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Abstract

Many baleen whales undertake annual fasting and feeding cycles, resulting in substantial

changes in their body condition, an important factor affecting fitness. As a measure of lipid-

store body condition, tissue density of a few deep diving marine mammals has been esti-

mated using a hydrodynamic glide model of drag and buoyancy forces. Here, we applied the

method to shallow-diving humpback whales (Megaptera novaeangliae) in North Atlantic and

Antarctic feeding aggregations. High-resolution 3-axis acceleration, depth and speed data

were collected from 24 whales. Measured values of acceleration during 5 s glides were fitted

to a hydrodynamic glide model to estimate unknown parameters (tissue density, drag term

and diving gas volume) in a Bayesian framework. Estimated species-average tissue density

(1031.6 �“ 2.1 kg m-3, �“95% credible interval) indicates that humpback whale tissue is typi-

cally negatively buoyant although there was a large inter-individual variation ranging from

1025.2 to 1043.1 kg m-3. The precision of the individual estimates was substantially finer

than the variation across different individual whales, demonstrating a progressive decrease

in tissue density throughout the feeding season and comparably high lipid-store in pregnant

females. The drag term (CDAm-1) was estimated to be relatively high, indicating a large

effect of lift-related induced drag for humpback whales. Our results show that tissue density

of shallow diving baleen whales can be estimated using the hydrodynamic gliding model,

although cross-validation with other techniques is an essential next step. This method for

estimating body condition is likely to be broadly applicable across a range of aquatic animals

and environments.
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Introduction
Thebodycondition of animalsinfluencessurvivalrateandreproductivesuccessandthereby
impactsthedynamicsof entirepopulations.Bodycondition alsoaffectsananimal'sbeha-
viouraldecisionsrelatedto foraging,predatoravoidance,migration,andreproductivestrate-
gies(e.g.[1±3]).Manymarinemammalsundergosubstantialchangesin lipid-storebody
condition asaresultof annualfastingandfeedingcycles[4, 5]. Formigratoryspecies,thecost
of reproductionatbreedinggroundsissupportedbyenergygainedon feedinggrounds.Thus,
theamountof energystoredduring afeedingseasonstronglyinfluencesreproductionvia
pregnancyrate[6], foetaldevelopment[7], bodycondition andsurvivalof offspring[8±11]
andthecompetitivecapabilitiesof males.It isalsolikely thatbodycondition influencesthefor-
agingdecisionsmadebybaleenwhalesrelativeto wherepreyitemsarelocatedin thewater
column[12,13].Becausebodycondition isanimportant factoraffectingfitness,measuring
bodycondition of free-rangingcetaceansisessentialfor understandingtheir ecologyaswellas
for designingeffectiveconservationplans[14±16].

Baleenwhales(parvorderMysticeti;orderCetartiodactyla)areagroupof marinemammals
thatcyclefat storeson anannualbasis,substantiallychangingtheir appearance,behaviour,
andfitness[17]. Giventhesedramaticchanges,developingmethodsto quantifytheir body
condition in thefield hasgreatvalue.Traditionalapproachesto examinevariationsin body
condition andenergystoreof baleenwhalesinvolvedanatomicalmeasurementsthatwere
oftenmadein conjunctionwith whalingoperations[4, 18,19].Blubberthicknessof whalecar-
casseshasbeenusedasaproxyof bodycondition [4, 18,20],sincemostof theenergyisstored
in theform of blubber[21] althoughaconsiderableamountof energyisalsostoredin muscle
andintra-abdominalfat [4, 21].Blubberlipid contentof whalecarcasseswasalsoimportant in
theassessmentof condition of cetaceans[19]. Asthethicknessaswellaslipid contentand
fattyacidcompositionof blubberhasbeenshownto varyacrossthebodyof cetaceans,multi-
ple-sitemeasurementsof blubberthicknessareparticularlyusefulto examinetotalbodycondi-
tion of cetaceans[22±24].Manystudieshaveinvestigatedseasonaltrendsin energystorageof
severalspeciesof baleenwhalesbymeansof blubberthicknessandmorphometricdata,report-
ing thatseasonalfatteningvarieswith differentsexandageclasses,reproductivestages,aswell
aspreyavailability[4, 6,25].

Althoughcarcasseshaveprovidedmanyinsightsinto thephysiologyandbodycondition of
baleenwhales,akeylimitation is that temporalchangesof thesameindividual cannotbemea-
sured.Also,studiesusingcarcassesmaynot bewidelyapplicableto cetaceansbecausethey
requirelethalsamplingor collectionof samplesfrom strandedanimalsor fisheriesbycatch.To
collectblubberandothertissuesamplesfrom free-rangingcetaceans,biopsydartingiscom-
monly usedwheremodifieddart tipsaredeliveredusingacrossbowor apneumaticrifle [26].
Thepercentagelipid contentof blubberfrom carcassesisconsideredto beaninformative
measureof fattening[19]. However,thebiopsyblubbersamplesmaynot beusefulto measure
bodycondition of free-rangingcetaceansbecause(1) theforceof dartingcandamageadipo-
cytescausinglipids to besqueezedout of samples,or to seepout of blubberbiopsieswhile in
seawater[27], and(2) thesampleonly penetratesashortdistanceinto theblubberlayer.In
addition,it isdifficult to obtainmultiple biopsysamplesfrom awhalewhoseblubberthickness
andcompositionvaryacrossthebody[22±24].Visualassessmentof externalshapeand
appearancebasedon boat-basedphotographshasbeenusedfor evaluatingbodycondition of
right andgreywhales[28,29].Photogrammetricmeasurementsof bodywidth, reflectingblub-
berthickness,usingverticalaerialphotographstakenfrom aircraftor unmannedaerialvehi-
cleshasalsobeenusedto assessnutritive bodycondition of somewhalespecies[11,30,31]
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althoughmeasurementsof suchbodyshapepatternsarelimited to thevisible2-dimensionall
shapeof surfacingof whales,andmaynot besuitablefor othermorecrypticspecies.

An alternativeapproachis to usebodydensityof diving animalsasaproxyof lipid-store
bodycondition [32]. Lipidsarelessdensethanseawaterwhileothernon-gasbodycomponents
aredenserthanseawater.Bodycomposition,particularlytheratio of lipid to leantissue,there-
forestronglyinfluencesbodydensityandhencethebuoyancyof diving animals[5]. It has
beenshownthatbuoyancyinfluencesswimmingbehaviourandenergeticsof diving animals
[33]. For instance,buoyancyforcesaffectstrokingefforts[34,35]andswimmingpatterns,
with moregliding occurringin thedirectionaidedbybuoyancy[15,34,36±39].

Buoyancyalsoinfluencesglidingperformancebyalteringverticalspeedsduring inactive
drift periods[5], prolongedglides[39] or short-durationglides[38]. Thiseffectof buoyancy
on glidingperformancehasledto thedevelopmentof tag-basedmethodsto quantifythebody
densityof diving animalsviahydrodynamicanalysis.Thisapproachwasfirst developedfor
free-rangingelephantseals(�������� spp.):bodydensitywasquantifiedbyanalysingthever-
ticalspeedduring inactivedrifting periods(i.e.drift rate)atwhichthebuoyancyforceis
assumedto beequalto thedragforce[5]. Thedrift divemethodhasprovenusefulfor long-
term monitoring of bodylipid-storesin elephantsealsprovidingnewinsightsinto whenand
wheretheygainor loselipid stores[5, 40,41].However,useof thedrift divemethodis limited
to afewpinnipedspeciesthat routinelyperformdrift dives(�������� ����	
���	
��	 [34,42];
�. ������� [5, 40];
��
��������	 ���	
��� [43]; ��	
������ ���	
�
� [44]). Gliding during the
descentor ascentphaseof adive,on theotherhand,iscommonlyobservedacrossarangeof
diving taxa[33,37].A morewidelyapplicableapproach,theglidemodel,wasintroducedby
Miller etal.[38] to estimatebodydensityof spermwhalesusingahydrodynamicglidemodel
thatpredictshowdragandbuoyancyforcesinfluenceacceleration(or deceleration)during
short-durationglides.Aoki etal.[34] conductedavalidationanalysisusingisotopedilution
andconfirmedastrongcorrespondencein bodydensityestimatesof elephantsealsobtained
from thedrift diveandtheglidemodels[45].

