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Species with complex life cycles, including those that are 
involved in migrations between different habitats to complete 
their life cycles, may be particularly sensitive to global change 

because each life stage is influenced by a unique set of natural 
and anthropogenic stressors as a species completes its life cycle1,2. 
Throughout the life cycle, distinct life stages differ in their sensitiv-
ity to individual stressors, particularly temperature3,4. Additionally, 
the effects of environmental change experienced by a population in 
one habitat affect their ecology in other life stages through devel-
opmental links in the process of completing their life cycle. While 
responses can be measured for individual life stages, the integrated 
response of a population to multiple stressors may be different to 
the sum of the components5. Understanding how multiple natural 
and human stressors interact within, and among, life stages to influ-
ence life-history traits and population-level processes is critical for 
informed management of resources into the future.

Life-history traits and the diversity expressed within species 
are essential components of the biocomplexity of populations and 
ecosystems6–8. Life-history traits such as hatch timing, migration 
timing and ontogenetic shifts are adapted to local ecological condi-
tions. Diverse life-history strategies, such as staggered age structure, 
reduce the risk that an entire cohort will encounter unfavourable 
environmental conditions (that is, a form of bet-hedging)6,7 and 
enable adaptation to environmental change. Shifts in the life-history 
strategies present in populations affect their productivity as well as 
responses to stressors9. Changes in life-history traits of ecologically 
and economically important species remain largely unknown, par-
ticularly for species with complex life-histories, but are critical for 
their management and conservation under global change.

Global change involves a variety of stressors, including climate 
change, eutrophication, exploitation, habitat degradation, invasive 
species and hatchery production10,11. These human-driven per-
turbations are occurring among large-scale climate phenomena 
and population and community dynamics that together produce 

complex ecological responses. A major focus of research has been 
to understand how stressors act on different life stages1,4 across a 
range of spatial and temporal scales12, including the possibility of 
complex interactions among stressors13–15. However, the potential 
for impacts in one life stage to carry over to affect the next is poorly 
understood. The multi-dimensional and interactive effects of global 
change make particularly elusive the understanding and detection 
of its effects on the life cycles of organisms.

Human and natural selective pressures have altered the life-his-
tory characteristics of many species16–18. Fishing is widely known 
to affect life-history traits of populations by selecting against older 
and larger individuals, thus moving populations toward younger, 
smaller and more quickly maturing individuals19,20—but see ref. 21. 
Climate change is indirectly altering selective pressures on spe-
cies by altering food availability and growth potential and shifting 
the timing of key life-history events such as spawning, emergence 
and migration22–24. Hatchery augmentation is a common practice 
in many commercially and recreationally valuable fish stocks, 
despite mounting evidence of important ecological interactions 
with wild populations25–27. Within a single species, populations 
integrate across these multiple stressors yielding diverse responses 
over time.

Pacific salmon (Oncorhynchus spp.) are ecologically, economi-
cally and culturally valuable for people living around the North 
Pacific Rim. Salmon are found from Japan to the United States, 
forming the basis of commercial, recreational and subsistence fish-
eries. These species have a complex life cycle dependent on both 
freshwater and marine habitats. Juvenile salmon hatch and rear in 
rivers, streams and lakes before migrating to the ocean, where they 
attain most of their growth. Adult salmon then return to their natal 
freshwater habitat to spawn once and die. Their broad geographic 
range and long-distance migrations, coupled with their complex 
life cycle, render salmon populations vulnerable to a diverse set of 
stressors expressed at both local and North Pacific-wide scales.
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The life-histories of exploited fish species, such as Pacific salmon, are vulnerable to a wide variety of anthropogenic stressors 
including climate change, selective exploitation and competition with hatchery releases for finite foraging resources. However, 
these stressors may generate unexpected changes in life-histories due to developmental linkages when species complete their 
migratory life cycle in different habitats. We used multivariate time-series models to quantify changes in the prevalence of dif-
ferent life-history strategies of sockeye salmon from Bristol Bay, Alaska, over the past half-century—specifically, how they par-
tition their lives between freshwater habitats and the ocean. Climate warming has decreased the time spent by salmon in their 
natal freshwater habitat, as climate-enhanced growth opportunities have enabled earlier migration to the ocean. Migration 
from freshwater at a younger age, and increasing competition from wild and hatchery-released salmon, have tended to delay 
maturation toward the salmon spending an additional year feeding in the ocean. Models evaluating the effects of size-selective 
fishing on these patterns had only small support. These stressors combine to reduce the size-at-age of fish vulnerable to com-
mercial fisheries and have increasingly favoured a single-age class, potentially affecting the age class complexity that stabilizes 
this highly reliable resource.
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Pacific salmon are increasingly subjected to a wide range of 
human and natural stressors such as harvesting, modifications to 
freshwater and estuarine habitats, hatchery practices and changing 
climate conditions. Habitat alteration and hatchery practices have 
had substantial impacts on many stocks25,28. Even in places where 
habitat is largely intact and salmon stocks are highly productive, 
populations are still vulnerable to a collection of large-scale stressors 
acting across life-history stages. Effective conservation of salmon 
populations and continued sustainable harvesting will require an 
understanding of how these stressors interact to affect population 
structure and productivity29.

