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Abstract
Disentangling the influences of climate change from other stressors affecting the 
population dynamics of aquatic species is particularly pressing for northern latitude 
ecosystems, where climate- driven warming is occurring faster than the global average. 
Chinook	 salmon	 (Oncorhynchus tshawytscha)	 in	 the	 Yukon-	Kuskokwim	 (YK)	 region	
occupy the northern extent of their species' range and are experiencing prolonged 
declines in abundance resulting in fisheries closures and impacts to the well- being of 
Indigenous people and local communities. These declines have been associated with 
physical	 (e.g.,	 temperature,	 streamflow)	and	biological	 (e.g.,	body	size,	 competition)	
conditions, but uncertainty remains about the relative influence of these drivers on 
productivity across populations and how salmon–environment relationships vary 
across watersheds. To fill these knowledge gaps, we estimated the effects of marine 
and	freshwater	environmental	 indicators,	body	size,	and	 indices	of	competition,	on	
the	 productivity	 (adult	 returns-	per-	spawner)	 of	 26	 Chinook	 salmon	 populations	 in	
the	YK	 region	 using	 a	Bayesian	 hierarchical	 stock-	recruitment	model.	 Across	most	
populations,	productivity	declined	with	 smaller	 spawner	body	 size	and	sea	 surface	
temperatures that were colder in the winter and warmer in the summer during the 
first year at sea. Decreased productivity was also associated with above average fall 
maximum daily streamflow, increased sea ice cover prior to juvenile outmigration, and 
abundance of marine competitors, but the strength of these effects varied among 
populations. Maximum daily stream temperature during spawning migration had a 
nonlinear relationship with productivity, with reduced productivity in years when 
temperatures exceeded thresholds in main stem rivers. These results demonstrate for 
the	first	time	that	well-	documented	declines	in	body	size	of	YK	Chinook	salmon	were	
associated with declining population productivity, while taking climate into account.

K E Y W O R D S
Bayesian	model,	Chinook	salmon,	climate	change,	Kuskokwim	River,	northern	latitudes,	
productivity, spawner- recruitment, Yukon River
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1  |  INTRODUC TION

Pacific	salmon	 (Oncorhynchus	 spp.)	are	adapted	to	 live	 in	 freshwater	
and	marine	environments	from	California	to	the	Arctic,	survive	in	the	
open	ocean,	and	migrate	up	to	3200 km	as	they	home	back	to	natal	
rivers to spawn. Each spawning population adapts traits to habitat use 
and environmental conditions which contributes to meta- population 
stability	and	resilience	through	time	(Connors	et	al.,	2022;	Schindler	
et al., 2010).	 In	 the	 northern	 extent	 of	 Pacific	 salmon	 range	 in	 the	
North	American	Arctic,	air	temperature	warming	is	four	times	the	rate	
of the global average, and has led to sea ice loss, permafrost thaw, in-
creased ocean temperatures, and altered hydrologic regimes that have 
caused unprecedented ecological, cultural, and socioeconomic conse-
quences	(Hicke	et	al.,	2022).	As	extreme	conditions	become	increas-
ingly	frequent	and	severe	(Hicke	et	al.,	2022),	there	is	more	evidence	
that	climate	threatens	many	high	latitude	bird	(Choy	et	al.,	2021),	fish	
(von	Biela	et	al.,	2020),	and	mammal	(Thompson	et	al.,	2020)	species.	
Among	Northern	Pacific	salmon	populations,	both	marine	and	fresh-
water	habitats	are	affected	by	extreme	climate	events	(e.g.,	heatwaves)	
that	likely	contribute	to	salmon	declines	(Carey	et	al.,	2021; Farley Jr 
et al., 2024; von Biela et al., 2022).

Chinook	salmon	(O. tshawytscha)	are	influenced	by	the	physical	and	
biological	conditions	in	which	they	incubate	as	embryos;	rear	(including	
overwintering),	and	migrate	as	juveniles;	and	grow,	migrate,	and	spawn	
as	adults	 (Crozier	et	al.,	2021).	The	 impacts	of	environmental	condi-
tions are complex and produce both positive and negative effects on 
Chinook salmon abundance and productivity, which vary based on life 
stage and across spatial scales. For example, stream temperature has 
been shown to positively impact juvenile growth during the first sum-
mer	in	freshwater	(Falke	et	al.,	2019)	but	 increased	stream	tempera-
tures during migration and spawning are associated with heat stress 
(von	Biela	et	al.,	2020),	which	can	lead	to	reduced	reproductive	success	
and	premature	mortality	(Hinch	et	al.,	2021; von Biela et al., 2022).	For	
freshwater and anadromous species like Chinook salmon, responses 
to climate are increasingly dependent on the local conditions because 
warmer air temperatures do not result in a uniform change across 
aquatic habitats. For example, stream temperatures are becoming 
warmer and more variable in response to climatic warming and al-
tered	hydrologic	inputs	(Mauger	et	al.,	2017;	Shaftel	et	al.,	2020)	such	
as	permafrost	 thaw	and	decreased	glacial	melt	 (Pitman	et	al.,	2020).	
Similarly,	 streamflow	 regimes	 include	 increasing	 flows	 in	winter	 and	
spring	(Brabets	&	Walvoord,	2009)	and	decreasing	flows	in	the	sum-
mer	(Ge	et	al.,	2013).	Many	of	these	complex	physical	and	biological	
conditions	likely	influence	adult	body	size	which	determines	reproduc-
tive	potential	as	 larger	 fish	carry	more	eggs	 (Ohlberger	et	al.,	2020; 
Oke et al., 2020).	Thus,	body	size	is	a	key	intrinsic	indicator	of	spawner	
quality and reproductive potential that represents fecundity associ-
ated with growth and age structure that complements extrinsic envi-
ronmental indicators.

Declines in abundance and productivity are particularly pro-
nounced	 for	 Chinook	 salmon	 in	 the	 Yukon-	Kuskokwim	 (YK)	 region,	
which	 includes	 both	 the	 Yukon	 (United	 States	 and	 Canada),	 and	
Kuskokwim	 (United	States)	drainages	 (Schoen	et	 al.,	2023).	Chinook	

salmon	have	supported	subsistence	ways	of	life	in	the	YK	region	since	
time immemorial, as well as commercial and recreational fisheries 
during	much	of	the	twentieth	century	 (Carothers	et	al.,	2021).	Since	
the 1990s, Chinook salmon abundance in the region has been below 
historical averages prompting closures of commercial fisheries and re-
strictions	of	salmon-	directed	subsistence	fishing	opportunities	(Schoen	
et al., 2023).	Record	low	abundances	throughout	the	past	decade	re-
sulted in progressively restricted harvest opportunities. Extraordinarily 
low abundance of Chinook and other salmon species in 2020–2023 
resulted in no salmon- directed fishing opportunities for any user group 
in	the	Alaska	portion	of	the	Yukon	River	Basin	(JTC	2023).	Adult	re-
turns up the Yukon River into Canada failed to reach the minimum 
objective	established	by	the	United	States/Canada	Yukon	River	Panel	
under	the	Pacific	Salmon	Treaty	Yukon	Salmon	Agreement	for	six	of	
the	past	11 years	(2013–2023;	JTC	2023).	The	Kuskokwim	watershed	
has fared somewhat better; Chinook salmon runs have been below 
their long- term average since 2010, resulting in severe subsistence 
fishery restrictions, but have remained large enough to meet the es-
tablished	escapement	goal	since	2013	(KRITFC,	2022; Larson, 2023).	
Understanding how changing conditions have impacted Chinook 
salmon	productivity	throughout	their	life	cycle	in	the	YK	region	is	vital	
for an informed response to this crisis.

