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Abstract

The ecosystems supporting Pacific salmon (Oncorhynchus spp.) are changing rapidly as
a result of climate change and habitat alteration. Understanding how—and how con-
sistently—salmon populations respond to changes at regional and watershed scales has
major implications for fisheries management and habitat conservation. Chinook salmon
(O. tshawytscha) populations across Alaska have declined over the past decade, result-
ing in fisheries closures and prolonged impacts to local communities. These declines
are associated with large-scale climate drivers, but uncertainty remains about the role
of local conditions (e.g., precipitation, streamflow, and stream temperature) that vary
among the watersheds where salmon spawn and rear. We estimated the effects of
these and other environmental indicators on the productivity of 15 Chinook salmon
populations in the Cook Inlet basin, southcentral Alaska, using a hierarchical Bayesian
stock-recruitment model. Salmon spawning during 2003-2007 produced 57% fewer re-
cruits than the previous long-term average, leading to declines in adult returns beginning
in 2008. These declines were explained in part by density dependence, with reduced
population productivity following years of high spawning abundance. Across all popula-
tions, productivity declined with increased precipitation during the fall spawning and
early incubation period and increased with above-average precipitation during juvenile
rearing. Above-average stream temperatures during spawning and rearing had variable
effects, with negative relationships in many warmer streams and positive relation-
ships in some colder streams. Productivity was also associated with regional indices of
streamflow and ocean conditions, with high variability among populations. The cumula-
tive effects of adverse conditions in freshwater, including high spawning abundance,
heavy fall rains, and hot, dry summers may have contributed to the recent population
declines across the region. Identifying both coherent and differential responses to en-
vironmental change underscores the importance of targeted, watershed-specific moni-
toring and conservation efforts for maintaining resilient salmon runs in a warming world.
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1 | INTRODUCTION

Ecosystems supporting Alaskan salmon (Oncorhynchus spp.) pop-
ulations are changing rapidly due to climate change and habitat
alteration. Alaska is warming at more than twice the rate of the con-
tiguous United States (IPCC, 2018), leading to a myriad of habitat
changes including increasing ocean, stream, and lake temperatures
(Cline, Ohlberger, & Schindler, 2019; Di Lorenzo & Mantua, 2016;
Mauger, Shaftel, Leppi, & Rinella, 2017), altered hydrologic regimes
(Stewart, Cayan, & Dettinger, 2005; Wobus et al., 2015), earlier ice
breakup (Cline et al., 2019), and increased melting of glaciers (O'Neel
et al., 2015; Pitman et al., 2020). Salmon are an immensely valued
resource for Alaskans (Lord, 2016; McDowell Group, 2015; NRC,
2004), and the effects of these changes on salmon productivity have
major implications for jobs, food security, cultural well-being, and
the persistence of salmon-dependent communities.

Salmon are strongly influenced by environmental conditions in the
watersheds where they spawn as adults and rear as juveniles. For ex-
ample, high water temperatures during spawning runs can block migra-
tory corridors and cause pre-spawn mortality (Bowerman, Roumasset,
Keefer, Sharpe, & Caudill, 2018; Richter & Kolmes, 2005). Temperature
also strongly influences juvenile growth rates (Beauchamp, 2009;
Brett, 1971), which can, in turn, affect survival due to size-selective
mortality in freshwater and the ocean (Howard, Murphy, Wilson, Moss,
& Farley, 2016; Thompson & Beauchamp, 2014). Likewise, heavy rains
during spawning or egg incubation can increase mortality due to high
flows dislodging embryos or sedimentation of spawning redds (Greene,
Jensen, Pess, Steel, & Beamer, 2005; Lapointe, Eaton, Driscoll, &
Latulippe, 2000), and greater variability in streamflow can reduce pop-
ulation growth rates (Ward, Anderson, Beechie, Pess, & Ford, 2015).
Through these and other mechanisms, climate-driven changes in
Alaskan watersheds are likely to reduce the productivity of some
salmon populations while benefiting others (Leppi, Rinella, Wilson, &
Loya, 2014; Mantua, Crozier, Reed, Schindler, & Waples, 2015; Pitman
etal., 2020; Schoen et al., 2017).

Chinook salmon (O. tshawytscha) populations across Alaska have
suffered declines since the mid-2000s (ADFG, 2013; Dorner, Catalano,
& Peterman, 2017; Ohlberger, Scheuerell, & Schindler, 2016; Schindler
et al., 2013). As a result, fishing restrictions and closures have caused
severe hardship in fishing communities and exacerbated conflicts
among user groups (Brown & Godduhn, 2015; Loring, 2016; Schindler
et al., 2013). The causes are not fully understood, but retrospective
studies have linked regional-scale environmental indicators to the
dynamics of particular populations. For example, the productivity of
two Chinook salmon populations in the Yukon River basin is associated
with the timing of river ice breakup, winter temperatures in the Bering
Sea, and the abundance of hatchery-origin chum salmon (O. keta) in the
North Pacific Ocean (Cunningham, Westley, & Adkison, 2018). More
broadly, shared regional trends in Chinook salmon productivity are
associated with the North Pacific Gyre Oscillation, an index of ocean
conditions (NPGO; Dorner et al., 2017; Kilduff, Di Lorenzo, Botsford,
& Teo, 2015; Ohlberger et al., 2016). However, much of the variabil-

ity in productivity remains unexplained by regional-scale indicators,

suggesting local conditions within spawning watersheds may have also
contributed to these declines (Ohlberger et al., 2016).

Few studies have linked local climatic conditions to the dynam-
ics of Alaskan Chinook salmon populations, due to a scarcity of en-
vironmental time-series data from watersheds where populations
are monitored. Notably, reduced productivity of two neighboring
populations in the Yukon River basin was linked to high streamflow
during the summer juvenile rearing period, potentially due to re-
duced foraging efficiency (Neuswanger, Wipfli, Evenson, Hughes,
& Rosenberger, 2015). A subsequent study also concluded high
streamflow had a potentially large negative effect, although it was
highly uncertain (Cunningham et al., 2018). More generally, it re-
mains unknown how Chinook salmon in other rivers across the state
have responded to variations in streamflow, as well as stream tem-
perature, precipitation, and other local conditions; how synchronous
or diverse these responses have been among individual spawning
populations; and whether these changes in local watersheds can
help to explain the recent population declines. However, recent de-
velopments in downscaled climate products and a proliferation of
stream temperature monitoring data present a novel opportunity
to quantify climatic variables in many remote watersheds, providing
more relevant population-specific metrics of freshwater conditions
for analyses of salmon productivity.

Here, we conducted the first analysis of the effects of regional
and watershed-specific climate drivers on the productivity of a di-
verse group of Alaskan Chinook salmon populations. We focused on
the Cook Inlet basin of southcentral Alaska, where a federal fish-
ery disaster was declared following record-low Chinook salmon re-
turns in 2012. Several rivers in this region are among the warmest
in Alaska, where temperatures already exceed criteria designed to
protect salmon (Mauger et al., 2017; Shaftel et al., 2020). To quan-
tify associations between climate and the productivity of Cook Inlet
Chinook salmon, we modeled the relationship between spawning
abundance and recruitment for 15 populations while estimating the
influence of nine regional- and watershed-scale indicators. Each in-
dicator represented a hypothesized effect on Chinook salmon during
a particular life stage. Specifically, we hypothesized that high stream
temperatures and high or flashy flows during the spawning and early
incubation periods would reduce fertilization rates and embryo sur-
vival; that flashy flows during the spring emergence period would
reduce fry survival; and that high temperatures or high flows during
the rearing season would reduce juvenile growth and subsequent
survival. We further hypothesized that late ice breakup during the
year of ocean entry would reduce survival and that survival during

the early marine life stage would be associated with the NPGO index.

