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ABSTRACT


Thefirstcomprehensivephoto-identificationstudyofhumpbackwhalesthroughout


theNorthPacificoccurredin2004-2006duringtheSPLASHproject(Structureof


Populations,LevelsofAbundanceandStatusofHumpbacks).Totalabundancefor


theentireNorthPacificwasestimatedbyBarlowetal.(2011)tobe21,808


(CV=0.04).Hereweestimateabundancewithinallsampledwinterandsummer


areasintheNorthPacific,aswellasestimatemigrationratesbetweentheseareas.


Basedongeneticanalyses(Bakeretal.2013)andanexaminationofmigratory


destinations,winterareasweredefinedtobe(1)Asia(includingOgasawara,


Okinawa,andthePhilippines),(2)Hawaii,(3)Mexico,and(4)CentralAmerica,and


summerareasweredefinedtobe(1)Kamchatka,Russia,(2)theAleutianIslands


andBeringSea(includingtheCommanderIslandsandGulfofAnadryinRussia),(3)


theGulfofAlaska,(4)SoutheasternAlaskaandnorthernBritishColumbia,(5)


southernBritishColumbiaandWashington,and(6)CaliforniaandOregon.Photo-

identificationdatawerecollectedforthreeyears(2004-06)inwinterareasandfor


twoyears(2005-06)insummerareas.Amulti-stratamarkrecapturemodelwasfit


tothephoto-identificationdatausingasix-monthtime-step,withthefourwinter


areasandthesixsummerareasdefinedtobethesamplestrata.Thestrongest


migratoryconnectionwasbetweentheKamchatkafeedingarea(N=1,111,CV=0.37)


andtheAsiabreedingarea(N=1,059,CV=0.08).ThefeedingareasinAlaska,aswell


asnorthernBritishColumbia,supportthemajorityoftheNorthPacificpopulation,


includingtheAleutianIslandsandBeringSea(N=2,427,CV=0.20),theGulfofAlaska


(2,089,CV=0.09),andSoutheasternAlaskaandnorthernBritishColumbia(N=6,137,


CV=0.07).Thosefeedingareasallhaveastrongmigratorylink(Psi(probabilityof


movementfromonestratatoanother)>0.86)toHawaii(N=11,398,CV=0.04),with


thelinkbetweenSoutheasternAlaska/northernBritishColumbiaandHawaii


(psi=0.94,CV=0.17)particularlyhigh.Inreturn,nearlyallHawaiianwhalesmigrate


toAlaskaandnorthernBritishColumbia.Themigratorydestinationofwhalesthat


winterinMexico(N=3,264,CV=0.06)isthemostdiverse,withwhalesgoingtoall


feedingareasexceptKamchatka,withthehighestproportiongoingtoCaliforniaand


Oregon(Psi=0.74,CV=0.06).NearlyallCentralAmericanwhales(N=411,CV=0.30)


migratetoCaliforniaandOregontofeed(Psi=0.92,CV=0.06),butthe


California/Oregonfeedingarea(N=3,734,CV=0.11)representsprimarilywhales


thatmigratetoMexico(Psi=0.90,CV=0.16),withtheremaindermigratingtoCentral


America(Psi=0.10,CV=0.45).








INTRODUCTION


Humpbackwhales(Megapteranovaeangliae)occurthroughouttheNorthPacific


Ocean,migratingfromwinterbreedingandcalvingareas,suchasMexicoand


Hawaii,tosummerfeedingareas,suchasCaliforniaandAlaska.Whalingfor


humpbackwhalesintheNorthPacifichasexistedforcenturies,andatvarioustimes


hasoccurredthroughoutmuchoftherangeofthespeciesintheNorthPacific


(ReevesandSmith2006).Catchrecordsexistforsomecoastalwhalingareasonthe


mainislandsofJapandatingbacktothemid-1600s,with>2,600whalesknownto


betakenbetween1650and1900,primarilyusingnets(Omura1986).More


AR030450



Wadeetal:AbundanceandmigratorydestinationforNPhumpbacks SC/66b/IAxx





3





moderncoastalwhalingoperationsoperatedinthefirsthalfofthe20thcentury,


withlargecatchesinJapan(>2,800,includingOkinawaandOgaswara),Alaskaand


northernBritishColumbia(>7,500whales),southernBritishColumbiaand


Washington(>3,900),California(>2,100,includingcatchesinthe19thcentury),and


Baja,Mexico(>2,200)(Ivashchenkoetal.2015).PostWorldWarII,pelagicfactory


shipwhalingbyJapanandtheSovietUnionkilledhumpbackwhalesprimarilyin


Alaska(>7,500)butalsoinAsia,Russia,andalongthewestcoastofNorthAmerica.


Thetotalnumberofhumpbackwhaleskilledbywhalinginthe20thcenturyinthe


NorthPacificisestimatedtobe~29,000(Ivashchenkoetal.2013,2015).The


InternationalWhalingCommissionsetthequotaforhumpbackwhalestozeroin


1966becausetheirpopulationswerethoughttobeseverelydepleted(Gambell


1976;JohnsonandWolman1984),butitisnowknownthatillegalwhalingbythe


SovietUnion,whichstartedincontinueduntil1972(Ivashchenkoetal.2011,


2013).Morethanthreedecadeslater,theabundanceofhumpbackwhales


throughouttheNorthPacificisofgreatinteresttobegintodeterminewhetherthey


haverecoveredfromwhaling.





Oneoftheprimarymethodsforestimatingtheabundanceofwhalepopulationsis


bymark-recapturemethodsappliedtoeitherphoto(Katonaetal.1979)orgenetic


(Palsbolletal.1997)identificationdata.Photo-identificationstudiesofNorthPacific


humpbackwhaleshavebeenconductedinavarietyoflocations,andinsomeareas


foroverseveraldecades.Thefirstcomprehensivephoto-identificationstudyof


humpbackwhalesthroughouttheNorthPacificoccurredin2004-2006duringthe


SPLASHproject(StructureofPopulations,LevelsofAbundanceandStatusof


Humpbacks).TheSPLASHprojectconsistedofover50researchgroupsandmore


than400researchersworkingin10countriescollectingbothphoto-identification


dataandgeneticsamples,withthreewinterseasons(2004,2005,and2006)and


twosummerareaseasons(2004and2005).





ResultsfromSPLASHincludestudiesongeneticpopulationstructure(Bakeretal.


2013),PersistentOrganicPollutants(Elfesetal.2010)andstableisotopes


(Wittenveenetal.2009).Additionally,Barlowetal.(2011)analyzedSPLASHphoto-

identificationdataandestimatedabundancefortheentireNorthPacificas21,808

(CV=0.04),andconductedsimulationsforbiascorrection,resultinginafinalbias-

correctedestimatethatisslightlylower(21,063).Fromthatworktheyconcluded


thattheoverallhumpbackwhalepopulationintheNorthPacifichascontinuedto


increasefromit’spost-whalinglevel.





Regionalestimatesofabundanceinbothwinterbreedingandcalvingareas


(hereaftertermed“winterareas”)andsummerfeedingareas(hereaftertermed


“summerareas”)areofinterestforanumberofreasons.Thewinterareas


representthebreedingpopulations,andthereareatleastfourmainwinterareas


withlargeconcentrationsofhumpbackwhales–CentralAmerica,Mexico,Hawaii,


andAsia(Bakeretal.2013).Breedingpopulationsarethefundamental


demographicunitswhoserecoveryfromdepletionbywhalingshouldbemonitored.


PopulationstocksofNorthPacifichumpbackwhalesundertheUSMarineMammal
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ProtectionAct(MMPA)aredefinedbybreedingareas(e.g.,Carettaetal.2015),and


thereforeabundanceinthewinterarearepresentsabundanceofthestock.


Moreover,proposeddesignationofDistinctPopulationSegmentsundertheUS


EndangeredSpeciesAct(ESA)arealsobasedonwinterareas(80FR22303,andsee


Bettridgeetal.2015forfurtherbackground),soabundanceoftheseunitsis


relevanttopotentialchangesinlistingstatusundertheESA.





Theabundanceinsummerareasisalsoofimportanceastheyrepresentthe


fundamentalecologicalunitsofNorthPacifichumpbackwhales,whereaggregations


ofwhalesaretiedtotheabundanceoftheirprey.MostsummerareasintheNorth


Pacificrepresentmixturesofwhalesfrommorethanonebreedingpopulation,so


mostsummerareasdonotcorrespondone-to-onewithsinglebreedingpopulations


(Bakeretal.2013).Despitethis,summerareasshowstronggeneticdifferentiation


acrosstheNorthPacific,primarilyduetoastrongmatrilinealfidelitytosingle


feedingareas,withrelativelylittleinterchangebetweenregionsdetectedfrom


photo-identificationstudies(Bakeretal.2013,Calambokidisetal.2001).


Therefore,theseregionswillalsofunctionasdemographicallyindependentunits,


andthepopulationdynamicsoftheseregionswillbecloselytiedtotheecologyand


abundanceofpreyintheseareas,whereasthepopulationdynamicsofmanyofthe


breedingpopulationswillbetiedtotheecologyofseveralregions.Additionally,


manyofthecurrentthreatsfacinghumpbackwhales,suchasfisheriesbycatch,


occurinsummerareas(e.g.,SEAlaska,AllenandAngliss2015),soitisimportantto


evaluatetheeffectofhumanimpactsrelativetolocalabundanceinthesesummer


areas.





Regionalestimatesofabundanceforhumpbackwhaleshavebeenmadeformanyof


thewinterareasincludingMexico,Hawaii,andAsia,butabundancehasnotbeen


estimatedpreviouslyforCentralAmerica.PriortoSPLASH,summerfeeding-area


abundanceestimateshavebeenmadeforsomeareaswherephoto-identification


studieshavetakenplaceformanyyears,includingCalifornia,SoutheasternAlaska,


theShumaginIslands,Alaska,andthesoutheasternBeringSeashelf.However,


comprehensiveestimatesarelackingformanyoftheseregions,andsomeareas,


suchasRussia,haveneverbeenpreviouslysurveyedforabundance.





Hereweconductacomprehensiveanalysisestimatingabundanceforallwinterand


summerareasfromtheSPLASHphoto-identificationdata.Weuseanintegrated


spatialmulti-stratamark-recapturemodeltosimultaneouslyestimateabundance


forallwinterandsummerareassampledduringtheSPLASHproject.Wecontrast


thesewithcomparableestimatesusingstandardclosedmark-recapturemodels


usingjustwinterareadata(3samples)orjustsummerareadata(2samples).These


representthefirstestimatesofabundanceforCentralAmericaandRussia.These


alsorepresentthefirstestimatesofabundanceforAsiathatincludethePhilippines,


thefirstestimatefortheBeringSearegionthatincludestheAleutianIslands,and


thefirstcomprehensiveestimatefortheentireGulfofAlaska.Forsomeotherareas,


thegreaterspatialcoverageandlargersamplesizes(e.g.,SoutheasternAlaskaand


NorthernBritishColumbia)makethesethebestestimatesofabundancethathave


AR030452



Wadeetal:AbundanceandmigratorydestinationforNPhumpbacks SC/66b/IAxx





5





beencalculatedtodate.Furthermore,abundancehasneverbeenestimated


simultaneouslyacrossthewinterorsummerareasusingidenticalmethods.The


multi-stratamodelalsoprovidesestimatesofmovementparametersthatprovide


thefirstquantitativeanalysisofthemigratorydestinationsofeachwinteror


summerarea.Themovementparameters,incombinationwithwinterarea


abundanceestimates,arealsousedtoprovidethefirstestimatesoftheproportion


ofwhalesfromeachbreedingpopulationthatarefoundineachsummerarea.








METHODS


TheSPLASHprojectwasdesignedtosampleasmuchoftheknownwinterand


summerareasofhumpbackwhalesintheNorthPacificthatwaspractical.Herewe


describethefieldprotocols,theregionalstratificationschemeusedforabundance


estimation,andthemark-recapturestatisticalmodelingapproach.