Here,	 we	 analyze	 the	 effects	 of	 regional	 and	watershed-	scale	
physical and biological drivers across marine and freshwater hab-
itats on the productivity of Chinook salmon populations in the 
Kuskokwim	River	and	Yukon	River	watersheds	in	the	United	States	
(US)	and	Canada	 (CA).	Our	objectives	were	 to	compile	 time	series	
of	environmental	 conditions	 (physical	 and	biological)	with	hypoth-
esized	 links	 to	 Chinook	 salmon	 productivity	 to	 determine	 which	
conditions	 explain	 observed	 variation	 in	 YK	 Chinook	 salmon	 pro-
ductivity	 (i.e.,	 adult	 returns-	per-	spawner).	We	 also	 aimed	 to	 char-
acterize	 the	 coherence	 or	 diversity	 in	 the	 responses	 of	 individual	
populations to these drivers within and across watersheds. To iden-
tify associations between the environment and the productivity of 
YK	Chinook	salmon,	we	quantified	the	relationship	between	spawn-
ing abundance and recruitment for 26 Chinook salmon populations 
while estimating the influence of 4 regional- , 3 subregional- , and 4 
watershed- scale indicators. Each indicator represented a hypothe-
sized	effect	on	Chinook	salmon	during	a	particular	life	stage	(Table 1)	
that	were	developed	in	collaboration	with	regional	experts	(Feddern	
et al., 2023).	There	is	particular	interest	to	better	understand	what	
environmental conditions contributed to the declines in the early 
2000s	 (Feddern	 et	 al.,	2023);	 given	 available	 data	 (Table S1);	 this	
time	period	(1980–2016)	is	the	focus	of	our	analysis.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and species

The	 Yukon-	Kuskokwim	 is	 an	 arctic–subarctic	 region	 that	 covers	
980,000 km2	of	the	United	States	and	Canada,	draining	west	to	the	
Bering	 Sea	 (Figure 1).	 The	 Yukon	 River	 is	 the	 fourth	 largest	 river	
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in	 North	 America	 (basin	 area	 of	 855,000 km2)	 and	 extends	 from	
Canada's	British	Columbia	and	Yukon	Territory	through	Alaska	where	
it	drains	into	the	northeastern	Bering	Sea.	The	Kuskokwim	River	is	
the	ninth	largest	river	in	the	United	States	(basin	area	of	124,319 km2)	
and	drains	into	Kuskokwim	Bay	in	the	southeastern	Bering	Sea.	The	
region	is	characterized	by	extensive	areas	of	pristine	habitat	and	is	
sparsely	 populated	with	 two	 dense	 population	 centers	 (Fairbanks	
North	Star	Borough	Alaska,	population	~95,000; Whitehorse Yukon 
Territory, population ~30,000)	in	the	Yukon	Basin.

Chinook	 salmon	 in	 the	 YK	 region	 deposit	 eggs	 in	 freshwater	
during	 August–September	 (brood	 year)	 that	 hatch	 the	 following	
spring. Juveniles rear and grow throughout the year as age- 1 parr 
and	migrate	to	sea	the	following	spring	as	age-	2	smolts.	Adults	re-
turn	after	spending	1–6	(predominantly	2–4)	years	at	sea,	such	that	
returning	adults	are	between	3	and	8	(predominantly	4–6)	years	old.	
In	the	Kuskokwim	basin,	Chinook	salmon	spawn	across	at	least	two-	
dozen	 tributaries	 of	 the	 main	 stem	 Kuskokwim	 River.	 Monitoring	
of harvest, escapement, and age composition for Chinook salmon 
has occurred since the mid- 1970s with a focus on 16 subbasins 

monitored by weir or aerial surveys. In the Yukon basin, Chinook 
salmon	spawn	across	dozens	of	tributaries	(Brown	et	al.,	2017)	and	
are primarily monitored as they migrate upriver through the main 
stem	and	in	select	tributaries	in	Alaska	and	Canada	(JTC	2023).

2.2  |  Chinook salmon productivity

A	 Bayesian	 hierarchical	 stock-	recruitment	 model	 was	 used	 to	
quantify evidence for heterogeneity in environmental effects on 
Chinook salmon productivity across population units. The goal of this 
analysis	was	to	quantify	population-	specific	and	subregional	(across	
populations	within	subregion:	Yukon	[US],	Yukon	[CA],	Kuskokwim)	
impacts of environmental conditions on relative indices of Chinook 
salmon productivity, represented as natural log recruits- per- spawner. 
The advantage of the hierarchical structure is that it allows for the 
inclusion of population units with shorter time series, while providing 
a novel synthesis of the diversity in population- level responses to a 
common set of environmental processes. Notably, the relative indices 

F I G U R E  1 The	Kuskokwim	and	Yukon	River	basins.	General	spawning	distribution	of	the	26	Chinook	salmon	population	units	included	
in the hierarchical Ricker model to investigate environmental drivers of productivity. Color represents mean spawning abundance for each 
population during the study period. Dashed outline represents the study area, which is the region of Chinook salmon habitat that was 
considered	for	inclusion	in	this	analysis.	Temperature	monitoring	sites	at	Kalskag,	Pilot	Station,	and	Rampart	were	used	to	estimate	main	
stem water temperature during migration. Map lines delineate study areas and do not necessarily depict accepted national boundaries.

 13652486, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17508, W

iley O
nline L

ibrary on [10/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5 of 20FEDDERN et al.

are	not	suitable	for	analyses	that	require	absolute	metrics	(i.e.,	stock	
assessments,	comparing	population	productivity	among	stocks).

2.2.1  |  Spawner-	recruit	time	series	compilation

Estimates of salmon population productivity require brood ta-
bles which relate the number of adult fish that return to freshwa-
ter	to	spawn	each	brood	year	(spawning	stock)	to	the	number	of	
offspring	 (recruits)	 that	were	produced.	Recruits	 are	estimated	
as the number of surviving adult offspring that return to fresh-
water	habitat	(spawners	plus	harvest)	in	the	years	following	the	
brood	 year.	 Chinook	 salmon	 in	 the	 YK	 region	 have	 a	 complex	
life history; therefore, the population- specific age composition 
of returning fish is necessary to assign the number of recruits 
in subsequent years to the correct brood year. We compiled ex-
isting	 stock-	recruitment	 datasets	 (Brown	 et	 al.,	2020; Connors 
et al., 2022; Joy et al., 2024;	 Staton	 et	 al.,	 2020)	 that	 were	
modeled from annual population- specific spawner abundance 
and associated recruitment estimated from age structured run- 
reconstructions which applied Ricker stock- recruitment func-
tions in either state- space or regression- based frameworks. 
Nearly all data that contributed to run reconstructions were col-
lected	 by	 projects	managed	 by	 the	Alaska	Department	 of	 Fish	
and	Game,	US	Fish	and	Wildlife	Service,	and	the	Department	of	
Fisheries and Oceans Canada; complete list of sources can be 
found in Table S1.

Suitability	 of	 data	 and	 modeling	 approaches	 for	 this	 analysis	
were identified during a 2022 workshop that included harvesters, 
Indigenous community members, researchers, and agency scientists 
(Feddern	et	al.,	2023).	During	this	workshop,	it	was	determined	stock-	
recruitment datasets from previous modeling efforts were of suffi-
cient quality capable of capturing interannual variability that could 
identify relationships between productivity and environmental condi-
tions	(Tables S1 and S2).	Time	series	of	26	Chinook	salmon	populations	
across	the	YK	region	had	at	 least	10 years	of	modeled	spawner	and	
associated recruitment data which was considered sufficient over-
lap	with	covariate	data	(Figure 1, S1–S3).	It	was	also	determined	that	
model	approaches	should:	(1)	use	a	linearized	Ricker	function	to	align	
with	the	models	that	generated	the	time	series,	(2)	incorporate	model	
estimates	of	uncertainty,	(3)	apply	a	hierarchical	structure	to	minimize	
spurious correlations between productivity and environmental con-
ditions,	(4)	exclude	model	data	with	no	associated	empirical	observa-
tions,	and	(5)	validate	model	structure	using	simulated	data.

2.2.2  |  Stock-	recruitment	analysis

A	 hierarchical	 stock-	recruitment	 model	 (Equation 1, 2)	 was	 fit	 to	
spawner and recruit abundance data by applying Bayesian methods 
implemented	in	Stan	using	the	R	package	(R	Core	Team,	2023)	‘rstan’	
(Stan	Development	Team,	2023).	Recruitment	was	assumed	to	follow	
a	 Ricker	 function	 (Hilborn,	 1985; Ricker, 1954)	 and	 hypothesized	

relationships with environmental and biological drivers were 
assumed to affect density- independent processes.

where R̂p,y is the predicted recruitment for population p in brood 
year y which is a function of spawner abundance Ŝp,y, the natural 
log of maximum recruitment per spawner in the absence of density 
dependence �p, and the strength of density- dependent compen-
sation βp. Rp,y is the model derived estimate of recruitment from 
previous	 studies	 (Brown	 et	 al.,	 2020; Connors et al., 2022; Joy 
et al., 2024;	 Staton	 et	 al.,	 2020).	 To	 ensure	 uncertainty	 in	 esti-
mated Rp,y was properly incorporated, �p,y,recruits was assumed to 
be known based on the error estimated by the source model of 
Rp,y. To ensure sufficient flexibility in observation uncertainty, ɸp 
represents the stock- specific observation error correction factor 
not accounted for in the uncertainty in previous models, σp,y,recruits, 
which allows error to be greater than σp,y,recruits but not less.