In theglidemodel,accelerationduring aglideisdeterminedby thedifferencebetweendrag
andnetbuoyancyforcesalongtheswimmingpathof theanimal[38]. Theforceof non-neutral
buoyancyor `apparentweight'(differencein massof thediving animalandthedisplaced
water)actsverticallyon diving animals,anddependson thedensityof bodytissuesaswellas
thevolumeof air carriedwithin thebody(thediving gasvolume).While bodytissuesarerela-
tively incompressibleatdepth,thevolumeof air in thebodyprogressivelydecreaseswith
increasingdepth,thoughtto closelyfollow Boyle'sLawfor marinemammals[46]. Thus,tis-
sue-derivedbuoyancycanbeseparatedfrom air-derivedbuoyancywhenglidingdataisavail-
ableoverawidedepthrange.To date,theglidemodelhasbeendemonstratedto beusefulto
estimatethebodydensityof severalspeciesof marinemammals,includingelephantseals[34]
andsomedeepdiving toothedwhales(spermwhale,���	�
�� ������������	 [38]; Northern
bottlenosewhale,���������� �������
�	 [15]; long-finnedpilot whale,������������ ����	
[47]) that routinelyperformdivesdeeperthan200m wheretheeffectof air-derivedbuoyancy
isconsideredto benegligible[38].

In thisstudy,weapplythehydrodynamicglidemodelto estimatebodytissuedensityof
humpbackwhales(�����
��� ������������) in two geographicallydistinct feedingpopulations
(theGulf of StLawrence,CanadaandtheWesternAntarcticPeninsula,WAP). In comparison
with deeperdiving toothedwhales,humpbackwhalesmaynot seemidealcandidatesfor the
glidemodelbecausetheyroutinelydiveonly to relativelyshallowdepthsatwhichgasvolumes
arelikely to morestronglyinfluencenetbuoyancy.Forexample,themeandivedepthpertag
recordin thisstudyrangedfrom 22.8to 180.8m, with thedeepestdiverecordedbeing388.3
m. Apart from ashallowerdiving depthrange,humpbackwhalestendto diveandglideat
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relativelyshallowerpitch angles,requiringthegenerationof lift. Thelargeflippersof hump-
backwhalesarewell-suitedfor thispurpose[48], but theneedto generatesubstantiallift forces
mayraiseconcernsabouttheapplicabilityof theglidemodelbecausethecurrentmodeldoes
not includethepotentialeffectof lift-induceddragwhichwasshownto benegligiblein deep
diversthatmaintainsteeppitch during glides[34].

Theobjectiveof thisstudywasto examinewhetherthehydrodynamicglidemodelcanbe
appliedto shallowerdiving baleenwhalesbyexaminingtheprecisionof bodydensityestimates
obtainedfrom anarrowdepth-rangedataset.Our resultsshowthatwewereableto obtainesti-
matesof humpbackwhalebodydensityusingthismethod.Thoughtheprecisionof theesti-
mateswasnot asfine aswaspreviouslyreportedfor adeep-divingtoothedwhale[15], the
precisionof individual bodydensityestimateswassubstantiallyfiner thanthevariationacross
differentindividual whales,includingsomedifferencesbetweenthegeographiclocations
wheretagswereattached.Weconcludethat theglidemethodhaspotentialto beusedto track
thebodycondition of shallowdiving baleenwhales,enablingfutureapplicationsasatool to
studytheir healthandhowbodycondition relatesto reproductivestatus,animalbehaviour
andtheinfluencesof environmentalchangeandvariability.

Materials and methods

Ethicsstatement
TheresearchprotocolwasapprovedbyAnimal WelfareandCareCommitteeApprovalof the
Universityof StAndrews.Thefieldwork in theGulf of StLawrence,Canadawasperformed
undertheResearchpermitsissuedbyDepartmentof FisheriesandOceans,Canada(scientific
fishinglicenseQUE04-B-2011)in compliancewith ethicalandlocaluseof animalsin experi-
mentation.All researchactivitiesin theAntarcticwasconductedunderNationalMarineFish-
eriesServicePermit(808±1735),AntarcticConservationAct Permit(2009±014),andDuke
UniversityInstitutional Animal CareandUseCommittee(A049-112-02).

Data collection
Fieldstudieswerecarriedout at two geographicallydistinctsummerfeedinggroundsof hump-
backwhales(�����
��� ������������): theGulf of StLawrencein Canada(49.7±50.0N,63.4±
65.0W)andthewesternsideof AntarcticPeninsula(64.4±64.9S,61.8±63.1W).Animal-borne
archivaltagsusedin thestudywereeither3MPD3GTloggers(Little LeonardoCo.,Tokyo,
Japan)or soundandmovementrecordingDTAGs([49]; Table1).The3MPD3GTloggerswere
programmedto recorddepth,temperature,flywheelswimspeedand3-axismagnetismat1Hz,
and3-axis� 3 � accelerationat32Hz.TheDTAG sampledpressureanda3-axis� 2 � accelera-
tion at50Hz,whichwaslaterdownsampledto 5Hz.The3MPD3GTloggershavetheability to
measureflow speedusingafront mountedimpeller(flywheel).To ensurethatspeedismea-
suredin thedirectionof travel,3MPD3GTtagsaremountedin hydrodynamic(tearshaped)
floatswith asinglesuctioncupmountedat theanteriorend,andverticallymountedtail fin at
theposteriorend.Thelocationof fin andsuctioncupensurethat theforceactingon thetag
causethetaghousingto swivelon theanimalandorient into thedirectionof flow.DTAGsare
attachedto theanimalwith four suctioncups.Taggingwasconductedfrom rigid-hull inflatable
boatsandeithera5m or an8m handheldcarbonfibre polewasusedto attachthetag.

Analysisof tagdata
Pressuredatarecordedbyarchivaltagswereconvertedto absolutevaluesof hydrostaticpres-
sureusingcalibrationvaluesandconvertedto meters.A divewasdefinedasanysubmergence
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to adepthof > 10m. Diveswerebrokeninto descent,bottomandascentphasesbasedon
changesin pitch followingMiller �
 ��. [38]. Astagswereattachedto whalesat randomorienta-
tions,the3-axisaccelerationdatarecordedby thetagswasconvertedto awhale-centred,
whalefixedreferenceframe(whale-frame)usingestablishedmethods[38,49].Theaccelerom-
etersrecordedbothspecific(e.g.stroking)andgravity-basedaccelerations(i.e.changesin
responseto posturechange).Under theassumptionthatchangesin thepostureof thetagged
whaleoccurredat lowerfrequencythanchangesin accelerationsresultingfrom bodymotions
suchasthrust,afrequency-basedfilter (low-passfinite impulseresponsefilterswith tag-spe-
cific thresholdssetat0.12±0.15Hz) wasappliedto theentireaccelerationtime-seriesto

Table1. Humpbackwhaledatasetusedfor analysis.

Data ID Date Location Duration (h) Tagtype Ageclass Sex No of 5-sglides � ������ (kg m-1) � � 	
 �� (x10-6 m2 kg-1)

Mn11_H584_1 21Jul2011 GSL 0.2 3MPD3GT Adult (pregnant) F 0 N/A N/A

Mn11_H607_1 22Jul2011 GSL 3.4 3MPD3GT Adult M 23 1037.0� 1.9 12.5� 1.4

Mn11_H686 25Jul2011 GSL 4.5 3MPD3GT Adult F 75 1036.2� 1.2 6.5� 2.1

Mn11_H761 25Jul2011 GSL 5.9 3MPD3GT Adult M 44 1029.0� 1.8 16.3� 6.5

Mn11_H731 26Jul2011 GSL 2.7 3MPD3GT Adult F 61 1035.4� 1.2 12.8� 2.0

Mn11_H698 26Jul2011 GSL 2 3MPD3GT Adult M 61 N/A N/A

Mn11_H228 27Jul2011 GSL 0.2 3MPD3GT Adult F 3 N/A N/A

Mn11_H584_2 28Jul2011 GSL 3.6 3MPD3GT Adult (pregnant) F 47 1028.6� 0.7 12.2� 1.4

