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Abstract

Understanding	howķ	whereķ	and	when	animaѴs	move	is	a	centraѴ	probѴem	in	marine	
ecoѴogy	and	conservationĺ	Key	to	improving	our	knowѴedge	about	what	drives	animaѴ	
movement	is	the	rising	depѴoyment	of	teѴemetry	devices	on	a	range	of	freeŊ	roaming	
speciesĺ	An	 increasingѴy	popuѴar	way	of	gaining	meaningfuѴ	 inference	from	an	aniŊ
maѴĽs	 recorded	 movements	 is	 the	 appѴication	 of	 hidden	Markov	 modeѴs	 ŐHMMsőķ	
which	aѴѴow	for	the	identification	of	Ѵatent	behavioraѴ	states	in	the	movement	paths	
of	 individuaѴsĺ	Howeverķ	 the	use	of	HMMs	 to	expѴore	 the	popuѴationŊ	ѴeveѴ	 conseŊ
quences	of	movement	is	often	Ѵimited	by	modeѴ	compѴexity	and	insufficient	sampѴe	
sizesĺ	Hereķ	we	introduce	an	aѴternative	approach	to	current	practices	and	provide	
evidence	of	how	the	incѴusion	of	prior	information	in	modeѴ	structure	can	simpѴify	the	
appѴication	of	HMMs	to	muѴtipѴe	animaѴ	movement	paths	with	two	cѴear	benefitsĹ	Őaő	
consistent	state	aѴѴocation	and	Őbő	increases	in	effective	sampѴe	sizeĺ	To	demonstrate	
the	utiѴity	of	our	approachķ	we	appѴy	HMMs	and	adapted	HMMs	to	over	ƐƏƏ	muѴtiŊ
variate	movement	paths	consisting	of	conditionaѴѴy	dependent	daiѴy	horizontaѴ	and	
verticaѴ	 movements	 in	 two	 species	 of	 demersaѴ	 fishĹ	 AtѴantic	 cod	 ŐGadus morhua; 

n	Ʒ	Ɠѵő	and	European	pѴaice	ŐPleuronectes platessa; n	Ʒ	ѵƐőĺ	We	identify	Ѵatent	states	
corresponding	to	two	main	underѴying	behaviorsĹ	resident	and	migratingĺ	As	our	anaѴŊ
ysis	considers	a	reѴativeѴy	Ѵarge	sampѴe	size	and	states	are	aѴѴocated	consistentѴyķ	we	
use	coѴѴective	modeѴ	output	to	investigate	stateŊ	dependent	spatiotemporaѴ	trends	at	
the	 individuaѴ	and	popuѴation	 ѴeveѴsĺ	 In	particuѴarķ	we	show	how	both	species	shift	
their	movement	behaviors	on	a	seasonaѴ	basis	and	demonstrate	popuѴation	space	use	
patterns	 that	are	consistent	with	previous	 individuaѴŊ	ѴeveѴ	studiesĺ	Tagging	studies	
are	increasingѴy	being	used	to	inform	stock	assessment	modeѴsķ	spatiaѴ	management	
strategiesķ	and	monitoring	of	marine	fish	popuѴationsĺ	Our	approach	provides	a	promŊ
ising	way	of	 adding	vaѴue	 to	 tagging	 studies	because	 inferences	 about	movement	
behavior	can	be	gained	from	a	Ѵarger	proportion	of	datasetsķ	making	tagging	studies	
more	reѴevant	to	management	and	more	costŊ	effectiveĺ
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ƐՊ |ՊINTRODUC TION

The	spatiaѴ	management	of	the	marine	worѴd	requires	 inŊ	depth	 inŊ
formation	 about	 how	 animaѴs	moveķ	when	 they	moveķ	 and	where	
they	move	toĺ	Key	to	increasing	our	understanding	of	species	space	
useķ	movement	patternsķ	and	how	individuaѴs	interact	with	the	enŊ
vironment	 they	 inhabit	 is	 the	 rising	 depѴoyment	 of	 smaѴѴ	 and	 reѴiŊ
abѴe	data	Ѵoggers	and	transmitters	on	freeŊ	roaming	marine	animaѴs	
ŐCostaķ	 Breedķ	ş	Robinsonķ	 ƑƏƐƑĸ	Hays	 et	aѴĺķ	 ƑƏƐѵĸ	Hussey	 et	aѴĺķ	
ƑƏƐƔőĺ	CapabѴe	of	recording	a	range	of	movement	metricsķ	incѴuding	
horizontaѴ	and	verticaѴ	movement	aѴongside	basic	environmentaѴ	inŊ
formation	such	as	water	temperatureķ	saѴinityķ	and	ambient	dayѴightķ	
these	devices	have	revoѴutionized	our	understanding	of	fundamenŊ
taѴ	ecoѴogy	 ŐHussey	et	aѴĺķ	ƑƏƐƔőķ	documented	oceanwide	dispersaѴ	
events	 ŐBѴock	 et	aѴĺķ	 ƑƏƐƐőķ	 highѴighted	 areas	 that	 are	 essentiaѴ	 for	
species	survivaѴ	ŐRaymond	et	aѴĺķ	ƑƏƐƔőķ	and	even	aѴѴowed	us	to	test	
the	 effectiveness	 of	 current	 conservation	 poѴicies	 ŐPittman	 et	aѴĺķ	
ƑƏƐƓĸ	Scott	et	aѴĺķ	ƑƏƐƑőĺ

One	of	the	main	motivations	for	animaѴŊ	borne	teѴemetry	studies	
is	 that	 by	 understanding	 individuaѴ	movement	 behaviorķ	we	might	
infer	 the	popuѴationŊ	ķ	 speciesŊ		and	communityŊ	ѴeveѴ	consequences	
of	movement	ŐBѴock	et	aѴĺķ	ƑƏƐƐĸ	HindeѴѴ	et	aѴĺķ	ƑƏƐѵĸ	Raymond	et	aѴĺķ	
ƑƏƐƔĸ	WakefieѴd	et	aѴĺķ	ƑƏƐƐőĺ	This	 is	especiaѴѴy	true	 in	marine	sysŊ
temsķ	 as	 individuaѴ	 observations	 provide	 our	 onѴy	 insight	 into	 the	
otherwise	 unobservabѴeĺ	 Achieving	 this	 scaѴing	 of	 inference	 from	
individuaѴ	movement	patterns	to	popuѴation	dynamics	requires	two	
important	componentsĺ	The	first	 is	an	adequate	sampѴe	size	 ŐnumŊ
ber	 of	 individuaѴső	 to	 address	 the	 ecoѴogicaѴ	 question	 of	 interest	
ŐHebbѴewhite	ş	Haydonķ	ƑƏƐƏő	and	secondķ	a	 statisticaѴ	means	by	
which	we	gain	meaningfuѴ	 inference	 at	 the	 individuaѴ	 and	popuѴaŊ
tion	ѴeveѴ	from	a	finite	sampѴe	of	individuaѴs	ŐJonsenķ	ƑƏƐѵĸ	Langrock	
et	aѴĺķ	ƑƏƐƑĸ	McCѴintockķ	RusseѴѴķ	MatthiopouѴosķ	ş	Kingķ	ƑƏƐƒőĺ

The	 issue	of	sampѴe	size	has	been	extensiveѴy	discussedķ	espeŊ
ciaѴѴy	when	considering	how	movement	studies	can	 inform	marine	
conservation	 and	 spatiaѴ	 management	 ŐHebbѴewhite	 ş	 Haydonķ	
ƑƏƐƏĸ	 McGowan	 et	aѴĺķ	 ƑƏƐƕĸ	 Nguyen	 et	aѴĺķ	 ƑƏƐƕĸ	 Ogburn	 et	aѴĺķ	
ƑƏƐƕőĺ	Tags	can	be	expensive	ŐMcGowan	et	aѴĺķ	ƑƏƐƕőķ	are	 ѴiabѴe	to	
occasionaѴ	 faiѴure	 or	 Ѵossķ	 and	 often	 resuѴt	 in	 individuaѴ	 pathways	
that	are	dataŊ	poor	or	have	a	 Ѵow	number	of	observationsĺ	As	a	reŊ
suѴtķ	 meeting	 the	 minimum	 sampѴe	 size	 of	 ƑƏ	Ƴ		 individuaѴs	 when	
making	 simpѴe	 statisticaѴ	 comparisons	 between	 popuѴations	 is	 unŊ
common	 ŐHebbѴewhite	 ş	Haydonķ	 ƑƏƐƏőķ	 with	 even	 greater	 numŊ
bers	needed	when	 testing	 for	 the	effects	of	ageķ	 sexķ	 and	species	
identity	 ŐLindberg	ş	WaѴkerķ	ƑƏƏƕőĺ	 In	 the	absence	of	a	 coѴѴaboraŊ
tive	 effort	 across	 muѴtipѴe	 institutions	 ŐBѴock	 et	aѴĺķ	 ƑƏƐƐĸ	 HindeѴѴ	
et	aѴĺķ	ƑƏƐѵőķ	a	significant	 increase	in	funding	or	a	communityŊwide	
shift	to	data	sharing	Őeĺgĺķ	via	onѴine	data	repositories	Ѵike	Movebank	