To incorporate error in spawner abundance from the compiled 
time series, Ŝp,y	was	estimated	using	an	informative	prior	(see	Table 2 
for	complete	list	of	priors)	based	on	estimated	spawner	abundance,	
Sp,y and estimated error for spawner abundance, σp,y,spawners.

Less than 2% of spawner and recruit observations had missing 
error data. For years or populations that error data was missing, the 
observation	error	standard	deviation	(SD)	was	assumed	to	be	0.3	on	
the	 log	 scale	 (mean	observed	σσp,y,recruits for observed populations 
and	years).

Environmental covariates were specified to have an additive ef-
fect on productivity where the value of covariate c for population p 
in calendar year t	(Xp,t,c)	is	multiplied	by	population	specific	covariate	
effect, �p,c which is estimated by the model. Covariate effects, θp,c, 
and maximum recruitment, αp, were hierarchically structured across 
populations	 within	 subregions	 (i.e.,	 Kuskokwim	 River,	 Canadian	
Yukon	River,	and	United	States	Yukon	River),

where hyperparameters, μr,c and σr,c, describe the expected value 
and variation of each covariate effect among population units for 
each subregion r, and hyperparameters, μɑ and σɑ, were used to de-
scribe the distribution of population- specific maximum recruitment 
rates	across	the	entire	YK	region	(Table 2).	The	calendar	year	for	each	
covariate, t,	was	offset	by	0–3 years	 to	 align	with	 the	 stage	of	 the	
Chinook	salmon	life	cycle	hypothesized	to	be	impacted	by	each	co-
variate	(Table 1).	Prior	distributions	for	estimated	model	parameters	

(1)R̂p,y = Ŝp,yexp

(

�p − �p Ŝp,y +
∑

c

(

�p,cXp,t,c
)

)

,

(2)ln
(

Rp,y
)

∼ Normal
(

ln
(

R̂p,y

)

, �p,y,recruits ∗�p

)

,

(3)Ŝp,y ∼ lognormal
(

Sp,y , �p,y,spawners
)

.

(4)�p,c ∼ Normal
(

�r,c, �r,c
)

,

(5)�p ∼ Normal
(

�� , ��

)

,
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6 of 20  |     FEDDERN et al.

and	hyperparameters	(Table 2)	were	chosen	to	be	diffuse	or	weakly	
informative	(Table 2).	All	covariates	were	standardized	by	subtracting	
the population- , subregion- , or region- specific mean and dividing by 
the	SD	(Table 1)	for	the	time	period	1980–2018	such	that	each	pop-
ulation	(or	subregion	or	region)	covariate	time	series	had	a	mean	of	0	
and	SD	of	1.	As	such,	covariate	coefficients	can	be	interpreted	as	the	
percent	change	in	productivity	(expressed	as	natural	log	recruits-	per-	
spawner;	ln[Rp,y/Sp,y])	for	a	1	SD	increase	in	a	given	covariate.

Markov	 Chain	 Monte	 Carlo	 (MCMC)	 methods	 were	 used	 to	
sample from the joint posterior distribution using three chains with 
10,000 iterations each. The initial 1000 iterations were discarded 
as a burn- in period. Convergence of the algorithm was diagnosed 
using	the	Gelman–Rubin	statistic	(Brooks	&	Gelman,	1998),	effec-
tive	sample	size,	and	visual	inspection	of	trace	plots	for	each	chain.	
We performed a posterior predictive check to assess the model's 
ability	to	reproduce	properties	of	the	data	(Gelman,	2004),	wherein	
we simulated ln(Rp,y)	 values	 from	 the	 model	 and	 calculated	 the	
Bayesian p-	value	(pB)	as	the	proportion	of	MCMC	iterations	in	which	
observed recruitment was greater than the simulated recruitment.

Subregional	posterior	distributions	for	μr,c represent the mean 
overall effect of covariate c across populations included in this 
analysis for a given subregion r	 (i.e.,	Kuskokwim,	Yukon	 [CA],	 or	
Yukon	 [US]),	 but	may	not	 represent	other	populations	 in	 the	YK	
region. We considered posterior estimates with an absolute mag-
nitude >0.1 to be strong, indicating a change in the covariate by 
+1	SD	from	the	mean	resulted	in	an	expected	change	in	population	
productivity	(natural	log	recruits-	per-	spawner)	of	>10%. When the 
80%	highest	density	credible	intervals	(HDI)	excluded	0,	associa-
tions were considered to be meaningful and statistically different 
than	the	effect	of	a	null	covariate	(Text	S1; Figures S4–S6).

2.3  |  Environmental indicators

2.3.1  |  Incubation	and	juvenile	rearing

High	 streamflow	 events	 during	 the	 fall	 spawning	 and	 incubation	
period can reduce egg survival through streambed scour or 
sedimentation	 (Goode	 et	 al.,	2013; Montgomery et al., 1996).	We	

extracted	 modeled	 discharge	 from	 the	 Global	 Flood	 Awareness	
System	(GloFAS,	Harrigan	et	al.,	2020)	for	0.1°	grid	cells	that	most	
closely	 matched	 each	 tributary	 outlet	 (Text	 S2	 and	 see	 Shaftel	
et al., In Prep).	 An	 evaluation	 of	 GloFAS	 performance	 showed	
good predictive accuracy against observed streamflow from sites 
in	the	study	area	with	flow	gages	(mean	normalized	Nash-	Sutcliffe	
Efficiency = 0.67	 for	 49	 sites).	 A	 fall	 streamflow	 indicator	 was	
calculated as the annual maximum of mean daily streamflows in the 
fall	of	the	brood	year	(August	through	November).

Higher	than	normal	streamflow	conditions	during	summer	juvenile	
rearing	may	reduce	foraging	efficiency	and	overall	growth	(Neuswanger	
et al., 2015).	We	extracted	modeled	discharge	from	GloFAS	for	each	
tributary habitat and calculated a summer streamflow indicator as the 
annual median of mean daily streamflows in the summer of juvenile 
rearing	(May	through	September)	1	year	after	the	brood	year.

Warm	stream	temperatures	can	 increase	 juvenile	growth	(and	
presumably	 subsequent	 survival)	 in	 streams	where	 temperatures	
are	normally	below	thermal	optima	(Falke	et	al.,	2019).	Stream	tem-
perature data were received from 5 main stem and 27 tributary 
sites	from	the	Alaska	Department	of	Fish	and	Game,	the	US	Fish	
and	Wildlife	Service,	and	Al	von	Finster	(personal	communication;	
retired biologist with the Department of Fisheries and Oceans 
Canada; see von Finster, 2023)	and	combined	with	U.S.	Geological	
Survey	 data	 from	 stream	 gages	 that	 were	 directly	 downloaded	
using	the	“dataRetrieval”	R	package	(De	Cicco	et	al.,	2022).	Stream	
temperature data were not available for all years with productivity 
information, and we developed site- specific models of daily stream 
temperatures	that	could	be	used	to	 impute	missing	data	 (Text	S2 
and Figure S7).	For	each	stream	temperature	time	series	associated	
with	 a	 population,	we	 calculated	 an	 annual	 indicator	 (cumulative	
degree	days,	base	 temperature	of	0°C)	during	 the	summer	grow-
ing	season	(May–September)	1	year	after	the	brood	year	(Honsey	
et al., 2023).

2.3.2  |  Juvenile	migration	and	early	marine

We considered several conditions during the juvenile migration 
and	early	marine	 life	 stages,	 both	2 years	 after	 the	brood	 year,	 as	

Parameters Description Prior

θp,c Covariate effect ~	Normal(μr,c, σr,c)

ɑp Ricker: max productivity ~	Normal(μɑ, 𝝈ɑ)

βp Ricker: density dependence ~	Normal(0,	0.01)[0,]

μɑ Hyperparameter:	group	mean	max	productivity ~	Uniform(0,	5)

σɑ Hyperparameter:	group	SD	of	max	productivity ~	Normal(0,	5)[0,]

μr,c Hyperparameter:	group	mean	covariate	effect ~	Normal(0,	5)

σr,c Hyperparameter:	group	SD	of	covariate	effect ~	Normal(0,	5)[0,]

Ŝp,y
Predicted spawning abundance ~lognormal(Sp,y, σp,y,spawners)

ɸp Parameter: observation error correction factor ~	Normal(1,	1.25)[1,]

Note:	Values	indicate	mean	and	SD	for	each	distribution;	brackets	indicate	lower	and	upper	
bounds.