Mn11_H707 19Aug2011 GSL 1.6 3MPD3GT Juvenile M 93 1043.1� 1.6 12.4� 1.5

Mn11_H755 28Aug2011 GSL 2.9 3MPD3GT Juvenile M 177 1033.7� 0.5 25.5� 1.0

Mn11_H607_2 01Sep2011 GSL 2.1 3MPD3GT Adult M 29 1031.2� 2.3 15.0� 9.6

Mn11_H002 04Sep2011 GSL 5.8 3MPD3GT Adult (pregnant) F 187 1026.5� 0.5 6.3� 2.8

Mn11_H405 18Sep2011 GSL 2.7 3MPD3GT Adult M 74 1034.2� 0.9 13.1� 1.1

Mn11_H489 19Sep2011 GSL 0.1 3MPD3GT Adult F 0 N/A N/A

Mn09_121 01May2009 A 6.4 Dtag Adult U 7 N/A N/A

Mn09_122 02May2009 A 4.2 Dtag Adult U 5 N/A N/A

Mn09_127a 07May2009 A 24.2 Dtag Adult U 290 1028.4� 0.1 11.7� 0.2

Mn09_127b 07May2009 A 6.5 Dtag Adult U 15 N/A N/A

Mn09_128 08May2009 A 2.4 Dtag Adult U 11 N/A N/A

Mn09_136 16May2009 A 22.5 Dtag Adult U 704 1028.7� 0.03 11.2� 0.2

Mn09_140 20May2009 A 22.3 Dtag Adult U 500 1029.8� 0.04 9.8� 0.2

Mn09_148 28May2009 A 25.5 Dtag Adult U 30 1026.9� 0.7 10.1� 2.1

Mn09_151 29May2009 A 3.1 Dtag Juvenile F 5 N/A N/A

Mn09_152 01Jun2009 A 22.4 Dtag Adult U 230 1036.3� 0.4 10.5� 1.3

Mn10_133 13May2010 A 22.8 Dtag Adult F 86 1028.6� 0.3 6.6� 2.4

Mn10_139a 19May2010 A 22.2 Dtag Calfof Mn10_139b F 118 1040.8� 0.5 14.7� 0.9

Mn10_139b 19May2010 A 23.7 Dtag Adult F 457 1029.4� 0.1 17.4� 1.5

Mn10_143 23May2010 A 23.3 Dtag Unknown U 77 1026.4� 0.3 22.3� 3.1

Mn10_144 24May2010 A 19.9 Dtag Adult M 47 1031.1� 0.9 6.0� 3.5

Mn10_146 26May2010 A 20.2 Dtag Adult F 419 1029.7� 0.1 11.6� 0.1

Mn10_151 31May2010 A 25 Dtag Juvenile F 352 1035.3� 0.2 14.0� 0.5

Mn10_155a 04Jun2010 A 24.2 Dtag Adult F 391 1027.6� 0.1 14.1� 0.3

Mn10_155b 04Jun2010 A 22 Dtag Calfof Mn10_155a F 67 1025.2� 0.4 12.8� 1.9

GSLandA in theLocationcolumnindicateGulf of St.LawrenceandAntarctica, respectively. Individual-specificestimatesof tissuedensity(� 
�		�� ) andthecombined

dragterm (� � 
� �� ) obtainedfrom thelowestDIC modelarepresentedasmean� 95%credibleinterval.Datawasnot usedfor theBayesianestimationwhennumber of

5-sglideswas< 20.Datasetshadedwith greywerenot usedfor theBayesianestimationdueto insufficientnumberof 5-sglidesin thedataset.

https://doi.org/10.1371/journal.pone.0200287.t001
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separatethesetwo components.Then,pitch androll anglesof thewhaleswerecalculatedfrom
thelow-frequencycomponentof accelerations[37,39,50],while thehigh-frequencycompo-
nentwasusedto identify strokingversusglidingperiods.For3MPD3GTdataset,strokingwas
identifiedwhenoscillationon thehigh-frequencycomponentof surgeaccelerationsindicating
flukebeatsexceededathresholdthatwassetfor eachdeployment(0.1±0.2m s-2). Speedsensor
datawasvisuallyinspectedto confirm thepresenceof stroke-derivedacceleration.ForDTAG
dataset,strokingwasdetectedusinghigh-frequencyaccelerationsatbothsurgeanddorso-ven-
tral axiswith thresholdssetfor eachdeploymentandeachaxis(0.1±0.2m s-2). Gliding periods
wereautomaticallydetectedastheperiodwhenthetaggedanimalsdid not stroke.

Thespeedsensorof the3MPD3GTloggerrecordedswimspeedastherotation of anexter-
nal impellermountedon theanteriorendof thelogger,whichcorrelateslinearlywith the
speedof waterflow passingthroughtheimpeller.Therotation rate(numberof rotationsper
second)wasconvertedto speed(m s-1) usingacalibrationline obtainedin-situ for each
deployment[37]. Thecalibrationline wasobtainedfrom alinearregressionof rotation rate
againstswimspeedthatwascalculatedfrom verticaldepthchangedividedbysineof thepitch
at5sintervalswhenabsolutemeansineof pitch wasgreaterthan0.7±0.9.For theDTAG data,
speedduring glideswasestimatedusingtherateof changeof depthdividedby thesineof
pitch [38].

Dataduring glideswereextractedin 5 sdurationsegments[15]. Glidesshorterthan5 s
wereexcludedfrom theanalysisandglideslongerthan5 swerebrokeninto 5 ssub-glides.
For each5 ssub-glide,meandepth(�), speed(�) andpitch angle(�) werecalculated.Accel-
eration(�) wasmeasuredby regressingspeedversustime overeach5-secondinterval(S1
Fig).Thevarianceof theaccelerationmeasurementduring each5 ssub-glidewasquantified
astheroot meansquareof residualsfrom thefitted regressionline.Seawaterdensity(� sw)
for eachsub-glidewascalculatedfrom aCTD castthatwasmadeclosein time andlocation
to eachtaggedwhale.In this analysis,weonly usedstableglides(circularvarianceof
roll < 0.1)thatwereat steeppitch angle(absolutepitch > 30Ê)to enablerobustestimatesof
speedfor DTAG records.In addition,anyglidesassociatedwith lungefeedingwere
excludedfrom theanalysisbecausebodyform andkinematicsof whalesdrasticallychange
during this feedingbehaviour[51]. Lungefeedingeventsweredetectedaspeaksin jerk (i.e.
differentialof acceleration)for DTAG records[52]. For 3MPD3GTrecordswith speeddata,
a lungewasdetectedaspeakin speedwhenthespeedexceededthethresholdof meanspeed
plustwo standarddeviationsfollowedby arapid deceleration.Accordingto afine-scale
kinematicstudyof lunge-feedinghumpbackwhales,whalesstrokethroughoutlungesbut
glideat theendof feedingoncethemouth hasbeenclosed[52]. To excludeanyfeeding-
relatedglides,weexcludedanyglidesrecordedwithin 46safterthelungefrom theanalysis
becauseit hasbeenreportedthathumpbackwhalesspendanaverageof 46sfor filtration
andpreyhandling[52].

Hydrodynamic performancemodel
WeusedtheequationpresentedbyMiller �
 ��. [15] whereacceleration(m s-2) alongtheswim-
ming pathisdeterminedbydragforce(thefirst term) andbuoyancyforcesderivedfrom body
tissue(thesecondterm) andgassescarriedbyeachwhale(thethird term):
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where:

r 
�		 �� �…†ˆ
r 
�		 �� …0†

1 � � � …1‡ 0:1� � †� 101325� 10� 9

Here,� � is thedragcoefficient,
 is therelevantsurfacearea(m2), � is themassof the
whale(kg), � 	� is thedensityof thesurroundingseawater(kgm-3), � isswimspeed(m s-1), � 
�	�

	�� is thedensityof thenon-gascomponentof thewhalebody(kgm-3), � isaccelerationdueto
gravity(9.8m s-2), � isanimalpitch (radians), ��� is thevolumeof air at thesurface(m3), � ���

is thedensityof air (kgm-3), � isglidedepth(m), and� iscompressibilityfor animaltissue
(i.e.,thefractionalchangein volumeperunit increasein pressure).Thevalue101325converts
pressurein atmospheresto pressurein Pascals,sothat theunitsof bodytissuecompressibility
areproportion perPascalx 10
9 .

Thefirst additiveterm of theequationrepresentstheeffectof dragon theforward
motion of thewhaleduring aglide,which is primarily a function of speeditself.� � 
� -1is
theunknownterm that is treatedasasinglequantity in this approachwith units of m2 kg-1.
Thesecondterm quantifiestheeffectof netbuoyancyderivedfrom unknowntissuedensity
(� 	� ) on speedduring aglide.Thethird term quantifiestheinfluenceof netbuoyancy
derivedfrom theunknownvolumeof gasperunit masscarriedin thedive( ��� � -1) on
speedduring aglide.Asgascompartmentsof whalesarecompressedduring dives,thevol-
umeanddensityof gascarriedby theanimalaremodelledto changewith hydrostaticpres-
surefollowingBoyle'sLaw.Themodelalsoincludestheeffectof tissuecompressibility(�)
thatwasfixedas0.38x 10
9 Pa-1 basedon thevalueestimatedfor northernbottlenose
whales[15].

