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University	of	Washington	

	

Abstract	

	

Regional	and	climate-driven	factors	affecting	the	migrations	of	sockeye	salmon	

(Oncorhynchus	nerka)	smolts	in	Alaska	

	

Christopher	R.	Dailey	

Chair	of	the	Supervisory	Committee:	

Terrie	Klinger	

School	of	Marine	and	Environmental	Affairs	

	

The	downstream	migration	of	salmon	smolts	is	triggered	by	a	combination	of	

responses	to	multiple	environmental	indicators,	imposed	on	internal	circannual	

rhythms,	that	result	in	variation	between	populations	in	timing.	Using	long-term	

data	on	daily	smolt	counts	and	associated	environmental	variables	from	multiple	

sources	across	Alaska,	I	tested	the	hypothesis	that	variation	in	migration	timing	

between	different	sockeye	salmon	populations	could	be	explained	by	differences	in	

local	environmental	conditions.	I	first	analyzed	the	peak,	width,	and	interannual	

variation	of	the	smolt	migration	period	for	eight	populations	from	southwestern	

and	southcentral	Alaska.	I	then	modeled	the	median	emigration	date	and	width	of	

the	emigration	period	as	a	function	of	stream	temperature,	air	temperature,	and	

precipitation	to	assess	how	each	population	responds	to	combinations	of	seasonal	
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environmental	cues	that	serve	as	indicators	for	the	onset	of	downstream	migration	

or	conditions	in	the	recipient	environment	(sea	surface	temperature).	Lastly,	I	used	

the	results	of	my	analysis	to	identify	spatial	variation	in	the	response	of	distinct	

salmon	populations	to	environmental	factors	and	identify	trends	in	the	migration	

timing	of	those	populations.	Through	my	analysis,	I	found	that	sea	surface	

temperature	and	freshwater	temperature	are	the	primary	environmental	factors	

that	control	median	smolt	emigration	date,	while	the	width	of	the	smolt	emigration	

window	is	influenced	primarily	by	freshwater	temperatures	and	precipitation,	with	

significant	site-by-site	variation.	
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Introduction	
Many	species	exhibit	migratory	life	histories,	allowing	them	to	utilize	

different	habitats	and	food	sources	at	different	stages	of	their	lives	(Baker	1978;	

Dingle	1996).	Many	of	these	animals	are	iconic	species,	recognizable	and	valued	as	

part	of	the	global	biodiversity,	such	as	birds	and	butterflies.	However,	other	species,	

notably	fishes,	are	not	only	representatives	of	the	natural	world	but	also	support	

valuable	fisheries	and	paly	extensive	roles	in	their	ecosystems.	Among	these,	

perhaps	the	best	known	are	the	Pacific	salmon	of	the	genus	Oncorhynchus.	These	

fishes	share	a	common	anadromous	life	history.	Juveniles	are	born	in	freshwater,	

migrate	to	sea	after	a	growth	period	that	can	range	from	days	to		years,	spend	

between	one	or	more	years	feeding	in	the	ocean,	then	commence	sexual	maturation	

and	return	to	their	natal	streams	to	spawn	and	die	(Quinn,	2018).	Like	all	migratory	

animals,	their	urge	to	move	reflects	responses	to	external	environmental	stimuli	on	

a	background	of	internal,	circannual	rhythms.	Thus	migration	is	triggered	by	

complex	combinations	of	internal	and	external	processes,	on	a	template	of	

evolutionary	ecology	(Shaw	2016).	That	is,	the	tendency	to	migrate,	the	timing	of	

migration,	and	the	spatial	patterns	have	evolved	over	many	generations	based	on	

the	conditions	in	the	different	habitats	used	by	the	species	for	feeding	and	breeding.	

However,	each	year	the	timing	of	the	group’s	migration	(and	of	each	individual)	

involves	responses	to	proximate	stimuli	such	as	temperature	and	the	regular	

changes	in	photoperiod	that	synchronize	internal	rhythms	(Ramenofsky	and	

Wingfield	2007;	Goossens	et	al.	2020).	As	the	climate	changes,	environmental	

conditions	on	a	given	date	change,	yet	the	photoperiod	that	plays	such	an	important	

role	in	triggering	migration	does	not,	Moreover,	altered	conditions	in	the	immediate	
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environment	that	the	animals	experience	may	not	correspond	to	conditions	in	the	

environment	to	which	they	will	migrate,	leading	to	a	mismatch	in	phenological	

adaptation.	

Among	Pacific	salmon,	sockeye	salmon	(O.	nerka)	are	unique		in	their	

extensive	use	of		lakes	as	their	primary	freshwater	habitat	for	feeding	prior	to	

seaward	migration,	as	opposed	to	the	streams	and	rivers	typical	of	other	species	

(Quinn	2018).	Adult	sockeye	salmon	spawn	in	rivers	and	streams	associated	with	

lakes	or	in	the	lakes	themselves,	and		juveniles	quickly	migrate	to	the	and	feed	for	

typically	one	or	two	years	prior	to	seaward	migration	via	the	lake’s	outlet.		Juvenile	

growth	depends	on	a	number	of	factors	relating	to	lake	condition,	including	genetic	

origin,	temperature,	insect	and	plankton	abundance,	and	intraspecific	competition	

due	to	juvenile	sockeye	abundance	and	density	(Edmundson	and	Mazumder,	2001;	

Rich	et	al.,	2009;	Reed	et	al.,	2010).	After	one	to	two	years	of	rearing,	depending	on	

lake	conditions,	growth	rates,	and	genetic	factors,	juveniles	undergo	a	series	of	

physical	and	physiological	transformations	to	prepare	for	downstream	migration	

and	entry	into	the	marine	environment	(Carr-Harris	et	al.,	2018;	Achord	et	al.	2007).	

The	survival	of	juvenile	salmon	at	sea	is	often	affected	by	the	match	between	entry	

date	and	local	conditions	(Scheuerell	et	al.	2009;	Morita	and	Nakashima	2015;	

Freshwater	et	al.	2019).		

The	transition	of	juvenile	sockeye	fry	into	smolts,	and	the	initiation	of	

seaward	migration,	is	regulated	by	a	complex	set	of	physiological	responses	linked	

to	multiple	environmental	cues	(Byrne	et	al.,	2003),	as	with	other	salmonids	(Hoar	

1976;	Clarke	and	Hirano	1995),	and	the	importance	of	this	phase	for	successful	
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entry	into	marine	waters	and	subsequent	survival	has	long	been	appreciated	(e.g.,	

Wedemeyer	et	al.	1980).	In	general,	spatial	variation	in	the	timing	of	onset	of	

migration	for	smolts	across	the	range	of	Pacific	salmon	is	primarily	regulated	by	

variations	in	photoperiod	between	different	latitudes,	with	local	environmental	

conditions	playing	a	much	larger	role	in	determining	fine-scale	variations	in	river	

systems	across	similar	latitudes	(Hartman	et	al.	1967;	Spence	and	Hall,	2010;	

Spence	and	Dick,	2014).	In	particular,	freshwater	conditions,	such	as	flow,	water	

temperature,	and	physical	watershed	characteristics	are	especially	important.	