TA B L E  2 Description	of	model	
parameters and specified prior 
distributions.
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    |  7 of 20FEDDERN et al.

potential drivers of Chinook salmon productivity. Later main stem 
river ice breakup has been associated with reduced smolt survival 
in	 Yukon	 River	 Chinook	 salmon	 populations	 (Chena	 and	 Salcha	
rivers; Cunningham et al., 2018).	River	 ice	data	were	compiled	 for	
the	 Yukon	 and	Kuskokwim	Rivers	 from	Arp	 and	Cherry	 (2022)	 at	
three	 locations.	Breakup	dates	on	the	Kuskokwim	River	at	Bethel,	
on the Tanana River at Nenana, and the Yukon River at Dawson were 
assigned	 to	 Chinook	 salmon	 population	 units	 in	 the	 Kuskokwim,	
Yukon	(US),	and	Yukon	(CA)	subregions,	respectively.

Sea	ice	cover	and	the	timing	of	its	retreat	is	an	important	com-
ponent of primary productivity and food web dynamics in the 
eastern	Bering	Sea	(Lomas	et	al.,	2012),	potentially	impacting	the	
survival	and	productivity	of	Chinook	salmon	(Miller	et	al.,	2013).	
We included an index of sea ice concentration during the winter 
before	outmigration	from	Bering	Climate	Data	(Hunt	et	al.,	2011).	
This	index	represents	the	average	ice	concentration	in	a	2°	by	2°	
box	in	the	eastern	Bering	Sea	(56° N-	58° N,	163° W-	165° W)	from	
January 1 to March 31.

Summer	 sea	 surface	 temperature	 (SST)	 during	 the	 first	 sum-
mer	 at	 sea	has	been	 associated	with	 salmon	productivity	 (Mueter	
et al., 2002),	 adult	 size	 (Oke	 et	 al.,	2020),	 and	 growth	 (Yasumiishi	
et al., 2020).	 Seasonal	 means	 for	 summer	 (June–August)	 during	
smolt	outmigration	were	calculated	using	monthly	SST	from	NCEP/
NCAR	reanalysis	data	(Kalnay	et	al.,	1996).	We	used	two	indices	to	
represent	the	northeastern	Bering	Sea	(60.1° N	-		65° N	and	165° W	
-		 172.5° W)	 and	 the	 southeastern	 Bering	 Sea	 (67° N	 -		 60° N	 and	
162° W-	172.5° W)	 following	 Yasumiishi	 et	 al.	 (2020).	 Conditions	
in	 southeastern	 Bering	 Sea	 were	 assigned	 to	 populations	 in	 the	
Kuskokwim	 subregion	 and	 conditions	 in	 northeastern	 Bering	 Sea	
were	assigned	to	populations	in	the	Yukon	(US)	and	Yukon	(CA)	sub-
regions to align with the location of ocean entrance for juveniles in 
each region.

Wind	mixing	in	the	eastern	Bering	Sea	is	associated	with	primary	
productivity, sea ice formation and retreat, and juvenile recruitment 
of	many	 fish	 species	 (Stachura	 et	 al.,	2014).	Wind	mixing	was	 ex-
pected to integrate aspects of multiple favorable conditions for early 
marine	 growth	 and	 survival	 during	 the	 first	 year	 at	 sea	 (Table 1).	
Monthly	 zonal	 westerly	 winds	 (u-	wind)	 were	 acquired	 for	 NCEP/
NCAR	Reanalysis	for	June–August	at	60° N	and	170° W	at	the	sur-
face as an approximation for cross- shelf wind for the region during 
the	summer	of	outmigration.	Average	summer	wind	speed	vectors	
were	 all	 positive	 (range:	 1.39–5.53)	 such	 that	 standardized	 values	
can be interpreted as strength of westerly wind.

Warmer	winter	SST	during	the	first	marine	winter	coincided	with	
higher survival for the Yukon River Chinook salmon populations 
analyzed	by	Cunningham	et	al.	 (2018).	A	seasonal	mean	 (January–
March)	during	the	first	marine	winter	was	calculated	using	monthly	
SST	 in	 the	 southeastern	Bering	 Sea	 (Siddon,	2022)	 corresponding	
to	3 years	after	the	brood	year.	Winter	SST	data	was	not	available	
for the brood years 1980 and 1981 and were assigned to the mean 
water	 temperature	 (i.e.,	 a	 standardized	 value	 of	 0).	 This	 impacted	
only	two	observations	for	four	populations	in	the	Kuskokwim	sub-
region	(Table S1).

2.3.3  |  Immature	marine	and	adult	spawning	
migration

In subsequent years of marine feeding, there is potential for competi-
tion,	predation,	and	interspecific	interactions	with	other	fishes.	Adult	
walleye	pollock	(Gadus chalcogrammus)	is	a	highly	abundant	consumer	
in	the	eastern	Bering	Sea	that	overlaps	spatially	with	Chinook	salmon	
as	inferred	by	bycatch	of	western	Alaska	Chinook	salmon	in	the	pol-
lock	fishery	(Ianelli	&	Stram,	2015).	Some	stocks	of	other	species	of	
Pacific	salmon	such	as	pink	salmon	(O. gorbuscha)	and	chum	salmon	
(O. keta)	may	also	interact	directly	or	indirectly	with	YK	Chinook	for	
resources	 in	 the	 Bering	 Sea	 and	 North	 Pacific,	 potentially	 impact-
ing	survival,	growth,	and	fecundity	of	Chinook	salmon	(Cunningham	
et al., 2018; Oke et al., 2020; Ruggerone et al., 2023).

We derived a “marine competitor” index representing both di-
rect and indirect interspecific interactions. Time series of annual 
biomass	 of	 adult	 (age	 3+)	 walleye	 pollock	 and	 annual	 recruits	 of	
juvenile walleye pollock were compiled from stock assessment re-
ports	(Ianelli	et	al.,	2020).	Annual	abundance	estimates	of	the	total	
of	wild-		 and	hatchery-	origin	pink	 salmon	 (O. gorbuscha)	 and	chum	
salmon	 (O. keta)	 in	 the	Bering	 Sea	 and	North	Pacific	Ocean	were	
compiled	 from	 the	 North	 Pacific	 Anadromous	 Fish	 Commission	
database and North Pacific Fisheries Commission documents by 
Ruggerone	and	Irvine	(2018)	and	summarized	by	Oke	et	al.	(2020).	
Because of high collinearity across these biological times series, we 
applied dynamic factor analysis, a dimension reduction technique 
that identifies common processes underlying a set of time series, to 
identify a single underlying trend representing an index of overall 
abundance of marine competitors which we then used as a covariate 
(Text	S3,	Figures S8, S9).

Warm stream temperatures may negatively affect spawning 
adults in shared migration corridors that regularly exceed thresholds 
known	to	induce	thermal	stress	(e.g.,	18°C;	von	Biela	et	al.,	2020)	or	
in warmer spawning tributaries. The final stream temperature time 
series	(described	above)	for	each	migration	corridor	was	used	to	es-
timate thermal conditions affecting adult migration. We used migra-
tion timing information from escapement monitoring projects and 
radiotelemetry	studies	(Eiler	et	al.,	2015)	to	identify	the	time	period	
when each population was exposed to maximum temperatures as 
they moved through the main stem and into their respective spawn-
ing	tributary.	Stream	temperatures	experienced	by	adults	along	the	
upstream migration were then estimated by calculating the annual 
maximum of mean daily stream temperatures of main stem and trib-
utary habitats occupied by each population during migration in the 
return	 year	 of	 adults	 (spawners)	 which	 corresponds	 to	 the	 brood	
year	of	offspring	(recruits)	(Text	S2 and Figure S7,	see	Shaftel	et	al.,	
In Prep).