We have quantified changes in the life-history traits of sock-
eye salmon (Oncorhynchus nerka) returning to Bristol Bay, Alaska 
since 1963. Bristol Bay, located in southwest Alaska, is one of the 
most productive salmon-producing regions globally. An average of 
37.5 million sockeye salmon over the past 25 years return annually 
to Bristol Bay to spawn in rivers in this region, which support half of 
the global catch of this species30. Using age composition data from 
sockeye salmon returning to seven major rivers systems in Bristol 

Bay, we quantify whether rapid climate warming, changing ocean 
conditions, competition in freshwater and the ocean, and fishery 
exploitation are influencing the duration of freshwater residency 
and age at maturity in the ocean—two critical life-history transi-
tions for this species. We apply multivariate time-series analysis to 
identify changes in age among populations and quantify the effects 
of human and natural drivers. We show that there have been major 
shifts in life-history traits of both the freshwater and ocean life-his-
tory stages. These trends in life-history traits are the result of cli-
mate warming and competition in the ocean. Additionally, changes 
in freshwater strategy are linked to later stages in the life cycle, the 
age at maturation in the ocean.

results and discussion
Greater than 95% of sockeye returning to Bristol Bay use one of 
four dominant life-history strategies, 1.2, 1.3, 2.2 or 2.3, where 
the first number denotes the number of years spent in freshwater 
and the second the number of years in the ocean (for example, 
1.2 is one year in freshwater and two years in the ocean, and 1.x 
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Fig. 1 | long-term changes in the age composition of sockeye salmon from seven of the major river systems draining into Bristol Bay, alaska. Each panel 
displays the age composition of a river system (or Bristol Bay in aggregate) among the four dominant age classes. Returns by age class were Kalman 
filtered before computing proportions, to reduce inter-annual variation and emphasize trends.
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represents fish spending one year in freshwater and any number 
in the ocean). There have been clear shifts in the age composition 
of sockeye salmon returning to Bristol Bay since brood year 1963 
(Fig. 1), yet the average age (freshwater + ocean) has not changed 
(Supplementary Table  1). Rivers across the region differ in these 
freshwater and ocean age compositions, probably reflecting differ-
ences in spawning and rearing conditions encountered in different 

watersheds31. Nonetheless, most river systems have seen increases 
in the proportions of 1.x (younger migration to the ocean) and x.3 
(longer residency in the ocean; Fig. 1). At the scale of the Bristol Bay 
aggregate, changes in age composition reflect both the changes in 
age composition within the contributing rivers (changes to a popu-
lation’s overall life-history strategy) and shifts in relative productiv-
ity among the rivers (changes in the dominance of specific rivers 
and their characteristic life-history strategies). Therefore, we evalu-
ated changes in life-history strategies by testing for changes in age 
composition at the scale of individual rivers.

Since the early 1960s there have been changes in both freshwater 
and ocean environmental conditions with the potential to influence 
life-history transitions in sockeye salmon (Fig.  2a,b). Southwest 
Alaska has been warming rapidly during this time period. Spring 
ice break-up dates on lakes in Bristol Bay have occurred much ear-
lier, and summer lake temperatures have increased. Ice break-up 
on Lake Aleknagik, an intensively studied lake in the Wood River 
system, has occurred on average 2.5 days per decade earlier and 
summer lake temperatures have increased by 0.5 °C per decade32, 
both leading to longer and more productive growing seasons 
(Fig. 2a). Earlier ice-off and warmer lake conditions are positively 
correlated with Daphnia spp. densities, a primary food source for 
juvenile sockeye32,33 and juvenile salmon growth34. In the North 
Pacific Ocean, the primary rearing area for sockeye, there have been 
changes in surface temperature as well as upwelling and productiv-
ity. The Pacific Decadal Oscillation (PDO) and North Pacific Gyre 
Oscillation (NPGO) are inter-decadal shifts in sea surface tempera-
ture and upwelling that are strongly correlated with sockeye pro-
ductivity in Alaska35,36 (Fig. 2b). The competitive environment for 
salmon in the North Pacific Ocean has also changed, as the biomass 
of salmon doubled between 1960 and 2010 (Fig. 2c). This increase is 
due in part to greater wild salmon abundance, but has been largely 
driven by hatchery releases of Pacific salmon by the surrounding 
nations37 (Fig. 2c). Recent estimates attribute 40% of Pacific salmon 
abundance to hatchery-produced fish, although this estimate is con-
servative as hatchery fish that spawn naturally are not counted37. 
These key changes in both the abiotic and biotic environment have 
the potential to shift the dominant life-history strategies of sockeye 
salmon as they complete their life cycles.