FieldProtocols

Photographsweretakenoftheventralsideofhumpbackwhaleflukesusingdigital


SLRcameras.Mostphotographsweretakenfrom6-8mboatsmakingdaytripsfrom


shore.SmallboatsamplinglocationsincludedOgasawara,Okinawa,andthe


PhilippinesinthewesternPacific,theHawaiianIslands,theRevillagigedo


Archipelago,BajaCalifornia,andmainlandMexico,Guatemala,ElSalvador,


Nicaragua,andCostaRicainCentralAmerica,theUSWestCoast(frommany


differentports),BritishColumbia(mostlywestofVancouverIslandandthe


mainlandcoast),andAlaska(SoutheasternAlaska,PrinceWilliamSound,Kenai


Peninsula,KodiakIsland,BarrenIslands,ShumaginIslands,andUnalaskaIsland).A


varietyoflargervesselswereusedtosamplemoreremoteandoffshorelocations,


oftentogetherwithsmallboatslaunchedfromthoseships.Samplingeffortwas


allocatedbasedonaprioriappraisaloftherelativenumberofhumpbackwhalesin


eachsamplingarea,aswellastheavailabilityofresearchersandresources.More


details,includingamapofshipeffort,areavailableinBarlowetal.(2011).





Samplingprotocolswereestablishedforallparticipants,andflukephotographic


protocolsweredesignedtoavoidheterogeneityinthelikelihoodofsampling


differentindividualsordemographicclassesandtherebytoavoidbiasesinmark-

recaptureabundanceestimates.Mostimportantly,toavoidundersamplingwhales


thatraisetheirflukesoutofthewaterlessoften,participantsweredirectedtostay


withagroupuntilidentificationphotographshadbeenobtainedfromallanimalsin


thegroup,oruntilaminimumofthreediveseriesor30minhadpassed,whichever


occurredfirst.Formultiplegroupsofwhalesencounteredincloseproximity,


participantswereinstructedtophotographwhaleswhilemovingconsistently


throughthearea,inordertoobtainaslargeandrepresentativeasampleofall


animalsaspossible.Samplingprotocolsalsospecifiedasetofdatatobecollectedby


allSPLASHparticipants,includinginformationonsearcheffortandeachhumpback


whalethatwasencountered.FurtherdetailsareavailableinBarlowetal.(2011).
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Abestflukephotographfromeachencounterwasselectedbythedatacollection


grouporaregionalcoordinator,and,thebestphotographfromeachencounterwas


comparedwithallotherswithinthatseasonandregion,evenifthebestphotograph


wasoflowquality.Theseregionalcatalogues,includingtheidentifiedbest


photographofeachwhalewithintheregion,weresubmittedeachseasontothe


overallSPLASHcoordinatorforbetween-regionandbetween-seasonmatching.The


SPLASHdatacoordinatorratedeachflukephotographforpigmentationpattern(5


rankedcategoriesfromallwhitetoallblack)andphotographicquality(ranked1-5


oneachoffivefeatures:proportionvisible,verticalangle,lateralangle,


focus/sharpness,andexposure).Toensureconsistency,photographswereratedby


thesamepersonthroughoutthisstudy.Photographicmatchingwasconductedbya


teamofsixpeopleexperiencedinmatchinghumpbackwhalephotographs.Several


protocolsweredevelopedtoexpeditematching,includingrestrictingthenumberof


colorcategoriesaflukewascomparedagainst.





Tominimizematchingerrors(i.e.,sensuFridayetal.2008),photographswitha


scoreoffourorfiveinanyofthefivemeasuresofphotographicquality(e.g.,


eliminatingflukeswithlessthan50%visible)andphotographswithascoreofthree


infour(ormore)measuresofqualitywerenotusedintheanalysis.Suspected


matcheswereverifiedbyasecondmatcher.Theerrorrateforundiscovered


matcheswascalculatedbytwomethods,andwasestimatedtobe~8.6%(Barlowet


al.2011),similartothematcherrorratefoundinapreviousstudyusingsimilar


qualityscoringcriteriaasemployedhere(Calambokidisetal.1997).





Regionalstrata

DuringtheSPLASHproject,samplelocationswerecategorizedintopre-determined


spatialareas,basedprimarilyonacombinationofdiscretesamplingareasandareas


withahiatus(ornearlyso)indistributionbetweenthem.Manyofthoseareaswere


onafiner-scaleofresolutionthanneededhere,sosampleswereaggregatedacross


someofthoseareasintobroaderspatialareas,basedonknowninterconnections


betweenareasandonthegeneticanalysisresultsfromsamplescollectedduring


SPLASH(Bakeretal.2013).Adescriptionoftheareasisprovidedhere.





Inthewinterhumpbackwhalesmigratetomateandgivebirthinnear-tropical


breedinggroundsoftheeastern,central,andwesternNorthPacific.Basedon


geneticdifferencesinbothmitochondrialandnuclearDNA,Bakeretal.(2013)


concludedtherewerelikelyfivebreedingpopulationsofhumpbackwhalesinthe


NorthPacific:CentralAmerica,Mexico,Hawaii,Asia(Okinawa/Phillipines),anda


secondWestPacificbreedingpopulationwhoseexactlocationisunknown(andwas


thereforeun-sampled).Thefollowingisanexplanationanddescriptionofthose


winterareas.





CentralAmerica


ThewatersfromsouthernMexicosouthalongtheCentralAmericacoastareusedas


awinteringareaforhumpbackwhalesthoughttobealmostexclusivelyfrom


feedingareasoffCalifornia(Steigeretal.1991,Calambokidisetal.2000,Rasmussen
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etal.2001).SPLASHphoto-IDsurveyswereconductedinGuatemala,ElSalvador,


Nicaragua,andCostaRica,withthegreatestnumberofidentificationscomingfrom


CostaRica.AlthoughwhalesfromCentralAmericaoverlapinsummerinCalifornia


withwhalesfromMexico,Bakeretal.(2013)foundstronggeneticdifferences


betweenCentralAmericaandMexico,soCentralAmericawasusedasasampling


stratumfortheanalysishere.Itshouldalsobenotedthatthesewhaleslikely


migratethroughMexicanwatersontheirwaytofeedingareasinCalifornia.





Mexico


TherearethreemainwinteraggregationsintheMexicanPacific:thesouthernend


oftheBajaCaliforniaPeninsula(Baja);theBahiaBanderasareaincludingtheIslas


TresMariasandIslaIsabelalongthemainlandMexico(Mainland);andtheoffshore


RevillagigedoArchipelago(UrbanandAguayo,1987).Fieldeffortwasconducted


betweenJanuaryandApril.InBajaCalifornia,thefieldworkcoveredtheareafrom


LaPaztoCaboFalsointhesouthernpartoftheBajaCaliforniaPeninsula.In


mainlandMexicofieldeffortwasconductedprimarilyaroundBahiadeBanderas


withsomesurveysaroundtheIslaTresMarias.IntheRevillagigedos,fieldworkwas


conductedinJanuary-MarchprimarilyaroundIslaSoccoro,withasmalleramount


ofeffortatIslaClarion.





BeforetheSPLASHproject,fromavailablephoto-identificationmatchesitwas


thoughtthatboththeBajaandMainlandaggregationshaveastheirmainmigratory


destinationthecoastsofCalifornia-Oregon-WashingtonandBritishColumbia


feedinggrounds.However,therearematcheswithalltheotherstudiedfeeding


areas.Also,therewerefewknownmatchesbetweentheoffshoreRevillagigedo


Islandsareaandanyofthewell-studiedfeedingareas,sonomainmigratory


destinationforthisgrouphadbeenidentified(Urbanetal.2000).Giventhe


apparentdifferentmainmigratorydestinationsbetweentheRevillagigedoIslands


andthecoastalareas,thelackofsubstantialinterchangedocumentedbetweenthe


Revillagigedoandthemainland(Urbanetal.,1999)andgeneticanalyses(Medrano


etal.,1995),ithasbeenproposedthattheRevillagigedoIslandsrepresentsasecond


subpopulationintheMexicanPacific.However,Bakeretal.(2013)foundonlylow


levelsofgeneticdifferentiationbetweenmainlandMexicoandtheRevillagigedo


Island,andamoderateamountofinterchangewasalsoseenbetweenthetwoareas


(Calambokidisetal.2008).Bakeretal.(2013)recommendedtreatingallofMexico


asasinglebreedingpopulation.Furthermore,theynotedthattheBajaareaappears


tobeprimarilyamigratorycorridorwithwhalesfrombothmainlandMexicoand


theRevillagigedoIslandspassingthrough.Therefore,datafromall3areaswere


pooledintoasingleMexicostratumforanalysishere.





Hawaii


AlargenumberofhumpbackwhalesusethewaterssurroundingtheHawaiian


Islandseachwinter,thoughttobeapproximatelyhalfofthehumpbackwhalesinthe


NorthPacificatthetimeofasurveyin1993(Calambokidisetal.,1997).Whilepeak


densitiesareconsistentlyfoundinthefourIslandregionandPenguinBank,aerial


surveyshaveshownincreasingdensitiesofftheBigIsland,andintheKauaiand
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Niihauregion(Mobleyetal.,1999,2001).Severalstudiesconfirmextensive


movementofindividualsbetweentheislands(Cerchio,1998).InHawaii,fieldwork


wasconductedfromDecemberthroughAprilinthemainislandsofHawaii,with


surveyeffortaroundKaua'i,Oahu,PenguinBank,Molokai,MauiandtheIslandof


Hawaii.Considerableinterchangewasdocumentedbetweenallofthesesubareas


duringtheSPLASHproject(Calambokidisetal.2008).Samplesfromallareaswere


thereforecombinedintoasingleHawaiistratum.





Asia


ThreeareasweresurveyedinAsia,includingOgasawara(BoninIslands),Okinawa


(Ryukyu),andthePhilippines.Samplingwasconductedinthefollowingareas:1)


OgasawaraincludingChichi-jima,Haha-jima,andMuko-jima2)Okinawaincluding


theOkinawamainlandandZamamiIslands,and3)inthePhilippines,onlythearea


aroundtheBabuyanIslands(Acebesetal.2007).Therehasbeendocumented


interchangeofindividualsbetweenthethreeareas,particularlybetweenOgasawara


andOkinawa(DarlingandMori1993,Barlowetal.2011).However,theamountof


interchangeseenduringtheSPLASHstudywasnothigh(Calambokidiseta.2008),


andsignificantgeneticdifferenceswerefoundbetweenOgasawaraandOkinawa


(Bakeretal.2013).Thissuggestedthatacomponentofthewesternbreeding


groundswasmissingorinadequatelysampled.Onepossibilityisthatwhalesfrom


anunknownandun-sampledbreedingareafurthersouthmigratethrough


Ogasawara,andmixtherewithwhalesfromOkinawaandthePhilippines.Asnoted


above,Bakeretal.(2013)concludedthereweretwobreedingpopulationsinthe


westernNorthPacific,oneinOkinawaandthePhilippines,andoneinanunknown


location,butlikelymigratingthroughOgasawara.However,giventhattheother


breedingarea,ifitexists,wasun-sampled,andthatbothareasmigratedthrough


Ogasawara,wepooledallthreeareasintoanAsiastratum.





Itwasnotimmediatelyclearhowtodefineallsummerareasforabundance


calculations.Asnotedabove,samplingareaswereaggregatedintobroaderregions


foranalysisbasedprimarilyonknowninterconnectionsbetweenareasandonthe


geneticanalysisresultsfromsamplescollectedduringSPLASH(Bakeretal.2013).


Oneconsiderationforthemulti-strataanalysisisthatthenumberofparametersto


estimateincreasesrapidlywiththenumberofstrataused.TheSPLASHdatasetis


large,butitwouldstillnotbesufficienttoestimateamodelwherethesummer


areasweredefinedontoosmallofascale,soitwasimportanttoaggregateacross


thelargestunitsthatmadesense.





CaliforniaandOregon


ThecoastalwatersoffCaliforniaareusedbyadistinctfeedingaggregationof


humpbackwhalesthathasbeenfairlywellstudiedsincethelate1980s.Humpback


whalesalsooccuralongthecoastsofOregonandWashington.Thereisthoughttobe


arelativelyhighrateofinterchangeofwhalesamongregionsfromsouthern


CaliforniatoWashingtonandverylittleinterchangewithareasfarthernorth


(Calambokidisetal.,1996).Humpbackwhalesinthisregionprimarilyusewaterson


thecontinentalshelfandneartheshelfbreakwithin50nmofthecoast.Even
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thoughthereisinterchangebetweenCaliforniaandWashington,thedensityof


whalesisrelativelylownorthofCaliforniaalongtheoutercoastsofOregonand


Washington,withfewwhalesseeninOregon,andagapinsightingsofhumpbacks


occursbetweencentralOregonandcentralWashington(Calambokidisetal.2008).