Ŋ		 Kranstauber	 et	aѴĺķ	 ƑƏƐƐőĸ	 it	 wouѴd	 appear	 that	 the	 most	 viabѴe	
route	toward	robust	popuѴationŊ	ѴeveѴ	inferences	is	approaches	that	
make	the	most	of	the	tagging	data	we	aѴready	haveĺ

Among	 the	 many	 methodoѴogicaѴ	 deveѴopments	 that	 utiѴize	
movement	 data	 to	 answer	 ecoѴogicaѴ	 questionsķ	 hidden	 Markov	
modeѴs	 ŐHMMső	 and	hidden	 semiŊMarkov	modeѴs	 have	 taken	 cenŊ
ter	 stage	 Őeĺgĺ	 DeRuiter	 et	 aѴĺķ	 ƑƏƐѵĸ	McKeѴѴarķ	 Langrockķ	WaѴtersķ	
ş	KesѴerķ	ƑƏƐƔĸ	MicheѴotķ	Langrockķ	ş	Pattersonķ	ƑƏƐѵĸ	Towner	et	
aѴĺķ	ƑƏƐѵőĺ	Favored	because	they	match	our	initiative	understanding	
that	movement	 is	 governed	 by	 switches	 in	 an	 animaѴĽs	motivation	
ŐPatterson	et	aѴĺķ	ƑƏƐƕőķ	HMMs	provide	a	computationaѴѴy	efficient	
means	of	objectiveѴy	cѴassifying	movement	into	discrete	statesķ	with	
different	statisticaѴ	propertiesķ	 indicating	differences	 in	underѴying	
behavior	ŐLangrock	et	aѴĺķ	ƑƏƐƑőĺ

HMMs	have	been	fitted	 to	muѴtipѴe	 individuaѴ	pathways	simuѴŊ
taneousѴy	 in	 both	 the	 frequentist	 ŐLangrock	 et	aѴĺķ	 ƑƏƐƑĸ	McKeѴѴar	
et	aѴĺķ	 ƑƏƐƔő	 and	 Bayesian	 statisticaѴ	 paradigms	 ŐJonsenķ	 ƑƏƐѵĸ	
McCѴintock	 et	aѴĺķ	 ƑƏƐƒőĺ	Howeverķ	 these	 approaches	 are	 typicaѴѴy	
impѴemented	by	speciaѴist	statisticians	and	require	 the	coupѴing	of	
HMM	and	hierarchicaѴ	structuresķ	producing	a	hierarchicaѴ	Hidden	
Markov	modeѴ	ŐHHMMőĺ	The	aѴternative	is	the	use	of	HMMs	or	other	
stateŊ	space	approaches	that	fit	on	an	individuaѴ	by	individuaѴ	basis	
ŐJonsenķ	Myersķ	ş	 Jamesķ	 ƑƏƏƕĸ	MicheѴot	 et	aѴĺķ	 ƑƏƐƕőĺ	 This	 Ѵatterķ	
more	frequentѴy	used	approach	has	its	advantagesķ	the	most	notabѴe	
being	an	ease	of	use	for	statisticians	and	bioѴogists	aѴikeĺ	Fitting	per	
individuaѴ	aѴso	has	its	disadvantagesĺ	The	first	is	that	it	requires	indiŊ
viduaѴ	movement	paths	that	are	suitabѴy	dataŊ	rich	to	achieve	modeѴ	
convergenceķ	imposing	even	stricter	restrictions	on	sampѴe	sizeĺ	The	
second	is	a	distinct	Ѵack	of	any	formaѴ	process	by	which	state	one	in	
animaѴ	A	is	ensured	consistency	with	state	one	in	animaѴ	Bĺ	This	Ѵack	
of	consistency	means	that	estimated	parameters	can	readiѴy	inform	
individuaѴŊ	ѴeveѴ	movement	studies	but	wiѴѴ	resuѴt	in	tricky	interspeŊ
cific	and	intraspecific	comparisonsķ	Ѵimiting	a	researcherĽs	abiѴity	to	
ask	post hoc	popuѴationŊ	ѴeveѴ	questions	of	their	dataĺ

Our	objective	is	to	introduce	an	aѴternative	framework	that	uses	
HMMs	to	overcome	the	described	 Ѵimitations	of	 individuaѴѴy	fitted	
HMMs	whiѴe	maintaining	their	heraѴded	ease	of	use	advantagesĺ	Our	
approach	combines	an	NŊ	state	HMM	and	severaѴ	hierarchicaѴ	strucŊ
tures	but	bypasses	 the	need	 to	 integrate	over	 the	 random	effects	
Őas	in	HHMMsĸ	Langrock	et	aѴĺķ	ƑƏƐƑő	by	using	information	we	gain	
from	our	dataŊ	rich	pathways	as	a priori	approximations	of	each	states	
movement	parametersĺ	Doing	so	not	onѴy	aѴѴows	us	to	achieve	coŊ
herent	individuaѴŊ		and	popuѴationŊ	ѴeveѴ	state	cѴassificationķ	but	aѴso	
ensures	that	we	maximize	our	sampѴe	size	by	gaining	meaningfuѴ	inŊ
ference	from	our	dataŊ	poor	and	dataŊ	rich	movement	pathsĺ

To	iѴѴustrate	our	approachķ	we	appѴy	it	to	a	reaѴ	ecoѴogicaѴ	probŊ
ѴemŌquantifying	seasonaѴ	space	use	patterns	in	AtѴantic	cod	ŐGadus 

K E Y W O R D S

AtѴantic	codķ	data	storage	tagsķ	European	pѴaiceķ	hidden	Markov	modeѴingķ	movement	
behaviorķ	popuѴationŊѴeveѴ	patternsķ	priors
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morhuaő	and	European	pѴaice	ŐPleuronectes platessaő	in	the	North	Sea	
and	 EngѴish	ChanneѴĺ	 Both	AtѴantic	 cod	 and	 European	 pѴaice	 have	
significant	commerciaѴ	and	conservation	vaѴue	and	as	a	resuѴt	have	
been	 the	 subject	 of	 severaѴ	 ѴongŊ	term	 tagging	 programs	 ŐHobsonķ	
Rightonķ	MetcaѴfeķ	ş	Haysķ	 ƑƏƏƕķ	ƑƏƏƖĸ	Hunterķ	MetcaѴfeķ	ArnoѴdķ	
ş	ReynoѴdsķ	ƑƏƏƓĸ	Hunterķ	MetcaѴfeķ	OĽBrienķ	ArnoѴdķ	ş	ReynoѴdsķ	
ƑƏƏƓĸ	 Rightonķ	MetcaѴfeķ	ş	ConnoѴѴyķ	 ƑƏƏƐőĺ	Drawing	 on	 thisķ	 the	
rest	 of	 this	 paper	 considers	 a	 case	 study	 of	 ƐƏƕ	 individuaѴ	 bivariŊ
ate	movement	pathsķ	many	of	which	Őn	Ʒ	ƕƒő	have	Ѵimited	observaŊ
tions	andņor	Ѵack	cѴear	bioѴogicaѴ	signaѴsĺ	Our	findings	demonstrate	
cѴear	 spatiotemporaѴ	 patterns	 in	 the	movement	behavior	of	 either	
species	 that	 are	 consistent	 with	 individuaѴŊ	ѴeveѴ	 studies	 ŐHobson	
et	aѴĺķ	 ƑƏƏƕķ	 ƑƏƏƖĸ	 Hunterķ	MetcaѴfeķ	 ArnoѴdķ	 et	aѴĺķ	 ƑƏƏƓĸ	 Hunterķ	
MetcaѴfeķ	OĽBrienķ	et	aѴĺķ	ƑƏƏƓĸ	Neat	et	aѴĺķ	ƑƏƐƓőĺ	Furthermoreķ	by	
anaѴyzing	a	reѴativeѴy	Ѵarge	datasetķ	we	provide	a	unique	insight	into	
how	differing	substocks	of	cod	and	pѴaice	shift	their	behavior	on	a	
seasonaѴ	basisķ	with	cѴear	 consequences	 for	 fisheries	management	
and	conservationĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊCase study data

Movement	paths	were	taken	directѴy	from	the	depѴoyment	of	data	
storage	tags	ŐDSTső	on	freeŊ	roaming	fish	in	the	North	Sea	or	EngѴish	
ChanneѴĺ	The	dataset	 incѴudes	ƐƏƕ	individuaѴs	from	two	species	of	
European	demersaѴ	 fishĹ	AtѴantic	 cod	 Őn	Ʒ	Ɠѵő	 and	European	pѴaice	
Őn	Ʒ	ѵƐőĺ	AѴѴ	fish	were	tagged	and	reѴeased	between	December	ƐƖƖѵ	

and	June	ƑƏƐƐĺ	Fish	were	broadѴy	separated	into	substocks	based	on	
reѴease	Ѵocation	Ősee	Figure	Ɛő	and	dispѴayed	considerabѴe		variation	
in	movement	path	duration	ŐSupporting	informationĹ	TabѴe	SƐőĺ