To quantify changes in life-history strategies for sockeye salmon, 
we decomposed the salmon life cycle into freshwater and ocean 
components and applied multivariate autoregressive state-space 
(MARSS) models to these age composition time-series from seven 
major river systems in Bristol Bay. MARSS models allowed us to 
identify trends in age composition, evaluate shared variation among 
systems and test for the influence of possible covariates that might 
be driving patterns in freshwater residency or age at maturation. 
We tested for shared unexplained trends across stocks by including 
models where (1) all river systems had their own independent auto-
correlated process, (2) east and west river systems shared two pro-
cesses or (3) all river systems shared a single autocorrelated process 
(see Methods for more detailed description of model formulations).

Changes in freshwater life-history. We evaluated MARSS models 
of time-series of the proportion of 1.x sockeye across seven Bristol 
Bay rivers, as sockeye salmon typically spend either 1 or 2 years in 
freshwater. Models included an environmental covariate such as ice 
break-up date, summer lake temperature, PDO and NPGO and/or 
an index of competition in the juvenile freshwater stage that might 
delay migration to the ocean (the full model selection is provided in 
Supplementary Table 2). Increasing lake temperature decreased the 
duration of freshwater residency, favouring the younger age class (an 
increase in the proportion of 1.x sockeye, Fig. 3). The effect of lake 
temperature was strong across all systems (effect sizes > 0.3, Fig. 3a). 
An increasing trend in the proportions of 1.x sockeye was consis-
tent across river systems (Fig. 3b), and there is strong support that 
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Fig. 2 | Environmental changes in freshwater and ocean habitats for Bristol 
Bay sockeye salmon. a, Day of spring ice break-up and average summer 
lake temperature from Lake Aleknagik, Alaska (Wood River system). Each 
time-series includes a generalized linear model for a trend that includes 
temporal autocorrelation (see Methods). DOY, day of year. b, Two ocean 
climate indices known to influence North Pacific salmon production, PDO 
and NPGO. Positive values of PDO (negative values of NPGO) are correlated 
with increased salmon productivity in Alaska. c, Long-term changes in the 
biomass of salmon in the North Pacific Ocean (black) and the number of 
hatchery-produced juvenile salmon released into the North Pacific Ocean 
(green). MMT, million metric tons.
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each river system has an independent age process (Supplementary 
Table 2). These independent trends reflect shared variation that is 
not explained by factors that we considered or have data to charac-
terize, but probably reflect attributes of the individual watersheds 
and populations. Competition in freshwater did not explain the 
changes in the proportion of 1.x sockeye, but this may be due to 
a lack of variation in the number of spawning salmon as a result 
of management seeking to achieve a fixed spawner escapement 
(Supplementary Table 2). Overall, climate warming in this region 
has substantially increased the prevalence of sockeye spending  

1 year in freshwater, with proportions of 1.x sockeye increasing by 
0.3 (200% increase) in several systems (Fig. 3b). Importantly, these 
changes in growth and migration in freshwater may carry over to 
affect their ecology and maturation in the ocean.