Tothenorth,ahigherdensityareaisonlyfoundinnorthernWashingtonand


southernBritishColumbia(NorthernWashington/SouthernBritishColumbia),


referringtotheshallowoffshorebanksoffthenorthwesternpointofWashington


(CapeFlattery)andsouthwestofVancouverIsland(Barlowetal.2011).Bakeretal.


(2013)foundstronggeneticdifferentiationbetweenCalifornia/Oregon


(California/Oregon)andNorthernWashington/SouthernBritishColumbiainboth


mitochondrialandnuclearDNA.Giventhisandthenear-hiatusindistribution


betweentheareas,wethereforeestimatedabundanceseparatelyforthe


California/OregonandNorthernWashington/SouthernBritishColumbiaareas.





NorthernWashingtonandSouthernBritishColumbia


TheaggregationofwhalesontheshallowbanksoffsouthwesternVancouverIsland


isclearlycontiguouswithareasinnorthernWashington,sothisrepresentsasingle


aggregationofhumpbackwhales.Aggregationsofhumpbackwhalesarealsoknown


fromareasfarthernorthsuchaseasternQueenCharlotteSound,andofftheeast


andnorthshoresofHaidaGwaii(theQueenCharlotteIslands).DuringtheSPLASH


project,humpbackwhaleswereseentobeatarelativelylowdensityalongthe


western-sideofVancouverIsland,withahigherdensityareaoffthenortherntipof


theisland.Ininlandwaters,thereisanear-hiatusindistributionofhumpback


whalesinthearea(i.e.,StraitofGeorgia)betweenWashingtonandareasnorthof


JohnstonStraitinBritishColumbia(Calambokidiseta.2008).Bakeretal.(2013)


alsofoundstronggeneticdifferentiationbetweenNorthernWashington/Southern


BritishColumbiasamplesfromnorthernBritishColumbiainbothmitochondrial


andnuclearDNA,soNorthernWashington/SouthernBritishColumbiawaskept


separatefromNorthernBritishColumbia.





SoutheasternAlaskaandNorthernBritishColumbia


Giventheinternationalboundary,SPLASHsamplingwasconductedbydifferent


groupsinBritishColumbiaandSoutheasternAlaska.SoutheasternAlaskaextends


fromDixonEntrancetoYakutatBay.Since1979,afewareashavebeenwellstudied


inthenorthernpartofSoutheasternAlaska;theseincludeGlacierBay,Frederick


SoundandSitkaSound.Therearereportsofhighhumpbackwhaleconcentrations


offshoreintheeasternGulfofAlaskaalongthecontinentalshelffromDixon


EntrancetotheFairweatherGrounds.Therearealsohighhumpbackwhale


concentrationsinsouthernSoutheasternAlaska,includingSnowPassageand


westernPrinceofWalesIsland.Thehighdensityofhumpbackwhalesinsouthern


SoutheasternAlaskaiscontiguouswiththehighdensityareasinnorthernBritish


ColumbiasouthofDixonEntrance,includingeasternQueenCharlotteSound,andoff


theeastandnorthshoresofHaidaGwaii.Additionally,Bakeretal.(2013)didnot


findsignificantgeneticdifferencesbetweenSoutheasternAlaskaandnorthern


BritishColumbia.Therefore,thesetwosamplingareaswerecombinedintoone


groupingforabundanceestimation.
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AsmallamountofinterchangewasdocumentedbetweenthenorthernGulfof


AlaskaandSoutheasternAlaska.However,anumberofthedocumentedmovements


wereofoffshorewhalesinthenorthernGulfofAlaskawhichthenmovedinto


SoutheasternAlaska,suggestingthiswastheirmigrationpath.Bakeretal.(2013)


foundstronggeneticdifferencesbetweenthenorthernGulfofAlaskaandboth


SoutheastAlaskaandNorthernBritishColumbia,sotheGulfofAlaskawashandled


separately.





GulfofAlaska


HumpbackwhalesoccurthroughoutthecentralandwesternGulfofAlaskafrom


PrinceWilliamSoundtotheShumaginIslands.Seasonalconcentrationsarefoundin


coastalwatersofPrinceWilliamSound,BarrenIslands,KodiakArchipelago,


ShumaginIslandsandsouthoftheAlaskaPeninsula.Largenumbersofhumpbacks


havealsobeenreportedinwatersoverthecontinentalshelf,extendingupto100


nmoffshoreinthewesternGulfofAlaska.SamplingduringSPLASHcoveredallof


thoseareas,includingtheoffshorewaters.However,extensivecoverageofoffshore


watersbothintheGulfandintheAleutiansIslandsonlyoccurredin2004because


in2005theNOAARVOscarDyson,whichwasscheduledtocoverthoseareas,


experiencedamechanicalbreakdownthatpreventedthesurveyfrom


accomplishingmuchoffshoreeffortwestofKodiakIslandinthatyear.Thereisa


moderateamountofexchangebetweenareasinthenorthernGulf,includingKodiak,


BarrenIslands,andtheKenaiPeninsulaandPrinceWilliamSound.Humpback


whalesoccuratalowerdensitybetweenKodiakIslandandtheShumaginIslands,


suggestingaminorbreakindistribution(Zerbinietal.2006).However,some


interchangehasbeendocumentedbetweentheseareas(Wittenveenetal.2004,


Calambokidisetal.2008).Bakeretal.(2013)foundsignificantdifferencesbetween


theWGulfofAlaskaandtheNGulfofAlaskausingFSTvaluesformtDNA,butdidnot


finddifferencesusingPhiSTvaluesformtDNA,anddidnotfinddifferencesinnuclear


DNA.Therefore,allareasinthecentralandwesternGulfofAlaskawerepooledinto


asingleGulfofAlaskastratum.





AleutianIslandsandBeringSea


Humpbackwhaleshavebeenobservedthroughoutmuchoftheshelfwatersofthe


BeringSea,butdensitiesofhumpbacksappearrelativelylowinthenorthernshelf


area,withrelativelyfewsightingsnorthofSt.LawrenceIsland(Mooreetal.2000,


2002,Fridayetal.2012).Humpbackwhalesareconsistentlyconcentratedin


coastalwatersnorthofUnimakPass(Fridayetal.2012).IntheAleutianIslands,


therearehighdensitiesofhumpbackwhalesintheeasternAleutians,butthe


densitiesdeclineinthewesternAleutianIslands(Zerbinietal.2008).





InterchangewasseenduringtheSPLASHprojectbetweentheeasternAleutiansand


theBeringSea,andtherewerenogeneticdifferencesbetweentheareas(Bakeret


al.2011).Giventhecloseproximityofthetwoareas,itissensibletogroupthe


easternAleutianIslandsandBeringSea.Therewasnointerchangebetweenthe


easternAleutians/BeringSeaandthewesternGulfofAlaska,eventhoughsample
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sizeswererelativelyhighinbothareas.ThewesternGulfofAlaskahadsignificant


geneticdifferencesfromtheBeringSea,butnottheEasternAleutianIslands,though


thismaybeduetotherelativelysmallsamplesizeintheeasternAleutians(n=37).


Giventhelackofinterchangeseen,theAleutianIslandsandBeringSeawere


designatedaseparatestratumfromtheGulfofAlaska.





Tothewest,humpbackwhalesinKamchatka,Russia,haveastrongconnectionwith


theAsianbreedingareas,andrepresentaseparatestratumfromtheeastern


AleutianIslands/BeringSea,wherewhalesareprimarilyconnectedtotheHawaii


andMexicowinterareas.Threeothersamplingareaswitharelativelysmall


numberofidentificationsareintermediatetoKamchatkaandtheeasternAleutian


Islands/BeringSea,andneededtobeassignedtooneortheotherstratum.Allthree


areaswereaddedtotheeasternAleutians/BeringSeastratumbasedonsimilarityin


winterdestination.First,thewesternAleutianIslandshad11identificationsin


2004andnonein2005(duetonoeffort),withonematchtoOkinawaand2matches


toHawaii.Second,theCommanderIslands,Russia,had11identificationsin2004


and7in2005,withonematchtoOgasawara,onematchtoHawaii,andonematchto


theRevillegedosIslands;additionaldatafromyearsotherthantheSPLASHproject


alsodocumentmatchestothePhilippines(Silbergetal.2013).Third,theGulfof


Anadry(includingtheeasterncoastoftheChukotkaPeninsula)hadno


identificationsin2004(duetonoeffort)and25in2005,withonematchtoOkinawa


and3matchestoHawaii.





Kamchatka,Russia


KamchatkawastheonlyregionwherethemajorityofthewhaleshadanAsianarea


astheirwinterdestination.Therewere25identificationsin2004and38in2005,


with9matchesbetweenyears,foratotalof54uniqueidentifications.Ofthose54,


therewere5matchestothePhilippines,14matchestoOkinawa,and7matchesto


Ogasawara.








Modeldescription

Mark-recaptureanalyseswereconductedusingtheprogramsMARK(Whiteand


Burnham1999)andRMark(Laake2013).





Summer-summerestimatesofabundance


Therewereonlytwosummersamplingseasons,sotheonlymark-recapturemodel


thatcouldbeusedtoestimateabundanceusingonlysummerdatawasasimple


two-sampleChapman-PetersonmodificationoftheLincoln-Petersonestimator


(Seber1982).





Winter-winterestimatesofabundance


Withthreesamplingseasons,itwaspossibletousemodelselectiontocompare


alternativeclosedmark-recapturemodels.Themodelscomparedwereallvariations


ofthree-sampleChapman-Petersonestimators,withmodelsspecifyingconstant,


time-varying,stratum-specific,ortime-varyingandstratum-specificcapture
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probability.Considerableheterogeneityincaptureprobabilityisthoughttoexistin


humpbackwhalewinterareas(Barlowetal.2011),soanalternativeestimatewas


calculatedusingaChaoestimator(Mth)withtimevaryingcaptureprobabilityand


individualheterogeneityincaptureprobability(Chaoetal.1992).Simulation


studieshavedemonstratedthisestimatorismostreliable(lessbiased)whenthere


isareasonableamountofheterogeneityinthepopulation(SchwarzandSeber


1999).TheChaoestimatewascalculatedusingtheprogramCAPTURE,as


implementedinprogramMARK.





Multi-stratamark-recapturemodel


Multi-stratamark-recapturemodelsareusedforsituationswheresamplescanbe


groupedaccordingtoanaprioristratification,andwhereindividualscanmove


betweenthestrataduringeachtimestep.Thesemodelsareoftenusedtocreate


spatially-explicitmodels,whereeachstratumisadifferentlocation,andindividuals


havethepotentialtomovebetweeneachlocation.Theseareopenmark-recapture


models,sothereareparametersforsurvivalandcaptureprobabilityineach


stratum,andparametersformovementbetweeneachstratum.Notethatthemulti-

stratamodelusedforpreliminaryabundanceestimatesinCalambokidisetal.


(2008),fromHilborn(1990),isessentiallyidenticalinitsbasicform,butusesa


slightlydifferentlikelihoodfunction.





TheSPLASHdatarepresentauniqueapplicationofthemulti-stratamodelwhere


themigrationbetweenwinterandsummerareasisexplicitlymodeledover5


seasons,withfourtimestepsofone-halfofayear,representingatotalof2years


(winter2004towinter2006).Therefore,theindividualsaremovingbetweentwo


separatesetsofstrata(winterandsummer)eachtimestep.





Threecaptureprobabilitymodelswerespecified,where(1)captureprobabilitywas


constantacrossstrataandtime,(2)captureprobabilitywasdifferentineach


stratumbutwasconstantacrosstime,and(3)captureprobabilitywasdifferentin


eachstrataandalsovariedacrosstime.Therewasnodatacollectioninwinterareas


duringthesummerseason,andviceversa,sothecaptureprobabilitieswerefixedat


0.0forlocationsintheoff-season(e.g.,captureprobabilitiesforthefourwinter


areaswerefixedat0.0forboththesummer2004andsummer2005seasons).





Giventheshorttimeperiodofthestudy(2years),estimatesofsurvivalwerenota


primaryobjectiveandwouldbeunlikelytobeprecise.Therefore,survivalwas


assumedtobeconstantacrosstimeandspatialareas.Notethattheparameter


represents6-monthsurvival,notannualsurvival,becausethetimestepsofthe


modelare6months.Preliminaryanalysesresultedinun-realisticallylowestimates


ofsurvival(S=0.896,whichtranslatestoanannualsurvivalof~0.8).Therefore,


survivalwasfixedtoarealisticvaluefromtheliterature.Zerbinietal.(2010)


reviewedhumpbackwhalelifehistory,andsummarizedthemostreliablevalues.