2 | MATERIALS AND METHODS
2.1 | Study area

The Cook Inlet basin covers 121,700 km? of southcentral Alaska
draining southward to the Gulf of Alaska (Figure 1). The region

85USD7 SUOWILIOD SO 3| |dde au) A pausenob e Sapile YO B8N J0 S3INJ 10} AIg1TUIIUO AB]IA UO (SUOTIPLOD-PUE-SWIBIALIY A8 | 1M ALeIq1Bul|UO//SdNY) SUORIPUOD PUe SULB L 8U1 885 *[£202/20/ET] U0 A%iqiT8uluo 8|1 ‘UOSINO BPEURD SURILD0D AQ GSTST GOB/TTTT OT/I0p/wW0d" A8 |1 AReid 1 [puluO// Sty WOy papeo|uMod ‘6 ‘0202 ‘98YZSIET



JONES ET AL.

- . | 4om
Glo e e bd— WILEY:

FIGURE 1 Study populations

included in the stock-recruitment model
to investigate environmental drivers

of Chinook salmon productivity in the
Cook Inlet basin. Dark shading on inset
map indicates the location of Cook Inlet
basin in southcentral Alaska. Circle size
represents mean spawning abundance for
each population during the 1980-2015
period
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consists of coastal and valley lowlands surrounded by rugged
mountains including some of North America's highest peaks. The
climate ranges from continental to maritime, with mean annual
temperatures between -6 and 6°C (Brabets, Nelson, Dorava, &
Milner, 1999). Precipitation ranges annually from 50 cm across
the continental zone to 180 cm across the maritime zone, with
the greatest accumulation in mountainous areas (Brabets et al,,
1999). The basin's major river systems drain alpine glaciers and
therefore have high sediment loads and turbidity (Lloyd, Koenings,
& LaPerriere, 1987), although many of the tributary streams
have clear waters with little or no glacial influence. The basin has
12,000 km of documented salmon streams and supports substan-
tial wild runs of Chinook, chum, coho (O. kisutch), pink (O. gorbus-
cha), and sockeye (O. nerka) salmon, as well as other anadromous
and resident fishes (Johnson & Coleman, 2014).

Chinook salmon is a highly valued species harvested in rec-

reational, commercial, subsistence, and personal-use fisheries in

the Cook Inlet basin. In this region, Chinook salmon adults typi-
cally spawn during July-August and die shortly thereafter. Their
embryos incubate in the gravel streambed during the fall and win-
ter, and juveniles emerge during the following spring. Juveniles
typically rear in freshwater for 1 year before migrating to the
ocean as smolts, where they spend 1-5 years before returning
to spawn in their natal streams. The Alaska Department of Fish
and Game (ADF&G) monitors 24 Chinook salmon spawning pop-
ulations in the Cook Inlet basin (Erickson, Willette, & McKinley,
2017; Otis, Erickson, Kerkvliet, & McKinley, 2016). We analyzed
data from 15 of these populations for which co-located stream
temperature data were available, which together accounted for
roughly 75% of the monitored spawning escapement (Figure 1;
see Supporting Information). These 15 populations span a diverse
range of stream and watershed characteristics, including low-el-
evation wetland streams, high-elevation snow-fed streams, and

one glacial river.
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2.2 | Environmental indicators
2.2.1 | Stream temperature

We used regression models to hindcast stream temperatures for
each of the 15 streams, based on site-specific relationships with air
temperature. Stream temperature data were collected in main-stem
channels between 1999 and 2016 and each stream had 4-14 years
of data. Time series of water temperature logged at 15- and 30-min
intervals from June 1 to September 30 were aggregated to weekly
means (Mauger et al., 2017). We fit linear regression models de-
scribing weekly mean stream temperatures as a function of con-
current weekly mean air temperatures from the nearest long-term
airport weather station (Homer, Kenai, Anchorage, or Talkeetna;
Menne et al., 2012). Site-specific model coefficients and air tem-
perature data from the closest airport were used to model weekly
mean stream temperatures from May-September for the years
1980-2016. Air temperature explained 52%-89% of the variation in
weekly mean stream temperatures across the 15 streams. For 10
of the 15 streams, regression models explained more than 70% of
the variation, and only one site had an r? value below .6 (Theodore
River). To investigate stream temperature trends over the 37-year
period, we aggregated hindcasted weekly temperature time series
to means for June-August (warmest months of the year) across all
sites and regressed against year. Using the modeled weekly stream

temperatures, we generated thermal indicators for Chinook (a) adult
spawning and early stage embryonic development and (b) juvenile
rearing. We did not include any indicators related to delayed adult
migration (20°C; Hicks, 2000) or lethal temperatures (24°C; Richter
& Kolmes, 2005) because modeled weekly stream temperatures
only exceeded 20°C in the Deshka River and Alexander Creek.

Our first thermal indicator represented potential effects of
stream temperature on fertilization rates and subsequent em-
bryo survival, both of which decrease when temperatures exceed
13.5-14.5°C (Hicks, 2000; McCullough, Spalding, Sturdevant, &
Hicks, 2001; Richter & Kolmes, 2005). We calculated this indicator
as the maximum weekly average temperature during the spawning
months of July and August (Covariate name: maxT_spawn; Table 1).
A second thermal indicator represented potential effects on juve-
nile Chinook salmon growth, which under natural levels of food in-
take is optimized around 15°C (McCullough et al., 2009; Richter &
Kolmes, 2005). We calculated this indicator as the average weekly
temperature from June to August (avgT_rear; Table 1), the core of
the rearing season. We lagged this indicator by 1 year to align juve-
nile freshwater rearing with the corresponding brood years (Table 1).
It is important to note that although our stream temperature indica-
tors were specific to watersheds (i.e., populations) in our study, the
location of most monitoring sites was in the lower reaches of the
watershed. For this reason, the thermal characteristics of our indi-
cators do not reflect the range of thermal diversity available within

TABLE 1 Hypothesized effects of environmental indicators on salmon life stages used in stock-recruitment model. Temporal domain is
the months for which each covariate was derived, while brood year offset indicates the lag from the brood year

Temporal Brood year
Covariate domain Hypothesis Life stage offset
Stream temperature
maxT_spawn Maximum weekly July-August  Above-optimal temperatures negatively affect ~ Spawning and 0
stream temperature fertilization rates and embryo survival incubation
avgT_rear Average weekly stream  June-August Above- and below-optimal temperatures Juvenile rearing +1
temperature negatively affect juvenile growth
Precipitation and discharge
maxP_spawn Maximum monthly August- High rainfall negatively affects egg survival Spawning and 0
precipitation November through streambed scour or sedimentation incubation
RB_spawn R-B Index Flashy streamflow negatively affects egg
survival through redd dewatering
RB_emerge R-B Index May-June Flashy streamflow during fry emergence Juvenile rearing +1
negatively affects survival rates
avgP_rear Average precipitation May-August  Rainfall affects juvenile growth (positively or

negatively) by influencing foraging efficiency
or habitat connectivity

medianQ_rear Median discharge

High flows negatively affect juvenile growth

through reduced foraging efficiency

Ice breakup
Breakup River ice breakup date Day of year
rates
Marine
NPGO North Pacific Gyre Year (annual

Oscillation mean)

Late ice breakup negatively affects survival

Ocean conditions influence growth or survival
(positively or negatively)

Smolt outmigration  +2

First year of marine  +2
residence
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each watershed. They do, however, characterize relative differences
among sites and years.