Changes in ocean life-history. To quantify changes in ocean 
residency and age at maturation, we applied MARSS models to 
time-series of the proportion of x.3 sockeye salmon across the 
seven Bristol Bay rivers (99% of Bristol Bay sockeye spend either 
2 or 3 years in the ocean). There was a strong positive correlation 
between the freshwater life-history strategy and years spent in 
the ocean (r = 0.63), indicating a carry-over effect from climate-
induced changes in the freshwater life-history stage (Fig.  4a). We 
assessed models that included the time-series of the proportion 1.x 
for each system, ocean climate indices (PDO and NPGO) and the 
biomass of Pacific salmon in the North Pacific Ocean as potential 
drivers of changes in the age at maturation of sockeye. We found 
that the shorter duration spent in freshwater increased the age 
at maturation in all systems (Fig.  4b). Increased total biomass of 
Pacific salmon further increased the proportion of x.3 sockeye, 
delaying maturation before these fish returned to spawn in Bristol 
Bay rivers (Fig. 4c). Models that included the effect of the freshwater 
life-history and ocean competition had more than 70% of the model 
weight (Supplementary Table 3). Hatchery production of primarily 
pink and chum salmon constitutes about half of the total biomass of 
Pacific salmon today37. These species compete with sockeye salmon 
due to high dietary and spatial overlap38,39. Over the study period, 
the size of x.2 sockeye salmon returning to Bristol Bay commercial 
fisheries has declined and is negatively correlated (r = −0.5) with the 
biomass of Pacific salmon at the scale of the North Pacific Ocean 
(Fig.  4e). The size of sockeye in their second year in the ocean 
affects the decision to mature and return after 2 years in the ocean 
or to stay in the ocean for an additional year or more40. Similar 
patterns in size at age are also present in the weight of x.3 sockeye 
(Supplementary Fig. 1). These results support that the mechanism 
which reduced growth rates from competition in the ocean (smaller 
size at age) is driving delayed maturation in Bristol Bay sockeye 
salmon. We found no support for the influence of ocean climate 
indices on ocean age (Supplementary Table 3); however, there was 
a clear indication of competition for resources playing out at the 
scale of the North Pacific Ocean in the ages at maturation of wild 
sockeye salmon. This finding provides evidence of negative impacts 
of hatchery augmentation on wild salmon stocks at the scale of the 
North Pacific, particularly through interaction with the effects of 
ongoing climate change in freshwater. A hatchery–climate interac-
tion can be expected in the ocean, as the quantity of thermal habitat 
for salmon in the North Pacific is expected to decrease in the future 
and warming temperatures may intensify competition for food41,42.

Fishery selection also has the potential to change the age at 
maturation of sockeye salmon, as gill nets used in this fishery 
are size-selective43. In Bristol Bay, gill nets tend to select against 
larger sockeye that spend 3 years in the ocean43. We tested mod-
els for changes in age at maturation that included fishing district-
specific exploitation rates lagged by zero, one and two generations 
(5-year generation length). We found weak evidence for high fish-
ery exploitation rates leading to increases in the proportion of x.3 
(Supplementary Table 4), but only for the Igushik and Alagnak sys-
tems. This pattern is the opposite of the expectation that selection 
would favour the return of x.2 salmon, as these are less susceptible 
to gill nets used in this fishery43.

Potential impacts of life-history changes. Over the past five 
decades there have been substantial shifts in the age composition 
of Bristol Bay sockeye salmon, and these changes are coherent 
across the seven major river systems of this region. The propor-
tion of sockeye salmon spending only one year in freshwater has 
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Fig. 3 | Warming lake temperatures are decreasing the freshwater 
residency of sockeye salmon. a, Effect sizes of the influence of lake 
temperature on the proportion of sockeye spending 1 year in freshwater 
among the seven river systems. Error bars are parameter standard errors. 
b, Changes in proportion of sockeye salmon spending 1 year in freshwater 
(as opposed to 2) among the seven major river systems. The points are 
z-scored logit-transformed proportions of sockeye spending 1 year in 
freshwater. The lines are the autocorrelated trends (latent states), and lake 
temperature effects for each river system are taken from the best model 
(Supplementary Table 1). Note that model fits are very good because 
observation error was low and the best model was included independent 
latent trends in each system. Below the name of each river system is the 
increase in this proportion from the first 10 years to the last 10 years.
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increased (the duration of freshwater residency has decreased) as 
lakes have warmed and become more productive. The influence 
of these changes on freshwater age and their subsequent effects on 
the ecology of salmon later in their life cycle, when combined with 
increased competition in the ocean, have delayed maturation and 
increased the proportion of sockeye spending 3 years in the ocean 
before returning to spawn in their natal rivers. The combined effects 
of both of these changes strongly favouring the 1.3 life-history strat-
egy, and have shifted its prevalence in all river systems and in Bristol 
Bay as a whole (Fig. 4f). These changes in life-history traits for sock-
eye salmon have the potential to influence age diversity, population 
productivity and fish size, all of which have implications for a highly 
valuable and reliable commercial fishery.