FortheNorthPacificestimatesofnon-calfsurvivalforthelargestareas(Hawaiiand


Alaska)rangedfrom0.931to0.963fromMizrochetal.(2004).Whalescanfirstbe


identifiedintheSPLASHstudyas~6montholdcalvesduringtheirfirstsummer.
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Theonlyestimatesofannualsurvivalof6montholdcalvesis0.85fortheGulfof


Maine(BarlowandClapham1997).Takinganannualnon-calfsurvivalof0.95


combinedwithacalfsurvivalrateof0.85resultsinanaverageannualsurvivalrate


fromage6monthsof~0.94.Therefore,thesurvivalparameterwasfixedat0.9695


toequatetoanannualsurvivalrateof0.94.





Inamulti-stratamodel,thenumberofmovementparametersincreasesgreatlywith


thenumberofstrata.Forexample,withonly2stratathereare4parameters–the


probabilityofmovingfromstratum1tostratum2,theprobabilityofstayingin


stratum1(“moving”fromstratum1tostratum1),theprobabilityofmovingfrom


stratum2tostratum1,andtheprobabilityofstayinginstratum2.However,only2


parametersareestimated;themovementparametersforagivenstratumhaveto


sumto1.0,sothelastmovementprobabilityisfoundbysubtractingthesumofthe


othersfrom1.0.Ifthereareistrata,thenumberofestimatedmovement


parametersisequaltoi*(i-1),sothatfor3strata,thereare6estimatedmovement


parameters,andfor4stratathereare12estimatedmovementparameters,et


cetera.





Withsixsummerareasandfourwinterareas,thereareatotaloftenstrataand


thereforepotentially90movementparametersforeachtimestep.However,many


ofthemovementparametersareactuallyfixedto0.0torepresentmovementsthat


cannotoccur.Forexample,winterareatowinterareamovementscannotoccur,


andanysummerareatosummerareamovementscannotoccur.Thisessentially


meansthemodelassumesallwhalesmigratesomewherebetweenseasons;all


whalesinwinterareasmovetosummerareasforthesummer,andallwhalesin


summerareasmovetowinterareasforthewinter.





Therefore,thereareonly24movementparameterseachtimestep,whether


representingwintertosummermovementsorsummertowintermovements.For


example,awhaleinaspecificwinterareacanmovetoanyof6differentsummer


areas,sothereare6movementparameters(5ofwhichareestimated).Multiplying


by4areas,thisresultsin24parameters,ofwhich20areestimated.Similarly,there


are24movementparametersforsummertowinter,18ofwhichareestimated.If


movementparametersareassumedconstantovertime(exceptintime-stepswhen


fixedto0.0),thisleadstoatotalof48separatemovementparameters,38ofwhich


areestimated.





Withfivetimeoccasions,thereareatotaloffourmovementsthatoccur.Two


movementmodelswerespecified.Thesimplerwasarandommodel,essentially


describingaMarkovprocesswherewhalesmovedrandomlyfromasummerareato


awinterarea,andviceversa,withnomemoryofpreviousknownmovements,but


withmovementratesconstantthroughtime.





Thesecondmodelincludedaformofmemoryofpreviousmovements,implemented


throughtheuseofgroupsbasedonsightinghistories.Inthismodel,thefirst


movementwasrandom(winter2004tosummer2004),asintheMarkovmodel.
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However,foreachofthenextthreemovements,whalesweregroupedaccordingto


theirsightinghistoriestohelppredicttheirmovement,undertheassumptionthat


thereisamemorytothemovementsofthewhales,andtheyaremorelikelyto


returntoaplacetheyhavepreviouslybeenseen.Therefore,thegroupswerebased


onthreeoccasions–wherewhaleswereseen(ifseen)intheirfirsttwowintersand


intheirfirstsummer.Whereawhaleisinitsfirstwintercanhelppredictwhereit


willgoforitssecondorthirdwinter.Ifnotseeninthefirstwinter,whereitisseen


initssecondwintercanhelppredictwhereitwillgoinitsthirdwinter.Similarly,


whereawhalewasseenititsfirstsummerwillhelppredictwhereitwillgoinits


secondsummer(thereisnothirdsummer,sothereisnosecondcaseforsummer).





Foranypossiblewintertosummertransitionthereare3possibilities(groups).For


example,forwhalesinHawaiiconsidertheirpossiblemovementtotheGulfof


Alaska:


1.Whaleswhichwerenotpreviouslyseeninsummer,sothereisnobasisfor


predictingtheirmovement,sothisisthenaïvecase.


2.WhaleswhichwerepreviouslyseeninsummerintheGulfofAlaska,sothis


groupwouldhaveacovariatepredictingforareturnmovementtotheGulfof


Alaska.


3.Whaleswhichwerepreviouslyseeninsummersomewhereotherthanthe


GulfofAlaska,sothisgroupwouldhaveacovariatepredictingagainsta


movementtotheGulfofAlaska.





Similarly,thereare3possibilitiesforeachoftheother5possibletransitionsfrom


Hawaii,sothereareatotalof18movementparametersfromHawaii,15ofwhich


areestimated.Summingacrossall4winterareasresultsin72totalwinterto


summermovementparameters,60ofwhichareestimated.





Thesameprocessappliestomovementsfromeachsummerareatoawinterarea.


Foreachsummerarea,thereare3possiblemovementparameterstoeachwinter


area(analogoustothe3possibilitiesdescribedabove),foratotalof12movement


parameters,9ofwhichareestimated.Summingacrossall6summerareasresultsin


atotalof72totalsummertowintermovementparameters,54ofwhichare


estimated.





Becausethemovementparametersarenottime-dependent,therearethreecapture


historygroupsthatwouldbegiventhesamecovariate–whalesseensomewherein


thefirstwinterbutnotsecond,whalesseensomewhereinthesecondwinterbut


notfirst,andwhalesseeninawinterareainboththefirstandsecondwinters.





ThedifferentmodelswerecomparedusingAICc.Abundanceforeachstratumwas


estimatedbydividingthenumberofidentifiedwhalesinthestratumbythe


estimatedcaptureprobability.
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RESULTS





Modelselection

Forthewinterareaclosedpopulationanalysis,amodelwithdifferentcapture


probabilityineachstratumandeachyearwasselected.Forthesummerareas,the


modelwithdifferentcaptureprobabilityineachstratumwasselected.Forthe


multi-stratamodel,thebestmodelincludedthenon-Markovmovementmodelwith


captureprobabilityvaryingacrossstrataandtime.Thenon-Markovmovement


model(essentially,withmemory)fitthedatamuchbetterthantheMarkovrandom


model(withnomemory).Thisreflectsthestrongfidelityindividualwhalesshowto


specificwinterandsummerareas.





Winter-Winterestimates

HawaiiandMexicohadthelargestnumberofidentifications,withwellover500in


eachofthethreeseasons,with244and317totalmatches,respectively,between


seasons(Table2).Asiahadbetween183and287identificationsineachyear,with


121totalmatchesbetweenseasons.InCentralAmerica,therewereonly17to42


identificationsineachyear,withonly7totalmatchesbetweenseasons(Table3).


CaptureprobabilitieswerehighestinAsiaandMexico(~0.23to0.32),~0.09in


Hawaii,andlowestinCentralAmerica(~0.05-0.08)(Table3).Abundancefromthe


Chapman-Petersenmodelwasestimatedtobeabout8,100inHawaii,3300in


Mexico,1100inAsia,and400inCentralAmerica,foratotalof~13,000whales


(Table4).AbundancefromtheChaomodelwasestimatedtobeabout10,000in


Hawaii,5,000inMexico,1,900inAsia,and500inCentralAmerica(Table4),fora


totalof~17,000whales.





Overthecourseofthestudy,Asiashowedasubstantialincreaseinidentificationsin


eachyear(182in2004,204in2005,and287in2006),andcaptureprobability


increasedovertimeaswell.Hawaiialsoshowedasubstantialincreasein


identificationsineachyear(657in2004,833in2005,and1005in2006);capture


probabilityinHawaiiincreasedeachyearintheCPmodel,butdidnotincreasein


theMSmodel.ThenumberofwhalesidentifiedinMexicodidnotshowaslargea


proportionalchangebetweenyears;itwashigher(678)in2004,butverysimilarin


2005(581)and2006(580).ThenumberofwhalesidentifiedinCentralAmerica


waslowerin2004(17),butwassimilarlyhigherin2005(41)and2006(42).





Summer-Summerestimates

ThegreatestnumberofidentificationsoccurredinSoutheastAlaska/Northern


BritishColumbia(1593),followedbyGulfofAlaska(1295),AleutianIslands/Bering


Sea(575),California/Oregon(502),SouthernBritishColumbia/Northern


Washington(182),andKamchatka(54)(Table5).Captureprobabilitieswere


highest(0.29to0.39)inSoutheastAlaska/NorthernBritishColumbia,Kamchatka,


SouthernBritishColumbia/NorthernWashington,andGulfofAlaska,andwere


intermediateinAleutianIslands/BeringSeaandCalifornia/Oregon(0.12to0.19)


(Table7).Estimatesofabundanceweregreaterthanathousandinmostofthe
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strata,includingGulfofAlaska(3,148),SoutheastAlaska/NorthernBritish


Columbia(3,005),AleutianIslands/BeringSea(2,348),andCalifornia/Oregon


(1,555)(Table8).TherelativelysmallerstratumofSouthernBritish


Columbia/NorthernWashingtonhadanestimateof412,andtheestimatefor


Kamchatkawas103.Thetotalofallsummer-summerestimateswas10,572.





Thereweredifferencesincaptureprobabilityfromyeartoyearinmanyofthe


strata.Kamchatka,AleutianIslands/BeringSea,andSBC/WAhadhighercapture


probabilityin2005,whereasGulfofAlaskaandSoutheastAlaska/NorthernBritish


Columbiahadlowercaptureprobabilitiesin2005.Thiscanbeseeninthenumber


ofwhalesidentified.Forexample,intheGulfofAlaska769whaleswereidentifiedin


2004butonly372wereidentifiedin2005.Similarly,inSoutheastAlaska/Northern


BritishColumbia897whaleswereidentifiedin2004butonly426whaleswere


identifiedin2005.Giventhatbothyearshadasimilaramountofeffort,thisresultis


surprising.








Multi-stratamodelestimates

Inthewinterareas,captureprobabilitieswerehighestinMexico(0.21to0.16)and


Asia(0.20to0.26),followedbyHawaii(0.09to0.08)andCentralAmerica(0.15to


0.09)(Table4).AbundanceestimateswerehighestforHawaii(11,398),followedby


Mexico(3,264),Asia(1,059),andCentralAmerica(411)(Table5,Fig.3).





Inthesummer/breedingareas,captureprobabilitywashighestintheGulfofAlaska


(0.72in2004and0.18in2005).Captureprobabilitieswererelativelyhighin


SouthernBritishColumbia/NorthernWashington(0.15and0.15),Southeast


Alaska/NorthernBritishColumbia(0.15and0.15),andAleutianIslands/BeringSea


(0.13and0.13),andwerelowerinCalifornia/Oregon(0.06and0.08)and


Kamchatka(0.02and0.05).AbundanceestimateswerehighestforSoutheast


Alaska/NorthernBritishColumbia(6,137),followedbyCalifornia/Oregon(3,734),


AleutianIslands/BeringSea(2,427),GulfofAlaska(2,089),Kamchatka(1,111),and


SouthernBritishColumbia/NorthernWashington(307)(Table8,Fig.4).





ThecaptureprobabilitiessometimesvariedsubstantiallybetweentheMSandCP


models,makingtheabundanceestimatesquitedifferentaswell.Forexample,the


captureprobabilityestimatesinKamchatkaunderthemulti-stratamodelwere0.02


and0.05in2004and2005,respectively,whereastheLincoln-Petersonestimates


were0.24and0.37.Ineachcase,toestimateabundancetheinverseofcapture


probabilityismultipliedbythesamenumberofidentifications,sotheabundanceis


proportionallyhigherforlowercaptureprobabilities.ForKamchatka,average


abundanceover2004-05was1,111(CV=0.37)fortheMSmodeland103(CV=0.23)


fortheCPmodel,anorderofmagnitudedifference.Overall,inthesummerareas,


captureprobabilityfromthemulti-stratamodelwassubstantiallylowerthanfrom


theLincoln-Petersonmodelforthreeofthestrata(Kamchatka,Southeast


Alaska/NorthernBritishColumbia,California/Oregon),somewhathigherforone


stratum(SBC/WA),similarinonestratum(AleutianIslands/BeringSea)and
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substantiallyhigherinonestratum(GulfofAlaska).Inthewinterareas,capture


probabilitywaslowerinthemulti-stratamodelinHawaii,andwassimilarinthe


otherthreeareas.BecausethereweremoreidentificationsinHawaii,thesumof


abundancewashigherforthemulti-stratamodel.