2.2.2 | Precipitation and streamflow

Due to sparse placement and intermittent operation of stream
gages in the study region (Curran, Barth, Veilleux, & Ourso, 2016),
streamflow data were not available for the majority of sites and
years included in this study. Thus, we derived streamflow indi-
ces using two complementary approaches: (a) watershed-specific
precipitation metrics based on downscaled climate models and (b)
regional streamflow metrics based on daily measurements from a
single index gage with continuous temporal coverage. Climate mod-
els use empirical data from weather stations to interpolate climate
conditions across space and time. One difference between observed
streamflow and modeled climate data is the measure of time (i.e.,
temporal scale) over which they describe hydrologic processes. The
downscaled climate predictions were available at a monthly resolu-
tion for all watersheds and years, but do not capture weather events
that typically occur over short time periods (Lader, Walsh, Bhatt,
& Bieniek, 2017). Although measurements at the index gage were
used to assess short-term changes in discharge, they did not reflect
spatial differences among watersheds. Watersheds were assumed
to represent distinct spawning populations, and juvenile salmon
were assumed to rear within their natal watershed. Each population-
specific watershed was delineated in ArcGIS by aggregating USGS
Hydrologic Units (Code 10).

We calculated watershed-scale precipitation indicators using
downscaled (1 km resolution) estimates of monthly total precipita-
tion (mm; SNAP, 2017) to describe interannual variation in precip-
itation during the spawning and juvenile rearing life stages of each
population. Our two precipitation indicators included (a) mean pre-
cipitation during May-August (avgP_rear; Table 1) to describe over-
all streamflow conditions during the juvenile rearing season and (b)
maximum monthly precipitation during August-November (maxP_
spawn; Table 1) to capture effects of above-average precipitation
(i.e., high flows) during spawning and early incubation. We lagged
avgP_rear by 1 year to align juvenile freshwater rearing with the cor-
responding brood years (Table 1).

Regional streamflow indicators were calculated using daily dis-
charge data from an index gage on the Little Susitna River (USGS
1529000). Daily discharge values at this gage correlated with those
of 14 other gages in the Cook Inlet basin (Pearson's r from .55 to .96;
Curran, 2012), suggesting it to be a representative regional index. To
characterize short-term changes in streamflow in response to precip-
itation events (i.e., flashiness), we calculated the Richard-Baker Index
(R-B Index) of flashiness (Baker, Richards, Loftus, & Kramer, 2004)
over the August-November spawning and early incubation period
(RB_spawn) and May-June fry emergence period (RB_emerge). The
R-B Index reflects changes in short-term daily flows relative to aver-
age flows over a specified period. To describe winter snow accumu-

lation, seasonal melt rates, and the overall magnitude of discharge
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during the juvenile rearing season (Neuswanger et al., 2015), w

calculated median discharge during May-August (med|anQ_rear).
We found medianQ_rear to be positively correlated (r = .51) with
May 1st snow-water equivalent at the Independence Mine Snow
Telemetry site (SNOTEL site 1091) located upstream of the Little
Susitna River gage, where the highest (2005) and lowest (1996) me-
dianQ_rear years coincided with high and low snowpack years for
the Talkeetna Mountains. The RB_emerge and medianQ_rear indica-
tors were lagged 1 year after the brood year to correspond with the

year of fry emergence and juvenile rearing in freshwater (Table 1).

2.2.3 | Riverice breakup and ocean conditions

Although our study focused on stream temperature and discharge,
we also included two regional-scale indicators strongly associated
with productivity of Alaskan Chinook salmon populations in prior
studies (Cunningham et al., 2018; Kilduff et al., 2015; Ohlberger
etal.,2016): the date of riverice breakup (NOAA, 2018) and the North
Pacific Gyre Oscillation Index (NPGO; Di Lorenzo et al., 2008) during
the year of ocean entry. Breakup observations were only available
for a small subset of rivers and years in the Cook Inlet region, so we
developed a regional indicator of breakup timing from the Susitna
River at Sunshine (USGS 15292780). We used linear regression mod-
els to predict breakup for six missing years on the Susitna River using
.95; 4 years) and the

.55; 2 years). Breakup dates of rivers across Alaska

time series from nearby Alexander Creek (r? =
Yentna River (r? =
are highly correlated (Bieniek et al., 2011), so this regional proxy
likely explained most of the interannual variability across our study
streams. Time series of monthly NPGO (Di Lorenzo, 2019) were used
to calculate annual mean values and used as a regional-scale indica-
tor of marine conditions. The breakup and NPGO indicators were
lagged 2 years after the brood year to correspond with the year of
smolt outmigration and ocean entry (Table 1).

To avoid multicollinearity among indicators (e.g., stream tem-
perature and discharge), all indicators were prescreened to ensure
that absolute Pearson correlations among indicators did not exceed
.6 (Cunningham et al., 2018). Prior to analysis, each indicator time
series was standardized by subtracting the mean and dividing by the
SD.

2.3 | Chinook salmon productivity

We used a hierarchical stock-recruitment approach to quantify envi-
ronmental effects on Chinook salmon productivity while accounting
for density dependence in survival. Stock-recruitment models relate
the numbers of fish that escape ocean and freshwater fisheries to
spawn in each brood year (spawning stock) to the numbers of their
offspring (recruits) that return as adults and are harvested or spawn
in subsequent years (Quinn & Deriso, 1999). Estimates of adult re-
turns (spawners plus harvest) and samples of ages are required to as-

sign recruits to the correct spawning stock. We compiled spawning
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abundance, harvest, and age composition data collected by ADF&G
and used a run reconstruction approach (Branch & Hilborn, 2010;
Cunningham et al., 2017) to estimate recruitment and productivity.
We excluded hatchery-origin salmon from our estimates of spawn-
ing abundance and harvest, so our results were based on recruit-
ment of natural-origin salmon only.

The goal of the run reconstructions was to estimate unbiased rel-
ative indices of productivity (log-transformed recruits per spawner;
In[R/S]) for each population to quantify the effects of environmental
indicators. The productivity indices were highly correlated with abso-
lute estimates of productivity generated with traditional run recon-
struction models (Erickson et al., 2017; Fleischman & Reimer, 2017)
for two data-rich populations (Deshka: r = .99; Kenai late run: r = .93).
The advantage of using the relative approach was that it allowed us
to estimate productivity for 13 additional data-limited populations.
This relative approach, however, would not necessarily be suitable
for stock assessments, setting spawning escapement goals, or com-
paring population productivity or capacity among stocks, when ab-
solute metrics are required.