Body	 size	 is	 linked	 to	 reproductive	 success	 and	 fecundity	 of	
Chinook	 salmon	 (Malick	 et	 al.,	 2023; Ohlberger et al., 2020; Oke 
et al., 2020).	Data	on	Chinook	salmon	body	size	(nearest	mm,	mid	eye	
to	fork	of	tail)	were	collated	and	archived	by	Clark	et	al.	(2018)	from	
age,	sex,	and	length	projects	across	Alaska	and	Canada.	Observations	
for	body	size	of	escaped	salmon	were	available	for	some	population	
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8 of 20  |     FEDDERN et al.

units	in	this	study	and	a	dynamic	factor	analysis	(DFA)	was	performed	
to	derive	overall	 trends	 in	body	size	 for	each	of	 the	Yukon	 (United	
States	and	Canada)	and	Kuskokwim	subregions	(Text	S3; Figures S10–
S13).	This	approach	allowed	us	to	include	size	from	as	many	popula-
tions as possible, despite variability in time series length. We used 
a	 single	 time	 series,	 the	 latent	 trend	of	 the	 subregion-	specific	DFA	
representing the dominant trend among all populations within a sub-
region,	as	a	covariate.	Body	size	and	the	marine	competitor	index	are	
both	biological	 (as	opposed	 to	physical)	 conditions	 and	as	 such	are	
subject to cumulative effects of environmental processes and pro-
cesses	at	previous	 life	stages.	Given	that	 the	size	of	spawning	 indi-
viduals likely represents the cumulative effects of processes several 
years	prior	to	the	brood	year,	and	size	of	the	spawning	population	is	
related	to	offspring	survival	up	to	3 years	after	the	brood	year,	these	
process are suitably separate in time so as to not confound interpreta-
tion	of	estimated	body	size	effects.	The	impact	of	competition	at	sea	
and	body	size	were	of	particular	interest	to	communities	in	the	region	
(Feddern	et	al.,	2023)	and	our	objective	was	to	 identify	the	relative	
effects of multiple drivers which warranted the inclusion of biological 
conditions in the model despite these distinct properties compared to 
the other environmental drivers.

Finally, we conducted two post hoc analyses. First, we character-
ized	nonlinear	or	threshold	patterns	in	covariate	effects	by	examining	
the	residuals	from	simple	 linearized	Ricker	models	fit	without	envi-
ronmental	effects,	as	these	provided	a	standardized	metric	of	rela-
tive productivity after accounting for density dependence that was 
comparable across all populations and brood years. We plotted these 
Ricker	residuals	against	unstandardized	covariates	at	appropriate	time	
lags to reveal whether salmon responded similarly to environmen-
tal	conditions	expressed	in	absolute	terms	(e.g.,	migration	tempera-
ture,°C).	Second,	we	tested	the	model	sensitivity	to	two	moderately	
correlated	 covariates	 (R2 = 0.54),	 body	 size	 and	marine	 competitors	
(Text	S4),	by	omitting	each	individually	from	the	model	and	compar-
ing the results to model results that included all 11 covariates.

3  |  RESULTS

The length of spawner and recruit time series ranged from 14 to 
31 years	 spanning	 brood	 years	 1980–2016.	 Spawning	 abundance	
fluctuated annually, and most populations had their lowest spawning 
abundance	around	2010	(Figure S1).	Eleven	covariates	were	included	
in	 the	 final	 model	 (Text	 S4	 and	 Table S4)	 and	 did	 not	 indicate	
multicollinearity	based	on	variance	inflation	factors	(Table S5)	and	R2 
(Figures S14–S17).	Most	populations	exhibited	density	dependence	
where the productivity index declined with an increase in spawner 
abundance	 (Figure S3).	 The	 impact	 of	 density	 dependence	 varied	
across	 populations	 and	 was	 highly	 uncertain—a	 1	 SD	 increase	 in	
spawner abundance resulted in a decrease in productivity as small 
as	4%	in	the	Takotna	(50%	HDI:	−6%	to	−2%)	to	a	decrease	as	large	
as	91%	(50%	HDI:	−119%	to	−63%)	in	the	Kwethluk	(Table S6).	Most	
populations experienced low productivity during brood years in the 
mid- 1990s, followed by a period of improvement, with a second 

decrease	in	the	early	2000s	(Figure 2).	However,	the	magnitude	and	
timing	of	this	change	varied	across	populations	(Figure 2).

The posterior predictive check confirmed that the model 
could	simulate	observations	similar	to	those	it	was	fit	to	(PB = 0.46;	
Figure S18).	Effective	sample	sizes	were	all	>1000, indicating high 
precision in summary statistics such as the posterior mean and vari-
ous quantiles. R- hat values were < 1.05, indicating chains were well 
mixed and approximated the same stationary distribution.

3.1  |  Environmental indicators

Mean	estimated	covariate	effects	(Figure 3, μr,c)	varied	across	subre-
gions	and	only	winter	SST	substantially	differed	from	0	for	all	subre-
gions	and	populations	(positive	effect;	Figure 3).	For	most	freshwater	
conditions,	 the	estimated	covariate	effect	varied	by	population	 (e.g.,	
maximum daily migration temperature; Figure 4)	while	marine	 con-
ditions	 had	 consistent	 covariate	 effects	within	 each	 subregion	 (e.g.,	
summer	SST,	predominantly	negative	effect;	Figure 4).

3.1.1  |  Incubation	and	juvenile	rearing

Maximum daily streamflow during egg incubation was negatively 
associated	with	productivity	for	populations	in	both	the	CA	and	US	
Yukon subregions and positively associated with populations in the 
Kuskokwim	subregion	but	did	not	differ	from	0	(Figure 3).	Both	the	
strength and uncertainty of the effect of maximum daily streamflow 
during egg incubation varied by population across the Yukon 
subregion	 (Figure 4).	 Subregional	 posteriors	 describing	 the	 effect	
of maximum daily streamflow did not exclude 0 for any subregion 
(Figure 3),	but	posteriors	for	five	of	the	eight	Yukon	(CA)	populations	
did	(Figure 4).	Across	the	Yukon	(CA)	subregion,	a	1	SD	increase	in	
maximum daily streamflow resulted in a 10% decrease in Chinook 
salmon	productivity	on	average	(80%	HDI:	−19%	to	0%).

Subregional	posterior	distributions	did	not	exclude	0	for	median	
daily streamflow and cumulative stream temperature during juvenile 
rearing	(Figure 3).	At	the	population	level,	the	association	between	
cumulative stream temperature and Chinook salmon productivity 
varied across populations with both positive and negative associa-
tions	in	each	subregion	but	were	highly	uncertain	(Figure 4).

3.1.2  |  Juvenile	migration	and	early	marine

River ice breakup date was not associated with Chinook salmon 
productivity	 in	the	Yukon	(US)	and	Kuskokwim	but	was	negatively	
associated	 for	 the	 Yukon	 (CA)	 subregion	 (Figure 3).	 Both	 positive	
and negative associations between river ice breakup date and 
productivity	 that	 excluded	 0	 were	 observed	 in	 the	 Yukon	 (US)	
subregion	 (Figure 4).	 Sea	 ice	 cover	 was	 strongly,	 negatively	
associated	 with	 Chinook	 salmon	 productivity	 in	 the	 Kuskokwim	
and	weakly,	negatively	associated	with	Yukon	(CA)	subregions	and	
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    |  9 of 20FEDDERN et al.

F I G U R E  2 Chinook	salmon	population	productivity	(natural	log	recruits-	per-	spawner)	by	brood	year	for	population	units	in	the	
Kuskokwim	River	drainage	(pink)	and	Yukon	River	drainage	(blue).	Dotted	lines	at	zero	represent	the	long-	term	mean	productivity	levels	of	
each	population	and	shaded	area	represents	2	SD.
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10 of 20  |     FEDDERN et al.

excluded	0	 (Figure 3a,c)	 but	was	 not	 associated	with	 productivity	
in	the	US	Yukon	subregion	(Figure 3b).	Across	populations,	13	of	14	
Kuskokwim	populations	had	negative	associations	with	sea	ice	cover,	
eight	of	which	excluded	0.	A	1	SD	increase	in	sea	ice	cover	resulted	
in	 a	 15%	 decrease	 (80%	 HDI:	 −23%	 to	 −7%)	 in	 Chinook	 salmon	
productivity	in	the	Kuskokwim	subregion	(Figure 3; Table S7).

Summer	 sea	 surface	 temperature	 during	 the	 early	 marine	 life	
stage was strongly, negatively associated with productivity and 
excluded	 0	 for	 the	 Kuskokwim	 and	 Yukon	 (US)	 subregions	where	
a	 1°C	 increase	 (1	 SD)	 resulted	 in	 a	 16%–19%	 decrease	 (80%	HDI	
Kuskokwim:	−21%	to	−11%;	Yukon	 [US]:	−31%	to	−8%)	 in	Chinook	
salmon	productivity	(Figure 3; Table S7).	The	association	with	sum-
mer	SST	was	consistently,	strongly	negative	at	the	population	level	
for	 the	Kuskokwim	 and	Yukon	 (US)	 subregions	 (Figure 4).	 The	 as-
sociation between population productivity and wind was weak and 
only	excluded	0	 for	 the	Yukon	 (US)	 subregion.	Winter	 sea	surface	
temperature during the first marine winter had a strong, positive 
association	with	Chinook	salmon	productivity	 (Figure 4).	A	1°C	 in-
crease	(1	SD)	resulted	in	a	13%	(Yukon	CA;	80%	HDI:	5%–20%)	to	
23%	(Kuskokwim;	80%	HDI:	16%–30%)	increase	in	Chinook	salmon	
productivity	that	excluded	0	for	all	subregions	(Figure 4; Table S7).