Each	DST	was	 programmed	 to	 record	 depth	 Őmő	 at	 ƐƏŊ	min	 inŊ
tervaѴs	 for	 the	duration	of	depѴoymentĺ	The	 first	Ƒ	weeks	 and	 the	
Ѵast	day	of	every	time	series	were	excѴuded	to	remove	any	erroneŊ
ous	or	 irreguѴar	measurements	associated	with	 reѴease	and	 recapŊ
ture	events	as	per	Hobson	et	aѴĺ	ŐƑƏƏƕőĺ	For	detaiѴs	of	tag	typeķ	fish	
catchmentķ	tag	impѴantation	and	measurement	accuracy	see	Righton	
et	aѴĺ	ŐƑƏƐƏĸ	Gadus morhuaő	or	Hunterķ	MetcaѴfeķ	ArnoѴdķ	et	aѴĺ	ŐƑƏƏƓĸ	
Pleuronectes platessaőĺ

Each	movement	path	is	a	bivariate	time	series	of	horizontaѴ	and	
verticaѴ	movement	per	dayĺ	Net	verticaѴ	movement	Őmņdayő	of	each	
fish	was	 taken	 directѴy	 from	 the	 raw	DST	 data	 by	 caѴcuѴating	 the	
absoѴute	difference	between	corresponding	ƐƏŊ	min	depth	measureŊ
ments	 and	 summing	 the	vaѴues	 for	 each	day	 at	 Ѵibertyĺ	HorizontaѴ	
movement	Őmņdayőķ	in	comparisonķ	was	inferred	indirectѴy	from	the	
depth	data	in	a	twoŊ	step	approachĺ	Firstķ	daiѴy	geoѴocation	estimates	
were	 produced	 via	 a	 FokkerŋPѴanckŊ	based	method	 that	 combines	
MetcaѴfe	and	ArnoѴdĽs	ŐƐƖƖƕő	tidaѴ	 Ѵocation	method	and	a	Bayesian	
stateŊ	space	modeѴ	 Ősee	Pedersenķ	Rightonķ	Thygesenķ	Andersenķ	ş	
Madsenķ	ƑƏƏѶ	for	modeѴ	detaiѴsőĺ	The	straightѴine	distance	between	
daiѴy	geographic	estimates	ŐcommonѴy	referred	to	as	ľstepŊ	ѴengthĿő	
was	 then	caѴcuѴated	using	 the	Great	CircѴe	equationĺ	Both	verticaѴ	
Ővő	and	horizontaѴ	Őhő	movement	metrics	were	Ѵog	ŐnaturaѴ	Ѵogő	transŊ
formed	prior	to	modeѴ	 impѴementationĺ	OnѴy	time	series	that	were	
Ѵonger	than	ƓƏƳ	days	and	had	compѴete	depth	recordings	were	used	
in	this	studyĺ	For	descriptions	of	horizontaѴ	and	verticaѴ	movement	in	

F IGURE  ƐՊReѴease	Ѵocations	of	aѴѴ	
tagged	fishĺ	AtѴantic	codķ	Gadus morhua 

Őn	Ʒ	Ɠѵő	are	shown	in	redķ	fish	are	either	
separated	into	the	EngѴish	ChanneѴ	
substock	ŐtriangѴesķ	n	Ʒ	Ƒƒő	or	the	
southern	North	Sea	substock	ŐcircѴesķ	
n	Ʒ	Ƒƒőĺ	European	pѴaiceķ	Pleuronectes 

platessa	Őn	Ʒ	ѵƐő	are	shown	in	purpѴeķ	fish	
are	grouped	into	three	substocksĹ	CentraѴ	
North	Sea	ŐcircѴesķ	n	Ʒ	Ƒƕőķ	German	Bight	
ŐtriangѴesķ	n	Ʒ	ƐƏőķ	and	Southern	North	Sea	
Őcrossesķ	n	Ʒ	ƑƓő
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AtѴantic	cod	and	European	pѴaice	see	Hunterķ	MetcaѴfeķ	ArnoѴd	et	aѴĺ	
ŐƑƏƏƓőķ	 Hunterķ	 MetcaѴfeķ	 OĽBrien	 et	aѴĺ	 ŐƑƏƏƓő	 and	 Hobson	 et	aѴĺ	
ŐƑƏƏƕķ	ƑƏƏƖőĺ

ƑĺƑՊ|ՊThe modeѴ

Previous	individuaѴŊ	ѴeveѴ	studies	demonstrate	that	AtѴantic	cod	and	
European	pѴaice	dispѴay	periods	of	high	activity	whiѴe	 in	the	water	
coѴumn	punctuated	by	periods	of	reѴativeѴy	Ѵow	activity	whiѴe	on	the	
seabed	 ŐMetcaѴfeķ	 Hunterķ	 ş	 BuckѴeyķ	 ƑƏƏѵĸ	 Righton	 et	aѴĺķ	 ƑƏƐƏőĺ	
Thusķ	we	consider	a	discrete	ƑŊ	state	HMMĺ	We	 ѴabeѴ	 state	one	as	
ľresidentĿ	 ŐRőķ	 representing	 periods	 of	 time	 with	 Ѵow	 movement	
ratesĺ	We	 ѴabeѴ	 state	 two	 as	 ľmigratingĿ	 ŐMőķ	 representing	 a	much	
more	 active	 phase	 where	 movement	 rates	 in	 the	 horizontaѴ	 and	
verticaѴ	dimension	are	greatѴy	increasedĺ	As	in	aѴѴ	attempts	to	infer	
behavior	 from	movement	observationsķ	 state	 ѴabeѴs	must	be	 interŊ
preted	with	care	as	 they	provide	simpѴified	proxies	of	unobserved	
behavioraѴ	modesķ	not	direct	equivaѴents	ŐPatterson	et	aѴĺķ	ƑƏƐƕőĺ

For	a	movement	path	of	 Ѵength	Tķ	 it	 is	assumed	that	an	underŊ
Ѵyingķ	nonobserved	state	sequence	S1ķ	Ļķ	STķ	taking	vaѴues	in	ŔRķ	M} 

describes	the	persistence	within	and	stochastic	switching	between	
statesĺ	 The	 timeŊ	varying	 evoѴution	 of	 this	 state	 process	 takes	 the	
form	of	a	ŐfirstŊ	orderő	Markov	chainķ	with	transition	probabiѴity	maŊ
trix	Γ

and

for	any	 jķ	k	 in	 ŔRķ	Mŕĺ	Given	a	state	 j	at	 time	t	 the	observation	xt	 is	
assumed	to	be	drawn	from	a	muѴtivariate	normaѴ	distribution	ŐMVNőĹ

with

and

and	H	and	V	represent	movements	made	in	the	horizontaѴ	and	verŊ
ticaѴ	 dimensionķ	 respectiveѴyĺ	 Thusķ	 the	 compѴeteŊ	data	 ѴikeѴihood	
given	a	state	sequence	S1ķ	Ļķ	ST	is

where	the	row	vector	ω	is	the	Markov	chain	initiaѴ	state	probabiѴity	
Őwhich	we	assume	to	be	uniform	at	t = Ɛő	and	ϕj	refers	to	the	muѴtiŊ
variate	normaѴ	density	 stated	 in	 equation	ƒĺ	We	aѴѴow	distinct	paŊ
rameters	for	each	fishķ	 indexed	by	 i = Ɛķ	Ļķ	ƐƏƕķ	and	write	these	as	
Γiķ	μi

j
	and	Σi

j
.

In	practiceķ	standard	HMM	aѴgorithms	aѴѴow	us	to	caѴcuѴate	the	
actuaѴ	 ѴikeѴihoodķ	when	the	states	are	unobservedķ	very	efficientѴy	
by	 integrating	over	aѴѴ	possibѴe	 state	 sequences	using	 the	 forward	

aѴgorithm	 ŐZucchiniķ	 MacDonaѴdķ	 ş	 Langrockķ	 ƑƏƐѵőĺ	 Framing	 the	
modeѴ	 in	 this	 way	 enabѴes	 us	 to	 conduct	 parameter	 estimation	
using	a	Bayesian	approachķ	by	numericaѴѴy	maximizing	the	posterior	
densityĺ	The	cѴassification	probabiѴity	of	each	state	at	t	 is	then	deŊ
termined	using	 the	backward	smoothing	aѴgorithm	 ŐZucchini	et	aѴĺķ	
ƑƏƐѵőĺ	More	detaiѴs	 for	how	the	efficient	HMM	machinery	can	be	
used	 to	 conduct	 statisticaѴ	 inference	 are	 given	 in	 Zucchini	 et	 aѴĺ		
ŐƑƏƐѵőķ	 for	 the	 particuѴar	 case	 of	 animaѴ	 movement	 modeѴing	 see	
Patterson	et	aѴĺ	ŐƑƏƐƕőĺ	For	our	case	studyķ	we	used	the	R	optimizaŊ
tion	routine	optim	to	numericaѴѴy	maximize	the	Ѵog	posterior	densityĺ	
State	aѴѴocation	 is	carried	out	by	seѴecting	 the	most	 ѴikeѴy	 state	at	
each	time	point	separateѴyĺ

Periods	of	reѴative	 inactivity	 ŐѴow	h	and	v	movement	rateső	can	
persist	 for	 ƒŊ	Ɣ	months	 in	 either	 species	 ŐMetcaѴfe	 et	aѴĺķ	 ƑƏƏѵĸ	
Righton	et	aѴĺķ	ƑƏƐƏőĺ	To	accommodate	this	persistence	within	stateķ	
we	have	imposed	a	prior	penaѴty	term	on	the	transition	probabiѴitiesķ	
such	that

and

where	α	Ʒ	ƖƖ	and	β	Ʒ	Ɛĺ	This	priorķ	termed	hereafter	as	the	transition	
probabiѴity	priorķ	 is	designed	 to	ensure	 that	 states	R	 and	M correŊ
spond	to	strong	seasonaѴ	shifts	in	movement	behavior	and	not	dayŊ	
toŊ	day	fѴuctuationsĺ