2.3.1 | Run reconstructions

Chinook salmon spawning abundance (escapement) is monitored in
Cook Inlet using two primary methods. Many populations are moni-
tored using single aerial or foot surveys conducted near the peak of
the spawning run, which provide an annual index of spawning abun-
dance. For a smaller number of populations, weir and sonar projects
provide an approximate census of spawning abundance (Erickson
et al., 2017; Otis et al., 2016; St. Saviour, 2017). We expanded aer-
ial survey counts by dividing by a 45% mean visibility rate to esti-
mate total spawning abundance (Oslund, Ivey, & Lescanec, 2017).
Spawning abundance was estimated for 12-35 return years across
each of the 15 study populations (Figure S1).

The run reconstructions accounted for salmon harvested in the
sport, personal-use, subsistence, and educational fisheries conducted
in freshwater, as well as the largest commercial fishery in Cook Inlet in
terms of Chinook salmon harvest (Figure S2). Harvest in this mixed-
stock commercial fishery was allocated to individual populations
using genetic stock-identification data (Eskelin & Barclay, 2017). We
did not include harvest from smaller mixed-stock fisheries because
stock composition data were inadequate to assign harvest to indi-
vidual study populations. In total, the run reconstructions accounted
for the majority (87% mean, 69%-95% range) of Chinook salmon har-
vested in the Cook Inlet basin in each of the 1980-2015 return years.
As a consequence of excluding a small fraction of the mixed-stock
harvest, our estimates of recruitment were conservative.

ADF&G monitors the age composition of salmon by sampling from
commercial harvests, sport harvests, and spawning escapement, but
not all populations and components are sampled in each year. Gaps
in the age composition data for Chinook salmon in the spawning es-
capement and harvest were filled by fitting a multinomial logistic re-

gression model to the empirical data and using AIC_ model selection

(Burnham & Anderson, 2002; Hosmer, Lemeshow, & Sturdivant, 2013).
The most parsimonious model included fixed effects of run compo-
nent (commercial harvest, sport harvest, or spawning escapement),
subregions within Cook Inlet, return year, and a subregion x return
year interaction. We used this model to estimate missing age compo-
sitions (see Supporting Information for additional details on the run
reconstruction methods). To maximize the length of population-spe-
cific time series available for analysis, we only included recruits from
the three most common age classes, which expanded the size of the
stock-recruitment dataset from 301 to 332 population-years. Ninety-
four percent of all aged fish spent 1 year rearing in freshwater and
2-4 years in the ocean, returning at ages 3-5. Recruitment of these
age classes, termed “core-age recruitment,” was highly predictive of
total recruitment (linear regression: r? = .999, p < .00001). The resulting
time series of stock-recruitment data ranged from 6 to 29 years in du-
ration among the 15 study populations (Figure S3). When the natural
log of population productivity (In[R/S]) was regressed against spawn-
ing abundance, the majority of these populations showed evidence for
density-dependent compensation or a progressive reduction in pop-
ulation productivity with increased spawning abundance (Figure S4).
These observations suggested that a hierarchical time-varying Ricker
approach to modeling stock-recruitment dynamics with environmental

effects was appropriate.

2.3.2 | Stock-recruitment analysis

Hierarchical Bayesian stock-recruitment models were used to quan-
tify the effects of hypothesized freshwater and marine indicators on
Chinook salmon productivity. We use “effect” to refer to a statisti-
cal association between an indicator and productivity, which does
not necessarily imply causation. Hierarchical models benefit from
sharing information among groups, salmon stocks in the present
context, to identify common responses (Cressie, Calder, Clark, Ver
Hoef, & Wilke, 2009; Ogle, 2009) while averaging out process errors
(Thompson & Page, 1989). The effects of environmental indicators
on productivity of each Chinook salmon population were estimated
by assuming population-specific effects arise from a common prior
distribution representing all populations in the Cook Inlet region. This

hierarchical structure permitted us to address two primary questions:

1. What is the association between each environmental indicator
and the productivity of Chinook salmon in the Cook Inlet basin?
2. What are the estimated covariate effects for individual spawn-
ing populations and how much variation is exhibited among

populations?

The strength of the association between a covariate and pro-
ductivity was evaluated from the Bayesian posterior probability dis-
tribution of the estimated effect size, which describes the relative
probability of different covariate effects given the data. If the 95%
credible interval did not overlap zero, we presumed the covariate had

a strong association with productivity (either positive or negative). If
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the upper or lower tails (within the 50%-95% bounds) of the dis-
tribution overlapped zero, the covariate was presumed to have a
weak association with productivity, which would not be considered
significant in the classical frequentist statistical framework (Ward
et al., 2015). The covariate was presumed to have little or no associ-
ation with productivity if the 50% credible interval overlapped zero.

Recruitment was assumed to follow a Ricker function
(Hilborn, 1985; Ricker, 1954),

kp,y =S,, expla, = B,S,,+ ZC (O, X)), 1)

where f?w is the predicted recruitment for population p in brood yeary,
and it is a function of the spawning stock size Sp’y and population-spe-
cific Ricker parameters a, and ﬁp. The exponent of a, describes the
maximum recruitment rate at low spawning stock size in the absence
of density-dependent compensation, while B, describes the strength
of density dependence or the rate at which recruitment declines as
spawning stock size increases.

Environmental covariates were specified to have an additive ef-
fect on the log recruitment rate. Specifically, the value of covariate c,

for population p, in calendar year t (X_, ) is multiplied by the popula-

)
p,t,c
tion-specific covariate effect 0,c estimated by the model. A normally
distributed prior distribution was specified for population-specific

covariate effects:

6, ~Normal(yu,,o.), (2)

where hyperparameters x_and o, describe the distribution of covari-
ate effects across all Cook Inlet Chinook salmon populations. y_ is the
average effect for each covariate across populations, while ¢, reflects
the level of variation among populations in estimated covariate effects
(Table 2). The calendar year for each covariate t was offset from the
brood year y by 0-2 years, depending on the hypothesized period in
the salmon life cycle during which the covariate was expected to influ-
ence survival (Table 1).

The hierarchical model was fit to reconstructed stock-recruit-
ment data for the 15 populations of Chinook salmon using Bayesian

TABLE 2 Description of model parameters and specified prior
distributions. Values in parentheses indicate means and SD of each
distribution. Square brackets indicate the prior distribution was
truncated at a lower and upper bound

Parameter Description Prior distribution

0, Covariate effect ~Normal(y.,o,)

a, Ricker: max productivity ~In (Uniform(0,25))

) Ricker: equilibrium ~Normal(0,0.1)[0,]

abundance

7, Ricker: process error ~Normal(0,1)[0.001,]

He Hyperparameter: Group ~Normal(0,25)
mean covariate effect

c Hyperparameter: Group ~Normal(0,5)[0.001,]

SD of covariate effect
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methods. Combined observation and process error was assumed
log-normally distributed:

In(R,,) ~Normal(In (kpyy),rp), 3)

with population-specific log-normal SD Ty where f?pyy is the predicted
and pry the observed recruitmentin the likelihood calculation. Bayesian
models were implemented with the JAGS software (Plummer, 2013),
with posterior samples generated using Gibbs Markov Chain Monte
Carlo (MCMC) sampling. Three chains were run for 2,000,000 itera-
tions, with a 50% burn-in and saving every 200th iteration, resulting
in 15,000 posterior samples. Standard convergence diagnostics were
used including effective samples sizes (2,600-15,000 for all model
parameters), potential scale reduction factors (<1.002 for all parame-
ters), and visual assessment of traceplots for lack of trend and mixing
(Gelman, Carlin, Stern, & Rubin, 2004; Gelman & Rubin, 1992).

