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A丑STRACT  

Recenttelemetdcstudiesonmarineanimalshavegivenvariousknowledgeabouttheir  
behavior・Twonewdevicespresentedhereareunderdevelopment・CheisMRlogger  
whichmeasur郎magneticfieldsandaccelerationsandtheotherisCCDloggerwhich  
recordsvisualdata．WeconductedfieldexperimentsofthesenewdevicesuslngtWO  
captiveadulthawksbillturtlesattheSeaTurtleConservationStationsituatedManmi  
hd，Thai1and・UsingMRloggerweestimatedat－SeaaCtivity，Whichdifftredbetween  
inthedaytimeandinthemighttime．Wealsoreproducedturdes’swimmhgtrackusing  
magnetic缶elddataandaccelerationdata・TheCCDloggerrecordedthe scenes of  
aroundturtle＄，Whichprovidevisualinfbrmationaboutturdes，surroundings・  

mOI）UCTION  

Itisdifnculttostudythebehaviorofmarineanimalssincetheyspendmostoftheir臆  
underwater．However，information on marine animalbehavioris veryimportant tO  
manageandconservetheirresotmespecial1yendangeredanimalslikese＆turtles・  
Recently，remarkabletechnologicaladvance＄inanimalLCardeddeviceshaveledtonew  
bowle塵e血t也ebebaviorofm血ebv郎．ne壷妃Of也e経由肩c郎血cl血g血cm  
dataloggers，ultrasomic biotelemetry，and platformtemhaltranSmitters provides  
infbmationsuchas甲igrationpattern，Swimmingbehavior，divingcapacity・andsoon  
（M血a皿止awaetal．2doo；Mitsunagaetal．1999；SakamOtOetal．1997）・Basedonthese  
resnlts，Wearedevelopingnewtechmiquestointerprettheunderwaterbehaviorofthe  
marineanimals・Forthisobjective，WedevelopednewdataloggTSthatenabledusto  
reproduceanimals，swimmingtrackandtoestimatetheirat－SeaaCtivides・  

SwiEuning tracks are detemined from heading direction calculated打om  
magneticfield data and movng distBLnCe Calculated from acceleration data・  
underwatefaCtivitiesofanimalscanbees血natedfromaccelerationdata．hadditionto  
these data，visualdataprovideinformation aboutsumding environment・  
paper，WerepOrtOnthefieldtestsofthesenewdataloggerswhichrecordmagnetic  
fielddata，aCCeleradondata，andvisualdatausingadultftmalehawksbi11turtles・  

MATERu止点ANDMETHODS  

WedevelopedtwotypeSOfnewdevices・OneisaMRloggerwhichrecordsmagnetic  
fielddataandaccelerationdata，andtheotherisaCCDloggerwhichrecordsvisualdata・  
ne MRIogger had a magneto－reSistive effect sensor（MR sensor）弧d two  
accelerometersinit．TheMRsensordetected3Dmagneticfield．Allthe或gnalsofthe  
MR sensorsandthe accelerometers were converted to12Tbit digitaidataby A／D  
converterthatwasrecordedona64megabyteSmartMediainsidethelogger・Tbelogger  
wasplacedinsideatitaniumCylindricaltubewhichwaspresstLre－reSistanttoadepthof  
500mThediameterofthetubewas40・81nmandlengthwas300mm・Tbewhole  
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weightoftheMRloggerwas320glnWater・TheCCDloggerhadaCMOSCCD  
devicethattookabout80colorpICmreSWith28，000pixelsandstoredtheminal  
megabytefhshmemoryinside・Thedimensionoftheloggerwas92Ⅱ皿×40mmx28  
mm，Weighedabout155gunderwater・Thisprototypewaspressure－reSistanttOadepth  
of400mandwastimer－COntrOlledtotake4pictureseveryone－hour・Alightsensorwas  
equippedwiththeloggernottoclicktheshutterduringthenighttimebecausethis  
loggerbadno軋む止＝Ⅱit・  