Bayesianestimation
Theunknownparametersin thehydrodynamicglidemodel(mainly � 
�		�� ,  ��� � -1 and� � 
� -

1) wereestimatedbyBayesianGibbssamplingwith thefreelyavailablesoftwareJAGSwithin R
(coda,Rpackagev0.17±12015,http://cran.r.project.org/web/packages/coda/index.html) and
R2jags(Rpackagev0.5±72012,https://cran.r-project.org/web/packages/R2jags/index.html)
usingdataextractedfor each5-ssub-glide.Accelerationduring glideswasmeasuredusinga
linearregressionline of speedversustime.Observationerror measuredfrom varianceof accel-
erationfor each5 swasincorporatedin themodelby treatingaccelerationasanormalvariable
with aprecisionparameter(1/variance)[15]. A smallincrement(0.001)wasaddedto thestan-
darderrorsto ensurefinite valuesfor theprecisionparameter.For theBayesianestimation,a
specificprior distribution mustbesetfor eachunknownparameter.A non-informativeuni-
form prior from 800to 1200kgm-3 wassetfor bodytissuedensity(� 
�		�� ). An informative
prior wassetfor thecombineddragcoefficientterm (� � 
� -1) basedon severalsourcesof
information:dragcoefficient(� � ) wasestimatedto be0.0026basedon thevalueestimatedfor
afin whale(!�������
��� ���	���	) swimmingat4m s-1 [53]. Basedon bodylengths(") ranges
from 6 to 15m, bodymass(�) wasestimatedas20005kgon average(range3253±48556kg)
usinganequationderivedfor humpbackwhales:� = 0.016473"2.95x 1000[54]. Surfacearea
(
) wasestimatedas47.4m2 (range15.3±89.0m2) usingapredictionequationobtainedfrom
bottlenosedolphins(#��	���	 
�����
�	): A = 0.08� 0.65[55]. Thus,anexpectedvaluefor the
combineddragterm (� � 
� -1) wouldbe7 x 10
6 m2 kg-1, with arangefrom 5 x 10
6 m2 kg-1

for largewhalesto 12x 10
6 m2 kg-1 for smallwhales.In orderto captureuncertaintyaround
thisexpectedvalue,wespecifytheprior to beanormaldistribution with ameanof 7 x 10
6 m2

kg-1 andstandarddeviationof 2 x 10
6 m2 kg-1 thatwastruncatedat1x 10
6 m2 kg-1 and20x
10
6 m2 kg-1. Fordiving gasvolume( ��� � -1), auniform prior from 5 to 80ml kg-1 wasset
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basedon thetotal lungcapacity(65±72ml kg-1) estimatedfor 6 to 15m longwhalesusingan
equationderivedfrom variousmarinemammals:total lungcapacity= 0.10� 0.96x 1000[56].

FollowingMiller etal.[15], weexploredvariabilityof unknowntissuedensity,combined
dragterm anddiving gasvolumebyevaluatingatotalof 12modelstructures.Wefitted a
modelin whichthequantityof theunknownparameters� 
�		�� ,  ��� � -1 and� � 
� -1 remained
constantacrossthetagsanddives(globalestimates).Wealsofitted hierarchicalmodelsin
whichtheindividual-specificestimatesof tissuedensityand/ordragterm,andthedive-specific
estimatesfor diving gasvolumearesampledfrom eachglobal(i.e.individual-averageor dive-
average)distribution thatwasestimatedfor eachparameter.SeetheJAGSscript in theappen-
dix of Miller etal.[15] for thedetailedstructureof thehierarchicalmodel.All modelswere
sampledin threeindependentchains,with 24,000iterationseach.Thefirst 12,000samples
werediscardedfor burn-in, andtheremainingposteriorsamplesweredownsampledbyafac-
tor of 36to removeanyserialcorrelationin thesamples.Wereport themeanand95%percen-
tile, hereaftertermedposteriormeanandcredibleinterval(CI), of theposteriorsamplesasthe
bestestimatesof theparametervalueandits uncertainty.The95%credibleintervalis the
Bayesiananaloguefor themoretraditional (frequentist)confidenceinterval,anddefinesthe
rangeof valueswithin whichthetrueparametervaluelieswith 95%probability,giventhe
observeddata.Convergencewasassessedfor eachparameter,usingtracehistoryandBrooks-
Gelman-Rubindiagnosticplots[57]. Thebestmodelwasselectedbasedon thedevianceinfor-
mationcriterion (DIC), with alowervalueindicatingabettermodelfit relativeto model
complexity.

Results
A totalof 33tagdatasetswereanalysed(Table1). In theGulf of StLawrence,archivaltags
weredeployedon 12whalesin theJacques-CartierPassageandadjacentwatersbetweenJuly
andSeptember2011.All taggedwhaleswerepartof along-termphoto-identificationstudy
thathasbeencarriedout at thestudysitesince1984[58]. Photographicandfield observations
of behaviourandknownassociatessuggestthatat leasttwo adult females(H002andH584_2)
werepregnantwhenthetagdatawerecollected.Pregnancyof H002wasalsoconfirmedby
hormonalanalysisof blowsamplesandblubbersamples.Oneadultmale(H607)wastagged
twiceat thebeginningof thefeedingseason(July22,2011)andlaterthesameseason(Septem-
ber1,2011).At theAntarctic field-site,19whalesweretaggedoverthecourseof two field sea-
sonsthat ranbetweenMayandJunein both2009and2010.Antarcticanimalsweretaggedin
WilhelminaandAndvordBaysalongtheWAP andinshorewatersof theGerlacheStrait.Two
pairsof taggedwhaleswerefound to bemother-and-calfpairsbasedon visualobservation
from thetagboatandbiopsysamples(Table1).Thewhalesconducteddivesto amaximum
depthof 388.3m. Meanswimspeedthroughoutdiveswas1.5� 0.4m s-1 (� SD,Table2).Glid-
ing wasobservedbothduring descentandascentphasesalthoughthepercentageof time spent
glidingvariedamongwhalesrangingover1.5±45.2%and2.8±60.0%during descentandascent
phases,respectively.Pitchanglesduring descentandascentphaseswere-39.8� 20.6Êand
30.6� 22.4Êon average,respectively(Table2).Fromthewholedataset,weextractedatotalof
185465-ssub-glidesthatwerenot associatedwith alunge.However,73.7%of theseglides
werefilteredout dueto shallowpitch angle(< 30Ê)and0.1%dueto highvariability in roll (cir-
cularvarianceof roll > 0.9).In addition,1.4%of glideswereremoveddueto lackof speed
and/oraccelerationdatathroughoutthe5-sglides.Asaresult,24.7%of thetotal5-ssub-glides
metthecriteriafor theuseof hydrodynamicglidemodel.Thenumberof 5-ssub-glidesthat
couldbeusedfor thehydrodynamicglidemodelwaspositivelycorrelatedwith thedurationof
tagdataset(Spearman'srho = 0.633,p < 0.001;Fig1A) althoughthenumberof useableglides
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alsovarieddependingon thebehaviourof thetaggedwhales(foraging,resting,etc.).Eighttag
datasetswereexcludedfrom theBayesianestimationof tissuedensitybecauseof insufficient
samplesize(<20 sub-glidesin eachdataset;Table1).Dataof Mn11_H698wasalsoexcluded
becauseanin-situ calibrationof thespeedsensorwasnot applicablefor thisdeployment.

Twenty-fourof the33tagdatasets(10from theGulf of StLawrenceand14from Antarc-
tica)wereusedto estimatetissuedensityandtheotherunknownparameters.Of the12Bayes-
ian models,themodelwith thelowestDIC indicatedglobalplusindividual variationin tissue
densityanddragterms,andglobalplusdive-by-divevariability in diving lungvolume
(Table3).Thedifferencein DIC from thenext-bestmodelwas1657.5units.

Theglobalbodytissuedensitywasestimatedwith aposterior95%credibleinterval(CI) of
1029.5±1033.6kgm-3 (mean= 1031.6kgm-3). Individual posteriormeanvaluesrangedfrom

Table2. Summaryof divestatistics.

��
�� ������� ����� 	����� �����

Data ID N Duration (s) Depth (m) Speed(m s-1) Duration (s) Pitch (Ê) %time gliding Duration (s) Pitch (Ê) %time gliding

Mn11_H584_1 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A

Mn11_H607_1 68 133.1� 70.6 45.1� 14.4 2.1� 0.3 50.8� 24.6 -26.0� 10.7 7.7� 14.4 42.4� 20.7 28.8� 8.7 6.0� 11.3

Mn11_H686 32 204.7� 105.8 56.7� 60.7 1.3� 0.4 63.6� 47.7 -18.1� 13.5 14.5� 21.0 85.8� 46.4 23.9� 24.5 8.8� 16.6

Mn11_H761 51 158.4� 110.1 25.3� 35.7 1.0� 0.3 37.8� 26.8 -23.4� 14.2 21.1� 29.5 91.7� 85.6 19.0� 13.0 35.1� 33.5

Mn11_H731 33 140.9� 81.6 44.3� 43.6 1.3� 0.4 52.5� 37.2 -22.0� 17.0 31.1� 26.9 67.6� 41.5 20.8� 10.8 38.1� 31.8

Mn11_H698 43 101.1� 48.3 32.6� 18.5 N/A 25.4� 8.9 -28.7� 16.8 37.3� 28.3 56.9� 30.1 20.1� 9.5 34.1� 26.6