Movementpatterns

Themovementparameterscanbeusedtoexaminethemigratorydestinationof


whalesfromaspecificregion.Forthemulti-stratamodelwithnon-random


movements,thenaïvemovementparametersrepresentanestimateofthe


migratorydestinationofallwhalesfromaspecificregion.Startingwiththewinter


areas,ahighproportion(0.94)ofAsianwhalesmovetofeedinggroundsoff


KamchatkainRussia,withtherestmovingtotheAleutianIslandsandBeringSea.


ThemajorityofHawaiianwhalesmovetofeedingareasinSoutheasternAlaskaand


northernBritishColumbia(0.85),butothersgototheGulfofAlaska(0.08),the


AleutianIslandsandBeringSea(0.06),andasmallproportiongotosouthern


BritishColumbiaandWashington(0.01).ThemajorityofMexicanwhalesmoveto


California/Oregon(0.75),withwiththerestmovingtotheGulfofAlaska(0.10),the


AleutianIslandsandBeringSea(0.09),SoutheastAlaskaandnorthernBritish


Columbia(0.05),andsouthernBritishColumbia/northernWashington(0.03).The


majorityofCentralAmericanwhalesmovetofeedingareasinOregon/California


(0.91),withtherestgoingtosouthernBritishColumbiaandWashington(0.09).





Theestimatesofmovementfromsummerareastowinterareasalsorepresentsthe


breedingpopulationcompositiononthefeedinggrounds,soitwillbedescribedin


thatway.AllwhalesinKamchatkaareestimatedtobefromtheAsiabreeding


population.ThemajorityofwhalesintheAleutianIslandsandBeringSeaarefrom


theHawaiianbreedingpopulation(0.87),withsomewhalesfromtheMexican


(0.11)andAsian(0.02)breedingpopulations,butnotethattheseestimatesarenot


veryprecise.ThemajorityofwhalesfromtheGulfofAlaskaarealsofromthe


Hawaiianbreedingpopulation(0.89),withsomewhalesfromtheMexicanbreeding


population(0.11),andaverysmallproportionfromtheAsia(<0.01)breeding


population.NearlyallofthewhalesfromSoutheasternAlaskaandnorthernBritish


ColumbiaarefromtheHawaiianbreedingpopulation(0.94),withafewwhalesfrom


theMexicanbreedingpopulation(0.06).ThemajorityofwhalesinsouthernBritish


ColumbiaandWashingtonarefromeithertheHawaiianbreedingpopulation(0.53)


orMexico(0.42),withafewwhalesfromCentralAmerican(0.05).Finally,the


majorityofwhalesinCalifornia/OregonarefromthetheMexicanbreeding


population(0.90),withtheremainderfromCentralAmerican(0.10)





Thenon-naïvemovementestimates(e.g.,theprobabilityofmovingtoaspecific


Winterareawhenpreviouslyseeninthatarea)aretabledintheSupplementary


materials.Ingeneral,theprobabilityofmovingtoanareawherepreviouslyseen


wasquitehigh;inmostcasesitwasgreaterthan0.95.
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DISCUSSION




1Overviewofabundance

Theresultsofthisstudyprovidethefirstgeographicallystratifiedlookat


humpbackwhaleabundancethroughoutmostoftheNorthPacific.Asexpected,in


winterthelargestabundancewasfoundinHawaii(N=11,398,CV=0.04),withthe


secondlargestinMexico(N=3,264,CV=0.06).BoththeAsia(N=1,059,CV=0.08)and


CentralAmericaN=411,CV=0.30)winterareashadmuchsmallerabundance.In


summerthefeedingareasinAlaskaandnorthernBritishColumbiasupportthe


majorityoftheNorthPacificpopulation;theseareasincludetheAleutian


Islands/BeringSea(N=2,427,CV=0.20),theGulfofAlaska(2,089,CV=0.0.09),and


SoutheasternAlaska/northernBritishColumbia(N=6,137,CV=0.07).The


abundanceestimateforsouthernBritishColumbia/northernWashingtonwassmall


at307(CV=0.23);thisisnotsurprisingastheareaoccupiedbythewhalesisof


relativelysmallspatialextent.AbundanceinCalifornia/Oregonwasestimatedtobe


3,734(CV=0.11).ThefirstabundanceestimatefortheKamchatkafeedingareawas


N=1,111(CV=0.37).Overall,itisinterestingtonotethattheabundancefromthe


broadoceanographicareasinthecentralpartofthehumpback’srangeislarge,


whereasabundancefromthecontinentalmarginsoftheNorthPacific,onboth


coasts,isrelativelysmall.Inparticular,thetwobreedingpopulationsfromthe


continentalmargins,AsiaandCentralAmerica,arerelativelysmall(~1,000and400


whales,respectively),andarethusofgreaterconservationconcern.





2.Migratorydestinations

TheAlaskaandnorthernBritishColumbiafeedingareasallhaveastrongmigratory


link(Psi>0.86)toHawaii(withthelinkbetweenSoutheasternAlaska/northern


BritishColumbiaandHawaii(Psi=0.94)particularlyhigh.Inreturn,nearlyall


HawaiianwhalesmigratetoAlaskaandnorthernBritishColumbia.Thesumofthe


abundanceestimatesforthethreeAlaskaandnorthernBritishColumbiafeeding


areasis10,653,whichissimilartotheestimateforHawaii(11,398).





ThemigratorydestinationofwhalesthatbreedinMexicoisthemostdiverse,with


whalesgoingtoallfeedingareasexceptKamchatka,withthehigherproportion


goingtotheCalifornia/Oregon(Psi=0.75).NearlyallCentralAmericanwhales


migratetoCalifornia/Oregontofeed(Psi=0.92),buttheCalifornia/Oregonfeeding


areaisprimarilycomposedofwhalesfromMexico(0.90),reflectingthemuch


greaterabundanceinMexicothaninCentralAmerica.Thesumoftheabundance


estimatesforMexicoandCentralAmericais3,675,with2,761estimatedtomigrate


toCalifornia/Oregon.Thisissomewhatlowerthantheestimatefor


California/Oregon(3,734),andrepresentsaslightmiss-matchbetweenestimated


winterandsummerabundance,andtheirconnections.





ThestrongestmigratoryconnectionwasbetweentheKamchatkafeedingarea


(Psi=1.0tomovetoAsia)andtheAsiabreedingarea(Psi=0.92tomoveto


Kamchatka).Consistentwiththis,abundancewasestimatedtobenearlyidenticalin
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bothlocations,withanestimateof1,111inKamchatka,andanestimateof1,059in


Asia.TheKamchatka–Asialinkrepresentsthenearestthingtoapurewinterand


summerareastock,whereallthewhalesinthewinterareaarefromthesame


summerarea,andviceversa.Overall,itcanbeseenthatnearlyallfeedingareas


appeartohaveaprimarywinterdestinationthatiseitherAsia(Kamchatka),Hawaii


(AleutianIslandsandBeringSea,theGulfofAlaska,andSoutheasternAlaskaand


northernBritishColumbia),orMexicoandCentralAmerica(notingthewhales


migratingtoCentralAmericafirstmigratethroughMexicanwaters).Theone


exceptionisSouthernBritishColumbia/northernWashington,whichappearsto


haveanearlyevenmixbetweenthemigratorydestinationofAlaskaandnorthern


BritishColumbiawhales(Hawaii)andthedestinationofCalifornia/Oregonwhales


(MexicoandCentralAmerica).





Notethatmovementsofhumpbackwhaleshavebeendocumentedbetweensummer


andwinterareasthathaveestimatedmovementratesof0.0inthisstudy,including


amovementbetweenJapanandBritishColumbia(Darlingetal.1996).The


interpretationofthoseeventsfromthisstudyisthateithersuchmovementsdidnot


occurduringtheyears2004-06,oroccurredatsuchalowratetheywerenot


detectedinthisstudy.





Ananalysisoftheproportionofwhalesfromeachsummerareathatwereidentified


inanywinterareashowedthatwhalesfromtheAleutianIslandsandBeringSeahad


thelowestprobabilityofbeingseenonawinterarea(Calambokidisetal.2008).One


interpretationofthisresultisthatsomeofthosewhalesgotoanunknown(andun-

sampled)winterarea.SubsequenttotheSPLASHproject,asurveyin2007


documentedhumpbackwhalesfromanumberoflocationsintheNorthwestern


HawaiianIslandsatrelativelylowdensities(Johnsonetal.2007),butnosampling


occurredthereduringtheSPLASHproject.Somehumpbackwhales,including


mother/calfpairs,havealsobeenfoundintheMarianasIslands(Hilletal.2016).


Bothoftheselocationsareplausiblemigratorydestinationsforwhalesfromthe


AleutianIslandsandBeringSea.





Therewerealsosummerareasthatwerenotsampled,oratleastsampledverywell,


duringtheSPLASHproject,duetobothalackofresourcesinsomecasesandalack


ofknowledgeofthedistributionofwhalesatthetime.Fridayetal.(2013)showed


sightingsofhumpbacksinplacesintheBeringSeathatwerenotwellsurveyed,


especiallythenorthernsideoftheAlaskaPeninsula,andalsoafewsightingsonthe


northernBeringSeashelf.However,thenumberofsightingsbeforetheSPLASH


projectwaslow,andthedecisionwasmadetopreferentiallycoverareaswith


historicalrecordsofhumpbackwhalecatches,suchasthesouthsideofthe


AleutiansIslands.Recentsurveys(2009-2012)havealsohadsightingsandacoustic


detectionsofhumpbacksintheChukchiSea,northoftheBeringStrait,bothin


RussiaalongthenorthsideoftheChukotkaPeninsula,andalsoontheUSside


especiallynearPointHope(Clarketal.2013);SPLASHsurveyscoveredtheBering


StraitportionoftheChukotkapeninsulabutdidnothaveenoughship-timetogoto


thenorthsideofthepeninsula,andnosurveyeffortoccurredintheUSportionof
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theChukchiSea.Japanesesurveyshavealsoshownanoffshorefeedingareafor


humpbackwhaleseastofHokkaidoandtheKurilIslands(andsouthwestofthe


westernAleutianIslands,anotherareanotsurveyedduringSPLASHduetolimited


resources(e.g.,Matsuokaetal.2012).AlthoughtheSPLASHsurveywasbyfarthe


mostexpansivesurveyofhumpbackwhalefeedingareasintheNorthPacific,itis


clearthatfuturesurveyswouldideallysurveymoreextensivelyinthewestern


NorthPacific,ChukchiSea,andBeringSea.








3.Regionalestimatesofabundanceandcomparisontopreviousestimates

Inthissection,wecomparethemulti-strataandwithin-seasonestimateswith


previousabundanceestimatesforeachregion.





CentralAmerica


TheMSestimateforCentralAmericais411(CV=0.30),withtheCPestimatesimilar,


andtheChaoestimatewasslightlylargerat511(CV=0.35).Therearenoprevious


estimatesofabundancefortheCentralAmericabreedingpopulation.Thisbreeding


populationissmall,butitisencouragingthatthepopulationismorethanjusta


coupleofhundredwhales.





Mexico


TheMSestimateforMexicois3,264(CV=0.06),theCPestimateissimilarat3,327


(0.04),andtheChaoestimateissubstantiallylargerat4,910(CV=0.10).Two


separateabundanceestimatesweremadeforMexicanwatersintheearly1990s,


whereUrbánetal.(1999)estimatedthatin1991therewere1,813(95%CI918-

2505)whalesinMainlandMexicoand914(95%CI590-1193)whalesinthe


RevillagigedoArchipelago.Forthesametimeperiod,Calambokidisetal.(1997)


estimated1,600whalesand4,200whalesfromtwodifferentmethods,and


concludedthetrueabundancewasabout2,200-2,800,consistentwithUrbánetal.


(1999).ThissuggeststheMexicanpopulationhasincreasedslightlybetweenthe


1990sandthe2000s.