neexperimentswereconductedusingadulthawksbillturtlesattheSeaTurtle  
Conservation Station situatedMaJmaiIslandin the GulfofThai1and on September  
2001・TheMRloggerwasattachedusingpedestalswhichbottomwassharpenedforthe  
shapeofcaraparce・Beforeattachment，theshellwassandedtoincreasethebondingarea  
fortheadhesive∴hidal1y，tWOPedestalsweregluedontheturue’sbackwithepoxy  
resin．hordertomakeloggersbuoyantincaseoffal1ingoffturtle，sbackandtomake  
it easier to remove devices from turtles after experiments，WOOden pedestalwas  
adopted・ThenMRloggerwasboundtopedestalswithsomecableties・neCCD  
loggerwasattachedwithdouble－facedadhesivetapes・Weattachedalsotime－depth  
recorders（MDS－MkVn）；40ginwater，18mmindiameter，93minlength，Alec  
ElectromicsCo．Ltd．）andtime－temPeraturereCOrders（MD＄－MkVD；30ginwater，18  
mmin dianeter，80mmin1ength，Alec Electronics Co．Ltd．）with double－faced  
adhesive tapes（Fig．1）．Magneticfieldand acceleration datawererecordedat an  
intervalofO・05s・Depthandtemperaturedatawererecordedatanintervalofls・The  
MRloggerrecorded magnetic丘eldin two axes ofthree directions；Surging（X），  
swaying（Y）andheaving（Z）directions・Accelerationdatawererecordedintwoaxesof  
twodirections；Surging（X）andswaying（Y）directions（Fig・2）・  

Y（SW且）血g）  

10gger  X（Sロ苫血g）  

Z（headng）  

FigurelAsamPlehawksbi11turtlewithaMRlogger（1）andaCCDlogger（2）and  
MDSs（3：time－depthrecorder，4：time－temPeraturereCOrdef）・  

Figure2Tbedirectionofsurging（Ⅹ），SWaying（Y）andheaving（Z）magnetic鮎1dsand  
accelerations・AMRloggerrecordedX，YandZmagneticfieldsandXandY  
acceleradons．  
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Tbesedeviceswereattachedtotwohawksbi11turtles（Eretmoche桓imbricaia）・  
Detai1edinformadon on these turdesislistedin Tab．1．The experiments were  
conductedatthereanngpondwhiehareawasabout5hawithabout2mdepthinthe  
SeaTurtleConservationStation．WereleasedturdesinthereanngPOndat14：000n25  
September2001・Tbenwerecoveredloggersfromthemat9：000n27September2001・  
Magnetic鮎1dandaccelerationdatainSmartMediaweredownloadedinapersonal  
computeraftertheexperiments・Depthandtemperaturedataweredownloadedviaan  
interfaceRS232CfromMDSs．  

Tablel：BiologicalanddeploymentdataoftwoequlpPedhawksb揖turdesrearingat  
theSeaTurdeConservadonStationinMannaiIsland  

T血0・Sex 慧血eofD山繭eLe卵  
ofrecove叩 托COrd（h）  

27Sep200143  
9：02  

27Sep200143  
9：06  

25Sep2001  

14：03   

25Sep2001  
13：58  

710  53．g  HB＿1  F  15  

680  55．4  HB－2  F  15  

RESULTS   

MR Logger 

Tbedatawereobtainedfor43hours蝕omtwoMRloggers・Depthandtemperaturedata  
werealsoobtainedfromMDSs・Fig・3showsaneXamPleoftherawdatarecordedbya  
MRloggerandMDSs・nis丘guresuggestedthattheturdeexhibiteddifferentdiving  
pattemsduringa24hperiod・Forthedeterminationofdai1yactivitypattemsdayswere  
splitintodaytime（6＝00－20：00localtime）andnighttime（20：00－6＝00localtime）・We  
estimatedactivityofmimalsandreproducedtheirswimmhgtrackusingobtaineddata・  
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Figure3・Examplesofdmesedesdataof  
temperature，depth，aCCelerations  
and magne也c 負elds of HB－1  
duringa24hsegmentstartlngOn  
26September2001at OO：00h  
local time．Dark barsindicate  
出頭血ne（0：00－6‥00，20：00－0：00）t   
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EstimationofAdi扇呼  