3.1.3  |  Immature	marine	and	adult	spawning	
migration

Record high abundance of some Pacific salmon species has been 
associated with reduced growth and survival across numerous 

species	 and	 trophic	 levels	 in	 the	 northeast	 Pacific	 (Ruggerone	
et al., 2023).	We	found	the	marine	competitor	index	had	a	strong,	
but highly uncertain negative association with Chinook salmon 
productivity	but	did	not	exclude	0	(Figures 3a and 4).	Smaller	body	
size	 has	 been	 attributed	 to	 competition	 at	 sea	 in	 several	 stud-
ies	 (e.g.,	Oke	 et	 al.,	2020)	 and	 body	 size	was	moderately	 corre-
lated with marine competitors. Our post hoc sensitivity analysis 
wherein	size	was	removed	from	the	model	revealed	a	stronger	as-
sociation between the marine competitor index and productivity 
across	all	three	subregions	(Figure S19)	with	reduced	uncertainty	
compared	to	the	full	model	(Figure 3).	Similarly,	when	the	marine	
competitor covariate was omitted from the model a stronger rela-
tionship	with	body	size	was	estimated	(Figure S20);	these	changes	
did not alter the overall interpretation of other drivers compared 
to the full model.

Maximum daily migration temperature during the adult spawn-
ing migration was negatively associated with productivity at the 
subregional scale and excluded 0 for both of the Yukon subregions 
(Figure 3)	but	was	variable	across	populations	(Figure 4).	Some	popu-
lations had strong, negative associations that excluded 0 in both the 
Yukon	(US)	and	the	Yukon	(CA)	subregions	(Figure 4).	The	post	hoc	
analysis of the relationship between Ricker residuals and absolute 
stream temperature during migration showed limited evidence for a 
nonlinear	relationship	(Figure 5)	that	might	align	with	initial	hypoth-
eses	of	a	threshold	effect	near	18°C	(Table 1).	This	decline	was	most	
apparent	when	maximum	daily	temperatures	reached	18.5°C	for	the	
Yukon	(US),	20°C	for	Yukon	(CA),	and	16°C	for	the	Kuskokwim	basin	
(Figure 5).

F I G U R E  3 Posterior	summaries	of	subregion-	level	covariate	coefficients	(�r,c),	(a)	Kuskokwim,	(b)	Yukon	(US),	and	(c)	Yukon	(CA)	for	each	
environmental covariate. Points show the posterior median of each �r,c, while the thick colored and thin black lines describe the posterior 
uncertainty/spread	(50%	and	80%	credible	intervals,	respectively).	Colors	and	shapes	denote	the	life	stage	impacted	by	the	covariate	and	
the	dashed	line	at	zero	represents	a	null	effect	on	productivity.	See	Table 1 for a description of covariates and Table S6 for numerical values 
of these estimates.

(a) (b) (c)
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    |  11 of 20FEDDERN et al.

F I G U R E  4 Posterior	summaries	of	the	population-	level	covariate	coefficient	(θp,c)	between	environmental	covariates	and	Chinook	salmon	
population	productivity	(natural	log	recruits-	per-	spawner).	Points	and	lines	have	the	same	interpretation	as	Figure 3.
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12 of 20  |     FEDDERN et al.

Size	 of	 adult	 Chinook	 salmon	migrating	 to	 the	 freshwater	 en-
vironment to spawn had a strong positive association with pro-
ductivity that excluded 0 across the Yukon subregions but not the 
Kuskokwim	subregion	(Figure 3).	At	the	subregional	scale,	a	68 mm	
decrease	in	size	(1	SD)	in	the	Yukon	subregions,	was	associated	with	
a	25%–36%	decline	in	population	productivity	(Figure 3; Table S7).	
At	the	population	scale,	Yukon	populations	had	consistently	positive	
associations	between	body	size	and	production	(Figure 4).

4  |  DISCUSSION

The results of our spatially comprehensive stock- recruitment analysis 
revealed	that	YK	Chinook	salmon	declines	are	 likely	a	response	to	
multiple factors throughout their life history including the effects 
of	 adult	 body	 size	 and	 of	 physical	 environmental	 conditions	 in	
freshwater and marine ecosystems. Freshwater conditions tended 
to show population- specific responses during the incubation and 
juvenile life stages that likely result from heterogeneous freshwater 
habitat	 (e.g.,	 high	 streamflow)	 and	 local	 adaptations	 which	 may	
produce asynchronous responses to environmental change that can 
stabilize	 salmon	 production	 at	 larger	 spatial	 scales	 (e.g.,	 Brennan	
et al., 2019).	In	contrast,	across	populations,	early	marine	conditions	
had a consistent, strong influence on productivity supporting 
previous research that identified this life stage as a critical period 
(Howard	 et	 al.,	 2016).	 Collectively,	 our	 results	 show	 favorable	

conditions	 for	 YK	 Chinook	 salmon	 productivity	 coincide	 with	
moderate flows during incubation, low sea ice cover prior to smolt 
outmigration,	below	average	summer	SST	and	above	average	winter	
SST	 during	 the	 first	 year	 in	 the	 marine	 environment.	 Adult	 body	
size	and	migration	temperatures	have	particularly	strong	 influence	
on the productivity of Yukon populations and may partially explain 
the exceptionally low abundance in recent warm years compared to 
Chinook	salmon	populations	within	the	Kuskokwim	River	watershed.

4.1  |  Heterogeneous responses to freshwater 
conditions

Freshwater conditions had variable effects on juvenile life stages 
across	populations	(Figure 4)	and	subregions	(Figure 3),	which	may	
partially	explain	asynchronous	dynamics	in	the	Yukon	basin	(Connors	
et al., 2022).	Negative	 impacts	of	high	streamflow	on	productivity	
in	the	Chena	and	Salcha	populations	were	observed	during	juvenile	
rearing,	in	agreement	with	Neuswanger	et	al.	(2015)	and	Cunningham	
et	 al.	 (2018)	 that	 found	higher	 streamflow	 led	 to	 reduced	 feeding	
efficiency,	 growth,	 or	 survival	 in	 the	 same	 populations.	 However,	
no	 other	 populations	 exhibited	 similarly	 strong	 effects.	 Greater	
precipitation during spawning and rearing has also been shown 
to	 reduce	 productivity	 in	 Yukon	 (CA)	 populations	 (Murdoch	
et al., 2024),	 in	 agreement	 with	 our	 streamflow	 results	 although	
our results show more variable responses across populations. 
Underlying heterogeneity in tributary conditions, including habitat 
complexity and local adaptations, may protect some incubating eggs 
from high streamflow events in certain watersheds.

Environmental conditions during juvenile rearing had a mini-
mal impact on Chinook salmon productivity, contrary to our ex-
pectations that warmer temperatures would increase growth and 
survival	 based	on	 temperature-	dependent	 growth	potential	 (Falke	
et al., 2019)	and	that	higher	streamflows	would	reduce	foraging	ef-
ficiency.	 It	 is	possible	 that	 the	hypothesized	benefits	of	enhanced	
juvenile growth on survival are counteracted by indirect impacts 
of warm conditions, such as increased predation rates by warm- 
adapted	 predators	 such	 as	 northern	 pike	 (Dunker	 et	 al.,	 2018; 
Öhlund et al., 2015;	 Schoen	et	 al.,	2022)	 or	 lower	 availability	 and	
quality of food resources. Many subsistence fishermen and field 
researchers have reported seeing greater numbers of northern 
pike	 in	 salmon	 habitats	 in	 the	 YK	 region,	 especially	 during	 warm	
summers	 (Godduhn	et	al.,	2020; Raymond- Yakoubian & Raymond- 
Yakoubian, 2015;	Schoen	et	al.,	2022).	Similarly,	higher	stream	flows	
during juvenile rearing may improve side channel connectivity, po-
tentially mitigating negative effects of reduced foraging efficiency in 
main stem habitats. Rearing in non- natal streams is common across 
the	region,	particularly	in	the	Canadian	Yukon	(Bradford	et	al.,	2001; 
Daum & Flannery, 2011),	which	limits	our	ability	to	summarize	rele-
vant hydrological conditions. Notably, drivers during early life stages 
will always be challenging to detect without intermediate indices of 
juvenile abundance to separate mortality among different stages in 
the life cycle.