Differences	in	the	migration	timing	of	distinct	populations,	especially	within	a	

similar	range	of	latitudes,	is	likely	a	response	to	a	combination	of	environmental	

factors	that	maximize	the	likelihood	of	a	favorable	marine	environment	following	

ocean	entry	(Antonsson	and	Gudonjsson,	2012)	and	also	differences	in	conditions	in	

the	freshwater	habitats	(e.g.,	Peven	1987).		

Early	marine	survival	in	the	period	immediately	following	ocean	entry	is	a	

critical	because	much	of	the	total	marine	mortality	seems	to	occur	at	this	time	(e.g.,	

Fukuwaka	et	al.	2002;	Wertheimer	et	al.	2007;	reviewed	in	Quinn	2018	and	Beamish	

2018)	life-history	factor	for	salmonids	(Freshwater	et	al.,	2016).	Mismatch	between	

the	timing	of	ocean	entry	for	the	bulk	of	the	run	and	abundance	of	phytoplankton	

can	have	catastrophic	consequences	for	salmonid	stocks	in	the	form	of	increased	

mortality	due	to	physiological	stress	and	lower	growth	rates	as	a	result	of	low	food	

availability	Therefore,	salmon	have	evolved	to	initiate	seaward	migration	of	smolts	

at	a	time	such	that	the	favorability	of	ocean	conditions	upon	entry	is	maximized,	

both	in	terms	of	water	temperatures	and	food	availability	(Cooney	et	al.	1995;	
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Satterthwaite	et	al.,	2014).	Because	the	abundance	of	adult	salmon	is	highly	

sensitive	to	survival	rates	in	the	early	marine	stage,	understanding	how	the	

interplay	between	these	dynamics	may	be	changing	is	a	critical	step	towards	

managing	salmon	fisheries	under	shifting	climate	regimes	in	the	North	Pacific	

(Scheuerell	et	al.,	2009).		

Considerable	effort	has	been	devoted	to	understanding	factors	that	influence	

variation	of	the	migration	timing	for	juvenile	salmonids	across	both	geographic	and	

environmental	gradients,	with	a	particular	focus	on	Atlantic	salmon	(Otero	et	al.	

2014).	However,	much	less	effort	has	been	devoted	to	exploring	the	variation	of	

physical	drivers	as	fine	spatial	scales	and	explaining	these	variations	as	a	direct	

relationship	between	environmental	cues	and	migration	habits.	Sockeye	salmon	in	

Alaska	provide	a	highly	suitable	model	organism	for	addressing	these	questions	due	

to	the	abundance	of	large,	stable	populations	at	a	consistent	latitude,	as	well	as	the	

diversity	of	physical	habitats	that	they	occupy	across	their	range	in	the	region.	

However,	unlike	salmon	that	feed	in	rivers	prior	to	seaward	migration,	and	thus	

experience	highly	variable	flow	conditions	that	might	affect	timing,	sockeye	salmon	

in	lakes	experience	a	changing	environment	from	which	they	must	migrate	

volitionally	and	not	be	forced,	as	might	occur	if	a	flooding	river..	This	study	aims	to	

characterize	the	peak	and	width	of	the	smolt	migration	window	for	sockeye	

populations	across	Alaska,	and	determine	the	relative	importance	of	a	range	of	

environmental	factors	in	explaining	both	the	timing	of	smolt	emigration	(long-term	

average	and	interannual	variation)	and	spatial	variation	in	timing	between	

populations	that	will	enter	the	ocean	in	proximate	and	more	distant	areas.	To	the	
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extent	that	timing	is	an	adaptation	to	marine	conditions	that	the	fish	will	experience,	

we	would	predict	similar	timing	of	ocean	entry	by	fish	from	lakes	with	differing	

conditions.	Alternatively,	if	timing	is	primarily	an	adaptation	to	leave	the	lakes	in	

which	the	salmon	have	been	feeding,	we	would	expect	migration	to	differ	among	

lakes	in	the	same	region	if	they	experience	different	conditions	in	the	lakes	(e.g.,	

date	of	ice	out,	temperature,	etc.).		

Methods	
Data	Collection		

	 I	selected	study	sites	to	cover	a	range	of	habitats	and	salmon-bearing	

ecosystems	across	southwestern	and	southcentral	Alaska	along	a	similar	latitudinal	

band	,	from	56	to	62	degrees	N,	to	control	for	the	effect	of	photoperiod	on	smolt	

emigration	timing	(Figure	1).	Based	on	a	combination	of	this	criterion	and	

availability	of	long-term	smolt	sampling	records,	I	selected	the	Kvichak,	Egegik,	

Ugashik,	and	Wood	rivers	in	Bristol	Bay,	Afognak	and	Spiridon	lakes	on	Kodiak	

Island,	Summit	and	Crosswind	lakes	in	the	Copper	River	system,	and	the	Chignik	

River	on	the	Alaska	Peninsula.	Smolt	sampling	methodologies	varied	between	sites	

and	between	years,	but	included	rotary	screw	traps,	fyke	nets,	counting	weirs,	and	

in-river	sonar	arrays.	I	acquired	data	through	personal	communication	with	staff	

from	the	Alaska	Department	of	Fish	and	Game,	the	Bristol	Bay	Science	and	Research	

Institute,	and	the	University	of	Washington.	These	datasets	span	periods	ranging	

from	1969	to	2015	in	the	Kvichak	River	to	2000	through	2016	in	Spiridon	Lake	

(Table	1).		

Statistical	Analysis	
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Statistical	analyses	were	performed	using	a	generalized	additive	model	

regression	approach	to	allow	for	nonlinear	relationships	between	environmental	

factors	and	the	timing	of	sockeye	salmon	smolt	downstream	migration.	Response	

variables	included	the	median	date	of	downstream	emigration	(DOY50)	and	the	

width	of	the	smolt	emigration	period	(DOY25-DOY75),	which	allowed	me	to	assess	

the	impact	of	environmental	predictor	variables	on	both	the	seasonal	timing	of	

smolt	emigration	and	the	effect	of	environmental	changes	on	the	temporal	

distribution	of	downstream	emigration.	To	standardize	environmental	observations	

across	all	study	sites,	I	utilized	May-June	averaged	temperatures	in	the	outlet	rivers,	

May-June	sea	surface	temperature,	March-June	air	temperature	averages,	and	May-

June	precipitation	as	predictor	variables	for	each	study	site.		

I	utilized	a	similar	approach	for	both	response	variables,	median	date	and	

width,	to	select	the	most	robust	regression	model.	Four	candidate	models,	with	

various	combinations	of	linear	relationships	and	nonlinear	smoothing	functions	as	

well	as	fixed	and	random	effects	were	assessed	for	each	response	variable.	Models	

included	a	basic	generalized	additive	regression	model	with	a	smoothing	function	

applied	to	each	environmental	predictor	variable,	precipitation	(mm),	freshwater,	

sea	surface,	and	air	temperatures,	a	regression	with	interaction	terms	to	allow	for	

region-	and	site-specific	differences	in	the	effect	of	each	variable,	and	models	that	

allowed	for	random	effects	based	on	each	site	and	region-level	grouping	of	systems.	