A血als，activltyWaSeStimatedbyusingaccelerationdata・ChangeSintheacceleration  
showchangeSinthepowertofunctionintheindividuals・Thepowerstofunctioninthe  
individualare gravitation，buoyancyand swimming propulsion produced by turtle  
flippers・ChangeSintheactivityoftheturtlesresultinchangeSinthegravitationandthe  
propulsion・Therefore，thechangesintheacceleradonrecordedbytheMRloggerscan  
beusedasanindicadonoftheactivltyOftheturtle．Forconsiderationofanimals’  
activitywecalculatedthestandarddeviation（SD）oftheaccelerationinevery40data・  

Calculated SDsinthe daytimewerealmostbeyond O・5，Whilethoseinthe  
nighttimewerealmostlessthanO・1（Fig・4）・TheSDswhentheturtlesstoodwerevery  
low，andmaximumvaluewasO・07・Thethresholdforrestmgwasthereforetakentobe  
O・07・BysummlnguPal1valuebeyondO・07itwaspossibletoestimatethetimewhen  
theturtlewasactive・Wecomparedtheproportionofactivetimeforeachhourinthe  
daydmewiththatinthenighttime．Theturtleswereactiveinthedaytime，Whilethey  
wererestingatmostofthenighttime（Tab・2）・  
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Fig．4Calculatedstzmdarddeviationofthesurgingaccelerationinevery40data；a）  
Daytime（6：00－20：00），b）Nighttime（20：00－6：00）・Whenvalueswerebeyondthe  
threshold（dashedline）theturtleweresupposedtobeactive・  

Tal，1e2：Theproportionofactivetimesofhawksbillturtlesinthedaytimeandthenight  
血ne  

Propodonofac仕ved皿eS（％／bour）  

Day血e  Nigbt血e  
（6：00－20：00）  （20：00－6：00）  

Tu正1eno．  Mean  S．D．  Mean  S．D．  

HB－1  92．4  2．1  32．4  7．O   

HB▼2  68．6  4．3  21．3  19．9  

Repro血cdonofSwimmingI■atbs  

Headingdirectionoftheturtlewerecalculatedusingsurging（Ⅹ）and swaying（Y）  
magnetic負elddata・WhenaMRsensorwaspointingnorth・the Xoutputwasits  
maximumvaluewhileth6Youtputwaszerosincenopartoftheearth’s負eldwas  
poin血gtotheleft，OrWeSt・Asthesensortumsclockwisetowardtheeast，theXoutput  
dimimishedtozerowhiletheYoutputincreasedtoitsmaximumvalue・Withthesensor  
continueditsclockwisetumingtopointduesouth，theXoutputdecreasedtoitsmost  
negativevaluewhiletheYoutputrettmtozero（Fig・5）・TheXandYouq）utSOfthe  
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MRsensorcouldbemodeledbythecos（”）andsin（”）functionswhere”WaSthe  
azimuth，referenced to magnetic north・Usingthis relationshipthe azimuth was  
calculatedasthefollowingequation：  

90  （ズ＝0，γ＞0）  

270  （ズ＝0，γ＜0）  

180＋訂Ct皿レ／∬）＊180方 （ズ＜0）  

訂Ct皿レ／ズ）＊180方  （ェ＞0，γ＞0）  

360十肛Ctmレ／ズ）＊180方 （ズ＞0，γ＜0）  

Azimu血（degrees）＝  

Toreduceaniコ血uenceoftheverdcalmovements，WeuSedthedataofHB－1  
recordedintenminutes，19：49：21－19：59：2lon25September2001（Fig・6）when也e  
swimmingdepthoftheturtlewasfairlyconstant（betweenO・38mfromO・12m，Fig・  
6b）．ThecalculatedheadingdirectionshowsHB－1headingnorthmovedwestwith  
SeVeralchangeSOfdirection（Fig・6d）・  