F I G U R E  5 Relationships	between	Ricker	residuals	and	maximum	
daily migration temperature. The vertical axis represents an index 
of population productivity after accounting for density dependence 
(excluding	covariates).	Each	circle	represents	the	productivity	
of one population in one brood year, colored curves represents 
a	LOESS	regression	fit	to	the	data	for	each	region,	and	the	gray	
band	represents	the	95%	confidence	interval	(see	Figure S19 for 
additional	relationships).
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    |  13 of 20FEDDERN et al.

Our results showed limited evidence for the effect of river ice 
breakup date with a few notable exceptions. River ice breakup had a 
positive	effect	on	the	East	Fork	Andreafsky	River	population	(later	
river	ice	breakup	is	more	productive)	and	a	negative	effect	on	the	
Chena	 and	 Salcha	 populations	 (earlier	 river	 ice	 breakup	 is	 more	
productive).	Previous	 studies	also	 found	 that	earlier	breakup	was	
better	for	some	Yukon	(US)	populations	(Cunningham	et	al.,	2018; 
Ohlberger et al., 2016)	 and	 Yukon	 (CA)	 populations	 (Murdoch	
et al., 2024).	Later	breakups	can	be	more	dynamic,	sometimes	re-
sulting in large ice jams and flooding which may harm smolts due 
to physical interactions with the ice or stranding when floodwa-
ters	recede.	The	East	Fork	Andreafsky	River	is	located	close	to	the	
mouth of the Yukon River, and populations lower in the river may 
encounter less adverse effects of dynamic breakups due to shorter 
migrations.

4.2  |  Early marine conditions: a critical period for 
productivity

Previous research suggested that Yukon River Chinook salmon 
population dynamics are predominantly driven by factors occurring 
between the adult spawner life stage and their offspring's first 
summer	 at	 sea	 (2 years	 after	 the	 brood	 year;	 Howard	 &	 von	
Biela, 2023, Murphy et al., 2017).	 This	 window	 includes	 juvenile	
outmigration and early marine residence that have been the focus 
of	 several	 studies	 that	 identified	 size-	dependent	 mortality	 when	
juvenile salmon enter estuaries and nearshore environments 
(Duffy	&	Beauchamp,	2011;	Healey,	1982; Moss et al., 2005)	 and	
condition- dependent mortality prior to the first marine winter 
(Howard	et	al.,	2016).	Our	results	show	that	environmental	factors	
impacting growth and body condition during this critical period also 
impact overall population productivity across the region. We found 
that low sea ice cover during outmigration, cool summer marine 
temperatures, and warm winter marine temperatures are the best 
conditions during early marine residence for the productivity of 
Chinook salmon populations.

This combination of environment–productivity relationships 
during the early marine critical period suggests that cold winters con-
tinue to limit northern salmon productivity even as summers may be 
too warm. The evidence of cold limitation on productivity is consis-
tent	with	several	other	studies	(Cunningham	et	al.,	2018; Murdoch 
et al., 2024; Murphy et al., 2021).	Warmer	winter	 conditions	may	
facilitate feeding opportunities via increased prey quality or an in-
crease in the spatial extent of potential foraging habitat via reduced 
sea	 ice	 extent	 (Cunningham	 et	 al.,	 2018; Murdoch et al., 2024).	
Relationships between northern salmon production and summer 
temperatures vary among studies and likely reflect differences in 
the absolute temperature range considered relative to optimums. 
For example, previous work determined summer sea surface tem-
perature was negatively associated with growth of juvenile Chinook 
salmon	 in	 the	 southeastern	 Bering	 Sea	 and	 was	 particularly	 pro-
nounced	during	warm	stanzas	(2002–2010),	but	the	relationship	was	

not	present	in	the	northeastern	Bering	Sea	(Yasumiishi	et	al.,	2020).	
These differences appear to track shifting bottom- up relationships 
as	 warming	 summer	 SSTs	 become	 associated	 with	 reduced	 diet	
mass	 and	 lower	 piscivory	 for	 juvenile	 Chinook	 salmon	 (Garcia	 &	
Sewall,	2021; Murphy et al., 2021).

4.3  |  Influence of crowded seas

The combined biomass of both natural and hatchery released 
salmon in the North Pacific Ocean has increased since the 1980s 
(Ruggerone	&	Irvine,	2018),	and	this	has	initiated	trophic	cascades	
across	ecosystems	(Ruggerone	et	al.,	2023).	The	underlying	trend	
in	walleye	pollock	and	pink	and	chum	salmon	abundance	(Marine	
Competitors Index panel in Figure 6)	 was	 negatively	 associated	
with	 the	 productivity	 of	 Chinook	 salmon	 in	 the	 Kuskokwim	
subregion and some populations in the Yukon subregions 
(Figures 3 and 4)	 consistent	 with	 negative	 direct	 or	 indirect	
interactions	 among	 species	 in	 the	 marine	 environment.	 Spatial	
and	dietary	overlap	between	western	Alaska	Chinook	salmon	and	
pink and chum salmon varies throughout the year, and between 
stocks	 of	 pink	 and	 chum	 salmon	 (Myers	 et	 al.,	 2009).	 Previous	
research identified competition for food and density- dependent 
growth effects occurring when salmon feed in offshore waters 
(Myers	 et	 al.,	 2009).	 Complex	 interactions	 can	 impact	 growth	
opportunities such as avoidance of other species that limits 
access to resources or favorable environmental conditions, 
increased movement, or trophic cascades. This may explain the 
moderate	 negative	 correlation	 between	 spawner	 body	 size	 and	
the	 marine	 competitors	 index	 (Figure S16).	 Collectively,	 these	
results highlight the potentially important interplay between 
marine	conditions	and	 interactions	at	sea	 impacting	body	size	of	
spawners, which may ultimately influence productivity via changes 
in	 juvenile	 survival	 and	 condition,	 body	 size,	 and	 fecundity	 of	
adults as they leave marine habitats to spawn. This finding is 
consistent with other studies that have identified competition 
at	sea	as	a	 likely	driver	of	declining	body	size	 (Oke	et	al.,	2020),	
survival	 (Cunningham	 et	 al.,	 2018),	 and	 productivity	 (Ohlberger	
et al., 2018)	among	YK	Chinook	salmon.	Notably,	these	dynamics	
warrant further investigation to disentangle the impacts of 
individual species; additionally, not all North Pacific chum and pink 
salmon	populations	forage	in	the	Bering	Sea,	and	the	inclusion	of	a	
more spatially explicit marine competitor index could improve our 
ability to test this hypothesis.

4.4  |  Smaller spawner size in Yukon 
Chinook salmon

Decline	in	the	average	body	size	of	spawning	individuals	was	iden-
tified as having the strongest negative effect on population pro-
ductivity	 of	Chinook	 salmon	 in	 the	Yukon	 subregions	 (Figures 3 
and 4).	In	many	fish	species	including	Pacific	salmon,	the	body	size	
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of spawners can affect future population abundance and produc-
tivity because larger females disproportionately contribute to re-
placement due to higher egg production and higher egg quality 
(Barneche	et	al.,	2018; Ohlberger et al., 2020).	Body	size	of	Pacific	
salmon can also impact susceptibility to other stressors during 
spawning and migration such as streamflow and temperature 
which	 interact	with	migration	 distance	 (Braun	 et	 al.,	2013; Tuor 
et al., 2020).	For	Yukon	River	Chinook	salmon,	the	decline	in	size	
since the 1970s is estimated to have reduced female reproductive 
potential	by	24%–34%	(Ohlberger	et	al.,	2020).	Our	results	show	
that	 the	 decline	 in	 body	 size	 corresponded	 to	 a	 30%	 decline	 in	
productivity	 across	 the	 Yukon	 since	 the	 1980s.	 Changes	 in	 size	
have not only been driven by demographic changes, specifically 
declines	in	mean	age	of	adult	spawners	(Ohlberger	et	al.,	2020)	but	
also	reduced	size	at	older	ages	 (Ohlberger	et	al.,	2018).	Previous	
work	has	identified	declines	in	body	size	of	Pacific	salmon	across	
Alaska	(e.g.,	Lewis	et	al.,	2015; Ohlberger et al., 2018),	which	has	
largely been attributed to changing environmental conditions, 

competition,	and	late-	stage	mortality	at	sea	(Manishin	et	al.,	2021; 
Ohlberger et al., 2023; Oke et al., 2020).	 Size-	selective	 harvest	
may	also	be	driving	earlier	maturation	and	declines	in	size,	but	the	
evidence	is	not	conclusive	(Lewis	et	al.,	2015).

