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Abstract

Chinook salmon (Oncorhynchus tshawytscha) in the Columbia River basin are threatened by anthropogenic changes to mi-
gratory corridors, estuaries, and natal habitats. Streams provide spatially heterogeneous natal habitats essential for salmon
spawning and rearing life stages. We fit a statistical state-space model to salmon populations in Idaho’s Middle Fork Salmon
River (MFSR) to assess spatial variation in natal productivity and population growth. Our model integrated multiple long-term
data sets to estimate variation in per-capita smolt production and smolt-to-adult (SAR) survival. Smolt production varied across
stream segments, averaging 104.48 female smolts per spawning female, while SARs averaged 0.74%. Chinook salmon popu-
lation growth rates exceeded replacement in 17% of segments (4 of 23). By increasing SARs to 1.8% (near the lower bound of
Columbia River basin recovery targets), we predict that all 23 MFSR segments will yield positive population growth rates at
contemporary (very low) spawner densities. Our analysis suggests that for Snake River basin populations within high-quality
natal habitats, SAR improvements will elevate salmon population growth rates and enhance restoration of at-risk wild Chinook

salmon.
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Introduction

Salmon are ecologically, socially, and economically impor-
tant fish and the focus of intensive and extensive manage-
ment efforts across the northern hemisphere. After Euro-
pean settlement of North America, Pacific salmon stocks de-
clined because of overharvest, habitat degradation, hatchery
production, and the construction of hydropower dams that
blocked or degraded migratory corridors (NMFS 2000). Pacific
salmon declines prompted intense conservation and restora-
tion efforts and, in several cases, listing under the US En-
dangered Species Act (ESA; Nehlsen et al. 1991; NMES 1992).
Despite such efforts, many Chinook salmon (Oncorhynchus
tshawytscha) stocks have been unable to overcome the dele-
terious effects of migration barriers, habitat alterations, and
climate change (Budy et al. 2002; Crozier et al. 2019, 2020;
Faulkner et al. 2019; Petrosky et al. 2020), remain far be-
low historical abundances, and face extinction (Johnson et
al. 2021; Williams et al. 2021).

To persist, salmon must have sufficient reproduction and
juvenile survival in freshwater (natal) habitat and sufficiently
high survival from the out-migrating smolt stage to the re-
turning adult spawner stage. The latter, measured as the
smolt-to-adult return rate (SAR), is determined by smolt mor-

tality while migrating to the ocean, sub-adult mortality in the
ocean, and adult mortality on the return migration (Petrosky
and Schaller 2010; Haeseker et al. 2012; Schaller et al. 2014;
Petrosky et al. 2020). Survival is affected by dams and ob-
structions (Schaller et al. 2014), biotic interactions (e.g., pre-
dation by pinnipeds and orcas; Chasco et al. 2017a, 2017b),
and climate-driven changes in ocean and migratory corridor
conditions (Crozier et al. 2019, 2020).

Persistence also depends on the quality of natal habitat,
which is likely to exhibit high spatial variability resulting
from the biophysical heterogeneity of stream environments
(Fausch et al. 2002) and strong natal homing behavior (Quinn
2018). High spatial heterogeneity in natal productivity com-
bined with low SARs could lead to the maintenance of re-
gional stocks by only a few exceptionally productive “core”
stream segments (Isaak and Thurow 2006). Disturbances at
these core sites could lead to regional extirpation. Under-
standing the spatial heterogeneity of natal habitat is there-
fore crucial for effectively targeting management actions
(NMFS 1992, 2017; ICTRT 2003).

Inference on spatial variation in population dynamics
is often limited by a lack of fine-scale census data, even
for well-studied taxa such as salmonids. Smolt production
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rates of Chinook salmon, for example, have often been esti-
mated at relatively coarse spatial scales (Petrosky et al. 2001;
Wilson 2003). However, inference on the dynamics of Chi-
nook salmon from analysis of spawner distributions at finer
spatial scales has proven informative in systems like the Mid-
dle Fork Salmon River (MFSR), where high-resolution spa-
tial data are available (Isaak and Thurow 2006; Isaak et al.
2007; Thurow et al. 2020; Jacobs et al. 2021). These high-
resolution data provide evidence of the spatial scale of habi-
tat use and dispersal (Isaak and Thurow 2006; Hamann and
Kennedy 2012) and population genetic structure (Neville et
al. 2006). The MFSR hosts hundreds of kilometers of highly
connected, high-quality natal salmon habitat in a landscape
predominantly protected as federally designated wilderness
(Thurow et al. 2020). This basin is notable for its wild and di-
verse Chinook salmon stocks (Neville et al. 2006; Thurow et
al. 2020) and functioning natural landscape processes (e.g.,
fire regime, hydrogeological processes, and patch connectiv-
ity; Jacobs et al. 2021) that have been minimally altered by
humans. Population genetic structure at spatial scales simi-
lar to the distinct stream segments identified by Isaak and
Thurow (2006) and Neville et al. (2006) suggests that popu-
lation dynamics may reasonably be assumed isolated at this
segment scale. Thus, the MFSR basin is well suited for inves-
tigating spatial variation in salmon population dynamics in
intact natal habitat (Schaller et al. 1999, 2014; Thurow 2000;
Isaak and Thurow 2006; Copeland et al. 2014; Thurow et al.
2020).