Finally, we conducted a post-hoc exploratory analysis to charac-
terize any nonlinearities or thresholds in the covariate effects. We
examined the residuals from simple linearized Ricker models fit with-
out environmental effects, as these provided a standardized metric
of relative productivity after accounting for density dependence that
was comparable across all populations and brood years. We plotted
these Ricker residuals against the two temperature indicators (maxT_
spawn and avgT_rear), using unstandardized indicator values to reveal
whether salmon responded similarly to absolute temperatures (as
compared to the standardized temperatures relative to each popula-
tion's long-term mean, which were used in the model). We also plot-
ted the Ricker residuals against the four environmental indicators with
the largest regional mean effect sizes. For this comparison, we left the
environmental indicators unstandardized, except that precipitation in-
dicators were standardized by population to allow comparison across
watersheds receiving different amounts of precipitation.

3 | RESULTS

3.1 | Chinook salmon spawning abundance, harvest,
and productivity

Chinook salmon spawning abundance and harvest fluctuated by
roughly an order of magnitude during the 1980-2015 return years.
Spawning abundance declined during the early 1990s for many popu-
lations and during the mid-2000s for all populations. Spawning abun-
dance partially recovered for some populations after 2010 (Figure S1).
Spawning abundance was most variable in Alexander Creek, ranging
from a high of 10,455 in 1988 to a low of 250 in 2008. Total harvest
of Cook Inlet Chinook salmon peaked at 134,489 in 1993 and later
declined by 89% over 7 years from 99,462 in 2005 to only 10,838 in
2012 (Figure S2). Despite the partial recovery in spawning abundance
of some populations during 2010-2015, overall harvest reached a
30-year low. Most harvest (65% mean, 45%-83% range) took place in
freshwater. The freshwater sport fishery harvested the most Chinook

salmon in all years, followed by the commercial fishery. The marine
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FIGURE 2 Standardized index of

Chinook salmon population productivity
(natural log of recruits per spawner) by
brood year. Dotted lines at zero represent
the long-term mean productivity levels

of each population. In all, 13 of 15

populations exhibited their single lowest

productivity level during 2003-2007
(shaded vertical bands)
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sport fishery represented the third largest harvest in most years, al-
though an unknown, but potentially large fraction of this harvest was
made up of Chinook salmon from populations outside Cook Inlet (see
Supporting Information). Subsistence, personal-use, and educational
fisheries combined represented a small fraction of the harvest. Age
composition data indicated Chinook salmon returned at younger ages
over time throughout the Cook Inlet region (Figure S5).

Chinook salmon populations across the region suffered a low pro-
ductivity period beginning with the 2003 brood year. Recruitment
of the 2003-2007 broods averaged 57% lower than the long-term
(pre-2003) mean. Individual populations exhibited recruitment de-
clines ranging from 38% to 93%. On average, density dependence
explained only a 10% decline in recruitment during this period, based
on linearized Ricker models lacking environmental covariates. In all,
13 of the 15 populations exhibited their single lowest brood year
productivity level (natural log of core-age recruits per spawner)
during 2003-2007 (Figure 2).

3.2 | Environmental effects on Chinook salmon
productivity

Maximum monthly precipitation during the spawning and early in-
cubation season (maxP_spawn) had the strongest association with

productivity of all indicators at the regional scale (i.e., all populations

1990 2000 2010

maxT_spawn A

avgT_rear-

maxP_spawn 4

i —_———
® avgP_rear
o
§ medianQ_rear 1
3
RB_spawn A —
RB_emerge A
breakup A —————
NPGO 1
-0.2 -0.1 0.0 0.1

Group mean effect

FIGURE 3 Regional mean effects of environmental
covariates on Chinook salmon population productivity (log
recruits per spawner). Red dots describe the median estimated
effect of each covariate on productivity, while the thick and
thin blue lines describe the uncertainty (50% and 95% credible
intervals, respectively) in estimated effect sizes. The red line
centered at zero represents a null effect on productivity.
Background color differentiates watershed- (white) and
regional-scale (green) indicators. See Table 1 for description
of covariates
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across the Cook Inlet region). We found a strong negative associa-
tion (Figure 3), which was consistent among populations. Each 1
SD increase in maximum monthly precipitation from its long-term
average was associated with a 10.4% decrease in population pro-
ductivity (recruits-per-spawner; 95% highest density interval [HDI]:
3.4%-17.0% decrease). Effect sizes estimated for individual popula-
tions varied only slightly from the regional mean effect size (Figure 4;
SD = 3.6 percentage point difference in productivity among popula-
tions). Across all populations and brood years, productivity was re-
duced markedly when maxP_spawn exceeded a threshold of roughly
1 SD above-average, based on examination of the Ricker residuals
(Figure S6).

Mean precipitation during the juvenile rearing period (avgP_rear)
had a strong positive association with productivity across the Cook

maxT_spawn

j 4927
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Inlet region (Figure 3). At the regional scale, each 1 SD increase in
mean monthly precipitation was associated with a 6.6% increase
in population productivity (mean; 95% HDI: 0.6%-13.0% increase).
Estimated effect sizes for individual populations were weakly pos-
itive (Figure 4), differing very little from the regional mean effect
size (SD = 2.7 percentage points), but with greater uncertainty.
The effect of precipitation during juvenile rearing appeared to be
dome-shaped, with the greatest productivity at average or slightly
above-average precipitation levels, based on the Ricker residuals
(Figure S6). Productivity decreased when precipitation was either
more than 2 SD above or 1 SD below average during juvenile rearing.

Above-average temperatures during the spawning season had a
weak negative association with salmon productivity at the regional
scale (mean 4.7% decrease per 1 SD increase in maxT_spawn; 95%

avgT _rear maxP_spawn
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FIGURE 5 Relationships between
population productivity, (a) maximum
weekly temperature during spawning
and early incubation (maxT_spawn), and
(b) mean weekly temperature during
juvenile rearing (avgT_rear). The vertical
axis represents an index of population
productivity after accounting for density
dependence. Each circle represents

the productivity of one population in
one brood year, black curve represents

a loess regression fit to the data from

all populations, and the gray band
represents the 95% confidence interval.
The two coolest (Chulitna, blue; Little
Susitna, cyan) and two warmest (Deshka,
red; Alexander, orange) study sites

are highlighted. Colored dashed lines
represent simple linear regression models
fit to the data from each highlighted site
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HDI: 12.3% decrease-3.3% increase; Figure 3). Effects varied from
negligible to weakly negative among populations (Figure 4). Mean tem-
perature during the summer of juvenile rearing had no consistent asso-
ciation with productivity at the regional scale (mean 0.5% decrease per
1 SD increase in avgl_rear; 95% HDI: 9.6% decrease-9.9% increase).
Population-specific effect sizes for avgl_rear were highly variable
(Figure 4; SD = 13.9 percentage points) among populations, ranging
from weakly negative (15% decrease) to weakly positive (19% increase).