4.5  |  Nonlinear dynamics may obscure drivers

Evidence of heat stress during freshwater spawning migrations 
and reduced productivity in years of warm freshwater migrations 
have emerged as important stressors in recent years for high lati-
tude	Pacific	salmon	populations	(Howard	&	von	Biela,	2023; Jones 
et al., 2020; Murdoch et al., 2024; von Biela et al., 2020; von Biela 
et al., 2022).	River	temperatures	that	exceed	18°C	induce	heat	stress	
in	spawning	Yukon	River	Chinook	salmon	(von	Biela	et	al.,	2020)	that	
is	more	prevalent	in	warm	years.	Howard	and	von	Biela	(2023)	esti-
mated that 45% of the variability in production of juvenile Chinook 
salmon per adult spawner can be attributed to conditions that adults 

F I G U R E  6 Standardized	time	series	of	environmental	conditions	for	the	Kuskokwim	River	drainage	(pink)	and	Yukon	River	drainage	(blue)	
experienced	by	Chinook	salmon	from	a	given	brood	year.	The	horizontal	dashed	line	indicates	the	long-	term	mean	between	the	years	1980	
and 2016.
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experienced	during	the	spawning	migration	(either	temperature,	dis-
charge,	or	a	combination).	Record-	breaking	temperatures	and	pro-
longed drought in 2019 caused premature mortality events for all 
five	Pacific	salmon	species	across	Alaska,	including	the	Yukon	River	
(von	Biela	et	al.,	2022).

Our model results identified a negative linear relationship 
between spawning migration temperature and productivity 
(Figure 3),	with	greater	 among-	population	heterogeneity	 in	 rela-
tionships	exhibited	by	Yukon	River	populations	 than	Kuskokwim	
River	populations	(Figure 4).	Post-	hoc	analyses	indicated	a	poten-
tial nonlinear, threshold relationship between productivity and 
absolute	water	 temperatures	 that	aligned	with	 the	hypothesized	
relationship	 (Figure 5).	 Water	 temperatures	 >20°C	 for	 Canada	
Yukon Chinook salmon were associated with declines in pro-
ductivity	 (Figure 5)	and	compare	 favorably	 to	 the	understanding	
that heat stress begins at ~18°C	and	intensifies	>21°C	(von	Biela	
et al., 2020, 2022).	 The	 difference	 in	water	 temperatures	 asso-
ciated with the decline in productivity may be the result of lo-
cally adapted thermal tolerances for heat stress as a result of their 
longer, warmer, migration, as previously shown in sockeye salmon 
(Eliason	et	al.,	2011).	Simulation	testing	identified	that	our	analysis	
was not suitable for detecting non- linear relationships between 

productivity	and	drivers	(Text	S1).	We	may	underestimate	the	im-
pact of drivers that exhibit underlying nonlinear relationships with 
productivity and are unable to fully resolve the impact of thresh-
olds by modeling them as linear associations.

4.6  |  Study limitations and future research

We	characterized	regional	and	population-	specific	conditions	using	
downscaled climate models and subregional summary statistics to 
quantify their association with Chinook salmon productivity. This 
approach	 is	 limited	 in	 its	 ability	 to	 characterize	 within-	watershed	
habitat complexity that is a component of survival and productiv-
ity during freshwater life stages. For example, thermal refugia, side 
channel/minor tributary connectivity, and gravel quality for redds 
are important habitat characteristics for salmon production; how-
ever, habitat data with sufficient spatial and temporal resolution 
do not exist. Individual watersheds have also experienced other 
changes over the study period such as wildfire, placer mining, and 
human	development	(Wohl	et	al.,	2022).	We	tested	hypotheses	rele-
vant to high streamflows, but low streamflows can also impact habi-
tat availability and connectivity, however, events such as dewatering 

F I G U R E  7 Summary	of	overall	impacts	
of freshwater and marine conditions 
on	Yukon-	Kuskokwim	Chinook	salmon	
productivity throughout their life cycle.

 13652486, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17508, W

iley O
nline L

ibrary on [10/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 of 20  |     FEDDERN et al.

are challenging to document in remote regions and may not be cap-
tured	by	regional	indices	(i.e.,	streamflow,	precipitation,	or	drought).	
Altogether,	this	highlights	the	challenge	in	characterizing	important	
freshwater conditions in remote high latitude regions.

The	 YK	 region	 has	 experienced	 particularly	 extreme	 environ-
mental	conditions	 in	recent	years	 (2015–2022;	Figure 6),	 including	
marine	 heatwaves,	 freshwater	 heatwaves,	 and	droughts	 (Farley	 Jr	
et al., 2024; von Biela et al., 2022).	Unfortunately,	returns	of	these	
brood	years	were	not	complete	in	time	for	this	analysis.	As	a	result,	
we	 were	 unable	 to	 characterize	 responses	 in	 productivity	 to	 the	
most	recent	extreme	environmental	conditions.	However,	Chinook	
salmon	returns	to	the	YK	region	declined	by	45%	between	1998	and	
2010	(relative	to	1982–1997;	Schoen	et	al.,	2023),	a	period	our	anal-
ysis is well suited to address. While recent drought and high water 
temperatures during the 2019 heatwave are of particular concern 
(von	Biela	et	al.,	2022),	communities	in	the	region	are	also	keen	to	
identify drivers that led to fishery closures and disaster declarations 
in the early 2000s.

A	general	question	remains	about	the	extent	to	which	retrospec-
tive analyses relating past Chinook salmon survival and population 
dynamics to environmental processes provide inference for future 
ecosystems	outside	the	bounds	of	past	conditions.	Historically,	the	
range- wide view of Pacific salmon demonstrated that warm condi-
tions	on	a	regional	scale	tend	to	favor	Alaska's	salmon	populations	
and	cool	conditions	favor	west	coast	(British	Columbia	to	California)	
salmon	populations	(Hare	et	al.,	1999).	As	these	relationships	have	
been reevaluated under new climate conditions, evidence for non-
stationary	 salmon–environmental	 relationships	 has	 grown	 (e.g.,	
Litzow	et	al.,	2020; Malick, 2020)	where	prior	relationships	no	longer	
hold	as	new	environmental	extremes	are	reached.	As	such,	analysis	
of past climate–salmon relationships may have limited reliability in 
predicting future responses to ongoing climate change within this 
region. While the range of contrast in past environmental obser-
vations may suggest linear associations, the underlying salmon–
climate relationship may in fact be highly nonlinear and the utility 
of predictions for future responses of salmon to yet unobserved, 
or infrequently observed, climatic or hydrologic conditions may be 
limited. Life cycle models incorporating nonlinear responses may be 
useful tools to explore how salmon may respond to future climate 
scenarios. The future of this complex and dynamic salmon–climate 
system may be inherently less predictable than the uncertainty de-
scribed	by	statistical	models	detecting	these	relationships	(Schindler	
&	Hilborn,	2015).

4.7  |  Conclusion

Chinook	salmon	in	the	YK	region	are	culturally	important	and	con-
tribute to the food security and wellbeing of subsistence- dependent 
communities throughout the region. We conclude that Chinook 
salmon	productivity	in	the	YK	region	is	associated	with	co-	occurring	
ecological factors in both the freshwater and marine environment. 
The magnitude of the effect of each environmental condition varies 
based on population and subregion. These heterogeneous responses 

may buffer some populations to future change relative to others, 
but many responses were similar across subregions and populations 
indicating regional synchrony in response to climate change. In the 
future,	 streamflow	 is	 expected	 to	 be	more	 variable	 (higher	 highs,	
lower	 lows)	with	warmer	 temperatures	 in	 the	 freshwater	 and	ma-
rine	environments.	These	conditions	will	have	both	positive	(warmer	
winters,	 less	sea	 ice)	and	negative	 (increased	stream	temperatures	
and	variable	streamflow)	effects	on	YK	Chinook	salmon	(Figure 7).	
As	 new	 environmental	 extremes	 are	 reached,	 it	will	 be	 important	
to reevaluate conditions that impact Chinook salmon, as these rela-
tionships may change if environmental conditions reach new states, 
which is likely as permafrost and glaciers continue to thaw and sea 
ice extent continues to diminish. Collectively, our work provides 
valuable long- term, historical, context for interpreting the effects 
of rapid environmental change on Chinook salmon in northern lati-
tudes and important insights to environmental factors that contrib-
uted to Chinook salmon declines.
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