For	each	model,	I	specified	a	restricted	maximum	likelihood	approach	to	estimate	

smoothing	parameters	in	order	to	minimize	overfitting	of	the	model.	To	select	the	

most	robust	regression	for	width	and	median	emigration	date,	I	compared	each	
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model	using	AIC	as	well	as	direct	comparisons	of	model	fit	to	identify	the	most	

appropriate	model.	I	constructed	and	compared	regression	models	in	R	Studio	3.3.6	

using	the	mgcv	and	nlme	statistical	software	packages.	

Results	
Timing	of	Smolt	Emigration	

	 Sockeye	salmon	smolts	varied	in	the	central	tendency	and	width	of	the	smolt	

migration	period	between	river	systems	across	southwestern	and	south-central	

Alaska.	The	median	emigration	date	(DOY50)	over	the	period	of	record	ranged	from	

as	early	as	May	24	for	the	Chignik	River	system	to	July	5	for	the	Wood	River	system	

in	Bristol	Bay	(Table	1).	Interannual	variation	in	median	emigration	date	was	

similar	across	all	systems,	with	a	standard	deviation	ranging	from	roughly	+/-	4	to	6	

days	in	all	systems	except	for	the	Chignik	River	(+/-	10.8	days).	

	 The	width	of	the	period	over	which	the	25th	to	75th	percentile	of	the	annual	

smolt	emigration	passes	also	varied,	from	4.58	days	for	the	Egegik	River	to	27	days	

in	the	Wood	River	(Table	1).	Data	were	insufficient	to	characterize	the	width	of	the	

smolt	emigration	period	for	the	Copper	River	basin	because	daily	counts	were	being	

available	for	one	system,	Crosswind	Lake.	As	with	the	median	migration	date,	year-

to-year	variation	in	width	of	the	migration	period	was	consistently	between	2-5	

days	for	all	systems	except	the	Chignik	River	(+/-	8.3	days)	and	the	Wood	River	(+/-	

8.4	days).		

Regional	Patterns	

	 In	general,	sockeye	populations	exhibited	spatially	correlated	patterns	of	

smolt	emigration	timing	and	duration,	with	populations	showing	more	similarity	to	

others	in	the	same	region	compared	to	those	in	distant	regions	(Figure	2).		In	
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particular,	clear	similarities	in	timing	and	duration	emerged	for	the	included	

sockeye	populations	from	the	Bristol	Bay	region,	with	the	exception	of	the	Wood	

River	system,	and	populations	in	the	Kodiak	archipelago.	The	Kvichak,	Egegik,	and	

Ugashik	populations	exhibit	both	a	similar	median	emigration	date	(May	28-June	1)	

and	width	of	emigration	period	(4.58-5.79	days)	while	the	Wood	population	both	

migrates	much	later	(July	5)	and	over	a	much	more	protracted	period	(27	days).	In	

contrast,	sockeye	populations	from	the	Copper	River	basin,	a	region	that	differs	

significantly	in	major	geological	and	hydrological	watershed	characteristics	as	well	

as	draining	into	a	very	different	ocean	environment,	the	Gulf	of	Alaska	as	opposed	to	

the	Bering	Sea,	exhibited	a	much	later	median	emigration	date	(June	14-17).	In	

addition,	while	sockeye	populations	in	the	Kodiak	and	Alaska	Peninsula	region	

exhibited	similar	median	emigration	dates	to	Bristol	Bay	populations,	the	average	

width	of	the	emigration	period	was	consistently	much	wider	(7.8-14	days).		

	
Environmental	Factors	

Freshwater	temperatures	at	smolt	sampling	sites	and	sea	surface	

temperatures	at	ocean	entry	locations	for	smolts	in	Bristol	Bay	and	the	Gulf	of	

Alaska	varied	significantly	between	study	sites	both	on	a	system-by-system	and	a	

regional	scale	(Figure	3).	Systems	in	Bristol	Bay	experienced	generally	similar	

freshwater	temperatures	in	terms	of	both	long-term	average	temperatures	during	

the	smolt	emigration	period	as	well	as	year-to-year	variability	in	temperatures.	In	

contrast,	variability	in	freshwater	temperature	between	systems	in	both	Kodiak	

Island	and	the	Copper	River	basin	was	much	higher,	with	systems	displaying	high	

variance	in	both	long-term	average	temperatures	and	inter-annual	variation.	Sea	
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surface	temperatures	across	all	regions	were	more	consistent	across	the	time	

period	covered	by	this	study	(Figure	3).	Sea	surface	temperatures	for	Chignik,	

Kodiak	Island,	and	Copper	River	systems	displayed	both	similar	long-term	average	

sea	surface	temperatures	and	year-to-year	variation.	Bristol	Bay	sea	surface	

temperatures	exhibited	similar	variation,	but	a	lower	overall	long-term	average.		

Regression	Analysis	

	 Regression	analysis	of	the	impact	of	environmental	variables	including	

freshwater	temperature,	sea	surface	temperature,	air	temperature,	and	

precipitation	identified	significant	impacts	of	several	variables	on	both	median	

emigration	date	and	width	of	the	emigration	period	that	varied	by	region.	Model	

selection	using	both	AICc	and	comparisons	of	R2	and	model	weights	heavily	favored	

a	less	complex	structure	for	both	width	and	median	emigration	date	(Table	2).	

While	both	direct	comparisons	of	adjusted	R2	values	and	delta	AICc	supported	both	

the	most	complex	model	structure	that	incorporated	interaction	terms	allowing	for	

a	comparison	of	the	impact	of	environmental	covariates	by	region	and	a	simpler	

structure	with	a	global	smoother	for	each	variable,	comparisons	of	model	weights	

provided	very	little	support	for	the	more	complex	structure.	However,	models	for	

both	response	variables	heavily	favored	a	model	structure	that	incorporated	

random	effects	accounting	for	unmeasured	variation	between	study	sites	across	all	

indicators	of	model	fit.	Overall,	both	final	models	suggest	that,	while	environmental	

conditions	drive	the	migratory	behavior	of	sockeye	salmon	smolts	across	all	sites	

the	relative	impact	varies	significantly	from	site	to	site.		
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The	final	model	I	selected	for	median	emigration	date	modeled	DOY50	as	a	

nonlinear	function	of	air	temperature,	sea	surface	temperature,	precipitation,	and	

water	temperature,	with	a	random	error	structure	allowing	for	unmeasured	

environmental	variance	between	study	sites	(Table	2).	This	final	model	identified	

significant	relationships	between	sea	surface	temperature	and	freshwater	

temperature,	but	not	precipitation	or	air	temperature,	on	the	median	timing	of	

smolt	emigration	in	a	given	year	(Figure	4).	The	final	R2	value	for	this	regression	

was	0.795,	indicating	a	strong	fit	based	on	the	specified	model	structure	and	

selected	environmental	variables.	The	significance	of	the	random	error	term	

approximating	unmeasured	variance	between	study	systems	also	suggests	site-

specific	factors	that	influence	median	emigration	date.	