Climate change is having clear impacts on the early life-history of 
sockeye salmon. Warmer lake temperatures in this system are corre-
lated with shorter freshwater residence. This trend probably results 
from improved growing conditions due to longer ice-free seasons 
and warmer lake conditions increasing food availability and grow-
ing season length32,33. This increased growth rate, combined with a 
threshold size for migration, would result in sockeye spending fewer 
years in freshwater. Changes in early life-history can influence sock-
eye salmon population productivity, as the first year in freshwater 
and the first year in the ocean are two periods of the life cycle where 
considerable mortality occurs44. Enhanced environmental condi-
tions may be improving the condition of juvenile salmon as they 
leave freshwater, but the influence of changes in life-history from 
two freshwater years to one year on changes in survival in the ocean 
needs further evaluation.

Our results show that changes in freshwater residency carry 
over to influence the ecology of sockeye in their ocean life-history 
stage, ultimately altering their maturation. Changes in age at matu-
ration in Bristol Bay sockeye salmon are driven by changes in the 
freshwater life-history strategy, but also by increased competition 
from higher natural productivity and hatchery-released pink and 
chum salmon in the ocean. The positive effects of climate change 
for earlier migration to the ocean, which may increase population 
productivity, are largely dampened by longer ocean residence. The 
evidence for overcrowding of salmon in the ocean and increased 
competition for resources has been gaining strength26,45. Hatchery 
production has increased substantially since 1970, and there is high 
spatial and trophic overlap between sockeye, pink and chum salmon 
in the North Pacific38,39. Growth and survival in North American 
salmon stocks have been shown to be negatively affected by hatch-
ery-produced pink salmon26,45. A challenge for management is 
that hatchery production is not subject to negative feedbacks such 
as density dependence during spawning and rearing, which limit 
population productivity of wild stocks. Successful fisheries manage-
ment for wild salmon stocks is guided by the tenets of maximum 
sustainable yield, whereby managers optimize yield by reducing 
density dependence in the spawning and rearing habitats. Directly 
analogous to consideration of the importance of density depen-
dence in freshwater systems, there is a distinct need to consider the 
potential consequences of density dependence on salmon produc-
tivity occurring at the scale of the North Pacific Ocean. Continued 
augmentation of salmon stocks by hatcheries may undermine the 
complexity that enables thriving wild salmon populations.

0.0 0.4 0.8

0.0

0.2

0.4

0.6

0.8

P
ro

po
rt

io
n 

oc
ea

n

Proportion freshwater

r = 0.63

0.0

0.2

0.4

0.6

F
re

sh
w

at
er

ef
fe

ct
 s

iz
e 

–0.2

0.2

0.4

S
al

m
on

 b
io

m
as

s
ef

fe
ct

 s
iz

e 

Ig
us

hik

W
oo

d

Kvic
ha

k

Nak
ne

k

Alag
na

k

Ege
gik

Uga
sh

ik

Igushik
+0.17

0

2

–2

Wood
+0.00

0

2

–2

Kvichak
+0.17

0

2

–2

Naknek
+0.11

0

2

–2

Alagnak
+0.23

0

2

–2

Egegik
+0.05

0

2

–2

Ugashik
+0.19

0

2

–2

1970 1990 2010

Brood year

P
ro

po
rt

io
n 

of
 s

oc
ke

ye
 s

pe
nd

in
g 

3 
ye

ar
s

in
 th

e 
oc

ea
n 

(z
-s

co
re

) 

Latent state
Latent state + covariates

2.1

2.2

2.3

2.4

2.5

2.0 3.0 4.0

North Pacific salmon
biomass (MMT) 

B
ris

to
l B

ay
 s

oc
ke

ye
 (
x.

2)
w

ei
gh

t (
kg

) 

r = –0.50

1970 1990 2010

0.0

0.2

0.4

0.6

0.8

P
ro

po
rt

io
n 

1.
3

Year

Bristol Bay average
System-specific

b

c

d e

f

a

Fig. 4 | Trends toward later maturation in sockeye salmon are driven by freshwater life-history and ocean competition. a, The influence of younger 
migration from freshwater (proportion of 1.x sockeye) on later maturation in the ocean (proportion of x.3 sockeye) as an aggregate across Bristol Bay. 
b,c, Effect sizes for the influence of freshwater age (b) and total North Pacific salmon biomass (c) on later maturation, by river system for the best model 
(Supplementary Table 1). Error bars are parameter standard errors. d, Changes in proportion of sockeye spending 3 years in the ocean (as opposed to 2) 
among the seven major river systems. Lines are the MARSS model fits for the autocorrelated trend (latent state) and covariate effects (freshwater age 
and salmon biomass) for each river system for the best model. Data and model fits are z-scored logit proportions. Below the name of each river system 
is the increase in this proportion from the first 10 years to the past 10 years. e, Relationship between the average weight of sockeye salmon (returning 
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Changes in the size and age of marine fishes have been linked 
to selection by commercial fisheries17,46. Previous research on the 
Bristol Bay fishery has suggested that gill net selection in Bristol Bay 
sockeye has reduced size-at-age43,47, shifting the sockeye population 
toward smaller fish. Directional selection against larger individuals 
could influence maturation timing and ocean residency. However, 
we found only weak evidence that fishery exploitation influences the 
changes in age at maturation observed in this study (Supplementary 
Table 4), and the direction of the effect is opposite to that expected 
for fisheries that selectively harvest large fish. The importance of 
this finding is that the changes in ocean age due to competition are 
plastic responses to environmental influence rather than genetic 
responses to selection and harvest practices, and therefore would 
have shorter time horizons for reversal.