Mn11_H228 4 158.0� 85.1 24.9� 12.2 1.5� 0.5 38.5� 7.1 -21.7� 11.5 42.5� 31.4 99.0� 80.4 13.0� 1.8 60.0� 41.4

Mn11_H584_2 32 256.4� 153.1 70.0� 54.7 2.2� 0.6 75.6� 41.5 -22.7� 16.8 5.5� 13.9 96.2� 73.9 19.2� 9.8 16.1� 26.2

Mn11_H707 17 294.1� 162.5 116.4� 58.6 2.0� 0.3 50.1� 26.5 -39.2� 19.0 45.2� 27.5 70.1� 30.6 45.7� 26.1 6.1� 15.4

Mn11_H755 28 328.0� 203.0 73.4� 45.9 1.3� 0.3 58.7� 47.1 -32.1� 16.4 37.1� 33.5 93.4� 66.6 19.8� 11.8 41.3� 31.2

Mn11_H607_2 13 210.0� 107.2 64.2� 51.3 1.2� 0.3 65.2� 36.1 -26.2� 19.5 19.9� 24.3 95.1� 79.1 21.0� 12.5 8.3� 17.8

Mn11_H002 57 217.0� 107.2 51.9� 41.6 1.3� 0.3 63.8� 45.3 -18.8� 9.3 24.8� 24.0 90.4� 67.0 15.7� 10.4 39.5� 31.0

Mn11_H405 24 333.7� 194.1 76.6� 44.4 1.9� 0.3 70.8� 36.3 -25.1� 12.0 31.9� 21.6 72.3� 36.9 25.2� 14.5 12.0� 11.2

Mn11_H489 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A

Mn09_121 16 215.4� 79.0 48.9� 36.4 1.3� 0.2 77.0� 25.7 -28.9� 11.6 23.4� 15.4 126.6� 56.9 15.1� 7.6 58.4� 34.1

Mn09_122 48 138.6� 73.5 22.8� 14.2 1.3� 0.5 1.8� 27.6 -13.0� 11.2 4.7� 6.3 67.5� 38.6 14.3� 7.4 13.4� 14.5

Mn09_127a 134 299.1� 216.7 127.5� 116.7 1.4� 0.4 93.8� 69.2 -43.1� 20.7 9.4� 12.6 111.9� 86.8 38.5� 19.5 23.4� 22.9

Mn09_127b 29 211.9� 133.6 76.9� 71.3 1.8� 0.7 61.0� 41.5 -35.6� 8.7 13.0� 15.3 118.6� 68.8 9.1� 10.8 56.9� 27.7

Mn09_128 21 243.9� 133.9 32.0� 14.1 1.2� 0.3 81.1� 48.6 -27.2� 9.6 13.4� 18.2 110.8� 71.0 10.3� 13.6 29.7� 27.3

Mn09_136 101 459.3� 136.7 180.8� 75.9 1.2� 0.2 129.8� 51.7 -61.6� 15.2 17.0� 14.5 159.3� 56.3 55.7� 20.4 36.8� 15.8

Mn09_140 141 357.2� 181.2 68.8� 72.4 1.4� 0.4 89.8� 56.9 -23.3� 14.1 28.5� 20.4 99.2� 81.1 20.3� 11.6 42.3� 25.9

Mn09_148 308 127.4� 102.9 40.3� 34.9 1.6� 0.3 40.2� 26.9 -37.1� 17.3 5.9� 10.7 40.3� 31.1 29.7� 15.3 14.5� 22.5

Mn09_151 18 56.6� 29.5 175.9� 101.6 1.2� 0.6 56.6� 29.5 -24.0� 7.8 37.0� 27.0 97.9� 71.8 12.3� 10.3 43.5� 32.2

Mn09_152 326 118.1� 111.5 34.9� 30.4 1.3� 0.3 39.4� 34.1 -48.0� 17.6 12.5� 19.7 34.6� 31.6 29.6� 12.7 5.3� 12.4

Mn10_133 185 217.0� 99.5 76.1� 41.7 1.6� 0.3 72.2� 35.1 -40.0� 15.2 1.5� 4.6 73.0� 42.1 32.9� 13.2 10.6� 13.6

Mn10_139a 288 170.5� 112.3 58.7� 38.3 1.5� 0.2 36.6� 28.4 -53.7� 18.1 8.6� 17.2 56.1� 47.7 44.2� 15.0 8.5� 15.0

Mn10_139b 285 172.1� 100.3 45.8� 39.3 1.2� 0.3 58.6� 35.0 -33.0� 15.0 7.0� 13.5 70.5� 53.2 25.5� 14.5 22.3� 27.1

Mn10_143 286 173.1� 107.2 49.5� 43.8 1.4� 0.5 -54.3� 30.1 -32.6� 15.3 2.9� 7.1 62.4� 47.3 25.7� 13.6 11.7� 18.2

Mn10_144 342 140.8� 70.9 52.5� 26.1 1.6� 0.3 33.2� 14.9 -55.9� 19.3 4.7� 8.6 41.3� 24.2 41.0� 14.6 2.8� 9.1

Mn10_146 88 469.5� 147.6 192.5� 102.8 1.5� 0.3 119.1� 47.6 -56.6� 22.6 28.4� 9.7 143.0� 60.8 45.1� 26.1 43.6� 18.1

Mn10_151 265 191.1� 103.7 56.8� 41.2 1.4� 0.4 53.2� 26.6 -44.2� 22.4 37.9� 31.6 68.8� 38.0 29.8� 17.7 36.5� 33.1

Mn10_155a 153 288.1� 179.9 119.3� 122.1 1.4� 0.4 96.1� 73.3 -44.0� 21.1 7.9� 9.8 96.4� 69.6 29.3� 27.6 32.6� 26.3

Mn10_155b 246 184.2� 151.5 58.0� 77.1 1.6� 0.5 63.9� 64.3 -28.5� 10.8 5.0� 9.3 46.5� 43.8 23.1� 13.6 8.1� 12.4
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Mean� standarddeviationwereshown.Datasetshadedwith greywerenot usedfor theBayesianestimation dueto insufficientnumberof 5-sglidesin thedataset.

https://doi.org/10.1371/journal.pone.0200287.t002
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1025.2to 1043.1with �95% CI of 0.04±2.3kgm-3. The95%CI rangefor individual tissueden-
sityestimatesdecreasedwith increasingnumberof 5-ssub-glidesin thedataset(Fig1B).There
wasno significantrelationshipbetweenthe95%CI rangeandtheaveragedepthatwhichthe
sub-glidesoccurred(Spearman'srank test,p = 0.22);depthof glidesrangedfrom 5.1to 343.2m
with individual meanranging25.2� 10.8to 97.3� 55.4m. Therewasatendencyfor the95%CI
rangesto besmallerfor thewhalestaggedin AntarcticausingDTAGs(0.6� 0.5kgm-3) thanin
theGulf of StLawrenceusing3MPD3GTs(2.5� 1.3kgm-3). It ispossiblethatdifferentsam-
pling frequenciesandresolutionof sensorsaswellasspeeddeterminationmethods(measured/
estimated)of 3MPD3GTsandDTAGsmight influencetheprecisionof tissuedensityestimates.
Yet,theeffectof thetwo differentarchivaltagmodelscouldnot befully addresseddueto the
differencesin locationitselfandlongerdatadurationfor theAntarcticDTAG dataset
(22.9� 1.6h) comparedto theGulf of StLawrence3MPD3GTdataset(3.5� 1.5h;Table1).

Whalesin theGulf of StLawrencehadrelativelyhighertissuedensity(median= 1034.0kgm-3,
range= 1026.5±1043.1kgm-3) thanAntarcticwhales(median= 1029.0kgm-3, range= 1025.2±
1040.8kgm-3) althoughtherewashighinter-individual variationwithin eachfeedingpopulation
(Fig2).Theposteriormeantissuedensityof themaleMn11_H607thatwastaggedtwicein July
andSeptember2011in theGulf of StLawrencedecreasedby5.8kgm-3 in 40days(Table1).Tissue
densitiesof two pregnantfemaleswereestimatedasthelowest(1026.5� 0.5kgm-3 for Mn11_H0
02)andthesecondlowest(1028.6� 0.7kgm-3 for Mn11_H584_2)amongthewhalesfrom the
Gulf of StLawrence(Table1).Therewasasignificantnegativecorrelationbetweenrelativetissue
densityto seawaterandpercenttimespentglidingduring ascentvsdecentphasesof non-feeding
dives(Spearman'srho = -0.72,p <0.001;Fig3).