While	the	model-building	and	selection	process	for	width	(DOY25-DOY75)	of	

the	smolt	migration	period	resulted	in	a	similar	final	model	structure,	the	results	of	

the	regression	analysis	were	less	conclusive	in	terms	of	goodness-of-fit	of	the	final	

model.	The	final	regression	structure	modeled	the	width	of	the	smolt	emigration	

period	in	days	as	a	nonlinear	function	of	sea	surface	temperature,	precipitation,	air	

temperature,	and	freshwater	temperature,	and	a	random	error	term	allowing	for	

unmeasured	variation	by	study	site	(Table	2).	Final	model	R2	was	0.632.	Including	

additional	environmental	variables	or	random	error	terms	for	region-level	variance	

did	not	improve	model	fit,	and	in	some	cases	resulted	in	worse	overall	fit.	Using	this	

regression	structure,	I	found	that	both	freshwater	temperature	and	precipitation,	

but	not	sea	surface	temperature,	were	significant	contributors	to	the	width	of	the	

smolt	emigration	period	at	the	p<0.05	level	(Figure	5).	Again,	the	significance	of	the	
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random	error	term	suggests	important	site-specific	factors	that	influence	smolt	

migration	behavior.	Thus	while	median	emigration	date	was	more	heavily	

influenced	by	the	environmental	conditions	included	in	this	study,	the	width	of	the	

emigration	period	relied	more	on	factors	outside	the	scope	of	this	analysis.		

Discussion	
This	analysis	revealed	significant	differences	in	both	the	timing	and	width	of	

the	smolt	emigration	period	on	a	geographic	scale,	as	well	as	significant	effects	of	

multiple	environmental	covariates	on	the	timing	of	smolt	emigration	that	varied	

from	region	to	region,	indicating	support	for	the	broader	hypothesis	that,	while	the	

general	timing	of	smolt	migration	is	driven	by	similar	factors	across	all	systems,	

these	relationships	vary	from	system	to	system	based	on	each	watershed’s	distinct	

characteristics.	First,	regardless	of	region,	freshwater	temperatures,	sea	surface	

temperatures,	and	air	temperatures	are	clearly	associated	with	the	timing	of	

sockeye	salmon	smolt	emigration.	While	freshwater	environmental	conditions	

provide	the	impetus	for	juveniles	to	initiate	their	seaward	migration,	this	analysis	

suggests	that	the	response	to	those	environmental	cues	is	likely	timed	to	maximize	

the	chances	of	encountering	a	favorable	ocean	environment,	as	measured	by	sea	

surface	temperature.	Secondly,	physical	differences	in	watershed	characteristics	

and	geography	play	a	major	role	in	influencing	the	variability	of	the	response	of	

juvenile	sockeye	to	environmental	factors	across	different	river	systems.	Differences	

in	marine	environments	between	the	Gulf	of	Alaska	(Chignik,	Copper	River,	and	

Kodiak	Island)	and	the	eastern	Bering	Sea	(Bristol	Bay)	ecosystems	likely	explain	

the	observed	differences	between	long-term	averages	in	SST	in	these	regions.	

Although	water	temperature,	air	temperature,	and	sea	surface	temperature	were	
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significant	factors	at	varying	levels	for	all	systems,	some	degree	of	spatial	variability	

was	observed.	Given	the	similar	photoperiod	experienced	at	the	latitudes	across	all	

study	sites	during	the	window	of	migration,	this	variability	likely	arises	due	to	site-

specific	variation	in	environmental	conditions	dictated	by	physical	and	biological	

characteristics	outside	the	scope	of	this	analysis	(Spence	and	Hall,	2010;	Spence	and	

Dick	2014;	Carr-Harris	et	al.,	2018).	Therefore,	incorporating	a	more	complete	set	of	

observations	that	includes	both	biological	characteristics	and	a	wider	range	of	

environmental	and	physical	observations	from	a	larger	sample	of	sockeye	salmon	

populations	both	within	and	outside	of	Alaska	is	necessary.	Using	a	larger	dataset	

would	make	it	possible	to	more	fully	assess	these	relationships	and	generate	a	set	of	

models	with	more	predictive	ability	on	a	widely	generalizable	scale.	 	

Freshwater	environmental	conditions	are	closely	linked	to	both	the	timing	of	

smolt	migration	and	the	size	and	age	of	migrating	smolts	(Harvey	et	al.,	2020;	Bøe	et	

al.,	2016).	However,	the	influence	of	water	temperature	in	regulating	migration	

timing	differs	from	population	to	population.	For	example,	in	both	Bristol	Bay	and	

Kodiak	Island,	the	median	date	of	smolt	emigration	hovers	around	DOY	149-152.	

However,	the	range	of	temperatures	experienced	by	smolts	over	the	migration	

period	in	the	Egegik,	Kvichak,	and	Ugashik	rivers	ranged	from	roughly	3	to	8.5	

degrees	Celsius,	while	stream	temperatures	for	streams	in	Kodiak	ranged	between	

from	around	7	to	15	degrees	Celsius.	Although	these	fish	typically	migrate	to	sea	

over	a	similar	timeframe,	the	sharp	difference	in	stream	temperatures	during	the	

migration	period	highlights	the	importance	of	other	environmental	factors	in	

controlling	the	smolt	migration	process,	and	supports	the	conclusion	that	no	single	
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temperature	threshold	triggers	seaward	migration	(Spence	and	Dick,	2014).	

Biological	responses	that	vary	by	population	and	differing	physical	characteristics	of	

rearing	environments	that	impact	watershed-scale	influences	of	climate	both	play	

major	roles	in	determining	the	relative	impact	of	water	temperature	on	migration	

timing	(McCormick	et	al.,	2002;	Griffiths	et	al.,	2014;	Jonsson	and	Jonsson,	2016).	

While	water	temperature	plays	a	role	regardless	of	system	or	population,	other	

factors,	such	as	density-dependent	effects	on	growth	rate	and	length	of	the	growing	

season,	can	influence	migratory	behavior	through	impacts	on	the	relative	

proportion	of	juveniles	ready	to	migrate	in	a	given	year	and	different	behavioral	

responses	of	outmigrating	cohorts	of	different	sizes	and	ages	(Kovach	et	al.,	2013;	

Jonsson	and	Jonsson,	2016;	Jonsson	et	al.,	2017).	