ƑĺƒՊ|ՊCѴassifying fish movements

We	appѴy	the	modeѴ	described	 in	section	ƑĺƑĺ	to	aѴѴ	ƐƏƕ	individŊ
uaѴ	movement	pathsķ	such	that	each	fish	gets	its	own	parameter	
setĺ	 Each	 parameter	 set	 consists	 of	 ƐƑ	 estimated	 parametersķ	
two	 transition	probabiѴities	and	Ƒ	sets	of	Ɣ	parameters	describŊ
ing	 the	mean	 Őμjő	 and	covariance	 ŐΣjő	of	each	stateĺ	A	 totaѴ	numŊ
ber	of	ƑƓķѵƑƓ	days	ŐAtѴantic	cod	Ʒ	ƖƑƖƏ	daysĸ	European	pѴaice	Ʒ	
ƐƔķƒƒƓ	dayső	were	 consideredĺ	 As	 expectedķ	 the	 resuѴting	 state	
sequences	 are	 predominateѴy	 made	 up	 of	 two	 cѴearѴy	 defined	
behavioraѴ	 modes	 ŋ	 one	 more	 active	 and	 one	 Ѵess	 active	 Ősee	
Supporting	 informationĹ	Figures	SƐ	and	SƑ	 for	exampѴe	outputőĺ	
Howeverķ	 the	 parameters	 describing	 the	 numericaѴ	 structure	 of	
these	 modes	 showed	 great	 variation	 among	 fishķ	 with	 no	 cѴear	
consistencyĺ	 Moreoverķ	 a	 handfuѴ	 of	 movement	 paths	 faiѴed	 to	
achieve	modeѴ	 convergenceķ	 as	 an	 upper	 threshoѴd	 of	 observaŊ
tions	 is	 needed	 for	 robust	 parameter	 estimation	 ŐPattersonķ	
Bassonķ	Bravingtonķ	ş	Gunnķ	ƑƏƏƖőĺ

To	avoid	the	wastefuѴ	removaѴ	of	vaѴuabѴe	data	or	a	tedious	post 

hoc	description	of	the	individuaѴ	variation	that	exists	in	the	HMMs	
outputķ	we	adopted	an	aѴternative	approachĺ	Based	on	the	seѴection	
criteria	 outѴined	 in	 Supporting	 informationĹ	 Figure	 Sƒķ	 we	 seѴect	
modeѴ	 output	 from	 ƒƓ	 fish	 ŐAtѴantic	 codķ	 n	Ʒ	ƐƐĸ	 European	 pѴaiceķ	
n	Ʒ	Ƒƒő	spread	evenѴy	across	the	five	substocks	ŐSupporting	informaŊ
tionĹ	TabѴe	SƑőĺ	We	then	caѴcuѴate	summary	statistics	Őmeans	m	and	
variances	δő	that	describe	the	numericaѴ	structure	of	the	two	states	
ŐSupporting	 informationĹ	 Figure	 SƓőĺ	 These	 summary	 statistics	 are	

ŐƐőΓ=

(

γR→R

γM→R

γR→M

γM→M

)

ŐƑőγj→k=Pr (St+1=k|St= j)

Őƒőxt∼MVN
(

μj,Σj

)

ŐƓőμj=

(

μjH

μjV

)

ŐƔő
Σj=

(

σ2
jH

ρjσjHσjV
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σ2
jV

)
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ϕS1
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)

γS1→S2
ϕS2
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x2
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…γST−1→ST
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)

Őƕőγ11∼β (α,β)

ŐѶőγ22∼β (�,β)
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used	to	construct	Gaussian	distributions	ŐFigure	Ƒőķ	N (m,�)	where	m 

and	δ	are	dimension	Őh or vő	dķ	state	j	and	species	specific	given	the	
seѴected	 sampѴeĺ	 These	 informative	 distributions	 ŐƓ	 per	 speciesőķ	
termed	 hereafter	 as	 priors	 on	 the	modeѴĽs	movement	 parametersķ	
are	then	introduced	directѴy	into	the	HMMs	ѴikeѴihood	functionķ	such	
that	Equation	ѵ	is	muѴtipѴied	by

where	ϕŐ	ŏ	Ň	mķ	δő	is	the	Gaussian	density	with	mean	m	and	variŊ
ance	δĺ	Thusķ	our	 informative	priors	act	 to	constrain	the	mean	paŊ
rameters	of	each	state	during	the	cѴassification	processĺ

This	 adapted	 approach	 is	 appѴied	 to	 the	 cѴassification	 of	 the	 reŊ
maining	ƕƒ	individuaѴ	pathways	ŐAtѴantic	codķ	n	Ʒ	ƒƔĸ	European	pѴaiceķ	
n	Ʒ	ƒѶőķ	outputting	state	sequences	that	comprise	comparabѴe	states	
across	aѴѴ	fishĺ	This	enabѴes	post hoc	comparisons	to	be	made	at	the	inŊ
dividuaѴ	and	popuѴation	ѴeveѴ	with	reѴative	easeĺ	For	an	exampѴe	of	how	
prior	incѴusion	infѴuences	the	cѴassification	process	see	Supporting	inŊ
formationĹ	Figure	SƔĺ	Furthermoreķ	demonstrations	of	how	comparabѴe	

states	are	across	muѴtipѴe	fish	ŐSupporting	informationĹ	Figure	Sѵő	and	
differences	 between	modeѴ	 fit	 for	 one	 of	 the	 dataŊ	poor	 movement	
paths	are	provided	ŐSupporting	informationĹ	Figure	Sƕőĺ

AѴѴ	HMMs	were	 coded	 and	 impѴemented	 in	R	 ŐR	DeveѴopment	
Core	Teamķ	ƑƏƐѵĸ	 see	Supporting	 Information	document	Ƒ	 for	exŊ
ampѴe	codeőĺ	AѴѴ	pѴots	were	generated	using	the	ggplot2	ŐWickhamķ	
ƑƏƏƖő	 and	 ggmap	 ŐKahѴe	 ş	 Wickhamķ	 ƑƏƐƒő	 packages	 in	 R	 ŐR	
DeveѴopment	 Core	 Teamķ	 ƑƏƐѵőĺ	 Bathymetric	 data	 was	 sampѴed	
from	the	GeneraѴ	Bathymetric	Chart	of	the	Oceans	onѴine	repository	
ŐGEBCO	ƑƏƐƕķ	wwwĺgebcoĺnetőķ	which	is	a	gѴobaѴ	topographic	dataŊ
set	with	a	oneŊminute	ŐƐĽő	spatiaѴ	resoѴutionĺ

ƑĺƓՊ|ՊPrior sensitivity anaѴysis

When	imposing	prior	distributions	 in	statisticaѴ	modeѴs	 it	 is	aѴways	
important	to	test	what	 infѴuence	those	priors	have	on	the	modeѴsĽ	
predictionsķ	 in	 our	 case	 the	 modeѴĽs	 estimated	 state	 sequencesĺ	
To	 test	 the	 sensitivity	 of	 our	 modeѴ	 to	 changes	 in	 the	 transition	

ŐƖő
∏

j

∏

d

ϕ(μjd|mjd ,δjd)

F IGURE  ƑՊEstimated	stateŊ	dependent	distributions	Őbarső	for	verticaѴ	ŐѴeftő	and	horizontaѴ	Őrightő	movements	of	aѴѴ	ƒƓŊ	seѴected	fishĺ	
BѴack	Ѵines	iѴѴustrate	the	movement	parameter	prior	distributions	N (m,�)	that	were	constructed	based	on	coѴѴective	modeѴ	outputĺ	Prior	
distributions	are	state	Őresidentķ	soѴid	Ѵineĸ	migratoryķ	dashed	ѴineőŊ	ķ	species	ŐAtѴantic	codķ	topĸ	European	pѴaiceķ	bottomőŊ	ķ	and	dimension	
ŐhorizontaѴ	or	verticaѴőŊ	specific

http://www.gebco.net
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probabiѴity	prior	we	varied	the	α	and	β	vaѴues	that	characterize	the	
priorsĽ	 beta	 distribution	 and	 reran	 the	HMM	 for	 aѴѴ	 ƒƓ	 ľseѴectedĿ	
fishĺ	 In	test	Ɛ	 Őα	Ʒ	ƓƖĺƔķ	β	Ʒ	ƏĺƔő	we	stiѴѴ	expect	a	behavioraѴ	switch	
to	occur	at	an	order	of	every	ƐƏƏ	daysĺ	Howeverķ	we	approximateѴy	
doubѴe	our	priorĽs	varianceĺ	In	test	Ƒ	Őα	Ʒ	ƓƖķ	β	Ʒ	Ɛő	the	expected	rate	
of	switching	is	haѴvedĺ