Hawaii


TheMSestimateforHawaiiis11,398,(CV=0.04),theCPestimateissubstantially


lower,andtheChaoestimateis9,920(CV=0.09).Themostrecentprevious


estimatesofabundanceforHawaiiwerefromthe1990sfrombothphoto-

identificationmark-recaptureandaerialsurveyline-transectsurveys.Those


estimateswereabout3,000-5,000whales(Calambokidisetal.1997,Cerchio1998,


Mobleyetal.1999,2001).Mobleyestimatedthepopulationwasincreasingat


7%/year,soapopulationof~11,000couldreflectthatcontinuedincrease.A


breedingpopulationofthissizerepresentsapproximatelyhalfofallthehumpback


whalesintheNorthPacific,asestimatedbyBarlowetal.(2011).





Asia


Fromtheseanalyses,theMSestimateforAsiais1,059(CV=0.08),theCPestimateis


slightlylarger,andtheChaoestimateissubstantiallylargerat1,907(CV=0.165).In
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Asia,abundancewaspreviouslyestimatedfor1991-93as394(CV=0.08)


(Calambokidisetal.1997);thiswasanestimatefortheOgasawaraIslandsand


Okinawa,butnodatafromthePhilippinesorotherareaswereincluded.The


estimatehereismorethantwiceaslargeasthepreviousestimate.Partofthis


increasecouldbeduetotheinclusionofthePhilippines,ratherthananincreasein


thepopulation,butthisisunlikelytoaccountforthetotaldifference.Foralike-to-

likecomparisontotheearlierestimate,theanalyseswererepeatedwithoutthe


PhilippinesSPLASHdata;theCPestimateforOkinawa/Ogasawarais1,025


(CV=0.07),andtheChaoestimateis1,614(CV=0.11),indicatingthepopulationdid


increasebetween1991-93and2004-06.Itisencouragingthatthisrelativelysmall


breedingpopulationisapparentlyshowingsignsofincrease,andnolongernumbers


justafewhundredanimals.





California/Oregon


ThesummerpopulationinCalifornia/OregonhasanMSestimateof3,734,withthe


CPestimatesubstantiallylowerat1,555.Severalestimatesofabundancehave


previouslybeenmadeforCaliforniafromphoto-identificationdata.Abundance


estimatedoffcentralCaliforniainthe1980swereabout300animals(Dohletal.


1993,Calambokidisetal.1990).Intheearly1990sestimateswereabout600


whales(Calambokidisetal.1993,Barlow1995),andincreasedatabout8%/yearto


justbelow1000whalesby1997(CalambokidisandBarlow2004).Since1998,


mark-recaptureestimatesforthisareahavebeenmorevariablewithadramatic


dropinabundancein1999-2001followedbyarapidincreasedrivenbyanapparent


influxofnewanimalsthathadnotbeenseenintheareapreviously(Calambokidiset


al.2004a,2005).Line-transectsurveysestimated1,769(CV=0.16)animalsfor


surveyspooledbetween1991and2005forCalifornia,Oregon,andWashington


(BarlowandForney2007).ThenewSPLASHabundanceestimateishigherthan


previousestimates.





SouthernBritishColumbia/NorthernWashington


TheMSabundanceestimateforthisareawasrelativelylowat307whales.


HumpbackwhaleabundanceestimatesofftheWashingtoncoasthavebeen


previouslymadefromvesselline-transectsurveysandcapture-recapturefrom


photo-identificationresearchandaregenerallyconsistentwiththelowestimate


fromSPLASH.Forney(2007)estimatedthenumberofhumpbackwhalesoffN


Washington/SBritishColumbiaat208(CV=0.28)in2005.Vesselline-transect


surveysjustinthenorthernWashingtonareaestimatedabout100whalesbetween


1995to2000;however,theestimatein2002wassubstantiallyhigher(562,


CV=0.21),althoughthishighestimatemaybebiasedduetore-sightinganimals


multipletimes(Calambokidisetal.2004b).Capture-recaptureestimatesshowedthe


numberofwhalesincreasingfromabout100to200from1995to2002


(Calambokidisetal.2004b),soanestimateof307mayindicatedcontinued


populationgrowthinthisarea.





SoutheasternAlaska/NorthernBritishColumbia
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TheMSabundanceestimateforthisareawasrelativelylargeat6,137.Therehave


beenanumberofpastestimatesofhumpbackwhalesforSoutheastAlaskabutthese


didnotincludethewidegeographiccoverageofSPLASHandyieldedmuchlower


estimatesthanSPLASH.EarlyestimatesofabundanceforSoutheasternAlaskawere


about300whalesfrom1979to1983(Bakeretal.1985).In1986,Bakeretal.


(1992)estimated547whales(95%CL:504-590).Straley(1994)estimated404


humpbackwhalesfrom1985through1992.Abundancein2000fornorthern


SoutheasternAlaskawasestimatedat961(95%CI657-1076)humpbackwhales


(Straleyetal.2009).Photo-identificationdataofhumpbacksutilizingB.C.waters,


eitherasamigrationcorridororforfeeding,from1992-2006,resultedinabest


estimateof2,145animals(95%confidencelimits1,970-2,331;Fordetal.2009).


CombiningtheStraleyetal.(2009)estimatewithBritishColumbiaresultsinabout


3000whalesforasimilartimeperiod,stillconsiderablylessthantheSPLASH


estimate,althoughnotethattheSPLASHLincoln-Petersenestimatewasalsoabout


3000whales.Itispossiblethattheincreasedgeographiccoverageoftheregionled


tothehigherestimate,orthatthemulti-stratamodelreducedheterogeneitythat


hasledtonegativelybiasedestimates.





GulfofAlaska


Photo-identificationstudieshaveestimated100-200inPrinceWilliamSoundand


KenaiPeninsulawaters(Waiteetal.1999,vonZiegesaretal.2000),100-150inthe


BarrenIslands(G.Strong,pers.comm.),300-500inKodiakwaters(Waiteetal.


1999),and410intheShumaginIslands(Witteveenetal.2004),totalingabout1200


whales,somewhatlessthantheMSestimateof2,089.Zerbinietal(2006)


estimated2,648(CV=0.16)humpbackwhalesinthenearshorewatersoftheGulfof


AlaskaandeasternAleutianIslands(fromKenaitoAmchitkaPass)in2001-2003,


with2,266ofthattotalfoundinsurveyblocksintheGulfofAlaska,nottoodifferent


thantheSPLASHestimatepresentedhere.Giventhathumpbackwhalesarefound


offshore,andthattheZerbinietal(2006)estimatedidnotincludePrinceWilliam


Sound,itissomewhatsurprisingthattheSPLASHestimateisnothigherforthis


area.NotethattheSPLASHCPestimatewashigher,at3,148.





AleutianIslands/BeringSea


Fromline-transectsurveysMooreetal.(2000)estimatedabundanceofhumpback


whalesinthecentralBeringSeaas1,175humpbackwhales(95%CI:197-7,009)in


1999,thoughMooreetal.(2002)suggestedthesesightingsweretooclumpedinthe


central-easternBeringSeatobeusedtoprovideareliableestimateforthearea.In


theeasternAleutianIslandstheestimatefromZerbinietal.(2006)totaled382


humpbackwhalesfoundinsurveyblocksintheAleutianIslands.Abundance


estimatesforhumpbackwhalesintheeasternBeringSeashelffor2002,2008and


2010were231(CV=0.63),436(CV=0.45),and675(CV=0.80),respectively(Fridayet


al.2012).TheSPLASHMSestimateof2,427ishigherthantheseestimates.


However,theSPLASHestimatecoversamuchwiderarea,includingportionsof


Russia(GulfofAnadyr,CommanderIslands),andthewesternAleutians.





Kamchatka,Russia
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ForKamchatka,averageabundanceover2004-05was1,111fortheMSmodel.


Abundancehasnotpreviouslybeenestimatedhere,sothisrepresentsthefirst


estimateofabundanceforthisfeedingarea.NotethattheCPestimatewasonly103,


suggestingtheMSmodelaccountedforsubstantialcaptureheterogeneity.This


couldpotentiallyresultifwhalesoccurredinareasnotsampledwellinsummer,


suchasoffshorewaters.








4.TotalabundancecomparedtoBarlowetal.(2011)estimates

Theintentofthisanalysiswastoestimateabundanceforeachgeographicalarea,


notfortheentireNorthPacific.However,itisworthcomparingthetotalscalculated


herewiththeestimatefortheentireNorthPacificfromthesesamedatabyBarlow


etal.(2011),wherethedatawerepooledacrossgeographiclocations.Forthe


winterareas,theirChapman-PetersonestimatesforBreeding-Breeding


comparisonswere8,959and11,668(Table6,Barlowetal.2011).Calculating


separateChapman-Petersonestimatesbygeographicareaandsummingthemgave


atotalof12,999here(Table5),somewhathigherthaninBarlowetal.(2011).For


thesummerareas,theirestimateforaFeeding-Feedingcomparisonwas10,109


(Table6,Barlowetal.2011),comparedtoasumacrosssummerareashereof


10,572(Table8),whichisverysimilar.Itisnotsurprisingthattheregional


Chapman-Petersonestimatesaresubjecttothesamenegativebiasasthepooled


estimate,andlikelyforthesamereasons.Asexpected,becausetheyaccountfor


individualheterogeneityincaptureprobability,theChaoestimatesweremuch


largerthantheChapman-Petersonestimates,totaling17,256.





Barlowetal.(2011)consideredtheirbestestimateofabundance(beforebias


corrections)as21,808(CV=0.04),basedonapooledsummervs.pooledwinter


sample.Thisismostanalogoustothemulti-stratamodelresultshere,whichalso


usedbothsummerandwinteridentificationsinasingleanalysis.Thetotalestimate


fromthemulti-strataanalysisherewas16,132forthewinterareas(Table5)and


15,805forthesummerareas(Table8),whicharenearlyidentical.Themulti-strata


analysisresultsinalargersummedabundancefortheentireNorthPacificthanthe


within-seasonCPestimates,buttheyarestilllowerthantheBarlowetal.(2011)


estimate.Itisnotobviouswhythisisthecase.Forfourareas,themulti-strata


analysisproducedamuchlarger(andpresumablybetter)estimateofabundance


thanthewithin-seasonestimatescalculatedhere,includingareassuchas


Kamchatka(1,111vs.103),,SoutheastAlaska/NorthernBritishColumbia(6,137vs


3,005),Hawaii(11,398vs8,097),andCalifornia/Oregon(3,734vs1,555).However,


forfiveotherareas(Asia,Mexico,CentralAmerica,AleutianIslands/BeringSea,


southernBritishColumbia/northernWashington)theMSandCPestimateswere


fairlysimilar.TheoneanomalywastheGulfofAlaskawheretheMSestimatewas


lowerthantheCPestimate(2,089vs.3,148).





ItisalsointerestingthattheChaoestimatesweremostlylargerthantheMS


estimates–intwocasesremarkablyso.TheMSestimateforAsiawas1,059butthe


Chaoestimatewas1,907,andtheMSestimateforMexicowas3,264buttheChao
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estimatewas4,910.TheHawaiiChaoestimatewassomewhatsmallerthantheMS


estimate,andtheCentralAmericaestimatewasslightlylarger.Thetotalforthe


Chaoestimateswaslargerat17,256comparedto16,132butisstillsmallerthanthe


Barlowetal.(2011)estimateof21,808.





AnothercheckoninternalconsistencyoftheMSmodelresultswascalculatedby


proratingsummerabundanceestimatestowinterareasviamovementparameter


estimates,andviceversa(Figs.3-4).Theproratedwinterestimatesareverysimilar


forAsiaandCentralAmerica,buttheHawaiiestimateisslightlylowerandthe


Mexicoestimateisslightlyhigher(Fig.3).Theproratedsummerestimatesshow


moredivergence.TheestimatesforKamchatkaandsouthernBritish


Columbia/northernWashingtonarenearlyidentical.However,theestimatesforthe


AleutianIslands/BeringSeaandtheGulfofAlaskaaremuchlower,andtheestimate


forSoutheastAlaska/northernBritishColumbiaismuchhigher(~10,000versus


~6,000).Oneinterpretationofthisisthatthemodelhasunderestimatedthe


proportionofwhalesmovingfromHawaiitoAleutianIslands/BeringSeaandthe


GulfofAlaska,andhasover-estimatedtheproportionofwhalesmovingfrom


HawaiitoSoutheastAlaska/northernBritishColumbia.Otherthanthis,the


estimatedsummerabundance,winterabundance,andmovementsbetweensummer


andwinterareinternallyconsistentwithoneanother.