The	timing	of	salmonid	life	history	transitions,	which	can	have	implications	

for	the	availability	of	food	resources	for	juvenile	fish,	size	at	the	time	of	migration,	

and	ultimately	survival	to	maturity,	is	a	key	factor	in	determining	the	significance	of	

climate-driven	shifts	in	smolt	emigration	timing.	In	general,	salmon	smolt	migration	

is	timed	such	that	ocean	conditions,	especially	prey	availability,	is	maximized,	

allowing	for	an	abundant	food	supply	with	less	competition	for	resources	and	thus	

an	overall	higher	growth	rate	(Satterthwaite	et	al.,	2014;	Miller	at	al.,	2014).	Higher	

growth	rates,	and	therefore	higher	probability	of	survival,	are	closely	linked	to	the	

timing	of	ocean	entrance	(Freshwater	et	al.,	2016;	Weinheimer	et	al.,	2017;	Godbout	

et	al.,	2018).	Consequently,	mismatches	between	the	timing	of	peak	prey	availability	

in	the	nearshore	marine	environment	and	the	peak	timing	of	sockeye	smolt	

emigration	can	have	negative	consequences	for	survival	to	adulthood.	Therefore,	
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given	that	juvenile	salmon	initiate	their	seaward	migration	in	response	to	cues	in	

the	freshwater	environment	historically	linked	to	positive	ocean	conditions,	shifts	in	

climatic	regimes	that	disrupt	these	linked	patterns	have	the	potential	to	significantly	

impact	survival	rates.	In	particular	seasonal	disruptions	in	phytoplankton	blooms	

that	cause	early	or	late	peaks	in	abundance	in	both	the	marine	and	freshwater	

environments	are	linked	to	significantly	depressed	growth	and	survival	in	salmon	

populations	across	North	America	(Hampton	et	al.,	2006,	Chittenden	et	al.,	2010;	

Chittenden	et	al.,	2018).	Conversely,	an	extended	window	of	migration,	in	which	

juveniles	migrate	to	sea	over	a	longer	period	of	time,	can	mitigate	the	impacts	of	

mismatched	entry	timing	by	maximizing	the	probability	that	at	least	some	

proportion	of	migrants	will	encounter	a	favorable	marine	environment	(Morita	and	

Nakashima,	2015;	Jokikokko	et	al.;	2015).		

	 In	general,	salmon-bearing	watersheds	across	western	and	northern	North	

America	are	projected	to	experience	consistently	higher	temperatures	and	lower	

summer	flows	over	the	course	of	the	21st	century	(Islam	et	al.,	2019).	These	shifting	

climate	regimes	and	their	impacts	on	the	availability	and	quality	of	freshwater	

rearing	habitat	for	juvenile	salmon	will	affect	salmon	at	every	level	(Whitney	et	al.,	

2016;	Sundt-Hansen	et	al.,	2018;	Zhang	et	al.,	2019).	Changes	in	climate	have	been	

linked	to	deviations	from	long-term	life	history	patterns	in	many	species	of	salmon	

over	the	course	of	the	20th	and	21st	centuries	(Kovach	et	al.,	2013;	Reed	et	al.,	2011;	

Cline	et	al.,	2019).	Many	of	these	life	history	impacts	are	most	pronounced	during	

juvenile	stages	of	growth	and	development,	as	changes	in	rearing	environment	have	

long-term	implications	for	size-at-age,	freshwater	residence	time,	and	the	timing	of	
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seaward	migration	(Otero	et	al.,	2014;	Honea	et	al.,	2017).	Rapid	environmental	

changes	can	lead	to	shifting	productivity	of	rearing	lakes,	earlier	migration	due	to	

changing	seasonality	of	environmental	cues,	and	population-level	shifts	in	life	

history	strategies	(Carter	et	al.,	2017;	Manhard	et	al.,	2017;	Sparks	et	al.,	2014).	The	

sensitivity	of	the	timing	of	sockeye	salmon	smolt	migration	to	environmental	

conditions	holds	significant	implications	in	the	face	of	shifting	seasonal	temperature	

and	weather	regimes	across	Alaska.	In	particular,	integrating	the	effects	of	earlier	

migration	timing	due	to	changes	in	climate	into	future	management	actions	is	

critical	for	mitigating	the	impacts	of	climate	change	on	salmon	fisheries.		

	 In	summary,	this	study	outlines	the	general	timing	of	the	smolt	emigration	

window	across	western	and	southcentral	Alaska,	and	aims	to	develop	an	

understanding	of	how	climate-driven	environmental	conditions	in	the	region	shape	

the	behavior	of	juvenile	sockeye	salmon.	I	found	that,	while	environmental	factors	

significantly	affect	the	migration	of	smolts,	the	shape	and	significance	of	those	

impacts	vary	on	a	spatially	explicit	basis.	Recognizing	how	these	relationships	differ	

on	a	regional	scale	from	population	to	population	allows	for	adaptive	management	

and	modeling	strategies	that	take	into	account	site-specific	biotic	and	abiotic	factors	

when	considering	future	approaches	to	sustainable	management	of	Alaskan	salmon	

fisheries.	As	the	most	commercially	valuable	salmon	species	in	the	state,	sockeye	

salmon	are	a	critical	element	of	Alaska’s	economy.	Defining	the	relationship	

between	climate	and	juvenile	salmon	emigration	timing	is	a	necessary	step	to	better	

understand	the	impacts	of	climate	change	on	the	state’s	salmon	fisheries	and	

develop	a	framework	for	projecting	future	salmon	survival	and	abundance.	Future	
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research	efforts	should	be	directed	to	incorporating	a	wider	range	of	observations	

from	salmon	populations	both	within	and	outside	of	Alaska	to	develop	a	more	

robust	predictive	model	that	takes	into	account	variation	on	a	wider	spatial	scale.			

Acknowledgements	
	 I	would	like	to	acknowledge	the	tireless	efforts	of	my	thesis	committee,	

Terrie	Klinger	and	Tom	Quinn,	in	guiding	me	through	the	formulation,	analysis,	and	

completion	of	this	project,	as	well	as	the	North	Pacific	Marine	Resources	Fellowship	

for	providing	support	while	I	worked	through	the	process.	Additionally,	I	want	to	

thank	the	many	faculty	members	who	assisted	with	writing,	analysis,	and	graphic	

design,	especially	Sunny	Jardine,	and	Cleo	Woelfle-Erskine	in	SMEA	and	Trevor	

Branch	in	SAFS,	as	well	as	the	personnel	at	the	Alaska	Department	of	Fish	and	Game	

who	both	collected	the	data	I	used	and	provided	me	with	access	to	all	the	

information	I	needed	for	this	project.		

	
References	
Achord,	S.,	Zabel,	R.,	Sandford,	B.,	2007.	Migration	timing,	growth,	and	estimated	

parr-to-smolt	survival	rates	of	wild	Snake	River	spring–summer	chinook	
salmon	from	the	Salmon	River	basin,	Idaho,	to	the	lower	Snake	River.	
Transactions	of	the	American	Fisheries	Society	136,	142–154.	

Antonsson,	T.,	Gudjonsson,	S.,	2002.	Variability	in	timing	and	characteristics	of	
Atlantic	salmom	smolt	in	Icelandic	rivers.	Transactions	of	the	American	
Fisheries	Society	131,	643–655.	

Baker,	R.	R.	1978.	The	Evolutionary	Ecology	of	Animal	Migration.	Holmes	and	Meier,	
New	York.	

Bøe,	K.,	Power,	M.,	Robertson,	M.J.,	Morris,	C.J.,	Dempson,	J.B.,	Pennell,	C.J.,	Fleming,	
I.A.,	2019.	The	influence	of	temperature	and	life	stage	in	shaping	migratory	
patterns	during	the	early	marine	phase	of	two	Newfoundland	(Canada)	
Atlantic	salmon	(Salmo	salar)	populations.	Canadian	Journal	of	Fisheries	and	
Aquatic	Sciences	76,	2384–2376.	