Theposteriormeanof theglobaldragtermwas11.8x 10
6 � 1.6x 10
6 m2 kg-1 (� 95%CI).
Theposteriormeanwashigherandthedistribution hadlittle overlapwith theprior distribution
thathadameanof 7.0x 10
6 m2 kg-1 (Fig4).Theposteriormeansof individual dragtermvalues
rangedfrom 6.0x 10
6 to 25.5x 10
6 m2 kg-1, but mostof themwerenear12.5x 10
6 m2 kg-1

(Table1).Theposteriormeanof globaldiving gasvolumewas27.7� 1.1ml kg-1 (�95% CI).
Thebest-fittingmodelwith thelowestDIC evaluateddive-by-divevariationin diving gas

volume.Thedive-by-diveestimatesof diving gasvolumerangedfrom 0.03to 129.2ml kg-1,
but 90%of theestimateswerewithin 9.2±53.5ml kg-1. Diving gasvolumewasestimated
slightlyhigherfor feedingdiveswith morethan1 lunge(median= 26.3ml kg-1, range= 2.6±
110.8ml kg-1) thanotherdives(median= 21.3ml kg-1, range= 0.8±97.5ml kg-1; Wilcoxon
ranksumtest,p = 0.021).Weakcorrelationsbetweendiving gasvolumeanddivedepthwere
observedfor both feeding(Spearman'srho = 0.09,p = 0.036,N = 515)andnon-feedingdives
(Spearman'srho = 0.21,p < 0.001,N = 252).However,no apparentrelationshipsbetweendiv-
ing gasvolumeanddivedurationwereobservedfor feeding(Spearman'srho = 0.02,p = 0.58,
N = 515)or non-feedingdives(Spearman'srho = 0.05,p = 0.45,N = 252).

Discussion
To date,thehydrodynamicglidemodelhasbeenusedto estimatetissuedensityof deepdiving
marinemammalssuchaselephantseals,spermwhales,northernbottlenosewhalesandlong-
finnedpilot whales[15,34,38,47].In thisstudy,wesuccessfullyappliedthismethodto substan-
tially shallower-divinghumpbackwhalesto estimatetissuedensityfrom two geographically
distinct feedingpopulations.To examinethevariabilityof theunknownparameters(tissueden-
sity,draganddiving gasvolume),wefitted 12modelswith differentmodelstructures.Thebest
modelincludedindividual variationin tissuedensityanddrag,supportingour expectationthat
eachwhalehaddifferenttissuedensity.Thebest-fittingmodelalsoincludeddive-by-divevaria-
tion in diving gasvolume.Althoughtherewasno apparentoverallrelationshipbetweendiving
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gasvolumeanddiveduration,it ispossiblethatwhaleschangetheamountof inhaledair before
divesdependingon their activity[15]. Theglidingpatternsof whalescorrelatedwith their esti-
matedtissuedensity,with denserwhalesspendingrelativelymoretime glidingduring descent
andless-densewhalesspendingmoretiming glidingduring ascentphases(Fig3).Thesignifi-
cantcorrelationof tissuedensityandglidingpatternsprovidesadegreeof validationthat thetis-
suedensityestimates,or at leasttheir relativevalues,wereaccurate.

Drag term estimates
Thedragcoefficientisoneof thekeyparametersto estimatetissuedensityusingthehydrody-
namicglidemodel.FollowingMiller etal.[15], thecombineddragterm (� � 
� -1) wasesti-
matedusingarelativelynarrowGaussianprior thatwasdeterminedbasedon auxiliary
publisheddatain orderto improvetheprecisionof tissuedensityestimates.However,the
global(individual-average)estimateof thedragterm in thebest-fittingmodel(11.8x 10
6 m2

kg-1) did not concentratewithin thedistribution of theprior (7.0x 10
6 m2 kg-1).
Asin previousstudies[15,34,38],weneglectedanyspecificeffectof lift, althoughlift-

relatedinduceddragmaynot benegligiblein thecaseof humpbackwhalesdueto their large
pectoralflippers[48] andpropensityto glideatshallowangles.It ispossiblethat theinfluence
of induceddragdueto lift generationmayexplainthemismatchof theprior expectationof the
combineddragterm andits posteriorestimatefrom thedata.Adding theinduceddragto the
hydrodynamicglidemodel,thedragpartof theequationcanbeexpressedas

� 0:5r 	�

� � 

�

� 2 � 0:5r 	�


 .�� ��� �

p
/
� 2

"

�
� 2

Fig 1. Thenumber of 5-ssub-glidesin relation to tagduration and95%CI range.Numberof 5-ssub-glidesthat
couldbeusedfor thehydrodynamicglidemodelin relationto tagduration(a)andtherangeof 95%credibleinterval
for tissuedensityestimates(b).Magentacirclesandbluecrossesindicatedatafrom Gulf of StLawrenceand
Antarctica,respectively. A solidline showsaregressionline: log(y)= -0.0062x+ 0.90.

https://doi.org/10.1371/journal.pone.0200287.g001

Table3. Model parametervalues.

����� ��� ����� ��������� ������ ����
�� �� ����
��� �

DIC � ������ � � 	
 -1 � ��� � ������ .g � ������ .var � � 	
 -1.g � � 	
 -1.var � ��� .g � ��� .var

28301.1 I I D 1031.6(2.1) 26.5(17.2) 11.8(1.6) 23.2(16.4) 27.7(1.1) 236.5(33.4)

29958.6 I G D 1031.3(2.1) 25.4(16.2) 11.6(0.1) 26.5(1.1) 199.8(25.6)

53399.8 G I D 1029.4(0.02) 7.9(3.2) 349.8(369.6) 21.0(1.4) 353.2(57.2)

86274.2 G G D 1029.7(0.02) 8.3(0.1) 20.7(1.5) 502.8(89.2)

106380.0 I I I 1030.3(1.8) 19.8(11.8) 8.5(2.5) 103.8(86.0) 25.7(7.2) 305.2(288.2)

113957.5 I G I 1030.1(1.7) 17.3(11.1) 9.3(0.1) 23.5(5.8) 193.1(170.0)

120768.9 I I G 1029.0(1.1) 6.5(4.1) 6.7(1.8) 39.7(26.7) 15.6(0.1)

125832.6 G I I 1029.0(0.02) 7.3(3.2) 215.5(240.8) 19.3(6.5) 227.8(238.8)

130603.2 I G G 1029.2(1.13) 7.4(4.5) 7.9(0.1) 15.9(0.1)

159607.6 G G I 1029.2(0.01) 6.9(0.1) 24.5(17.0) 1515.3(2882.9)

264515.3 G I G 1028.1(0.01) 6.7(3.5) 1930.7(7548.2) 8.6(0.1)

309390.4 G G G 1028.0(0.01) 1.3(0.04) 7.2(0.1)

Modelstructurerefersto theallowedvariation in themodelfor theunknownterms,with G referringto global(i.e.individual-average)parameteronly, I referringto

individual specificestimatesincluded,andD referringto dive-by-divevariationincluded.Thecolumnheadreferto � 
�		�� astissuedensity(kg m-3); � � 
� -1 as

combineddragterm (m2 kg-1);  ��� asvolumeof air (ml kg-1). Dataarepresentedwith �95% CI in parentheses. For globalparameterestimates,.grefersto theglobal

parameter and.varrefersto individualor dive-by-divevariance.

https://doi.org/10.1371/journal.pone.0200287.t003
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where
 .������ is flipper surfacearea(m2), 
/ is flipper aspectratio and� " is thelift coefficient
[59]. Becauseboth theparasitedragandtheinduceddragareafunction of speed-squared,the
equationcanberewrittenas

� 0:5r 	�

� � � 

�

‡

 .���� ��

p � 
/
�
� 2

"

�

� �
� 2

Thus,thestructureof theequationisunchangedjustwith theadditionof induceddragto
thatof theparasitedragterm � � 
� �� .

Wesuggestthat themodelestimatedhigherglobal� � 
� -1valuesdueto theeffectof
induceddragbyassumingthat themodelestimatedthecombinedterm in parenthesis,instead
of theparasitedragterm (� � 
� -1) alone.Thelift coefficientof ahumpbackwhaleflipper is
estimatedas0±0.9throughwind tunnelmeasurements[60]. Baseduponliteraturevaluesfor
thesurfacearea(
 .������ , 12.20m2) andtheaspectratio (
/, 5.67)of ahumpbackwhaleflipper
[48], 
 .������ � "

2/(�
/�) isestimatedas0±22x 10
5 for a12-mlongwhale.Adding thisvalue
to 7x 10
6 (i.e.meanof the� � 
� -1prior), thecombineddragterm in theparenthesisis

Fig 2. Tissuedensityestimatesfrom the bestmodelwith the lowestDIC. Thetop panelshowsposteriordistribution of
individualbodytissuedensityfor eachtagdeployment.Blueandmagentalinesindicatewhalesfrom AntarcticaandtheGulf
of StLawrence,respectively.Boxplotsin thebottompanelshowmedianandinterquartile rangeof tissuedensityestimates
from eachlocation.

https://doi.org/10.1371/journal.pone.0200287.g002
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expectedto rangebetween7 x 10
6 and29x 10
6 m2 kg-1 whichoverlapswith theglobaldrag
term estimatesin thisstudy(11.8x 10
6 � 1.6x 10
6 m2 kg-1, � 95%CI). Thissuggeststhat the
mismatchbetweentheprior and� � 
� -1estimatesderivedfrom theadditionof theinduced
dragandthat lift-relateddragforcesshouldnot beignoredfor thisspecies.