Theexplanationforwhytheanalysesusingbothsummerandwinterdataarehigher


thananalysesusingonlysummeroronlywinterdatalikelyhastodowithcapture


heterogeneitywithinasingleregion,meaningthatindividualwhaleshavedifferent


captureprobabilities,whichviolatesoneassumptionoftheChapman-Peterson


estimator.Althoughthereislikelycaptureheterogeneityinboththesummerareas


aswellasthewinterareas,itisthoughtthatthecaptureheterogeneitiesineach


seasonaredifferent,andthereforewhencombinedinafeeding-breedingground


mark-recapture,theydonotcauseaslargeanegativebias.Incontrast,in


comparingtwosampleswiththesameheterogeneityincaptureprobability,suchas


thebreeding-breedinggroundcomparison,therecanbesubstantialnegativebias.


Similarly,theChaoestimator,thoughbasedonlyonwinterdata,explicitlyaccounts


forindividualheterogeneityincaptureprobability.





Forexample,asimilarbiaswasseenduringtheYONAHhumpbackwhaleprojectin


theNorthAtlanticwhichalsoinvolvedsamplingonboththefeedingandbreeding


grounds.Wintersamples(geneticidentifications)intheWestIndieswereusedto


estimateabundanceusingaChapman2-sampleestimatorappliedtoabreeding-

breedinggroundcomparisonforthetwoYONAHyearsof1992and1993.The


estimateofthepopulationwas7,698(Palsbolletal.1997).Incontrast,asimilar


estimatorusinggeneticidentificationsfromfeedinggrounddata(fromtheGulfof


Maine,Canada,andGreenland)asthemark,andtheWestIndiesbreedinggroundas


therecapture,resultedinanestimateof10,752(CV=6.8%)(Stevicketal.2003),


whichwassubstantiallyhigher.Thiswasattributedtosubstantialheterogeneityin


captureprobabilityonthebreedinggrounds.Indeed,whenthedatawereseparated


intomaleandfemaledatasets,theestimateformaleswas4,894whereasthe
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estimateforfemaleswas2,804,eventhoughthesexratioisknowntobe


approximatelyequalonthefeedinggrounds.Itisthoughtthatthisisduetofemales


havingarelativelyshortdurationonthebreedinggroundandperhapsalsoarriving


andleavingoutsidetheperiodofsampling;incontrast,maleshavealongerduration


thatspansmostorallofthebreedingseason.Interestingly,doublingthemales-only


estimateof4,894(assuminga50:50sexratiointhepopulation)leadstoa


populationestimateof9,788,whichwasonlyslightlylowerthanthefeeding-

breedinggroundestimates.





Barlowetal.(2011)similarlyconcludedthatafeeding-breedinggroundcomparison


wasmorerobustandprovidedahigherestimateofabundancethanbreeding-

breedinggroundcomparisons,whichhadastrongnegativebias.Themigration


betweenthefeedinggroundandbreedinggroundeffectivelyrandomizesthe


samplinginthetwoareas.Thisapproachalsoavoidsmanyofthesourcesof


heterogeneitythatwouldresultfromsamplinginonlyoneseasonalhabitat(Smith


etal.1999).Moreover,Barlowetal.(2011)demonstratedthiseffectthrough


simulation.Theyfoundthatifindividualheterogeneitywasthesameinthemarked


sampleasintherecapturedsample,thisintroducednegativebiasof21%intheir


example(basedontheSPLASHprojectthroughouttheNorthPacific,whichwas


analogoustotheYONAHprojectinitsscope).Incontrast,theyfoundthatusingthe


samerangeofheterogeneityincaptureprobabilitybutwithdifferentvaluesin


differentsamples(aswouldbetrueinafeeding-breedinggroundcomparison)


resultedinaverysmallbias.NotethatthetotaloftheMSestimateswas24%and


49%higherthanthetotaloftheCPestimatesinwinterandsummer,respectively,


suggestingitispossiblethattheMSestimatesarehighersimplebecausethey


correctforsubstantialindividualheterogeneityincaptureprobability.Barlowetal.


(2011)alsoinvestigatedsex-biasedsampling,asapparentlyoccursonthebreeding


ground,butagainfoundthatbiasfromthiseffectissmallifoneofthetwocapture


occasionsisunbiasedwithrespecttosex,asshouldbethecaseonthefeeding


grounds.





Insummary,themulti-strataestimatesshouldbelesssubjecttobiasfromcapture


heterogeneity,whichhasbeenshowntoleadtosubstantialbiases.Thesumfrom


themulti-stratamodelismuchhigher(althoughstilllowerthanthepooled


abundancefromBarlowetal.2011),whichfitswiththisknowndirectionof


substantialbias.Themulti-strataestimatesalsouseallthedata(frombothsummer


andwinter),ratherthanestimatingabundancefromjustpartofthedata.Giventhis,


itseemsreasonabletoconcludethatthemulti-strataestimatescalculatedhereare


moreaccuratethanthewithin-seasonChapman-Petersonestimates.Theone


exceptionistheGulfofAlaska,wheretheMSestimateissubstantiallylower.


However,itismoredifficulttodecidewhethertheChaoorMSestimatesarebetter.


Bothmodelsproducevalidestimatesofabundance,butfromdifferentdatasets(one


winter-onlyidentifications,andtheotherfromallwinter-summerdatacombined).


Bothestimationmethodsaccountforheterogeneityincaptureprobability,butin


differentways.Again,itseemssensibletouseallthedataandthereforefavorthe


MSestimates,butontheotherhandtheChaoestimatesaresimpler(usingonly
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winterdata),andarethereforenotcorrelatedwiththeestimationofcapture


probabilityinsummerareasandmovementsbetweenareas.Forconsistency,when


usingtheestimatesofmovementsbetweenwinterandsummerareas,itwouldbe


sensibletousethecorrespondingMSmodelabundanceestimatesratherthanthe


Chaoestimates.





Barlowetal.(2011)performedsimulationstoestimatebiasintheirestimateof


overallabundancefromsourcesotherthanindividualheterogeneityorsexbiases.


Theirresultisnotstrictlyapplicabletotheresultshere,asthebiasestimateswere


calculatedforapooledSummer-WinterChapman-Petersonestimate.However,itis


interestingtonotethattwoofthemainpotentialbiasesthatwouldeffectthemulti-

strataresultshere,exclusionofcalvesinsamples(-10.5%bias)andmissedmatches


(+9.3%)havebiasesthatnearlyoffseteachother.








5.CconservationandmanagementImplications

ThisanalysisprovidesestimatesofabundanceforNorthPacifichumpbackwhales


throughouttheirrangeintheNorthPacific,bothinwinterareasandsummerareas.


Havingestimatesofabundancefortheseareasisimportantformanagement.


HumpbackwhaleswerelistedasEndangeredundertheUSESAbecausethe


populationswereseverelydepletedbycommercialwhaling.Basedpartlyonthe


geneticresultsfromtheSPLASHproject(Bakeretal.2013),ithasbeenproposedto


designatefourDistinctPopulationSegmentsofhumpbackwhalesintheNorth


Pacific,correspondingtothefourwinterareastratausedinthisanalysis1.Although


theoverallabundanceofNorthPacifichumpbackwhalesisrelativelylarge,twoof


thewinterpopulations,AsiaandCentralAmerica,arerelativelysmallastheir


abundanceestimatesarelessthan2000whalesand1000whales,respectively.Both


ofthesepopulationsmigratetorelativelysmallerfeedingareasthandotheother


twowinterpopulations,HawaiiandMexico.Additionally,bothofthesmaller


populationsoccuronthemarginsoftheirrespectivecontinents,andarepotentially


exposedtomorerisksfromhumanactivitiesthanthepopulationswithmoreopen


oceanmigratoryroutes.





NorthPacifichumpbackwhaleshaveacomplicatedmigration.Inmanycaseswhales


fromawinterpopulationmixwithwhalesfromotherbreedingpopulationsintheir


feedingareas.Thereverseisalwaystrue–whalesfromeachofthefeedingarea


stratausedheremixwithwhalesfromatleastoneotherfeedinggroundintheir


winterarea.Asnotedabove,themigratoryconnectionbetweenAsiaandKamchatka


comestheclosesttoapurestockwherethebreedingpopulationcontainswhales


fromonlyasinglefeedingarea,andviceversa.Manyofthethreatstohumpback


whales(butnotall),suchasdeathsfromentanglementinfishinggearorby


collisionswithships,occurinthefeedingareas,soitisalsoimportanttounderstand




180FR22304EndangeredandThreatenedSpecies;Identificationof14DistinctPopulation


SegmentsoftheHumpbackWhale(Megapteranovaeangliae)andProposedRevisionofSpecies-Wide


Listing;ProposedRule
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localabundanceinthoseareastoevaluatetheeffectofthosetakesonlocal


abundance.Moreover,thispaperprovidesthefirstestimatesofbreedingpopulation


compositiononthefeedinggrounds.Fromthoseestimatesitispossibletoestimate


theprobabilitythatawhalekilledin,forexample,theGulfofAlaska,comesfrom


oneofthesmallerbreedingpopulations,suchasAsia.Mortalitiesofwhalesfromthe


twosmallerbreedingpopulationsareobviouslyofgreaterconservationconcern.





IntheUShumpbackwhalesarealsomanagedundertheMMPA.MMPApopulation


stocksofhumpbackwhalesintheNorthPacificareprimarilybasedonthewinter


areas,withaCalifornia/Oregon/WashingtonstockbasedontheMexicanbreeding


area,aCentralNorthPacificstockbasedontheHawaiibreedingarea,andaWestern


NorthPacificstockbasedontheAsiabreedingareas.IftheproposedDistinct


PopulationSegmentsundertheESAarefinalized,itislikelythatpopulationstocks


undertheMMPAwillberevisedtorepresentsimilarunits.Inthatcase,abundance


estimatesfromthewinterareascouldrepresenttheabundanceoftheMMPA


populationstocks.





EffortstoreconstructthepopulationtrajectoriesofNorthPacifichumpbackwhales


astheyrecoverfromtheirdepletionfromcommercialwhalinghavebeenmade


difficultbythecomplicatedmigratorybehavior.Most(butnotall)humpback


whalesthatwerekilledbycommercialwhalingwerekilledintheirfeedingareas,


withmostofthecatchesoccurringinthe1950sand1960s,butthecatcheswerenot


distributedequallythroughouttheirrange.Therefore,itisimportanttoconsider


theeffectofcatcheswithineacharea.Withrespecttothewinterareas,duringthe


20thcenturywhalingoperationskilled~3,600whalesinAsia,withjustafew


hundredkilledinRussia(Ivashchenkoetal.2015).Thiscontrastswithcurrent


abundancethatisnotmuchmorethan~1,100(MSestimate)or~1,900(Chao


estimate),suggestingtheAsiabreedingpopulationcouldstillbeatlowlevels


relativetohistoricpopulationsize.AlthoughnowhalingoccurredinHawaii,over


16,000whaleswerekilledinthe20thcenturyintheAleutianIslandsandBering


Sea,GulfofAlaska,andSoutheastAlaska/NorthernBritishColumbia(Ivashchenko


etal.2015),theprimaryfeedingareasoftheHawaiipopulation(thoughsomeof


thosewhaleskilledwouldhavebeenfromtheMexicobreedingpopulation).With


anestimatedabundanceof~11,000,thissuggestsitispossibletheHawaii


populationmayhaverecoveredclosetocarryingcapacity.Somewhalingdidoccur


inMexicowith~2,200whaleskilledinBajafromshorestationsinearly20th


century,alongwithmajorcatchesintheirfeedingareasintheAleutianIslandsand


BeringSea,GulfofAlaska,SoutheastAlaska,andCaliforniathroughoutthe20th


century(Ivashchenkoetal.2015).Withanabundanceof~3,000(MSestimate)or


~5,000(Chaoestimate),itisuncleariftheMexicobreedinghasrecoveredtoclose


tohistoricallevelsornot.TherewasnosubstantialwhalinginCentralAmerica,but


thisbreedingpopulationwassubjecttowhalingintheirfeedingarea,withlarge


numberofhumpbackwhaleskilledinCalifornia.Thosecatchespresumably


consistedofwhalesfrombothCentralAmericaandMexico.Thesmallpopulation


sizeoftheCentralAmericapopulationsuggeststhisbreedingpopulationmaystill


berecovering.
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Withrespecttothesummerareas,relativelyfewwhaleswerekilledinwhaling