Byrne,	C.,	Poole,	R.,	Rogan,	G.,	Dillane,	M.,	Whelan,	K.,	2003.	Temporal	and	
environmental	influences	on	the	variation	in	Atlantic	salmon	smolt	migration	
in	the	Burrishoole	system	1970–2000.	Journal	of	Fish	Biology	63,	1552–
1564.	

Carr-Harris,	C.N.,	Moore,	J.W.,	Gottesfeld,	A.S.,	2018.	Phenological	diversity	of	salmon	
smolt	migration	timing	within	a	large	watershed.	Transactions	of	the	
American	Fisheries	Society	147,	775–790.	



	 19	

Carter,	J.L.,	Schindler,	D.E.,	Francis,	T.B.,	2017.	Effects	of	climate	change	on	
zooplankton	community	interactions	in	an	Alaskan	lake.	Climate	Change	
Responses	4.	

Chittenden,	C.,	Sweeting,	R.,	Neville,	C.,	Young,	K.,	Galbraith,	M.,	Carmack,	E.,	Vagle,	S.,	
Dempsey,	M.,	Eert,	J.,	Beamish,	R.,	2018.	Estuarine	and	marine	diets	of	
outmigrating	Chinook	salmon	smolts	in	relation	to	local	zooplankton	
populations,	including	harmful	blooms.	Estuarine,	Coastal,	and	Shelf	Science	
200,	335–348.	

Chittenden,	C.M.,	Jensen,	J.L.A.,	Ewart,	D.,	Anderson,	S.,	Balfry,	S.,	Downey,	E.,	Eaves,	
A.,	Smith,	B.,	Vincent,	S.,	Welch,	D.,	McKinley,	R.S.,	2010.	recent	salmon	
declines:	a	result	of	lost	feeding	opportunities	due	to	bad	timing?	PLoS	One	5,	
e12423.	

Clarke,	W.	C.	and	T.	Hirano.	1995.	Osmoregulation.	Pages	317-377	in	C.	Groot,	L.	
Margolis,	and	W.	C.	Clarke,	editors.	Physiological	Ecology	of	Pacific	Salmon.	
University	of	British	Columbia	Press,	Vancouver.	

Cline,	T.J.,	Ohlberger,	J.,	Schindler,	D.E.,	2019.	Effects	of	warming	climate	and	
competition	in	the	ocean	for	life-histories	of	Pacific	salmon.	Nature	Ecology	
and	Evolution	3,	935–942.	

Cooney,	R.	T.,	T.	M.	Willette,	S.	Sharr,	D.	Sharp,	and	J.	Olsen.	1995.	The	effect	of	
climate	on	North	Pacific	pink	salmon	(Oncorhynchus	gorbuscha)	production:	
examining	some	details	of	a	natural	experiment.	Canadian	Special	Publication	
of	Fisheries	and	Aquatic	Sciences	121:475-482.	

Crozier,	L.,	Hendry,	A.,	Lawson,	P.,	Quinn,	T.,	Mantua,	N.,	Battin,	J.,	Shaw,	R.,	Huey,	R.,	
2008a.	Potential	responses	to	climate	change	in	organisms	with	complex	life	
histories:	evolution	and	plasticity	in	Pacific	salmon.	Evolutionary	
Applications	1,	252–270.	

Crozier,	L.,	Scheuerell,	M.,	Zabel,	R.,	2011.	Using	time	series	analysis	to	characterize	
evolutionary	and	plastic	responses	to	environmental	change:	a	case	study	of	
a	shift	toward	earlier	migration	date	in	sockeye	salmon.	The	American	
Naturalist	178,	755–773.	

Crozier,	L.,	Zabel,	R.,	Hamlet,	A.,	2008b.	Predicting	differential	effects	of	climate	
change	at	the	population	level	with	life-cycle	models	of	spring	Chinook	
salmon.	Global	Change	Biology	14,	236–249.	

Dingle,	H.	1996.	Migration:	The	biology	of	life	on	the	move.	Oxford	University	Press,	
New	York.	

Edmundson,	J.,	Mazumder,	A.,	2001.	Linking	growth	of	juvenile	sockeye	salmon	to	
habitat	temperature	in	Alaskan	lakes.	Transactions	of	the	American	Fisheries	
Society	130,	644–662.	

Elsner,	R.A.,	Shrimpton,	J.M.,	2019.	Behavioural	changes	during	the	parr–smolt	
transformation	in	coho	salmon	Oncorhynchus	kisutch:	is	it	better	to	be	cool?	
Journal	of	Fish	Biology	95,	793–801.	

Foerster,	R.E.,	1937.	The	relation	of	temperature	to	the	seaward	migration	of	young	
sockeye	salmon	(Oncorhynchus	nerka).	Journal	of	the	Biological	Board	of	
Canada	3,	421–438.	

Freshwater,	C.,	Trudel,	M.,	Beacham,	T.D.,	Godbout,	L.,	Neville,	C.-E.M.,	Tucker,	S.,	
Juanes,	F.,	2016.	Divergent	migratory	behaviors	associatd	with	body	size	and	



	 20	

ocean	entry	phenology	in	juvenile	sockeye	salmon.	Canadian	Journal	of	
Fisheries	and	Aquatic	Sciences	73,	1723–1732.	

Freshwater,	C.,	M.	Trudel,	T.	D.	Beacham,	S.	Gautier,	S.	C.	Johnson,	C.-E.	Neville,	and	F.	
Juanes.	2019.	Individual	variation,	population-specific	behaviours	and	
stochastic	processes	shape	marine	migration	phenologies.	Journal	of	Animal	
Ecology	88:67-78.	

Fukuwaka,	M.	and	T.	Suzuki.	2002.	Early	sea	mortality	of	mark-recaptured	juvenile	
chum	salmon	in	open	coastal	waters.	Journal	of	Fish	Biology	60:3-12.	

Fullerton,	A.,	Burke,	B.,	Lawler,	J.,	Torgersen,	C.,	Ebersole,	J.,	Leibowitz,	S.,	2017.	
Simulated	juvenile	salmon	growth	and	phenology	respond	to	altered	thermal	
regimes	and	stream	network	shape.	Ecosphere	8,	1–23.	

Godbout,	L.,	Holt,	C.,	Trudel,	M.,	Freshwater,	C.,	O’Brien,	M.,	Neville,	C.,	Tucker,	S.,	
Grant,	S.,	Juanes,	F.,	Galbraith,	M.,	Perry,	R.I.,	Beamish,	R.,	2018.	Relationships	
between	early	marine	growth	and	returning	adults	of	Fraser	sockeye	salmon,	
in:	Species	and	Food	Webs.	Presented	at	the	Salish	Sea	Ecosystem	
Conference,	Seattle,	WA.	

Goossens,	S.,	N.	Wybouw,	T.	Van	Leeuwen,	and	D.	Bonte.	2020.	The	physiology	of	
movement.	Movement	Ecology	8(5):1-13.	

Griffiths,	J.R.,	Schindler,	D.E.,	Ruggerone,	G.T.,	Bumgarner,	J.D.,	2014.	Climate	
variation	is	filtered	differently	among	lakes	to	influence	growth	of	juvenile	
sockeye	salmon	in	an	Alaskan	watershed.	Oikos	123,	687–698.	