Here we focus on wild spring/[summer run, stream-type
Chinook salmon, hereafter referred to as “Chinook salmon”,
that spawn in the MFSR (Healey 1991; Matthews and Waples
1991; Thurow et al. 2020). These fish belong to the Snake
River spring/summer Chinook salmon Evolutionarily Signif-
icant Unit (ESU), currently listed as “Threatened” under ESA
(NMFS 1992). Chinook salmon in this ESU had an estimated
mean SAR of 0.76% from 1994 to 2019 (McCann et al. 2020),
which is far below the Northwest Power and Conservation
Council’s (NPCC) target SAR of 2%-6% deemed necessary to
recover the stock (NPCC 2003). Although benefits to Chinook
salmon population growth have been achieved by increasing
the productivity of natal habitat (Louhi et al. 2016; Copeland
et al. 2021), the potential for recovery via tributary restora-
tion alone is low in the Snake River ESU, where high-quality
natal streams are abundant (Budy and Schaller 2007) and
outside-basin conditions strongly influence SARs (Petrosky et
al. 2020; Storch et al. 2022). While management options for
affecting marine conditions are limited (ISAB 2018), recent
analyses suggest that improvements to the lower Snake River
migration corridor, and specifically the breach or removal of
Snake River dams (NOAA 2022; AFS 2023), may increase in-
river and ocean survival sufficiently to meet SAR targets set
by the NPCC (McCann et al. 2017; Storch et al. 2022).

Here we build on decades of prior research to con-
struct a statistical life-cycle model for Chinook salmon sub-
populations in the MFSR, estimated using a Bayesian state-
space model framework and informed by multiple long-term
data sets. We used this model to estimate per-capita repro-
ductive rates of Chinook salmon within the MFSR, the spa-
tiotemporal variation in these rates, and the sensitivity of

basin-wide population growth conditions to outside-basin
mortality. Our goals were to (1) estimate the spatial distribu-
tion of productive stream segments for Chinook salmon in
the MFSR, and (2) predict variation in the number of MFSR
segments capable of supporting Chinook salmon population
growth in response to increases in SARs.

Materials and methods

Site description

The 7,330 km? MFSR basin in central Idaho, USA, sup-
ports an estimated 777 km of contiguous, intact Chinook
salmon spawning streams flowing through a mountainous
landscape largely unaltered by humans, with a majority pro-
tected within the Frank Church River of No Return Wilder-
ness (Thurow et al. 2020; Fig. 1). The MFSR enters the Salmon
River, a major tributary to the Snake River, which in turn
feeds the larger Columbia River in the Pacific Northwest of
North America. The migratory corridor for these fish, link-
ing the MFSR and the Pacific Ocean, has been altered by
eight large dams operating in the Columbia River System
that impound 520 km of formerly free-flowing reaches of the
Columbia and Snake Rivers (hereafter, the “hydrosystem”;
Petrosky and Schaller 2010). Downstream of the hydrosys-
tem, the migratory corridor extends through the Lower
Columbia River and Estuary (LCRE) before entering the Pacific
Ocean. Counts of spawning Chinook salmon nests (hereafter
“redds”) have been monitored annually in a subset of index
reaches in the MFSR since 1957 (Thurow et al. 2020). We focus
our analysis on annual, spatially continuous, georeferenced
redd surveys that have been conducted since 1995 (Thurow
2000), which we organized into annual redd counts in each of
the 23 distinct river segments identified by Isaak and Thurow
(2006).