To	 test	 the	modeѴĽs	 sensitivity	 to	changes	 in	 the	movement	paŊ
rameter	priorsķ	we	varied	the	variances	Őδső	that	describe	the	spread	
of	each	state	and	reran	the	adapted	HMM	for	ƐƏ	randomѴy	seѴected	
fish	from	each	speciesĺ	In	test	Aķ	we	increased	aѴѴ	δ	vaѴues	by	ƐƏѷķ	reŊ
fѴecting	a	prior	expectation	of	greater	variabiѴity	between	the	paramŊ
eters	of	individuaѴ	fishķ	and	in	test	B	we	decreased	aѴѴ	δ	vaѴues	by	ƐƏѷķ	
refѴecting	an	expectation	of	reduced	variabiѴityĺ	During	aѴѴ	reruns	of	
the	adapted	HMM	ŐTest	A	and	Test	Bő	the	state	transition	prior	is	kept	
constantķ	therefore	ensuring	that	any	change	in	state	is	a	direct	conŊ
sequence	of	the	changes	to	the	modeѴĽs	movement	parameter	priorĺ

ƑĺƔՊ|ՊUnivariate modeѴing

To	 assess	 the	 advantages	 of	 using	 bivariate	 responsesķ	
we	 aѴso	 carried	 out	 an	 anaѴysis	 using	 a	 univariate	 obserŊ
vation	 modeѴķ	 considering	 onѴy	 movements	 made	 in	 the	
horizontaѴ	 dimensionĺ	 The	 same	 modeѴ	 for	 transition	 probŊ
abiѴities	 is	 used	 as	 described	 aboveĺ	 We	 appѴy	 this	 approach	
to	 the	 ƒƓ	 fish	 ŐAtѴantic	 codķ	 n	Ʒ	ƐƐĸ	 European	 pѴaiceķ	 n	Ʒ	Ƒƒő	
previousѴy	 characterized	 as	 dataŊ	rich	 movement	 pathsĺ 
Reported	 comparisons	 refѴect	 the	 percentage	 changeķ	 if	 anyķ	 in	
the	resuѴtant	state	sequences	for	each	individuaѴ	fishĺ

ƑĺѵՊ|ՊInferring popuѴation patterns

As	popuѴation	dynamics	emerge	as	the	sum	of	the	 individuaѴs	that	
comprise	 the	 popuѴationķ	we	 used	 individuaѴ	movement	 behaviors	
to	 expѴore	 spatiotemporaѴ	 patternsĺ	 AnnuaѴ	 temporaѴ	 patterns	 of	
movement	behavior	were	caѴcuѴated	for	each	species	 in	two	waysĺ	
Firstķ	the	daiѴy	individuaѴ	probabiѴities	of	each	fish	being	in	each	state	
were	averaged	across	aѴѴ	individuaѴs	and	over	each	week	of	the	yearĺ	
Secondķ	the	proportion	of	fish	cѴassified	to	each	state	was	caѴcuѴated	
by	averaging	the	daiѴy	number	of	fish	 in	each	state	and	smoothing	
itķ	again	to	the	weekѴy	time	stepĺ	Week	refers	to	weeks	of	the	yearķ	
starting	on	the	Ɛst	January	and	ending	on	the	ƒƐst	December	and	is	
independent	of	yearĺ

Patterns	 of	 space	 use	 whiѴe	 in	 either	 state	 were	 quantified	
using	utiѴization	distributions	ŐKie	et	aѴĺķ	ƑƏƐƏĸ	WombѴe	ş	Gendeķ	
ƑƏƐƒĸ	Wortonķ	ƐƖѶƖőĺ	For	each	 species	and	 substockķ	utiѴization	
distributions	were	caѴcuѴated	by	pooѴing	aѴѴ	daiѴy	horizontaѴ	geoѴoŊ
cations	for	specified	time	periods	and	spatiaѴѴy	binning	them	into	
Ɣ	km2	 grid	 ceѴѴs	 ŐMaxweѴѴ	 et	aѴĺķ	 ƑƏƐƐĸ	WombѴe	ş	Gendeķ	 ƑƏƐƒőĺ	
Specified	 time	 periods	 were	 stateŊ	dependent	 and	 based	 on	 a	
weekѴy	averaged	probabiѴity	of	observing	a	given	state	across	aѴѴ	
individuaѴs	exceeding	ƏĺƔĺ	Successive	weeks	cѴassified	to	the	same	
behavioraѴ	 state	were	 then	 groupedĺ	 In	 AtѴantic	 cod	 this	meant	
Ѵocations	 that	were	 cѴassified	 to	 a	 resident	 state	 between	 June	

ŋ	October	and	 Ѵocations	cѴassified	 to	a	migrating	 state	between	
November	and	May	were	usedĺ	In	European	pѴaice	Ѵocations	cѴasŊ
sified	to	a	resident	state	between	ApriѴ	and	September	and	ѴocaŊ
tions	cѴassified	to	a	migrating	state	between	October	and	March	
were	usedĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊIndividuaѴ fish movement

Mapping	the	posterior	probabiѴity	of	being	 in	a	particuѴar	state	 inŊ
dicated	that	individuaѴ	fish	from	either	species	switch	between	peŊ
riods	 of	 highѴy	 directed	movement	when	 in	 a	migratory	 state	 and	
periods	of	random	and	highѴy	ѴocaѴized	movements	when	in	the	Ѵess	
active	 resident	 state	 ŐFigure	ƒőĺ	Time	spent	 in	either	 state	and	 the	
transitions	between	 states	were	 shown	 to	 vary	 in	 space	 and	 time	
and	can	be	Ѵinked	to	certain	habitatsĺ	For	exampѴeķ	cod	ƐƐѶѵ	spent	
ƐƖƕ	days	ŐJuneŊNovemberő	consecutiveѴy	in	the	resident	state	within	
the	deeper	waters	of	the	CeѴtic	Sea	and	onѴy	shifted	into	a	migratory	
state	when	transiting	through	the	EngѴish	ChanneѴĺ	 In	comparisonķ	
pѴaice	ƐƏѶƓ	undertook	ѴongŊ	distance	directed	movements	after	 its	
reѴease	in	the	German	Bightķ	spending	ƔƓ	days	consecutiveѴy	in	the	
migrating	state	before	switching	to	the	resident	state	in	the	shaѴѴow	
waters	of	the	CentraѴ	North	Seaĺ

The	 majority	 of	 individuaѴ	 time	 series	 had	 observations	 that	
shifted	between	resident	and	migratory	states	Őn	Ʒ	ƓƐ	AtѴantic	codķ	
n	Ʒ	ѵƏ	 European	 pѴaiceőĺ	 Howeverķ	 a	 smaѴѴ	 number	 of	 individuaѴs	
Őn	Ʒ	ѵő	persisted	 in	a	singѴe	state	 for	 the	duration	of	 their	 time	seŊ
riesĹ	one	European	pѴaice	and	four	AtѴantic	cod	remained	in	a	resiŊ
dent	state	throughoutķ	whereas	the	movements	of	one	AtѴantic	cod	
were	consistentѴy	cѴassified	to	the	migratory	stateĺ	AѴѴ	ѵ	singѴe	state	
movement	paths	had	short	duration	times	Őaverage	movement	path	
duration	Ʒ	Ɣѵ	Ƽ	ƑƐ	dayső	 and	 were	 reѴeased	 throughout	 the	 year	
ŐNovemberŋMayőĺ

ƒĺƑՊ|ՊPopuѴation patterns

The	mean	probabiѴity	of	observing	a	 resident	 state	and	 the	proŊ
portion	 of	 observations	 cѴassified	 to	 a	 resident	 state	 varied	
throughout	the	year	ŐFigure	Ɠőĺ	In	both	speciesķ	migratory	behavior	
dominated	throughout	the	winter	and	into	springķ	with	the	onset	
of	summer	signifying	a	shift	in	movement	behavior	to	the	resident	
stateĺ	This	shift	in	state	occurred	earѴier	in	European	pѴaice	than	in	
AtѴantic	codķ	with	movements	of	pѴaice	having	a	higher	probabiѴity	
of	cѴassification	to	the	sѴowerķ	 Ѵess	active	resident	state	between	
Ѵate	ApriѴ	and	Septemberķ	compared	to	June	through	to	November	
in	codĺ

The	modeѴ	 predicted	 Ѵarge	 variation	 in	 average	movement	 rates	
within	each	state	ŐTabѴe	Ɛőĺ	HorizontaѴ	movement	rates	of	pѴaice	tagged	
and	reѴeased	in	the	Southern	North	Sea	and	German	Bight	were	sigŊ
nificantѴy	Ѵower	than	those	tagged	in	the	CentraѴ	North	Sea	Őresidentķ	
StudentĽs	 t	 testķ	 p	ƺ	ƏĺƏƏƐĸ	migratingķ	 StudentĽs	 t	 testķ	 p	ƺ	ƏĺƏƏƐőĺ	 In	
the	 resident	 stateķ	pѴaice	 from	 the	Southern	North	Sea	and	German	
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Bight	moved	on	average	ѵĺƔ	kmņday	horizontaѴѴy	and	between	ƑƏĺƏ	and	
ƑѵĺƐ	mņday	 verticaѴѴy	 compared	 to	 ƐƒĺƖ	kmņday	 horizontaѴѴy	 and	 beŊ
tween	ƐƔĺѵ	and	ƐƑƔĺѶ	mņday	verticaѴѴy	in	the	migratory	stateĺ	In	comŊ
parisonķ	pѴaice	tagged	in	the	CentraѴ	North	Sea	exhibited	much	higher	
horizontaѴ	movement	ratesķ	moving	on	average	ƐƑĺƖ	and	ƐƖĺƔ kmņday	in	
the	resident	and	migratory	statesķ	respectiveѴyĺ