Hampton,	S.E.,	Romare,	P.,	Seiler,	D.E.	2006.	Environmentally	controlled	Daphnia	
spring	increase	with	implications	for	sockeye	salmon	fry	in	Lake	Washington,	
USA.	Journal	of	Plankton	Research	28,	399–406.	

Hartman,	W.	L.,	W.	R.	Heard,	and	B.	Drucker.	1967.	Migratory	behavior	of	sockeye	
salmon	fry	and	smolts.	Journal	of	the	Fisheries	Research	Board	of	Canada	
24:2069-2099.	

Harvey,	A.C.,	Glover,	K.A.,	Wennevik,	V.,	Skaala,	Ø.,	2020.	Atlantic	salmon	and	sea	
trout	display	synchronised	smolt	migration	relative	to	linked	environmental	
cues.	Scientific	Reports	10.	

Hoar,	W.	S.	1976.	Smolt	transformation:	evolution,	behavior,	and	physiology.	Journal	
of	the	Fisheries	Research	Board	of	Canada	33:1233-1252.	

Holtby,	L.B.,	McMahon,	T.E.,	Scrivener,	J.C.,	1989.	Stream	temperatures	and	inter-
annual	variability	in	the	emigration	timing	of	coho	salmon	(Oncorhynchus	
kisutch)	smolts	and	fry	and	chum	salmon	(O.	Keta)	rry	from	Carnation	Creek,	
British	Columbia.	Canadian	Journal	of	Fisheries	and	Aquatic	Sciences	46,	
1396–1405.	

Honea,	J.M.,	McClure,	M.M.,	Jorgensen,	J.C.,	Scheuerell,	M.D.,	2016.	Assessing	
freshwater	life-stage	vulnerability	of	an	endangered	Chinook	salmon	
population	to	climate	change	influences	on	stream	habitat.	Climate	Research	
71,	127–137.	

Islam,	S.U.,	Hay,	R.W.,	Dery,	S.J.,	Booth,	B.P.,	2019.	Modelling	the	impacts	of	climate	
change	on	riverine	thermal	regimes	in	western	Canada’s	largest	Pacific	
watershed.	Scientific	Reports	9.	

Jensen,	A.,	Finstad,	B.,	Fiske,	P.,	Hvidsten,	N.,	Rikardsen,	A.,	Saksgard,	L.,	2012.	Timing	
of	smolt	migration	in	sympatric	populations	of	Atlantic	salmon	(Salmo	salar),	



	 21	

brown	trout	(Salmo	trutta),	and	Arctic	char	(Salvelinus	alpinus).	Canadian	
Journal	of	Fisheries	and	Aquatic	Sciences	69,	711–723.	

Jokikokko,	E.,	Jutila,	E.,	Kallio-Nyberg,	I.,	2016.	Changes	in	smolt	traits	of	Atlantic	
salmon	(Salmo	salar	Linnaeus,	1758)	and	linkages	to	parr	density	and	water	
temeprature.	Journal	of	Applied	Icthyology	32,	832–839.	

Jonsson,	B.,	Jonsson,	M.,	Jonsson,	N.,	2017.	Influences	of	migration	phenology	on	
survival	are	size-dependent	in	juvenile	Atlantic	salmon	(Salmo	salar).	
Canadian	Journal	of	Zoology	95,	581–587.	

Jonsson,	B.,	Jonsson,	N.,	2017.	Fecundity	and	water	flow	influence	the	dynamics	of	
Atlantic	salmon.	Ecology	of	Freshwater	Fish	26,	497–502.	

Kovach,	R.P.,	Joyce,	J.E.,	Echave,	J.D.,	Lindberg,	M.S.,	Tallmon,	D.A.,	2013.	Earlier	
migration	timing,	decreasing	phenotypic	variation,	and	biocomplexity	in	
multi[ple	salmonid	species.	PLoS	One	8,	e53807.	

Manhard,	C.V.,	Joyce,	J.E.,	Gharrett,	A.J.,	2017.	Evolution	of	phenology	in	a	salmonid	
population:	a	potential	adaptive	response	to	climate	change.	Canadian	
Journal	of	Fisheries	and	Aquatic	Sciences	74,	1519–1527.	

Miller,	J.A.,	Teel,	D.J.,	Peterson,	W.T.,	Baptista,	A.M.,	2014.	Assessing	the	relative	
importance	of	local	and	regional	processes	on	the	survival	of	a	threatened	
salmon	population.	PLoS	One	9,	e99814.	

Morita,	K.,	Nakashima,	A.,	2015.	Temperature	seasonality	during	fry	out-migration	
influences	the	survival	of	hatchery-reared	chum	salmon	Oncorhynchus	keta.	
Journal	of	Fish	Biology	87,	1111–1117.	

Otero,	J.,	L’Abee-Lund,	J.H.,	Castro-Santos,	T.,	2014.	Basin-scale	phenology	and	
effects	of	climate	variability	on	global	timing	of	initial	seaward	migration	of	
Atlantic	salmon	(Salmo	salar).	Global	Change	Biology	20,	61–75.	

Peven,	C.M.,	1987.	Downstream	migration	timing	of	two	stocks	of	sockeye	salmon	on	
the	mid-Columbia	river.	Northwest	Science	61,	186–190.	

Quinn,	T.P.,	2018.	The	Behavior	and	Ecology	of	Pacific	Salmon	and	Trout,	2nd	ed.	
University	of	Washington	Press,	Seattle,	WA.	

Ramenofsky,	M.	and	J.	C.	Wingfield.	2007.	Regulation	of	migration.	BioScience	
57:135-143.	

Reed,	T.,	Martinek,	G.,	Quinn,	T.,	2010.	Lake-specific	variation	in	growth,	migration	
timing	and	survival	of	juvenile	sockeye	salmon	Oncorhynchus	nerka:	
separating	environmental	from	genetic	influences.	Journal	of	Fish	Biology	77,	
692–705.	

Reed,	T.E.,	Schindler,	D.E.,	Hague,	M.J.,	Patterson,	D.A.,	Meir,	E.,	Waples,	R.S.,	Hinch,	
S.G.,	2011.	Time	to	evolve?	Potential	evolutionary	responses	of	Fraser	River	
sockeye	salmon	to	climate	change	and	effects	on	persistence.	PLoS	One	6,	
e202380.	

Rich,	H.,	Quinn,	T.,	Scheuerell,	M.,	Schindler,	D.,	2009.	Climate	and	intraspecific	
competition	control	the	growth	and	life	history	of	juvenile	sockeye	salmon	
(Oncorhynchus	nerka)	in	Iliamna	Lake,	Alaska.	Canadian	Journal	of	Fisheries	
and	Aquatic	Sciences	66,	238–246.	

Robinson,	R.,	Crick,	H.,	Learmonth,	J.,	2009.	Travelling	through	a	warming	world:	
climate	change	and	migratory	species.	Endangered	Species	Research	7,	87–
99.	