Our results showed that individual populations responded vari-
ably to standardized temperature indicators (relative to the long-term
average for each stream), but we found coherent nonlinear patterns
when the responses of all populations were examined with respect
to the temperature indicators expressed in absolute terms (°C).
These emergent responses were revealed by post-hoc examination
of population productivity (Ricker residuals without environmental
effects) plotted against unstandardized maxT_spawn and avgT_rear
covariates (Figure 5). Across all populations and years, productivity
decreased when maximum weekly temperatures exceeded ~18°C
during spawning and incubation and ~15°C during rearing. The non-
linear relationships were strongly influenced by data from the cold-
est and warmest streams. In particular, salmon productivity in the
coldest stream (Chulitna River) was positively associated with both
maxT_spawn and avgT_rear, whereas productivity in the two warm-
est streams (Deshka River and Alexander Creek) was negatively as-
sociated with both covariates.

Two regional indicators were negatively associated with produc-
tivity: the NPGO index of ocean conditions and the median discharge
of the Little Susitna River during juvenile rearing (medianQ_rear).
The NPGO had a weak negative association with productivity at
the regional scale (Figure 3; mean 7.4% decrease per 1 SD increase
in NPGO; 95% HDI: 16.5% decrease-2.6% increase). Population-
specific effects, however, were highly variable ranging from strongly

negative to weakly positive (Figure 4; SD = 15.9 percentage points).

14 16 18

avgT_rear (°C)

Despite the weakly negative relationship between NPGO and pro-
ductivity at the regional scale, a residuals plot indicated cohorts
that entered the ocean during years with the highest NPGO values
(>1.5 SD) tended to exhibit above-average productivity (Figure Sé).
Median discharge (medianQ_rear) had a strong negative association
with the productivity of populations across the region (Figure 3;
mean 7.6% decrease per 1 SD increase in discharge; 95% HDI: 14.1%
decrease-0.6% decrease). Effects on individual populations were
more variable ranging from negligible to strongly negative (Figure 4;
SD = 6.5 percentage points).

The regional indicators of river flashiness and ice breakup tim-
ing had weakly negative or negligible associations with productivity
(Figure 3). Higher flashiness of the Little Susitna River during the
spawning season (RB_spawn) had a weak negative association with
productivity (mean 2.4% decrease for a 1 SD increase in RB_spawn;
95% HDI: 8.8% decrease-4.2% increase), as did higher flashiness
during fry emergence (mean 4.0% decrease for a 1 SD increase in
RB_emerge; 95% HDI: 10.7% decrease-2.8% increase). The effects
of both indicators were highly consistent among individual popula-
tions (Figure 4; SD = 2.9-3.1 percentage points for both indicators).
Later, ice breakup on the Susitna River during the year of smolt out-
migration had no association with productivity.

Productivity model fit differed substantially among populations
(Figure S7). Alexander Creek had the greatest model error, suggest-
ing that our models were missing important drivers of productivity
for this population. In contrast, the precise recruitment predictions
for the Anchor River, which had one of the shortest time series, sug-
gest that the population-specific model was over-parameterized. A
year-by-year comparison of model predictions to the observed data
for each population (Figure 6) showed that the models generally cap-
tured the variation in recruitment with no apparent bias. The models
predicted a decrease in recruitment during the mid-2000s for most

populations, although they failed to predict the full extent of the
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decline of some populations. This suggested that the models may
not have incorporated all of the drivers involved in the decline. For
example, the models failed to fully replicate the rapid decline in re-
cruitment in the Alexander Creek population from the late 1990s to
the early 2000s. Alternatively, the lack of fit could have been due to
the linear constraints of the model, when some of the effects ap-
peared to be nonlinear in nature (Figure 5; Figure Sé).

4 | DISCUSSION

Salmon productivity has long been known to fluctuate in associa-
tion with regional climate patterns (Mantua, Hare, Zhang, Wallace, &
Francis, 1997; Mueter, Peterman, & Pyper, 2002), but the influence of
climate at watershed scales remains less studied, especially in data-
sparse regions like Alaska. However, understanding the strength and
coherence of both regional- and watershed-scale effects is crucial
for making effective land-use, management, and conservation deci-
sions in a changing world. By quantifying habitat conditions specific
to individual rivers across the Cook Inlet basin (i.e., at the watershed
scale), our study revealed important similarities and differences in
how individual spawning populations respond to a changing climate.
In particular, the negative effect of above-average precipitation
during spawning and the positive effect of above-average precipi-
tation during juvenile rearing were consistent across all 15 popula-
tions. However, stream temperature effects were highly variable and
ranged from positive to negative. These results confirm the influ-
ence of freshwater conditions on salmon population dynamics and
provide new insights into population-specific responses to a suite of

climate drivers.

4.1 | Precipitation and discharge effects

High precipitation during the fall spawning and early incubation pe-
riod had the strongest negative effect on salmon productivity and
was consistent across all populations in our study. The ecological
mechanisms explaining this effect might include flooding following
heavy rain events, which can scour the streambed and damage or
displace embryos (Lapointe et al., 2000; Montgomery, Buffington,
Peterson, Schuett-Hames, & Quinn, 1996), thereby reducing egg-
to-fry survival and population productivity (Greene et al., 2005;
Healey, 1991). Heavy precipitation events can also limit embryo
survival via siltation of redds, where high levels of fine sediments
deposited in the streambed reduce intra-gravel water flow and dis-
solved oxygen levels (Reiser & White, 1988; Tappel & Bjornn, 1983).
Several studies have linked river discharge to the survival and
population dynamics of Chinook salmon (e.g., Greene et al., 2005;
Michel, 2019; Neuswanger et al., 2015; Ward et al., 2015), but such
analyses are rare in Alaska where long-term, paired stream gage
and spawning abundance data are scarce. Although Kovach, Ellison,
Pyare, and Tallmon (2015) found that salmon migration timing was

associated with precipitation, as far as we are aware, this is the first

study to link watershed-scale precipitation patterns to salmon popu-
lation dynamics.

Above-average precipitation during the juvenile rearing period
had a strong positive effect on productivity at the regional level, with
little variability among populations. The post-hoc analysis suggested
this relationship was dome-shaped, with the greatest productivity at
slightly above-average precipitation levels, and reduced productivity
when precipitation was below average or extremely high (Figure S6).
Moderate rainfall and associated increases in streamflow during the
summer months likely increase invertebrate drift (Naman, Rosenfeld,
& Richardson, 2016), which could benefit juvenile salmon rearing in
main-stem habitats. Moderate increases in flow also allow juveniles
to access off-channel habitats, which can confer advantages for
growth and survival due to favorable temperatures, high inverte-
brate production, and cross-ecosystem resource subsidies (Baldock,
Armstrong, Schindler, & Carter, 2016; Huntsman & Falke, 2019; Rine,
Wipfli, Schoen, Nightengale, & Stricker, 2016; Sommer, Nobriga,
Harrell, Batham, & Kimmerer, 2001). At the extreme, however,
heavy rains and associated high flows likely increase water velocity,
turbidity, or inedible debris densities to levels that reduce drift for-
aging efficiency (Donofrio, Simon, Neuswanger, & Grossman, 2018;
Gregory & Northcote, 1993; Neuswanger, Wipfli, Rosenberger, &
Hughes, 2014).