Predicted	spatiaѴ	utiѴization	distributions	showed	that	migration	ocŊ
curred	throughout	the	spatiaѴ	domainķ	with	no	cѴear	concentration	of	
migratory	activity	in	either	species	ŐFigure	Ɣĸ	Supporting	informationĹ	
Figure	SѶőĺ	In	comparisonķ	periods	of	time	spent	in	a	resident	state	proŊ
duced	cѴear	geographic	patches	of	space	use	whiѴe	in	certain	habitatsĺ	
These	habitats	varied	with	species	ŐFigure	Ɣő	and	substock	ŐSupporting	
informationĹ	Figure	SѶőķ	however	Southern	North	Sea	cod	and	pѴaice	
both	aggregated	in	the	coastaѴ	waters	off	the	EngѴish	mainѴandĺ	Cod	in	
the	EngѴish	ChanneѴ	shift	to	a	resident	state	when	in	the	western	mouth	
of	the	ChanneѴĺ	In	the	German	Bightķ	ƖƏѷ	of	pѴaice	spent	most	of	their	
time	at	Ѵiberty	within	the	areaķ	dispѴaying	ѴittѴe	or	no	dispersaѴĺ	Of	those	
pѴaice	tagged	in	the	CentraѴ	North	Seaķ	ƓѶѷ	were	estimated	to	be	in	
the	resident	state	within	the	Northern	North	Sea	whiѴe	a	further	ƐƐ	
fish	undertook	southern	migrations	before	shifting	to	a	resident	mode	
in	the	shaѴѴow	waters	of	the	CentraѴ	North	Seaĺ

ƒĺƒՊ|ՊPrior sensitivity anaѴysis

MinimaѴ	 change	 in	 the	 cѴassification	 of	 states	 was	 found	 durŊ
ing	 prior	 sensitivity	 anaѴysis	 ŐSupporting	 informationĹ	 TabѴe	 Sƒőĺ	 
ReŊrunning	 the	HMM	with	 changes	 to	 the	 transition	 probabiѴity	
prior	 reveaѴed	 an	 average	 percentage	 change	 in	 state	 across	 aѴѴ	
individuaѴs	of	ƐĺƔѷ	in	cod	and	ƐĺѶѷ	in	pѴaiceĺ	In	comparisonķ	rerunŊ
ning	the	adapted	HMM	with	changes	to	the	movement	parameters	

priors	resuѴted	in	a	percentage	change	in	state	that	was	on	average	
ƺƐѷ	in	cod	and	Ƒĺƒѷ	in	pѴaiceĺ	Such	findings	demonstrate	that	the	
precise	detaiѴs	of	these	priors	are	not	cruciaѴķ	with	state	cѴassificaŊ
tions	and	bioѴogicaѴѴy	important	resuѴts	being	robust	to	fairѴy	Ѵarge	
changes	in	prior	parametersĺ

ƒĺƓՊ|ՊDistribution of state dweѴѴ times

In	an	HMMķ	the	Ѵength	of	time	that	an	individuaѴ	spends	in	one	state	
before	switching	to	the	other	necessariѴy	foѴѴows	a	geometric	distriŊ
butionĺ	PooѴing	across	 individuaѴsķ	we	 find	 that	 these	distributions	
are	 indeed	geometric	 Ősee	Supporting	 informationĹ	Figures	SƖ	and	
SƐƏőķ	and	so	the	dynamics	of	the	fitted	changes	in	state	are	consistŊ
ent	with	the	Markov	nature	of	the	modeѴĺ	Further	modeѴ	assessment	
is	provided	by	residuaѴ	pѴots	 in	Supporting	informationĹ	Figure	SƐƐ	
and	SƐƑĺ

ƒĺƔՊ|ՊComparison to univariate modeѴing

State	aѴѴocation	was	found	to	be	different	across	the	two	tested	obŊ
servation	modeѴsĺ	The	bivariate	modeѴ	resuѴted	 in	state	sequences	
that	differed	from	the	univariate	modeѴ	in	ѶĺƏѷ	and	Ƒƒĺƒѷ	of	cases	
in	AtѴantic	 cod	 and	European	 pѴaiceķ	 respectiveѴyĺ	 This	 resuѴt	 conŊ
firms	the	need	for	the	bivariate	anaѴysisĺ

ƓՊ |ՊDISCUSSION

One	of	the	main	objectives	of	animaѴ	movement	studies	is	the	scaѴŊ
ing	 of	 inference	 about	 movement	 behaviors	 from	 individuaѴs	 to	

F IGURE  ƒՊStateŊ	dependent	movement	behavior	of	two	individuaѴ	fishĺ	Shown	in	a	coѴor	scaѴe	from	red	to	yeѴѴow	is	the	movement	
behavior	of	one	AtѴantic	cod	tagged	on	the	March	ƑƔķ	ƑƏƏƔ	Őduration	Ʒ	ƒƏƏ	daysőĺ	Red	points	represent	a	migrating	stateķ	yeѴѴow	a	resident	
stateķ	and	those	points	shown	in	orange	iѴѴustrate	times	when	the	modeѴ	was	uncertain	of	state	cѴassification	Őiĺeĺķ	the	daiѴy	probabiѴity	
of	state	cѴassification	was	ƺƏĺѶƔőĺ	Shown	in	a	scaѴe	from	purpѴe	to	cyan	is	the	movement	behavior	of	one	European	pѴaice	tagged	on	the	
November	ƐƓķ	ƐƖƖƕ	Őduration	Ʒ	ƑƔƒ	daysőĺ	PurpѴe	points	represent	a	migrating	stateķ	cyan	a	resident	stateķ	and	those	points	shown	in	royaѴ	
bѴue	iѴѴustrate	times	when	the	modeѴ	was	uncertain	of	state	cѴassificationĺ	The	start	point	and	end	point	of	each	individuaѴĽs	movement	path	
are	shown	as	a	green	triangѴe	and	a	red	diamondķ	respectiveѴy
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Substock

Resident state Migrating state

HorizontaѴ 
movement Őkmő

Vertical 

movement Őmő
HorizontaѴ 
movement Őkmő

Vertical 

movement Őmő

AtѴantic	cod	ŐGadus morhua)

Southern	
North	Sea

ƖĺƑ 31.5 ƐƒĺƖ 158.3

EngѴish	
ChanneѴ

Ɩĺѵ 53.5 13.4 125.4

European	pѴaice	ŐPleuronectes platessaő

Southern	
North	Sea

6.4 20.0 ƐƑĺƖ 115.6

German	Bight 6.6 26.1 ƐƓĺƖ 125.8

CentraѴ	North	
Sea

ƐƑĺƖ 26.2 ƐƖĺƔ 121.0

Noteĺ	AѴѴ	vaѴues	are	taken	from	coѴѴated	modeѴ	output	and	are	averaged	across	aѴѴ	individuaѴsĺ

F IGURE  ƓՊAnnuaѴ	temporaѴ	
distributions	of	the	resident	state	in	
AtѴantic	cod	Őredő	and	European	pѴaice	
ŐbѴueőĺ	The	pѴotted	Ѵine	in	either	graph	
iѴѴustrates	the	mean	probabiѴity	of	
observing	a	resident	state	ŐƼƐ	SEŌgray	
shadingőĺ	The	underѴying	barpѴots	
demonstrate	the	proportion	of	individuaѴ	
fish	that	are	in	a	resident	state	during	
each	weekĺ	Periods	of	time	when	the	
mean	probabiѴity	of	observing	a	resident	
state	is	continuaѴѴy	ƻƏĺƔ	are	iѴѴustrated	in	
either	species

TABLE  ƐՊStateŊ	dependent	movement	
rates	ŐhorizontaѴĹ	kmņdayķ	verticaѴĹ	mņdayő	
by	substock	in	AtѴantic	cod	and	European	
pѴaice
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popuѴations	ŐBѴock	et	aѴĺķ	ƑƏƐƐĸ	Hays	et	aѴĺķ	ƑƏƐѵĸ	HindeѴѴ	et	aѴĺķ	ƑƏƐѵĸ	
Raymond	et	aѴĺķ	ƑƏƐƔĸ	WakefieѴd	et	aѴĺķ	ƑƏƐƐőĺ	HMMs	ŐMcKeѴѴar	et	aѴĺķ	
ƑƏƐƔĸ	MicheѴot	et	aѴĺķ	ƑƏƐѵĸ	Patterson	et	aѴĺķ	ƑƏƏƖő	or	their	Bayesian	
equivaѴents	ŐJonsen	et	aѴĺķ	ƑƏƐƒĸ	McCѴintock	et	aѴĺķ	ƑƏƐƒő	provide	a	
powerfuѴ	way	of	achieving	this	objective	but	onѴy	when	movement	

behaviors	 are	 identified	 consistentѴy	 across	 muѴtipѴe	 individuaѴsĺ	
Here	we	have	achieved	this	consistency	by	ľborrowingĿ	information	
from	a	finite	sampѴe	of	individuaѴs	and	using	it	to	provide	our	modeѴ	
with	dataŊ	driven	approximations	of	each	stateĺ	Using	this	noveѴ	exŊ
tension	to	HMM	methodoѴogyķ	we	investigated	spatiaѴ	and	temporaѴ	