SwimmhgdistanCeOftheturtlewascalculatedusingsurging（X）acceleration・  
TheXaccelerationshowsacyclicalfluctuation（Fig．7）．Thisfluctuationwasrespected  
torenectswimmingpropulsionproducedbyturtleflippers・Welookedoneachof  
peaks o f X acceleradon as corresponding to oneflipperand counted nipper  
frequencies・WesupposedthattheturtlemovedO・5mwithone且ipperandcalculated  
swimmhgdistanCe・Thisprocesswasconductedineverytenseconds・Wecombined  
swiInmingdistancewithheadingdirectionsandreproducedtheswimmlngtraCkofHB－  
1（Fig．8）．   
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Fig．5MRsensoroutputs（Ⅹ，Y）for360・Rotationinthelevelplane・  
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Fig・6TimeseriesdataobtainedfromHB－1andcalculatedvaluesfrommagneticfield・  
a）Time－SurgingaCCelerationrecords・b）Time－depthrecords・C）Time－magnetic  
魚eld records．d）Heading direction ofthe turtle calculated from Xand Y  
magnedc且elds．  

＋
 
 
 
 
 
ミ
ヽ
■
こ
 
 

喜
川
】
■
旨
■
○
茎
ニ
F
盲
点
 
 

0  10  20  

白叫ti闇（亭〉  

Figure7・AsurglngaCCelerationpro缶1eofHB－1・Eachsharppeakinaccelerationwas  
lookedonascorrespondingtooneturtle鎚pper・  
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Figure8・ReproducedswimmingtrackduringlOminutes・Thesolidcirclesindicatethe  
POSitionoftheturtleeverylOseconds・  
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CCI〉Logger  

Two CCDIoggers recorded80colorpICtureS，reSPeCtively・nLe CCDlogger was  
controlledtotakefourpicturesintheintervalforfivesecondsineveryonehourbya  
microcontroller．Figure9givesexamPlesoftherecordedpicttues・mebottomofthe  
POnd（Fig．9a）andthewatersurface（Fig．9b）wereidentified・  

（a）  

Figure9．ThepicturesrecordedbytheCCDloggerontheHB－2’sback・a）Thesmal1  
partSOftheturtleandthebottomofthepondwereidentified・b）Theturdewas  
Surfacing．Thesceneofsurfacewastakeninthefourthpicture・  

DISCUSSION  

UsingtheMRloggerswecoddestimateturtles，at－SeaaCtivitiesandreproducetheir  
swilnmingtrack．hregardtoestinationofactivity，ithopesforfurtherdevelopmentsof  
dataanalysessothatadistinctionbetweendifferentswimmingacdvitiescouldbemade・  
Itmaybepossible，forexample，tOde丘nemorethresholdsbetweenpardcularactivlty  
levelssuchasforagmgandtraveling・Swimmingdistanceswerecalculatedfromthe  
nipperfrequencies・An0thermethodtocalc111ateisnecessary，however，tOimprovethe  
qualityofthetrack・Thespeedandmovingdistancecanbecalculatedbyintegrationof  
the acceleration theoretically. The accelerometer measured the accelerations with 
respecttochangeSbothinthemovementsofturtlesandingravitationalacceleration・  
Therefore，We need to removethe gravitationalacceleration to calculate movmg  
dist皿Cebyintegration ofthe acceleration・Inthis study，however，the appropriate  
procedureswerenotdevelopedyet・haddition，aCtualmovementsofturtlesarethree  
dimensions・Itispossiblethatswimmingtrackinthreedimensionsisreproducedifthe  
body angles ofturtles canbe calculated，althoughpresent study supposed turdes’  
movementstobemadeintwodimensions．Combinationturtles’swimmingtrackwith  
theiractivityhelpsustoinferwhereandhowtheyacted・  

VisualdatarecordedbytheCCDloggersprovideinformationabouttur［1es’  
surroundings・nisinfbrnationa∫euSefu1forfurtherunderstandingbehaviorofturtles  
incombinationwithinfomationobtainedfromtheMRloggers．T出sknowledgehasa  
Certainimpactonconservativeaspects‥itisveryimpo正anttodis血guishbetweenat－  
seabehaviorsofdifferentareas，becauseconservationplanSShouldbewells11itedtothe  
specinc acdvities oflocalarea，e・g・PrOteCted areas dependent on turtle habitat  
uti1ization，eStablishmentofapreserve andparticularprotectionofseaturtlefood  
reSOurCeS．  
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