Median discharge during the juvenile rearing period had a strong
negative effect on productivity at the regional level, in accordance
with prior research (Neuswanger et al., 2015). This result was surpris-
ing, given the strong positive effect of precipitation during juvenile
rearing. The apparent contradiction might be explained by the differ-
ent spatial scales of the indicators: watershed-specific (precipitation)
versus regional (discharge). In addition, median discharge at the re-
gional index gage on the Little Susitna River was positively correlated
with winter snow accumulation, which can have significant effects
on the sensitivity of stream temperatures to air temperature. Cline,
Schindler, Walsworth, French, and Lisi (2020) found that, during low
snow years, streams draining high-elevation watersheds were more
responsive to variation in air temperature and that summer water
temperatures were 4°C warmer than during high snow years. Given
the positive relationship between snowpack and median discharge,
years with high median discharge may have had colder stream tem-
peratures than predicted by our hindcasting models, leading to a
reduction in juvenile salmon growth and productivity. The relative
influence of snowmelt on summer stream temperatures will vary
across watersheds depending upon catchment geomorphology and
summer climate (air temperature and cumulative precipitation; Cline
et al., 2020). These results suggest populations may respond differ-
ently to changing snowpack conditions, mediated in part by varying
stream temperatures and their associated effects on productivity.

In the Cook Inlet basin, average monthly rainfall peaks during
August through October (SNAP, 2019), the spawning and early in-
cubation period for Chinook salmon. Although rainfall during this
period is important for moderating temperatures and providing ac-
cess to critical spawning habitats, heavy rains can have detrimen-

tal effects on spawning success. There were no trends in maximum
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monthly rainfall during the fall spawning period over our study years
(1980-2010), but precipitation is projected to increase for August
and September in the future under all emission scenarios (RCP 4.5,
6.0, and 8.5) and decadal timeframes (2040-2049, 2060-2069,
and 2090-2099). Additionally, the frequency and severity of storm
events (Graham & Diaz, 2001) including short-duration heavy rainfall
events are expected to increase by over 50% across Alaska (Lader
et al., 2017). Overall, high-flow events are expected to increase
during the time of the year when salmon eggs are incubating (Shanley
& Albert, 2014; Wobus et al., 2015), which may increase the poten-
tial for adverse effects from scouring, sedimentation, and reduced
oxygen levels. Furthermore, many Alaskan watersheds are projected
to transition from snow-dominated to rain-dominated during winter
months (Littell, McAfee, & Hayward, 2018; Wobus et al., 2015), ex-
posing salmon to winter flooding and increased mortality risk during
the incubation period. This climatic transition has already occurred
in much of the Pacific Northwest, leading to increased hydrologic
variability and reduced Chinook salmon population growth rates
(Ward et al., 2015).

4.2 | Stream temperature effects

Warmer stream temperatures during the spawning and early incu-
bation period were weakly associated with reduced productivity at
the regional scale, and this effect tended to be stronger in warmer
streams. Temperatures were highest for Alexander Creek and the
Deshka River, where maximum weekly temperatures exceeded 20°C
for three consecutive years during the early 2000s (2002, 2003,
2004; Figure S8). Accordingly, high temperatures during spawning
had negative effects on productivity for Alexander Creek and the
Deshka River but no effect on several of the coldest streams in our
study (e.g., the Chulitna and Kenai Rivers; Figure S8 and Figure 4).
High temperatures may have reduced productivity through pres-
pawn mortality (Bowerman et al., 2018), reduced egg survival
(Raleigh, Miller, & Nelson, 1986), or changes in embryonic develop-
ment rates leading to a mismatch between the timing of emergence
and optimal foraging conditions (Crozier et al., 2008). Productivity
declined steeply for both the Deshka River and Alexander Creek as
maximum weekly temperatures increased from 18 to 22°C during
spawning (Figure 5a), corresponding to temperatures associated
with substantial prespawn mortality in Oregon rivers (Bowerman
etal., 2018).

The effects of stream temperature during juvenile rearing were
highly variable among populations. Above-average temperatures
during juvenile rearing were most negatively associated with produc-
tivity in warm, low-elevation Alexander Creek, in the cool, glacially
influenced Kenai River, and in moderately cool Willow Creek. In con-
trast, above-average temperatures during rearing were positively
associated with productivity for the coldest stream in our study
(Chulitna River) and in moderately cool Crooked Creek (Figure S9).
Warm conditions in the snow-fed Chulitna River likely increase the

production of invertebrate prey and juvenile salmon growth rates.
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Warm years in the glacial Kenai River lead to greater rates of glacial
melt and increased turbidity, which may reduce invertebrate produc-
tion and the foraging efficiency and growth rates of juvenile salmon
(Edmundson et al., 2003). It is possible that salmon responded dif-
ferently in Willow Creek and Crooked Creek, despite their similar
mean temperatures because of the high daily and seasonal variability
of temperatures in Willow Creek (Shaftel et al., 2020). The thermal
performance of fish and other ectotherms is nonlinear, so growth
rates can be substantially reduced under a variable temperature
regime relative to a stable one (Ruel & Ayres, 1999; Vasseur et al.,
2014). Across all sites and brood years, productivity declined sharply
when mean weekly temperatures during rearing exceeded 15°C
(Figure 5b), which was consistent with the literature (McCullough
etal.,, 2001).

The highly variable response of population productivity to
stream temperatures underscores the importance of thermal habitat
diversity to salmon. Salmon streams in Cook Inlet exhibit a variety
of stream thermal regimes driven by hydrologic and climatic factors
that are rapidly changing (Mauger et al., 2017; Shaftel et al., 2020).
Modeled average weekly stream temperatures warmed at rates of
0.22-0.39°C per decade over our 37-year study period (1980-2016,
Figure 510). Alaska experienced a record heatwave in 2019, when
7-day average maximum daily stream temperatures in the Deshka
River reached 26.9°C (Mauger, 2019), indicating an imminent risk of
mortality for salmonids (Richter & Kolmes, 2005). Our findings sup-
port the predictions of previous studies that the effects of climate
warming will vary across watersheds and habitats, harming some
populations while benefiting others (Lynch et al., 2016; Mantua
et al., 2015; Schoen et al., 2017). For example, further warming will
likely reduce productivity in low-elevation or wetland-dominated
systems such as the Deshka River and Alexander Creek, where tem-
peratures already frequently exceed optimal conditions (Figures S8
and S9). Conversely, warming in cooler, high-elevation systems
such as the Chulitna River may result in more favorable thermal re-
gimes, increasing juvenile growth potential. However, thermal het-
erogeneity within watersheds and other, more complex ecological
processes may blur these patterns. Our results demonstrate how
heterogeneous responses of individual populations to environmen-
tal effects can be obscured in analyses conducted at the regional
scale that assume a consistent response among populations (Rogers
& Schindler, 2011).

4.3 | Ocean conditions and ice breakup effects

The NPGO showed a weak negative regional effect, and population-
specific effects were highly variable in direction and size, in accord-
ance with prior studies (Dorner et al., 2017; Kilduff et al., 2015;
Ohlberger et al., 2016). While recent research has suggested that
productivity and survival of Chinook salmon populations have be-
come more synchronous over time (Dorner et al., 2017) in associa-
tion with broad-scale oceanographic conditions such as the NPGO,

heterogeneity in localized population dynamics continues to be
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observed. In some cases, regional differences between salmon
productivity and ecosystem conditions are primarily reflected in
differences in the relationship between early marine survival and
nearshore temperature patterns (Mueter et al., 2002; Sharma &
Liermann, 2010; Sharma, Velez-Espino, Wertheimer, Mantua, &
Francis, 2013). Although the hierarchical model estimated a negative
regional effect of the NPGO, the residuals plot (Figure Sé) suggested
that the highest NPGO values were associated with above-average
productivity. This seemingly paradoxical result may be explained by
non-stationarity in the relationship between NPGO and productiv-
ity, whereby the ecological mechanisms underlying the association
have changed over time (Litzow et al., 2018).