Diversity in age composition plays a key role in reducing vari-
ability in salmon runs, with importance for fishers, communities 
and industry that rely on annual salmon returns48. Age structure 
reduces year-to-year variability in runs to Bristol Bay by 50% com-
pared to the scenario if runs were of a single age48. A diversified 
age structure reduces cohort resonance49, volatile recruitment and 
other systematic drivers of variation in abundance9. In Bristol Bay, 
increases in the proportion of salmon spending only 1 year in fresh-
water and competition in the ocean are favouring the 1.3 life-history 
type, which has increased in all systems (Fig. 4f). Climate trends that 
continue to cause shifts toward shorter freshwater residency and 
delayed ocean maturation could translate into reduced age structure 
diversity. In most river systems, where 1.3 was historically dominant, 
the age structure is already less diverse (Fig. 1). In the two systems 
where this age class was historically a small proportion, Kvichak and 
Egegik, the changes in life-history traits have increased diversity 
among age classes (Fig.  1). However, ongoing climate change will 
probably further increase lake temperatures, potentially continuing 
to push river systems towards domination by sockeye that spend 
only a single year growing in freshwater habitats. The combined 
effect of climate on the freshwater life-history and its importance for 
ocean residency may continue to favour the 1.3 life-history strategy. 
Maintaining diversity in age structure is an important component of 
sustaining stable populations in the face of various anthropogenic 
and natural stressors, and should be a goal for conservation.

Humans are rapidly changing many of the key drivers for spe-
cies and ecosystems. Impacts from multiple stressors not only have 
impacts on population productivity13 but, as shown in this study, 
these drivers are altering life-history strategies. Many previous studies 
have increased our understanding of the influence of multiple stress-
ors on individual life stages and even their cumulative effect on the 
life cycle1,2,4. Importantly, here we show that changes in response to a 
stressor in one life stage carry over to influence the ecology and life-
history strategies used in later life stages. These carry-over effects have 
potential consequences for the population variability and stability of 
ecosystem services. Understanding the potential influences of mul-
tiple stressors and their interactions on life-history diversity is impor-
tant for the conservation of populations and ecosystems for the future.

Methods
Study system. Bristol Bay, located in southwest Alaska, has nine major 
rivers systems each of which is characterized by a wide variety of freshwater 
environments used by sockeye salmon to spawn and rear. These habitats range 
from small streams to large lakes, and each habitat integrates climate- and 
density-dependent effects, differently. In turn these systems support different 
life-history strategies, which translates into variability in age and size across the 
region. Returns of sockeye salmon to these river systems support a highly valuable 
commercial salmon fishery that targets primarily sockeye salmon at the mouths 
of these rivers. Commercial fishing using gill nets operates in five fishing districts, 
some including multiple rivers. Fisheries harvests over the study period have 
averaged about 70% of the total return, or 24 million fish per year.

Data. Information on sockeye salmon age, sex and size has been collected by the 
Alaska Department of Fish and Game since the late 1950s; data are collected from 

both fish captured in commercial fisheries and those that have passed through 
the fishery. Run size and age data from commercial harvests were partitioned to 
individual river systems using genetic and age class information50. We used age 
data from seven of the nine river systems in Bristol Bay (Fig. 1); we did not use data 
from the Togiak and Nushagak river systems because these have large populations 
of river-type sockeye (sockeye populations in which juvenile sockeye rear in large 
rivers rather than lakes) that have different characteristic age classes. Age in these 
systems can change rapidly over time, due to variation in the productivity of river- 
versus lake-type sockeye. In the remaining seven rivers, greater than 95% of all 
sockeye belong to one of four age groups: 1.2, 1.3, 2.2 or 2.3. To model changes 
in age, we separated life-history into freshwater and ocean phases. With only two 
dominant strategies for both freshwater and ocean life-histories, we modelled 
changes in age from the time-series of one strategy from each life-history stage 
(that is, changes in the proportions of 1.x and x.3). We used proportional data due 
to variable run sizes over time within each of the river systems. Proportional data 
were normalized using logit transformation before analysis.