Fig 3. Relationship betweengliding patternsandrelative tissuedensity.They-axisindicatesdifferencesin thepercentageof timespent
glidingduring ascentanddescentphasesof non-feedingdivesbyeachwhale.Verticalandhorizontalerror barsshowstandarddeviation
and95%credibleintervalrange,respectively. A relativetissuedensityof >1 indicatesthat tissuedensitywasdenserthansurrounding
seawater.

https://doi.org/10.1371/journal.pone.0200287.g003

Body density of humpback whales in feeding grounds

PLOS ONE | https://doi.org/10.1371/journal.pone.0200287 July 12, 2018 14 / 23



In comparisonwith deeperdiving marinemammalsin previousstudies[15,34],theeffect
of lift seemsparticularlyimportant for humpbackwhalesthatglideatshallowerpitch angles
(Table2) wherelift generationincreaseswith correspondinglygreaterinduceddrag.Hump-
backwhaleshavelargeflipper with ahighaspectratio thatcanproducelift forcesto support
their acrobaticmovementssuchashigh-speedturning andbankingthatareassociatedwith
feeding[48,61].In addition,thescallopedleadingedgeof their largeflippersservesto delay
stallanglesandincreaselift [60,62].Recentstudiesusinganimal-bornevideocamerareported
thathumpbackwhalesalsoperformlift-generatingflipper strokesfor propulsionduring lunge
feeding[63]. In our study,weonly useddataduring stableglides(circularvarianceof
roll < 0.1)to minimize theinfluenceof lift during maneuvering.However,theinfluenceof
lift-induceddragisdetectablein our datasetpossiblybecausehumpbackwhaleslikely usetheir
wing-likeflippersto producelift during stableglidesatnon-verticalpitch angles.Yet,it is

Fig 4. Prior andposterior distribution sfrom the modelwith lowestDIC (Table3). Prior andposteriordistributionsof tissuedensity(a,b,c),dragterm(d, e,f) and
diving gasvolume(g,h, i) areshownin eachpanel.Solidgreenandblacklinesindicatetheprior andposteriordistributions,respectively. Dashedgreenlinesshowthe
estimatedglobaldistribution thatcanbeinterpreted asthepopulationdistribution for thatparameter.Theleft andmiddlepanelsshowglobalparameters(a,b,d, e,g,
h) andtheright parametersshowindividualanddive-specific parameters.

https://doi.org/10.1371/journal.pone.0200287.g004
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noteworthythatour generalresultsabouttissuedensityseemto berobustbecausethemodel
quantifiedthecombinedeffectof parasiteandinduceddrag.Asasensitivityanalysis,werefit-
tedthemodelusinganon-informativewiderangeprior for thedragterm insteadof anarrow
Gaussianprior. Theresultingglobalaveragedragterm was13.1x 10
6 � 2.4x 10
6 m2 kg-1

andglobalaveragetissuedensitywas1031.6� 2.1kgm-3, whichdifferedverylittle from the
estimatedvalueswith anarrowprior. Similarly,individual tissuedensityestimateswerenearly
identicalto theresultof our originalmodel,supportingtherobustnessof thetissuedensity
estimatesto theprior specification.Thus,thegeneralresultsabouttissuedensityseemto be
robustbecausethemodelappearsto haveestimatedareasonablevaluefor thecombinedeffect
of parasiteandinduceddrag.

Bodytissuedensity
Estimatedindividual-average(global)bodytissuedensityof humpbackwhales(1031.6� 2.1
kgm-3; Table3) wassimilar to thatof othercetaceansreportedto date(1030.0� 0.8kgm-3 for
���	�
�� ������������	 [38]; 1031.5� 1.0kgm-3 for ���������� �������
�	 [15]), indicating
thatnon-gasbodytissuesaretypicallydenserthanseawater.However,long-finnedpilot
whaleswereestimatedto haveevendensertissuesof 1038.8� 1.60kgm-3 [47]. Forhumpback
whalesin thisstudy,alargevariationwasdetectedin individual-specificbodytissuedensity
rangingfrom 1025.2to 1043.1kgm-3, asweexpected,becauseindividual tissuedensityat feed-
ing groundswouldchangedependingon factorssuchasage,sex,reproductivestatus,prey
availabilityandthenumberof dayssincearrivalat thefeedingground[4, 6,18,24].In astudy
of fin whalesconductedusingIcelandicwhalingdata,pregnantfemaleshadthehighestrateof
fatteningduring thefeedingseasonastheyincreasedtheir totalbodyenergycontentbynearly
80%[4]. A similar trendwasreportedfor minkewhales(!�������
��� ���
���	
��
�) in Ice-
land:theblubbervolumeof pregnantfemalesalmostdoubledoverthefeedingseason[24].
Usingthehydrodynamicglidemodel,high lipid-storesof two pregnantfemalehumpback
whales(Mn11_H002andMn11_H584_2)wereindicatedby low tissuedensityestimatesof
1026.5kgm-3 and1028.6kgm-3 thatwerethelowestandthesecondlowest,respectively,
amongall of thetaggedwhalesin theGulf of StLawrence.A decreasein tissuedensityoverthe
feedingseasondueto accumulationof lipid storeswasalsodetectedin thisstudy:tissuedensity
of arepeatedsampledadultmale(Mn11_H607)decreasedfrom 1037.0to 1031.2kgm-3 in 40
days.Basedon extrapolationfrom elephantseals,theproportion of lipid content(� ����� ) corre-
spondingto thesetissuedensitiesof Mn11_H607wouldbe36.3%and39.0%,asdetermined
from � 
�		�� = � ����� � ����� +� ���������� (1-� ����� ), where� ����� and� ���������� are900.7and1114.6kgm-3,
respectively[34]. Our resultsalsoshowedthatoneof thetwo calveshadlow bodytissueden-
sityof 1025.2kgm-3 (Mn10_155b)in agreementwith generalexpectationthatcalvesaremore
buoyantbecausetheydepositfat during thelactationperiod[64]. Theothercalf(Mn10_139a),
however,hadrelativelyhigh tissuedensityof 1040.8kgm-3 thatwassupportedby its gliding
patternsuggestiveof negativebuoyancy:thewhalespentmoretime glidingduring descent
(61.3%)thanascent(45.7%)phasesof non-feedingdives(Fig5D). It ispossiblethat
Mn10_139ahadapoorbodycondition,reflectingits mother'spoorcondition indicatedby its
relativelyhighbodydensity(Mn10_139b,1029.4kgm-3) comparedto theothermotherin the
study(Mn10_155a,1027.6kgm-3).

During thefeedingseason,it isessentialfor humpbackwhalesto accumulateasufficient
amountof energyfor survival,growthand/or reproduction.Previousstudiesestimatedthe
amountof energygainedbybaleenwhalesoverthecourseof afeedingseasonviaanatomical
measurementsandchemicalanalysisof multiple whalecarcasses[4, 21].More recentwork has
describeddynamicforagingpatternsof whalesthroughoutthecourseof theforagingseason

Body density of humpback whales in feeding grounds

PLOS ONE | https://doi.org/10.1371/journal.pone.0200287 July 12, 2018 16 / 23



suggestingthatwhalesaltertheir feedingbehaviour(ratesanddivedepth)commensuratewith
changesin theavailabilityof prey[65]. Thiscouldleadto non-linearchangesin theaccumula-
tion of energy,and,combinedwith bodydensityestimatescollectedoversimilar time periods,
canoffer insightsasto themostcritical timesandlocationsfor whalesto regainenergystores
andhowdifferentlife historyclassesvary.This information iscritical to understandinghow
environmentalchangesandpotentialhumandisturbancecansignificantlyimpactindividual
andpopulation-levelhealthof marinemammalsandotheranimals.