F IGURE  ƔՊAnnuaѴ	stateŊ	dependent	space	use	patterns	of	AtѴantic	cod	Őaķ	bő	and	European	pѴaice	Őcķ	dő	in	the	North	Sea	and	EngѴish	
ChanneѴĺ	PѴots	are	spѴit	into	periods	of	resident	dominant	Őaķ	cő	and	migrating	dominant	Őbķ	dőķ	defined	by	a	mean	probabiѴity	of	observing	a	
given	state	at	a	given	time	being	ƻƏĺƔĺ	AѴѴ	grid	ceѴѴs	ŐƔ	km2ő	are	iѴѴustrated	in	a	coѴor	gradient	so	as	to	iѴѴustrate	the	sum	totaѴ	number	of	days	
spent	in	a	certain	state	in	a	given	grid	ceѴѴ	within	a	specified	time	period
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shifts	 in	movement	behavior	 from	a	 Ѵarge	 sampѴe	 size	of	 bivariate	
movement	pathwaysĺ	We	demonstrated	where	and	when	shifts	beŊ
tween	 two	ecoѴogicaѴѴy	meaningfuѴ	 states	are	most	 ѴikeѴy	 to	occur	
and	add	further	confidence	to	observations	of	seasonaѴ	dependence	
in	 the	 movements	 of	 commerciaѴѴy	 important	 demersaѴ	 fishĺ	 Our	
bioѴogicaѴ	findings	compѴement	and	advance	current	understanding	
and	highѴight	how	our	approach	has	significant	utiѴity	in	the	fieѴds	of	
movement	ecoѴogy	and	conservationĺ

Our	 approach	 to	 behavior	 cѴassification	 has	 two	major	 advanŊ
tagesĺ	Firstķ	it	enabѴed	us	to	gain	meaningfuѴ	inference	from	ƕƒ	ŐѵѶѷ	
of	the	datasető	additionaѴ	movement	pathwaysķ	many	of	which	are	
dataŊ	poor	and	wouѴd	otherwise	be	subject	to	post hoc	removaѴĺ	This	
retention	of	 aѴѴ	 individuaѴŊ	ѴeveѴ	 information	 is	 favorabѴe	because	 it	
maximized	our	sampѴe	size	and	Ѵends	more	information	to	our	anaѴŊ
ysisĺ	 Secondķ	 our	 approach	 ensures	 that	 state	 ѴabeѴs	 are	 aѴѴocated	
consistentѴy	 across	muѴtipѴe	 individuaѴsķ	without	 resorting	 to	 Ѵarge	
increases	in	modeѴ	compѴexityĺ	As	a	direct	consequence	of	these	two	
advantagesķ	we	were	abѴe	to	ask	popuѴationŊ	ѴeveѴ	post hoc	questions	
of	our	movement	data	and	provide	answers	that	are	meaningfuѴ	for	
conservation	and	spatiaѴ	managementĺ

Studies	 that	 cѴassify	 behavior	 based	 on	 horizontaѴ	 and	 vertiŊ
caѴ	movements	are	 rare	 Őbut	 see	Breedķ	Bowenķ	ş	Leonardķ	ƑƏƐƒĸ	
BestѴeyķ	 Jonsenķ	HindeѴѴķ	Harcourtķ	ş	GaѴesķ	 ƑƏƐƔĸ	DeRuiter	 et	aѴĺķ	
ƑƏƐѵőĺ	Hereķ	we	have	assumed	that	ht	and	vt	are	conditionaѴѴy	depenŊ
dent	given	Ѵatent	statesķ	which	is	a	noveѴ	addition	to	the	movement	
ecoѴogy	Ѵiteratureĺ	Our	reasons	for	doing	so	are	Ѵinked	to	a priori	inŊ
formation	about	how	the	species	of	interest	aѴter	their	activity	ѴeveѴs	
within	an	annuaѴ	cycѴe	ŐHobson	et	aѴĺķ	ƑƏƏƖőĺ	Howeverķ	we	intuitiveѴy	
expect	other	species	occupying	threeŊ	dimensionaѴ	environments	to	
exhibit	simiѴar	degrees	of	coupѴingĺ	For	exampѴeķ	BestѴey	et	aѴĺ	ŐƑƏƐƔő	
reveaѴ	that	the	directed	horizontaѴ	movements	in	muѴtipѴe	Antarctic	
pinniped	species	are	associated	with	Ѵonger	dive	durationsķ	whereas	
an	inverted	reѴationship	is	noted	in	bѴue	whaѴes	ŐBalaenoptera muscu-

luső	with	perceived	shaѴѴow	foraging	behaviors	being	characterized	
by	 shaѴѴow	dives	 and	 short	horizontaѴ	movements	 ŐDeRuiter	 et	aѴĺķ	
ƑƏƐѵőĺ	Future	studies	may	find	simiѴar	observation	modeѴs	a	powerŊ
fuѴ	tooѴ	for	investigating	the	dependences	of	horizontaѴ	and	verticaѴ	
movement	 rates	 ŐCarterķ	 Bennettķ	 EmbѴingķ	 Hosegoodķ	 ş	 RusseѴѴķ	
ƑƏƐѵőĺ

Our	 estimates	 of	 average	movement	 rates	 are	 consistent	with	
previous	workĺ	In	codķ	horizontaѴ	movement	rates	whiѴe	in	the	migraŊ
tory	state	are	shown	to	be	approximateѴy	ƐƒĺƔ	kmņday	which	is	comŊ
parabѴe	 to	 past	 observations	 ŐHobson	 et	aѴĺķ	 ƑƏƏƖő	 and	 Ѵaboratory	
studies	ŐBainbridgeķ	ƐƖƔƕĸ	VideѴer	ş	WardѴeķ	ƐƖƖƐőĺ	In	pѴaiceķ	previŊ
ous	research	reports	that	seven	tagged	individuaѴs	swam	on	average	
ƑƔƔ	Ƽ	ѵƏĺƑ	km	during	prespawning	migrations	ŐHunterķ	MetcaѴfeķ	ş	
ReynoѴdsķ	ƑƏƏƒőĺ	Assuming	an	average	migration	time	of	ƑŋƓ	weeks	
Őas	noted	in	Hunter	et	aѴĺķ	ƑƏƏƒőķ	our	estimates	of	horizontaѴ	moveŊ
ment	rates	between	Ɛƒ	and	ƑƏ	kmņday	seem	reasonabѴeĺ	Thereforeķ	
we	are	confident	that	our	choice	of	state	ѴabeѴs	is	bioѴogicaѴѴy	meanŊ
ingfuѴ	for	the	species	in	questionĺ

Much	 work	 has	 considered	 the	 horizontaѴ	 and	 verticaѴ	 moveŊ
ments	 of	 AtѴantic	 cod	 ŐHobson	 et	aѴĺķ	 ƑƏƏƕķ	 ƑƏƏƖő	 and	 European	

pѴaice	 ŐHunterķ	 MetcaѴfeķ	 ArnoѴdķ	 et	aѴĺķ	 ƑƏƏƓĸ	 Hunterķ	 MetcaѴfeķ	
OĽBrienķ	 ArnoѴdķ	 and	 ReynoѴdsķ	 ƑƏƏƓőķ	 noting	 strong	 seasonaѴ	 deŊ
pendence	in	the	movement	patterns	of	individuaѴ	fishĺ	Here	we	add	
confidence	 to	 these	 findings	 by	 providing	 a	 mechanistic	 view	 of	
how	fish	switch	between	two	movement	modes	during	their	annuaѴ	
cycѴeĺ	In	particuѴarķ	we	show	that	cod	and	pѴaice	are	more	ѴikeѴy	to	ocŊ
cupy	a	resident	state	during	the	summer	months	ŐApriѴŋSeptember	
in	pѴaiceĸ	JuneŋNovember	in	codőĺ	These	periods	are	dominated	by	
Ѵow	horizontaѴ	and	verticaѴ	movement	ratesķ	therefore	our	findings	
support	 the	hypothesis	 that	both	species	spend	their	summer	 in	a	
sedentary	state	with	minimaѴ	activity	 ѴeveѴs	 ŐMetcaѴfe	et	aѴĺķ	ƑƏƏѵĸ	
Righton	et	aѴĺķ	ƑƏƐƏőĺ	Movement	rates	then	ramp	up	during	the	winŊ
ter	 and	 earѴy	 spring	 ŐOctoberŋMarch	 in	 pѴaiceĸ	 DecemberŋMay	 in	
codőķ	 resuѴting	 in	 a	 coѴѴective	 shift	 in	 stateĺ	As	 in	 previous	 studies	
ŐHobson	et	aѴĺķ	ƑƏƏƕĸ	Hunter	et	aѴĺķ	ƑƏƏƓbőķ	we	interpret	this	shift	to	
be	refѴective	of	prespawning	migrationsķ	the	onset	of	spawning	and	
subsequent	 postspawning	 migrationsĺ	 One	 Ѵimitation	 of	 the	 twoŊ	
state	modeѴ	considered	here	is	that	we	cannot	directѴy	infer	foraging	
or	 spawning	 behaviorĺ	 Foraging	 and	 spawning	 events	 are	 ѴikeѴy	 to	
represent	an	immediate	activity	ѴeveѴķ	with	both	behaviors	invoѴving	
notabѴe	verticaѴ	dispѴacement	to	and	from	the	water	coѴumn	ŐHobson	
et	aѴĺķ	ƑƏƏƖőĺ	The	incѴusion	of	a	third	immediate	state	wouѴd	be	a	reѴŊ
ativeѴy	straightforward	extension	to	modeѴ	structure	Ősee	Vermardķ	
Rivotķ	 Mah࣐vasķ	 MarchaѴķ	 ş	 GascueѴķ	 ƑƏƐƏĸ	 PeeѴ	 ş	 Goodķ	 ƑƏƐƐĸ	
MicheѴot	et	aѴĺķ	ƑƏƐƕ	for	exampѴes	of	HMMs	that	consider	ƻƑ	statesőĺ	
Howeverķ	it	is	unѴikeѴy	that	the	scaѴe	of	these	verticaѴ	excursions	is	
Ѵarge	enough	to	aѴѴow	cѴassification	at	the	daiѴy	time	stepĺ	Thereforeķ	
we	suggest	that	future	studies	either	depѴoy	more	sophisticated	tags	
which	are	capabѴe	of	recording	more	refined	information	about	the	
underѴying	 movement	 process	 Őeĺgĺķ	 acceѴerometersĸ	 LeosŊ	Barajasķ	
PhotopouѴouķ	et	aѴĺķ	ƑƏƐƕő	or	consider	a	nested	hierarchicaѴ	HMMs	in	
which	verticaѴ	and	horizontaѴ	movements	are	recorded	and	cѴassified	
at	differing	time	scaѴes	ŐLeosŊ	Barajasķ	GangѴoffķ	et	aѴĺķ	ƑƏƐƕőĺ