We tested the effects of several climate covariates and juvenile competition on 
the freshwater age of sockeye salmon. Freshwater covariates have been collected 
by the University of Washington’s Alaska Salmon Program since the 1950s. Spring 
ice break-up date and lake temperature come from Lake Aleknagik in the Wood 
River system. Lake temperature is the average June–August temperature from the 
top 20 metres, measured bi-weekly. Freshwater covariates were lagged to align with 
the first summer spent in freshwater (brood year + 1). We assumed that the inter-
annual variation in thermal conditions observed in Lake Aleknagik was indicative 
of general freshwater temperature patterns observed over the region. We also tested 
two ocean climate indices known to influence sockeye salmon production and 
regional freshwater climate conditions, PDO35 and NPGO36. Juvenile competition 
in the freshwater life stage was estimated using the escapement to each river system 
(in the matching brood year) as an index of juvenile abundance32. Due to high 
correlation between climate and environmental indices (lake temperature and 
ice-out), we tested only models with a single environmental time-series and/or the 
freshwater competition index.

We tested for climate influences, density effects and fishery selection on the 
ocean age of sockeye salmon returning to Bristol Bay. Due to variation in life-
history present in sockeye salmon, we used a 4-year moving average of ocean 
indices PDO and NPGO that aligns with the first and second years in the ocean 
for sockeye leaving the ocean after one and two years in freshwater. Because these 
indices are autocorrelated, moving averages are unlikely to influence their effect on 
change in age. Freshwater and ocean life-histories are positively related (Fig. 4a), 
and therefore we evaluated models that included system-specific proportions of 1.x 
sockeye as covariates (logit transformed and z-scored before analysis). As an index 
of ocean competition, we used the total biomass of pink, chum and sockeye salmon 
(adult + immature) in the North Pacific Ocean37 lagged by 3 years to align with 
the time when these would overlap with Bristol Bay brood years. We also tested 
2- and 4-year lags, and our model selection, results and conclusions are unchanged. 
Another possible explanatory factor is differences in maturation rate between 
sexes, but there have been no shifts in the sex ratio of sockeye returning to Bristol 
Bay over the past 50 years47.

Analytical approaches. To search for common patterns in freshwater age and 
ocean age (separate analyses) among the seven different river systems, as well 
as to test for the influence of covariates, we used a multivariate autoregressive 
state–space modelling approach51. With MARSS, we are trying to explain 
temporal variation in a set of n observed time-series using linear combinations 
of autocorrelated processes (potentially shared across time-series), covariates, 
additional linear trend and error. The model consists of a state equation and an 
observation equation.

The state equation

= + + + ~−B C MVN Qx x c u w w (0, ) (1)t t t t t1

represents a vector of unobserved autocorrelated process over time. Here, xt is the 
unobserved value of the state(s) at time t, B is the autocorrelation in the state(s), ct 
are potential covariates that explain the autocorrelated state(s) and their respective 
coefficients, C, and u is a possible linear trend. The process error (wt) follows a 
multivariate normal distribution centred on zero with a covariance matrix Q.

The observation equation relates the states (x) to observations (y):

= + + ~Z D MVN Ry x d v v (0, ) (2)t t t t t

Here, the vector of observations at time t (yt) is linear combinations of the 
autocorrelated state(s) xt and the structural loadings (Z) of each state(s) (xt) on the 
observations (yt), as well as any covariates (dt) and their associated coefficients (D), 
and multivariate normal observation error (vt) with covariance matrix R.

Using this model formulation, we explicitly tested for shared trends across 
systems by proposing three possible structures for Z: (1) all systems shared a 
single autocorrelated state; (2) systems historically dominated by the 2.2 age 
class (Ugashik, Egegik, Naknek and Kvichak) shared a different process from 
those dominated by 1.3 (Igushik, Wood and Alagnak); (3) all systems had their 
own autocorrelated state. The matrix B controls the degree of autocorrelation 
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in the state(s) (xt). We evaluated models with B as an identity matrix (random 
walk processes) and as diagonal and unequal (mean reverting processes). For 
the multivariate normal process errors (wt), the covariance matrix Q dictates the 
structure of covariation between different autocorrelated states. We evaluated 
models that had one of two possible configurations: (1) where states were 
independent (diagonal and unequal, DUE) or (2) where all processes covaried 
(unconstrained, UNC).