Changesin tissuedensityleadto changesin buoyancythat influenceswimmingpatternsof
diving animalsgivenstrongselectionfor themto travelefficientlyto andfrom depth[33,39].
Forexample,it isexpectedthatanimalswith higherdensityshouldglidemoreduring descent
aidedbynegativebuoyancywhereaslessdensepositivelybuoyantanimalsshouldemploymore
glidesduring ascent.In agreementwith theexpectation,anegativecorrelationbetweentissue
densityestimatesandpercenttime spentglidingduring ascentvs.descentphasesof non-feeding
diveswasobserved(Fig3),suggestingthat themodelsuccessfullydetectedrelativedifferencesin
individual tissuedensity.Becausethereisgreatervariabilityin tissuedensityof humpbackwhales
thandeepdiving toothedwhales[15,38,54],therelativelylow precisionof tissuedensityesti-
matesobtainedhere(�95% CI of individual tissuedensityrangedup to 2.3in thisstudywhereas
to 0.4in [15]) seemto besufficientto detectindividual and/or temporalvariation.Lowerpreci-
siontissuedensityestimatesmaybeexpectedif thereishighvariabilityin accelerationthat isnot
accountedfor in themodel.Therefore,samplesizeisparticularlyimportant to considerfor the
bodydensityestimationof humpbackwhalesfor whichinduceddragmaycausevariabilityin
glidingacceleration.Theresultshowedthat thenumberof 5-ssub-glidesin eachdatasetisone
of thekeyfactorsaffectingtherangeof 95%CI for theposteriorestimatesof individual tissue
density.Specificallyfor humpbackwhales,>200 sub-glidesin eachdatasetseemto beneededto
obtainhighlypreciseestimateswith 95%CI rangeof 1kgm-3 (Fig1B).

In thisstudy,weestimatedtissuedensityof humpbackwhalesat two geographicallydistinct
feedinggrounds.Tissuedensityof whalesfrom AntarcticaandGulf of StLawrencelargely
overlapped,but therewasatendencyfor Antarcticwhalesto havelowertissuedensity(Fig2),
indicatingthatanimalsin that locationat that time hadlargerlipid reservesthandid theani-
malstaggedin Canada.It ispossiblethat thegeographicdifferencesreflecteddifferenttemper-
atureandpreyconditionson two feedinggrounds.However,asnumerousfactorscanaffect
individual tissuedensity,moredata,includingbasicinformation of individualssuchassex,
ageclassandreproductivestatusthatcanbeobtainedfrom photo-ID andbiopsystudies
wouldbeessentialto identify factorsthatcausethesegeographicdifferences.

Themethodsusedin thisstudycloselyfollowedmethodspublishedfor otherdeep-diving
odontocetespecies.Somestudiesusedanestimatedvalueof 0.06for theentrainedmassof
water� � which ismovedforwardalongwith thebodyof theanimal[38]. Becausewedid not
havespecificmeasurementsof animalmassin thisstudy,wealsodid not includeestimatesfor
entrainedmass.Wealsodo not expectadditionof aconstantmassproportion of massto all
estimateswouldaffecttheir relativevalues.However,theabsolutevaluesobtainedin thisstudy
couldbemademoreaccuratewith finer estimatesof thelength,massandsurfaceareaof each
whaleaswasdoneusingphotogrammetrybyMiller etal.[38]. Wedo recommendincorpo-
ration of suchdatawhenavailable,andto includeestimatesof entrainedmassto obtainaccu-
rateabsolutevaluesof bodytissuedensity.

Diving gasvolume
Theposteriormeanof global(dive-average)diving gasvolumewas27.7� 1.1ml kg-1 (�95% CI).
Thisvalueissubstantiallylowerthantheestimatedlungvolumesof mysticetefin (29±61ml kg-1)
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andsei(!�������
��� �������	) whales(116±151ml kg-1), whoselungvolumesweremeasuredvia
inflation of excisedlungs[66,67].Thiscouldindicatethat:1) lungvolumesof mysticetewhales
aresmallerthanestimatedfrom excisedlungsin whichsomeamountof air is likely to betrapped
[46].Piscitellietal.[67] notedthat themassspecificvolumeof seiwhalesfrom thatstudywere
outlierson acomparativebasisrelativeto smallercetaceans;2)humpbackwhalesin thisstudy
dovewith lessthantheir full lungcapacity;or 3)our estimatewasincorrectandtoo low.

Ascetaceansappearto inhaleimmediatelyprior to diving, thediving volumeof cetaceansis
thoughtto becloseto thetotal lungvolume[68]. In fact,thecalculateddiving lungvolumeof

Fig 5. Exampledatarecordsfor diveprofile andpitch. Diveprofilewith glidingandstrokingperiodsareindicatedin greenand
blue,respectively. Redcirclesindicatefeedingevents.Examplesaretakenfrom anadultmaleduring (a)earlyfeedingseason
(Mn11_H607_1;tissuedensity= 1037.0kgm-1) and(b) latefeedingseason(Mn11_H607_2;1031.2kgm-1), (c) apregnantfemale
(Mn11_H002;1026.5kgm-1) and(d) acalf(Mn10_139a;1040.8kgm-1).

https://doi.org/10.1371/journal.pone.0200287.g005
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deep-divingnorthernbottlenosewhales(27ml kg-1, [15]) wassimilar to themeasuredtotal
lungvolumeof 28ml kg-1 ([69] reviewedin [68]). However,shallowerdiving speciesmaynot
alwaysdivewith full lungs;for example,thediving lungvolumeandthetotal lungvolumeof
bottlenosedolphinsare40±50ml kg-1 [70] and50±91ml kg-1, respectively(reviewedby [67]).
Differencesin lungsizesandthoracicmorphologyof shallowanddeepdiving cetaceanshave
beenreported[46]. Astheeffectof air-derivedbuoyancyisstrongeratshallowerdepth,it is
possiblethatshallower-divingwhalesdo not alwaysdivewith full lungcapacity.A largevaria-
tion in dive-by-diveestimatesof diving gasvolumefound in thisstudyand,albeitweak,the
positiverelationshipbetweendiving gasvolumeanddivedepthwouldsupportthishypothesis.
While no systematicvariationof diving gasvolumein relationto divedurationwasdetected,
further detailedanalysisof dive-by-divevariationin diving gasvolumecouldprovidenew
insightsinto their diving physiology.

Anotherpossibleexplanationfor thelow estimateof diving gasvolumeis that theamount
of gasstoredin thebodymight decreaseduring dives.It hasbeenreportedthathumpback
whalesactivelyexhaleunderwaterin somesituations.Forexample,humpbackwhaleshavea
diverserepertoireof feedingbehaviours,includingªbubblefeedingºthat involvesunderwater
exhalationto form bubbleclouds,netsor curtainsto corralprey[61,71].Bubblingisalso
observedin non-feedingsituationssuchasplay[71] andsocialinteractions[72]. Although
apparentbubblingwasnot detectedfrom acousticauditsof theDTAG datasetsin thisstudy,it
ispossiblethatsomeair might passivelyescapefrom thebodyduring dives.If suchunderwater
exhalationand/orpassivelossof air occurred,our estimateof diving gasvolumewouldbetoo
low becausethemajority of theglidesusedin theanalysiswererecordedduring ascentphases
of dives,andtherebytheestimatereflectstheamountof gasin thebodyat latterpartof dives.

Conclusionand future directions
Wedemonstratedthat thehydrodynamicglidemodelcanbeusedto detectindividual and
temporalvariationin bodytissuedensityof humpbackwhales,suggestingthat it is likely to be
broadlyapplicableacrossarangeof aquaticanimalsincludingshallowdiving baleenwhales.
Theimportant nextstepisvalidationwith othertechniquessuchasvisualassessment[28,29],
biopsysamplemeasurements,andphotogrammetricmeasurementsof bodywidth versus
lengthusingoverheadimages[11,30].

Thisstudyrepresentsacross-sectionaldesign,in whichthetissuedensitiesof multipleanimals
weremeasured.Longitudinaltrackingof changesin individuals'tissuedensityashasbeendone
with elephantsealsdrift dives[5], or repeatedmeasurementsaswemadefor whaleMn11_H607,
maybeamorepowerfulapproachto determinespecificfactorsthataffectthelipid-storebodycon-
dition of humpbackwhales.Consideringthathumpbackwhalesarelessdifficult to tagsuchthat
multiple taggingof thesameindividual ispossible,this tag-basedminimally invasiveapproach
mayprovideaneffectivetool to monitor bodytissuedensityasameasureof bodycondition.By
integratinglife-historydataof individuals(e.g.age,sex,size,reproductivestatus)aswellasprey
availabilityatfeedinggrounds,thisapproachcanbehelpfulto understandbioenergeticsandhealth
of individualwhaleswithin increasinglyhuman-alteredecosystems.Ultimately,trackingthetissue
densityof individualwhalesusinglongerdurationtagscouldbeapowerfultechniqueto relate
their bodycondition to howtheyinteractwith featuresof their naturalenvironment.

Supporting information
S1Fig.Examplesof linear regressionof speedover time to estimateaccelerationduring 5s
sub-glides.Linearregressionof speedovertime wasconductedateach5ssub-glideto estimate
accelerationasaslopeof theregressionline.Topandbottompanelsshowexamplesfrom
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3MPD3GTandDTAG deployments,respectively.
(TIF)

S1File. Data of all 5-ssubglidesperformed by taggedhumpbackwhales.Thisfile includes
all 5-ssubglidesdatausedin thisstudy.
(CSV)
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