifts[21,79]asclimate
variability/changeeffectsmayinfluencetheavailabilityanddistribution of prey(i.e.Antarctic
krill). TheNorthern HemispherebluewhaleBalaenoptera musculus populationisconsidered
highlyvulnerableto climatechange[80]; thevulnerabilityof Antarcticbluewhalesto climate
changeseemsto bejustashigh.

Conclusions

TheRFmodellingenabledtheexplicit interpretationof thecomplexrelationshipsbetween
bluewhalesandtheir environmentfrom our longterm acousticdataset.RFperformedwell
for callratesandoccurrencemodelling,it holdsperhapsthegreatestpromisefor acoustic
behaviourandoccurrencemodellingbecauseof its wideversatilitythatallowsit to assume
simpler,fasterandmoreinterpretableformswith incorporableautomaticpredictorselection.

Antarcticbluewhalesshowedboth latitudinalandlongitudinalpreferencesin theSouthern
Ocean.Passiveacoustictechniquesprovidedusefulinformation on bluewhaleoccurrenceand
behaviour,however,moredirectandcontinuousacousticrecordingof bluewhalesareneeded.
Whalespreferredrelativelycolderwaterscloserto theiceedgewith potentiallyhighkrill abun-
dancesandoccurredcloserto theiceedge.Theyear2007/08wasanenvironmentalanomaly
andbluewhalecallratesrespondedto thechange,suggestingthat futurechangesin environ-
mentalconditionshavethepotentialto affectbluewhalebehaviourandoccurrence.Thelink
betweenenvironmentalconditionsandbluewhaleoccurrenceandbehaviourrevealedimpor-
tant biologicalinformation essentialfor improving themanagementandconservationof this
depletedwhalespecies.Thisstudyshowsthepotentialinfluenceof long-termsystematicenvi-
ronmentalchangeon Antarcticbluewhales.
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