There are several alternative ways to formulate the remaining structural 
components of this model. First, covariates can be included either in equation (1) 
(C and ct), where they affect the autocorrelated state(s) or in equation (2) (D and 
dt), where they affect deviations from the state(s). When included in equation (2), 
the effect of covariates can be viewed as being more plastic. We evaluated models 
where covariates were included in either equation (1) or (2). For models where 
the state(s) are shared among systems, we also evaluated additional covariates 
structures where covariates that potentially affected all stocks equally (for example, 
ocean competition from total salmon biomass, or climated indices such as PDO) 
were included in equation (1), but system-specific covariates (for example, the 
proportion 1.x) were included in equation (2). For observation errors (vt), we 
constrained R to diagonal and equal where the observation variance was identical 
across systems as there is no a priori expectation that observation errors should 
vary among river systems, and this substantially simplified model selection.

All of these possible model structures, including covariate combinations, 
were compared via model selection using corrected Akaike information criterion 
based on the maximum likelihood of the model fit. We used corrected Akaike 
information criterion to penalize models that were highly parameterized relative 
to the available data. Model selection results for all MARSS analyses presented in 
this study can be found in Supplementary Tables 2–4. All logit-transformed age 
composition data were z-scored within river systems to account for differences in 
means and intrinsic variance dynamics, and to eliminate weighting based on the 
numerical dominance of certain systems. All covariates were also z-scored before 
analysis. MARSS models were fit using Template Model Builder. The model code 
was validated using simulated data, and accurately recovered ‘true’ parameters were 
used to generate simulated data.

To test for the influence of size-selective fishing on changes in ocean age, we 
evaluated models including system-specific exploitation rates47. Because fishery 
selection may be a slow process, we tested exploitation rates lagged by zero, one 
and two generations. We used 5 years as an average generation length and, to test 
two-generation lags, we shortened the age time-series by one generation and thus 
models including exploitation were not compared to those including competition 
and climate effects.

To assess general changes in age composition (Fig. 1), we applied a Kalman 
filter smoother to salmon returns to each system before calculating proportions52. 
We assessed whether there were increases in the total age of sockeye salmon 
returning to Bristol Bay (presented in Results) using a generalized linear model 
for trend accounting for autocorrelation at lag-1 (ref. 53). Model information and 
selection results for these analyses are presented in Supplementary Table 1.

The maps in Fig.1 were generated by the authors using the ‘maps’ and ‘mapdata’ 
packages in R54.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All Bristol Bay sockeye age composition, Bristol Bay escapement data, Lake 
Aleknagik ice break-up dates and Lake Aleknagik temperature data used to support 
the findings of this study can be found in Supplementary Information. Climate 
indices PDO and NPGO are available online from http://research.jisao.washington.
edu/pdo/ and http://www.o3d.org/npgo/, respectively. North Pacific salmon 
biomass is available from the online supplementary material for ref. 37.

Code availability
Code for the multivariate autoregressive state-space models used in this study has 
been deposited at Github (https://github.com/tjcline/MARSStmb).
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Study description We analyzed changes in the age composition of sockeye salmon returning to Bristol Bay, Alaska between brood years 1963 and 2009. 
We tested whether changes were due to climate fluctuations and warming, changes in the competitive environment in the ocean, or 
fisheries selection.

Research sample We used available data on the age composition of returning sockeye salmon to rivers in Bristol Bay, Alaska. These data were collected 
by the Alaska Department of Fish and Game.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Age composition of both catch and escapement is estimated from scales sampled during multiple periods throughout the return 
migration in each year by Alaska Department of Fish and Game. Scale samples are collected for fishery catches though dockside 
sampling programs and for escapements through beach seine at enumeration sites. Scales are subsequently aged by Alaska 
Department of Fish and Game staff and used to determine the age composition of returns to specific river systems.

Timing and spatial scale Age composition has been collected for annual runs of sockeye salmon returning to Bristol Bay each summer since 1963. Samples are 
collected at all nine of the major river systems at multiple time points throughout a single season.

Data exclusions We excluded two of the 9 rivers systems because they have a large portion of river-type sockeye salmon which have a distinct life-
history strategy and thus age composition. Thus changes in age composition may be driven by changes in the relative productivity of 
river-type versus lake-type sockeye salmon.

Reproducibility Not applicable to a long-term monitoring study.

Randomization Not applicable to a long-term monitoring study.

Blinding Not applicable to a long-term monitoring study.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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