Over	 the	 Ѵast	 ƕƏ	yearsķ	 Ѵandings	 data	 for	 the	 North	 Sea	 and	
EngѴish	ChanneѴ	demonstrate	that	catch	per	unit	effort	 ŐCPUEő	for	
demersaѴ	 species	 is	 higher	 during	 the	 summer	 months	 ŐRightonķ	
TownhiѴѴķ	ş	Van	Der	Kooijķ	ƑƏƏƖőĺ	Such	 increases	 in	CPUE	are	unŊ
doubtedѴy	 Ѵinked	 to	 changes	 in	 the	 popuѴationsĽ	 underѴying	moveŊ
ment	behaviorķ	as	time	spent	on	the	seabed	resuѴts	in	an	increased	
vuѴnerabiѴity	 to	 commerciaѴ	 expѴoitation	 ŐRighton	 et	aѴĺķ	 ƑƏƏƖőĺ	 By	
assuming	that	time	spent	in	a	resident	state	is	Ѵinked	to	seaŊ	bottom	
dweѴѴingķ	we	show	that	cod	and	pѴaice	aggregate	in	certain	habitat	
typesĺ	For	exampѴeķ	cod	in	the	EngѴish	ChanneѴ	have	greatest	density	
in	the	deeper	waters	at	the	western	mouth	of	the	EngѴish	ChanneѴĺ	
In	contrastķ	cod	and	pѴaice	in	the	Southern	North	Sea	aggregate	in	
coastaѴ	waters	off	the	EngѴish	mainѴandĺ	We	aѴso	demonstrate	that	
pѴaice	in	the	German	Bight	remain	excѴusiveѴy	within	this	regionķ	sugŊ
gesting	the	presence	of	a	sedentary	resident	popuѴation	in	which	fish	
spawn	and	forage	in	the	same	ѴocaѴity	ŐpreviousѴy	noted	in	pѴaice	by	
Hunter	et	aѴĺķ	ƑƏƏƓb	and	 in	cod	by	Neat	et	aѴĺķ	ƑƏƏѵőĺ	Such	spatiaѴ	
information	is	essentiaѴ	for	defining	muѴtispecies	management	meaŊ
suresķ	 as	 strategies	 typicaѴѴy	 invoѴve	 gear	 restrictions	 ŐMoustakasķ	
SiѴvertķ	ş	DimitromanoѴakisķ	ƑƏƏѵő	aimed	at	Ѵimiting	the	expѴoitation	
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of	 certain	 speciesņѴife	 stages	 and	 spatiaѴ	 fisheries	 cѴosures	 aimed	
at	 protecting	 areas	 of	 particuѴar	 importance	 for	 species	 survivaѴķ	
for	exampѴe	 foraging	and	spawning	grounds	 ŐHunter	et	aѴĺķ	ƑƏƏƓbĸ	
Rightonķ	QuayѴeķ	Hetheringtonķ	ş	Burtķ	ƑƏƏƕőĺ

One	Ѵimitation	of	our	method	is	the	way	in	which	we	deaѴ	with	
individuaѴ	 variationĺ	 CurrentѴy	 we	 assume	 that	 by	 anaѴyzing	 the	
movements	 of	 a	 finite	 sampѴe	 of	 dataŊ	rich	 pathways	 Őn	Ʒ	ƒƓő	 we	
gain	sufficient	information	about	how	the	mean	movement	of	each	
state	is	distributed	throughout	the	popuѴationĺ	We	then	expect	the	
movements	of	aѴѴ	other	 individuaѴs	to	be	drawn	from	one	of	these	
distributions	 and	 make	 no	 attempt	 to	 expѴain	 any	 deviance	 away	
from	this	ľexpectedĿ	processĺ	One	way	to	improve	our	approach	and	
make	 it	more	generic	wouѴd	be	the	 incѴusion	of	covariate	 informaŊ
tion	ŐPhiѴѴipsķ	Pattersonķ	Leroyķ	PiѴѴingķ	ş	NicoѴķ	ƑƏƐƔőĺ	For	exampѴeķ	
four	AtѴantic	cod	were	unexpectedѴy	cѴassified	soѴeѴy	 to	a	 resident	
state	even	though	their	movements	occurred	throughout	the	winŊ
ter	ŐNovemberŋApriѴőĺ	Post hoc	investigations	reveaѴ	an	average	body	
Ѵength	of	ŜƔѵ	cm	which	Ѵies	within	the	predicted	range	of	Ѵength	at	
first	maturity	ŐƒƐŋƕƓ	cmĸ	Froese	ş	PauѴyķ	ƑƏƐƕőĺ	 It	 is	 ѴikeѴy	that	 imŊ
mature	fish	act	differentѴy	to	their	mature	conspecifics	ŐSippeѴ	et	aѴĺķ	
ƑƏƐƔő	and	that	tagging	programmes	Ѵike	the	one	considered	here	inŊ
cѴude	fish	of	differing	sex	and	age	ŐCarter	et	aѴĺķ	ƑƏƐѵőĺ	Consideration	
of	 these	 factors	 is	 beyond	 the	 scope	 of	 this	 paperĺ	 Howeverķ	 we	
beѴieve	 that	 the	 incѴusion	 of	 body	 Ѵength	 Ősee	 Towner	 et	aѴĺķ	 ƑƏƐѵ	
for	an	ecoѴogicaѴ	exampѴeő	or	other	individuaѴ	covariates	within	the	
HMMs	ѴikeѴihood	function	wouѴd	provide	a	fruitfuѴ	avenue	for	future	
researchĺ

TechnoѴogicaѴ	 advancements	 in	 teѴemetry	 devices	 have	 Ѵed	 to	
huge	efforts	 to	 track	 the	movements	of	 freeŊ	roaming	marine	aniŊ
maѴs	ŐHays	et	aѴĺķ	ƑƏƐѵĸ	Hussey	et	aѴĺķ	ƑƏƐƔőĺ	Tagging	data	are	now	
seen	as	a	vaѴuabѴe	information	source	for	stock	assessment	modeѴs	
ŐSippeѴ	et	aѴĺķ	ƑƏƐƔőķ	monitoring	 the	effectiveness	of	conservation	
efforts	Őeĺgĺķ	McGowan	et	aѴĺķ	ƑƏƐƕĸ	Raymond	et	aѴĺķ	ƑƏƐƔő	and	unŊ
derstanding	popuѴation	dynamics	across	vast	spatiaѴ	 scaѴes	 ŐBѴock	
et	aѴĺķ	ƑƏƐƐĸ	HindeѴѴ	et	aѴĺķ	ƑƏƐѵőĺ	Howeverķ	there	is	no	avoiding	the	
fact	that	tags	are	expensive	ŐMcGowan	et	aѴĺķ	ƑƏƐƕőķ	ѴiabѴe	to	occaŊ
sionaѴ	faiѴure	and	often	produce	individuaѴ	pathways	that	are	of	ѴimŊ
ited	use	ŐdataŊ	poor	or	a	Ѵow	number	of	observationsőĺ	Hereķ	we	have	
introduced	a	methodoѴogy	that	makes	the	process	of	scaѴing	up	inŊ
ference	about	movement	behaviors	from	individuaѴs	to	popuѴation	
more	readiѴy	achievabѴeĺ	Moreoverķ	we	iѴѴustrate	how	the	adoption	
of	our	approach	can	make	tagging	studies	more	costŊ	effectiveķ	as	
inference	can	stiѴѴ	be	gained	from	dataŊ	poor	movement	paths	withŊ
out	resorting	to	redepѴoyment	or	a	renewed	effort	to	secure	further	
fundingĺ
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