operationsinRussia,butthesubstantialnumberofwhaleskilledinAsia(the


primarysourceofwhalesinKamchatka)suggeststheKamchatkapopulationmay


nothaverecoveredtohistoricalpopulationlevels.Inthe20thcenturywhaling


operationskilled>7,000whalesintheAleutianIslandsandBeringSea,withnearly


5,000ofthoseafterWorldWarII(Ivashchenkoetal.2015).Acurrentabundanceof


2,400suggestshumpbackwhalesmaynothaverecoveredtohistoricalpopulation


levelsinthisarea.Inthe20thcenturywhalingoperationskilled4,500whalesinthe


GulfofAlaska,with~2,750ofthoseafterWorldWarII(Ivashchenkoetal.2015).A


currentabundanceof2,000alsosuggestshumpbackwhalesmaynothave


recoveredtohistoricalpopulationlevelsinthisarea.Inthe20thcenturywhaling


operationskilled~4,000whalesinSoutheastAlaska/northernBritishColumbia,


primarilybeforeWorldWarII.Acurrentabundanceof~6,000suggestshumpback


whalesmayhaverecoveredtohistoricalpopulationlevelsinthisarea.Whaling


operationskilled~4,000whalesinsouthernBritishColumbiaandWashington,with


nearlyallofthosebeforeWorldWarII(Ivashchenkoetal.2015).Acurrent


abundanceofonly300-400suggestshumpbackwhalesmaystillbewellbelow


historicalpopulationlevelsinthisarea.Whalingfromprimarilycoastalwhaling


stationskilled~4,600whalesinCalifornia,with~1,600inthe19thcentury,~2,100


intheearly20thcentury,primarilyfromtheMossLandingandTrinidadwhaling


stations(Claphametal.1991),and~900afterWorldWarII,withanadditional


2,200whaleskilledinBaja,Mexico.Acurrentabundanceof3,200inCA/ORmakesit


unclearwhetherhumpbackwhaleshaverecoveredtohistoricalpopulationlevelsin


thisarea.





Itwillbeimportanttocarryoutanactualquantitativeassessmentofdepletionlevel


forNorthPacifichumpbackwhalepopulationsbymodelinghistoricalpopulation


size.Toestimatethedepletionlevelofthewinterandsummerareas,itisnecessary


tohaveestimatesofmigratorydestination,suchascalculatedhere,inorderto


allocatefeedingareascatchestothebreedingpopulations.Althoughitwillstillbea


complicatedmodelingexercise,theresultsofthisanalysiswillnowallowsuchan


analysistobeconducted,suchashasbeendoneforSouthernHemisphere


humpbackwhalepopulations(e.g.,Ross-Gillespieetal.2014).Theseanalysescan


involvesimultaneousmodelingofseveralorallbreedingpopulationsinaspatially


explicitmodel.Suchanalyses,sometimestermedback-calculations,canbeusedto


estimatehistoricalcarryingcapacity,andwherecurrentpopulationsarerelativeto


thatcarryingcapacity.Moreover,itislikelythatmechanismsofdensity-dependence


wouldprimarilyactonthefeedingareas,wherepreycanbecomelimiting.Itisnot


inconceivablethatwinterareahabitatcouldbelimitedaswell,butitdoesnot


appeartobethecaseforhumpbackwhalesintheNorthPacific,wheretheonly


requirementsforbreedingandcalvinghabitatseemtobewarm,somewhat


shelteredwatersthatcontainotherhumpbackwhales.Therefore,aspatially


explicitback-calculationmodelforNorthPacifichumpbackwhalesrequires


abundanceestimatesfrombothwinterareasandsummerareas,aswellasthe


migratoryconnectionsbetweenthem.
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Table1.Summaryofphoto-identificationsbysamplingareaspooledacrossall


yearsoftheSPLASHproject.TotalIDs(inthelastcolumnandrow)representsthe


totalnumberofuniqueidentificationsinthatsamplingareaacrossallyears.Other


numbersrepresentthetotalnumberofmatchesbetweensummerandwinterareas


acrossallyears.













Table2.Whaleidentificationsineachstratumandyearforwinterareas.The


numberofmatchesbetweenyearsarealsoshown,whereM04-05isthenumberof


matchesbetween2004and2005.


Stratum 2004 2005 2006 M4-5 M5-6 M4-6 M4-5-6


Asia 183 205 287 19 45 21 18


Hawaii 661 838 1016 81 86 45 16


Mexico 692 593 582 100 58 80 41


CentralAm 18 45 45 3 3 1 0








 


SampleArea Phillipines Okinawa Ogasawara Hawaii Mexico CentAm TotalIDs


Kamchatka 5 14 7 54


Comm.Is. 1 1 1 17


GulfofAnadyr 1 3 25


WAI 1 2 11


EAI 2 49


BeringSea 3 5 43 32 512


WGOA 2 26 24 301


NGOA 1 124 85 1038


SEA/NBC 215 20 1115


SBC/NWA 20 32 3 207


CA/OR 117 26 525


TotalIDs 77 215 294 2317 1658 105 
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Table3a.Captureprobabilities(p,withCVinparentheses)forwinterareasfromthe


Winter-WinterChapman-Petersenanalysis.


Stratum 2004  2005  2006 


Asia 0.159 (0.10) 0.178 (0.09) 0.251 (0.08)

Hawaii 0.081 (0.07) 0.103 (0.06) 0.124 (0.06)


Mexico 0.204 (0.05) 0.175 (0.06) 0.174 (0.06)


CentralAm 0.039 (0.41) 0.095 (0.37) 0.097 (0.37)














3b.Thenumberofuniquewhaleidentificationsineacharea(n)in2005and2006,


alongwithestimatedcaptureprobabilities(p,withSEinparentheses)forwinter


areasfromtheMulti-strataanalysis.


 n P


Stratum 2005 2006 2005 2006


Asia 205 287 0.201(0.029) 0.261(0.024)


Hawaii 838 1016 0.086(0.078) 0.078(0.004)


Mexico 593 582 0.208(0.158) 0.158(0.013)


CentralAm 45 45 0.149(0.087) 0.087(0.035)











Table4.Abundanceestimatesforwinterareas,definedasn/p.Nmultiistheestimate


fromtheMultistratamodelusingbothwinterandsummerdata,NCPistheestimate


fromtheChapman-Petersonwinter-wintermodel,andNChaoistheestimatefromthe


Chaowinter-wintermodel.Ineachcase,CVistheCoeffecientofVariation.Totalis


thetotalabundancesummedacrossallstrata.


Stratum Nmulti CV NCP CV NChao CV


Asia 1,059 0.084 1,143 0.068 1,907 0.165


Hawaii 11,398 0.042 8,097 0.055 9,920 0.090


Mexico 3,264 0.058 3,327 0.043 4,910 0.095


CentralAm 411 0.30 431 0.339 519 0.353


Total 16,132  12,999  17,256 
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Table5.Whaleidentificationsineachstratumandyearforsummerareas.The


numberofmatchesbetweenyearsarealsoshown,anduniqueIDsisthetotal


numberofwhalesidentifiedinthatstratumacrossthetwoyears.


Stratum 2004 2005 Matches UniqueIDs


Kamchatka 16 29 9 36


AI/BER 249 286 40 495


GOA 769 372 154 987


SEA/NBC 897 426 270 1053


SBC/NWA 49 110 23 136


CA/OR 200 254 48 406








Table6a.Numberofuniquewhaleidentifications(n)ineachyear,andcapture


probabilities(p)forsummerareasfromtheMultistratamodelanalysis.


 n p


 2004 2005 2004 2005


Kamchatka 25 38 0.018(0.0102) 0.046(0.012)


AI/Ber 289 326 0.129(0.049) 0.1256(0.021)


GOA 923 528 0.719(0.163) 0.182(0.015)


SEA/NBC 1167 690 0.150(0.016) 0.154(0.009)


SBC/NWA 72 136 0.284(0.148) 0.378(0.099)


CA/OR 248 303 0.064(0.0118) 0.084(0.010)











6b.Numberofuniquewhaleidentifications(n)ineachyear,andcapture


probabilities(p)forsummerareasfromtheChapman-Petersonmodelanalysis.


 n p se(p)


 2004 2005 2004 2005 2004 2005


Kamchatka 25 38 0.244 0.371 0.070 0.098


AI/Ber 289 326 0.123 0.139 0.018 0.020


GOA 923 528 0.293 0.167 0.020 0.012


SEA/NBC 1167 690 0.388 0.232 0.018 0.012


SBC/NWA 72 136 0.175 0.323 0.033 0.055


CA/OR 248 303 0.159 0.194 0.021 0.025
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Table7.Estimatesofabundanceforsummerareas,withestimatesfromthe


Multistratamodel(Nmulti)andtheChapman-Petersonsummer-summermodel(NCP).


Ineachcase,CVistheCoeffecientofVariation.Totalisthetotalabundancesummed


acrossallstrata.





Stratum Nmulti CV NCP CV


Kamchatka 1,111 0.371 103 0.230


AI/Ber 2,427 0.199 2,348 0.137


GOA 2,089 0.089 3,148 0.062


SEA/NBC 6,137 0.070 3,005 0.042


SBC/NWA 307 0.264 412 0.156


CA/OR 3,734 0.107 1,555 0.119


Total 15,805  10,572 







Table8.Movementprobabilitiesforthemulti-stratamodel.


a.Probabilityofmovingfromeachwinterarea(onleft)toeachsummerarea(as


columns).TheCVoftheestimateisinparentheses.





 Areamovingto    


Areamoving


from Kamchatka AI/Bering GOA SE/NBC SBC/WA OR/CA


Asia 

0.936 

(0.04) 

0.064


(0.48) 0.000 0.000 0.000 0.000


Hawaii 0.000 

0.062 

(0.26) 

0.078 

(0.19) 

0.849 

(0.14) 

0.010


(0.39) 0.000


Mexico 0.000 

0.091 

(0.40) 

0.096 

(0.38) 

0.052 

(0.24) 

0.025 

(0.43) 

0.736


(0.06)


Central 

America 0.000 0.000 0.000 0.000 

0.086 

(0.12) 

0.914


(0.06)








b.Probabilityofmovingfromeachsummerarea(onleft)toeachwinterarea(as


columns).TheCVoftheestimateisinparentheses.





 Areamovingto


Areamovingfrom Asia Hawaii Mexico CentralAmerica


Kamchatka 1.000(0.01) 0.000 0.000 0.000


AI/Bering 0.022(0.49) 0.865(0.02) 0.113(0.25) 0.000


GOA 0.005(0.001) 0.890(0.01) 0.105(0.16) 0.000


SE/NBC 0.000 0.939(0.17) 0.061(0.03) 0.000


SBC/WA 0.000 0.529(0.15) 0.419(0.14) 0.052(0.91)


OR/CA 0.000 0.000 0.896(0.16) 0.104(0.45)
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Figure1.RegionalStratafortheanalysis,withsummerareasinblueandwinter


areasingreen.WithinAsia,subareasareconnectedwiththingreenlines,


representingOkinawa(“A”),Philippines(“B”),andOgasawara(“C”).Withinthe


AleutianIslandsandBeringSea,athinbluelineconnectstheGulfofAnadyrsubarea


(“D”)totherestofthearea.Thepolygonsroughlyenclosewheresurveyeffort


occurredforeacharea.
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Figure2.Abundancebyareaforsummer(blue)andwinter(green)areas,with95%


log-normalconfidencelimitsinparentheses.Alsoshownaretheestimated


migratorydestinationsforeachsummerarea(representingthebreedingpopulation


compositionfoundinthesummerarea),withthewidthofthearrowproportionalto


thepercentageofwhalesinthefeedingareathatmovetothatwinter/breedingarea.


ExactestimatesareinTable9.AreasareasinFigure1.
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Figure3.Comparisonofsummerabundanceestimates,includingtheMultistrata


estimates(N_MS),estimatesextrapolatedfromtheMultistratawinterabundance


proratedbymigrationrates(N_MS_prorated),andthesummer-summerChapman-

Petersonmodelestimates(N_CP).













Figure4.Comparisonofwinterabundanceestimates,includingtheMultistrata


estimates(N_MS),estimatesextrapolatedfromtheMultistratasummerabundance


proratedbymigrationrates(N_MS_prorated),theChaoMthwinter-winter


estimates(N_Chao),andthewinter-winterChapman-Petersonmodelestimates


(N_CP).
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