	 22	

Satterthwaite,	W.H.,	Carlson,	S.M.,	Allen-Moran,	S.D.,	Vincenzi,	S.,	Bograd,	S.J.,	Wells,	
B.K.,	2014.	Match-mismatch	dynamics	and	the	relationship	between	ocean-
entry	timing	and	relative	ocean	recoveries	of	Central	Valley	fall	run	Chinoook	
salmon.	Marine	Ecology	Progress	Series	511,	237–248.	

Scheuerell,	M.,	Zabel,	R.,	Sandford,	B.,	2009.	Relating	juvenile	migration	timing	and	
survival	to	adulthood	in	two	species	of	threatened	Pacific	salmon	
(Oncorhynchus	spp.).	Journal	of	Applied	Ecology	46,	983–990.	

Shaw,	A.	K.	2016.	Drivers	of	animal	migration	and	implications	in	changing	
environments.	Evolutionary	Ecology	30:991-1007.	

Sigholt,	T.,	Asgard,	T.,	Staurnes,	M.,	1998.	Timing	of	parr-smolt	transformation	in	
Atlantic	salmon	(Salmo	salar):	effects	of	changes	in	temperature	and	
photoperiod.	Aquaculture	160,	129–144.	

Sparks,	M.M.,	Falke,	J.A.,	Quinn,	T.P.,	Adkison,	M.D.,	Schindler,	D.E.,	Bartz,	K.,	Young,	
D.,	Westley,	P.A.,	2019.	Influences	of	spawning	timing,	water	temperature,	
and	climatic	warming	on	early	life	history	phenology	in	western	Alaska	
sockeye	salmon.	Canadian	Journal	of	Fisheries	and	Aquatic	Sciences	76,	123–
135.	

Spence,	B.C.,	Dick,	E.J.,	2014.	Geographic	variation	in	environmental	factors	
regulating	outmigration	timing	of	coho	salmon	(Oncorhynchus	kisutch)	
smolts.	Canadian	Journal	of	Fisheries	and	Aquatic	Sciences	71,	56–69.	

Spence,	B.C.,	Hall,	J.D.,	2010.	Spatiotemporal	patterns	in	migration	timing	of	coho	
salmon	(Oncorhynchus	kisutch)	smolts	in	North	America.	Canadian	Journal	of	
Fisheries	and	Aquatic	Sciences	67,	1316–1334.	

Sundt-Hansen,	L.,	Hedger,	R.,	Ugedal,	O.,	Diserud,	O.,	Finstad,	A.,	Sauterleute,	J.,	Tøfte,	
L.,	Alfredsen,	K.,	Forseth,	T.,	2018.	Assessing	freshwater	life-stage	
vulnerability	of	an	endangered	Chinook	salmon	population	to	climate	change	
influences	on	stream	habitat.	Science	of	the	Total	Environment	631,	1005–
1017.	

Wedemeyer,	G.	A.,	R.	L.	Saunders,	and	W.	C.	Clarke.	1980.	Environmental	factors	
affecting	smoltification	and	early	marine	survival	of	anadromous	salmonids.	
Marine	Fisheries	Review	42:1-14.	

Weinheimer,	J.,	Anderson,	J.H.,	Downen,	M.,	Zimmerman,	M.,	Johnson,	T.	2017.	
Monitoring	climate	impacts:	survival	and	migration	timing	of	summer	chum	
salmon	in	Salmon	Creek,	Washington.	Transactions	of	the	American	Fisheries	
Society	146,	983–995.	

Wertheimer,	A.	C.	and	F.	P.	Thrower.	2007.	Mortality	rates	of	chum	salmon	during	
their	early	marine	residency.	American	Fisheries	Society	Symposium	
57:233–247.	

Whitney,	J.E.,	Al-Chokhachy,	R.,	Bunnell,	D.B.,	Caldwell,	C.A.,	Cooke,	S.J.,	Eliason,	E.J.,	
Rogers,	M.,	Lynch,	A.J.,	Paukert,	C.P.,	2016.	Physiological	Basis	of	Climate	
Change	Impacts	on	North	American	Inland	Fishes.	Fisheries	41,	332–345.	

Wood,	S.N.,	2006.	Generalized	additive	models:	an	introduction	with	R,	1st	ed.	CRC	
Press.	

Zhang,	X.,	Li,	H.-Y.,	Deng,	Z.D.,	Leung,	L.R.,	Skalski,	J.R.,	Cooke,	S.J.,	2019.	On	the	
variable	effects	of	climate	change	on	Pacific	salmon.	Ecological	Modeling	397,	
95–106.	



	 23	

		
	
Table	1.	Summary	of	long-term	average	median	smolt	migration	date	and	width	of	
smolt	migration	period,	by	system.	
	

System	 Median	Migration	Date	 Width	of	Migration	Period	
Bristol	Bay	 		 		
Kvichak	River	 149	+/-	4.93	 5.79	+/-	2.90	
Egegik	River	 148	+/-	4.41	 4.58	+/-	2.22	
Ugashik	River	 152	+/-	4.06	 5.50	+/-	1.79	
Wood	River	 187	+/-	5.02	 26.64	+/-	8.41	
Chignik	 		 		
Chignik	River	 144	+/-	10.8	 14.0	+/-	8.30	
Kodiak	Island	 		 		
Afognak	Lake	 150	+/-	5.30	 12.0	+/-	4.74	
Spiridon	Lake	 149	+/-	6.48	 7.81	+/-	3.43	
Copper	River	 		 		
Crosswind	Lake	 163	+/-	5.75	 5.8	+/-	2.96	
Summit	Lake	 168	+/-	5.68	 NA	

	
Table	2.	Comparison	of	model	fits.	
	

	
	
	
	
	
	

Median	migration	date	 	 	 	
Model	 R2	 ΔAICc	 Model	weight	
Global	smooth	with	rand.	eff.	 0.793	 0	 0.946	
Region-specific	smooth	with	rand.	
eff.	 0.908	 -5.806	 0.052	
Global	smooth	 0.894	 -11.866	 0.003	
Region-specific	smooth	 0.685	 -30.491	 0.00	
	 	 	 	
Width	of	migration	period	 	 	 	
Model	 R2	 ΔAICc	 Model	weight	
Global	smooth	with	rand.	eff.	 0.632	 0	 0.631	
Region-specific	smooth	with	rand.	
eff.	 0.601	 -1.827	 0.253	
Global	smooth	 0.572	 -3.63	 0.103	
Region-specific	smooth	 0.514	 -7.007	 0.013	
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Figure	1.	Location	of	study	sites	used	for	analysis	within	Alaska.	

Figure	2.	A)	Median	migration	timing	for	sockeye	salmon	smolts,	by	system.	B)	
Width	of	smolt	emigration	period,	by	system.	
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Figure	3.	Summary	of	freshwater	temperature	(A)	and	sea	surface	temperature	(B),	
by	study	system.		

Figure	4.	Modeled	relationships	between	median	smolt	migration	date	and	water	
temperature	(A),	air	temperature	(B),	precipitation	(C),	and	SST	(D).	
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Figure	5.	Modeled	relationships	between	width	of	smolt	migration	period	and	
water	temperature	(A),	air	temperature	(B),	precipitation	(C),	and	SST	(D).		

	
	
	