The timing of ice breakup during the year of ocean entry was not
associated with productivity in the Cook Inlet basin. Ice breakup data
from the Susitna River show a trend toward earlier breakup over the
last 18 years (NOAA, 2018). These trends are even more pronounced
in higher latitudes of Alaska, where earlier breakup timing is strongly
associated with increased Chinook salmon productivity (Cunningham
et al., 2018; Ohlberger et al., 2016). The lack of a breakup effect in our
study may be due in part to the longer growing season in southcentral
Alaska, which could result in reduced sensitivity to variation in food

availability or less risk of mismatch with marine prey availability.

4.4 | Trade-offs between spatial scale and
ecological complexity

Like most studies relating environmental drivers to the productivity
of wild populations, our analysis lacked experimental controls and
relied on correlational evidence. It is possible the effects identified
by the model were driven by other causal processes (Myers, 1998).
However, we found the results plausible because they were based
on ecological mechanisms that influence Chinook salmon popula-
tions in other regions (e.g., fall flooding: Greene et al., 2005; extreme
temperatures: Richter & Kolmes, 2005). Furthermore, by integrating
environmental indicators and productivity time series for 15 popula-
tions, we reduced the possibility of identifying spurious “false-pos-
itive” correlations (Mueter et al., 2002; Myers, 1998). However, our
hierarchical approach may have had reduced sensitivity to detecting
population-specific effects by assuming all populations shared a re-
gion-wide, linear response to each indicator. This analytical trade-off
meant the hierarchical model may have underestimated some of the
population-specific temperature and NPGO effects that appeared
nonlinear and were highly variable across populations (Rogers &
Schindler, 2011). To avoid overlooking important ecological patterns
(i.e., “false negatives”; Tillotson & Quinn, 2016), we explored the di-
versity of population-specific responses with post-hoc analysis.

In addition to its direct effects, climate can influence salmon pop-
ulations indirectly via their food supply (Schindler, Rogers, Scheuerell,
& Abrey, 2005), competitors (Schoen, Beauchamp, Buettner, &
Overman, 2015), predators (Lawrence et al., 2014), and pathogens
(Kocan, Hershberger, Sanders, & Winton, 2009). Our analysis did not

include multi-species interactions due to a lack of time-series data, but

we recognize they could have contributed to Chinook salmon popula-
tion declines. In particular, predation by invasive northern pike (Exos
lucius) was likely a primary driver of the decline in Alexander Creek
(Dunker, Sepulveda, Massengill, & Rutz, 2018; Sepulveda, Rutz, Dupuis,
Shields, & Dunker, 2015; St. Saviour, 2017). Alexander Creek exhibited
greater model error than the other populations in our analysis, most
obviously during the 2000s, when observed productivity declines
were not replicated by the model (Figure 6). Invasive northern pike also
consume salmon in the Deshka River and many other salmon streams
across northern Cook Inlet, but it is unclear how strongly predation af-
fects salmon population dynamics in these systems. Future warming in
the Cook Inlet region could cause pike metabolic rates to increase and
facilitate an expansion of their range, thereby increasing predation of
juvenile salmon (Dunker et al., 2018; Hein, Ohlund, & Englund, 2014).
Further research to integrate biological drivers into productivity anal-

yses would be valuable.

4.5 | Population declines and cumulative effects

Our results suggest that cumulative effects from 5 years of adverse
freshwater conditions, including high spawning abundance, heavy
fall rains, and above-optimal spawning and rearing temperatures,
reduced the productivity of the 2003-2007 broods and contributed
to the diminished returns of Chinook salmon to Cook Inlet during
the late 2000s and early 2010s. Spawning abundance was relatively
high across the region during 2003-2005 (Figure S1), and density
dependence explained a small portion (10 percentage points) of the
57% average decline in recruitment suffered by the 2003-2007
broods. In addition, these broods faced a combination of unusu-
ally high fall precipitation and warm summer stream temperatures.
Specifically, maximum monthly precipitation during the fall spawn-
ing and early incubation period (maxP_spawn) was more than 1 SD
greater than the long-term mean for the majority of the 15 study
streams during the 2004, 2005, and 2006 brood years (Figure S11).
In addition, 2003-2007 was the longest period on record in Cook
Inlet with average July air temperatures above 12°C; 1.2°C warmer
than the previous 5-year period (1998-2002) and 1.7°C warmer than
the following 5-year period (2008-2012; NOAA, 2015). This re-
gional climate signal was reflected in maximum weekly stream tem-
peratures during spawning (maxT_spawn), which were well above
the long-term average across all sites during 2003 and 2004.

In contrast to these unusually poor freshwater conditions, the
2003-2007 broods experienced variable marine conditions, as indi-
cated by the NPGO index (Figure $12). During their respective years
of ocean entry, the NPGO was >1 SD below average (regionally fa-
vorable, according to our model) for the 2003 brood, >1 SD above
average (regionally unfavorable) for the 2006 brood, and near av-
erage for the 2004, 2005, and 2007 broods. Although our analysis
estimated separate (additive) effects for each indicator, it is possible
that conditions interacted to compound the effects on productivity.
Future studies should pursue the possibility of interacting impacts

from both freshwater and marine environments.
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Synchronous declines of Chinook salmon populations across
Alaska prompted a multi-faceted research effort to determine the
cause(s) (e.g., ADFG, 2013; Schindler et al., 2013). In principle, these
concurrent declines could be explained more parsimoniously by ad-
verse conditions in the ocean, where all populations overlap, than
by adverse conditions occurring in synchrony across their many dis-
tinct spawning and rearing streams (Schindler et al., 2013). However,
recent studies show unfavorable freshwater conditions (i.e., late
breakup, heavy fall rains, and high stream temperatures) often do
occur simultaneously across many watersheds (Bieniek et al., 2011;
Mauger et al., 2017; this study), suggesting that the potential impor-
tance of freshwater drivers cannot be ruled out based on synchrony
in population dynamics alone.

A growing body of evidence now links the productivity of
Alaskan Chinook salmon populations to multiple drivers in both the
freshwater and marine environments, including river discharge and
temperature (Neuswanger et al., 2015; this study), precipitation
(this study), river ice breakup timing and the NPGO (Cunningham
et al., 2018; Ohlberger et al., 2016; this study), winter sea surface
temperature and competition with hatchery salmon in the ocean
(Cunningham et al., 2018), and growth rates during the first year in
the ocean (Graham, Sutton, Adkison, McPhee, & Richards, 2019). No
single driver or life stage has been identified that can fully explain
these declines, suggesting that multiple drivers are involved, individ-
ual populations are responding differently, or both. Further research
examining the relationships between climate and productivity at
finer scales, leveraging advances in monitoring, remote sensing, and
climate modeling, is necessary to provide valuable watershed-spe-

cific guidance for conserving habitats and managing fisheries.
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