Life-cycle model

Snake River Chinook salmon spawn from July to Septem-
ber, when females excavate redds in gravel substrates, spawn,
and bury fertilized eggs. Female Chinook salmon defend
redds from predators and conspecific redd-building competi-
tors until death. Eggs incubate over winter, hatch the next
spring as larvae, and emerge as fry. Fry grow into parr that re-
main in freshwater habitats until migration. Most MFSR Chi-
nook salmon begin their migration to the ocean at age 1 (i.e.,
during their second spring), though parr may spend from <1
year to 2 years in freshwater prior to out-migration and
transformation from parr to smolts (Copeland and Venditti
2009). Flow conditions, hydrosystem operations (e.g., spill,
surface passage), and departure date influence out-migration
from the MFSR to the ocean, which may take between 10
days and 1.5 months (McCann et al. 2020). Travel times were
much faster before the dams (Petrosky and Schaller 2010).
Mature adults returning from the ocean arrive at Bonneville
Dam (the lowermost dam), navigate eight hydroelectric dams
(Lower Granite Dam is the uppermost and eighth dam), and
return to spawn in the MFSR. Most female Chinook salmon
in the MFSR, the object of our population model, spend 2-4
years in the ocean, returning to spawn at age 4, 5, or 6 (Poole
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Fig. 1. The Middle Fork Salmon River basin, Idaho USA (black outline), its stream segments (colored stream lines labeled with
letters of the alphabet), and ICTRT-defined (2003) “Population” sub-basins: Bear Valley Creek (BEA), Big Creek (BIG), Camas
Creek (CAM), the lower MFSR mainstem (LMA), Loon Creek (LOO), Marsh Creek (MAR), Sulphur Creek (SUL), and the upper
MFSR mainstem (UMA). The inset map depicts the Columbia River basin outlined in black, the Columbia River and major
tributaries in blue, and the MFSR watershed in red. This map was created using Esri ArcMap 10.8 using the ArcGIS Online
World Topographic Map basemap (Esri n.d.); projection is NAD 1983 Albers Equal-Area Conic.

S *

.
K
LN

] Kilometers

Sub-basin |
3 o |

UF':h

Population \
BEA |

§

CAM |

BIG

LMA |

etal. 2022). Since Chinook salmon are semelparous, no repro-
ductive adults survive to contribute to the next year’s abun-
dance.

We defined a Chinook salmon life cycle consisting of five
age classes and one multi-age spawning class, which com-
prise the state variables (Fig. 2): N; (age 1 female smolts),
N;—Ns (age 2-5 marine phase females), and S (the total num-
ber of mature age 4-6 females, R4—Rg, that build redds; i.e.,
S = R4 + Rs + Rg). Parameters governing changes in state vari-
ables over time included survival probabilities, stage transi-
tion probabilities, and reproductive rates (Table S1). We mod-
eled the dynamics of Chinook salmon females on a 1-year
time step (t) and across MFSR river segments (i), treating seg-
ments as isolated populations closed to immigration and em-

igration. Since MFSR Chinook salmon are at historically low
density in the MFSR (1%-3% of 1960s abundances; Thurow
et al. 2020), we fit a model that does not structurally esti-
mate density-dependent population growth but implicitly ac-
counts for it by estimating process heterogeneity in space
and time. Our model is thus built around a simple geomet-
ric population growth function: R = Sb¢, where recruitment
of reproductive adults (R) equals the per-capita production
of smolts (b) by spawning adults (S) multiplied by survival-
to-maturity (¢). We define per-capita smolt production, the
product of egg production, hatching success, and survival
of parr, as the number of migrating smolts that survive to
the first (upstream-most) dam in the migration corridor. In
our model, we allow per-capita smolt production to vary spa-
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Fig. 2. Chinook salmon life cycle used to structure our inte-
grated Bayesian state-space population model. Large arrows
represent smolt-to-adult return probability (SAR) and smolt
production rate (b), and small arrows represent survival and
maturation processes that comprise SAR. The S stage repre-
sents spawning adults composed of multiple ages, and the
N stages represent smolts (N;) and pre-migratory ocean resi-
dents (N, —Ns). Subscripts on stages indicate the age of the fish
in those stages. Green indicates freshwater stages and transi-
tions; blue indicates marine or migratory stages and transi-
tions.

A
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tially within the MFSR and temporally across years. Survival-
to-maturity in our model is equivalent to SAR, incorporating
juvenile survival during the out-migration year (through the
hydrosystem and during their initial ocean residence period),
sub-adult ocean survival, and adult survival during return mi-
gration upstream through the hydrosystem (at age 4, 5, or 6).

We estimated the production of smolts at stream segment
i and time t + 2 as the product of a spatially and temporally
heterogeneous smolt production rate, by, and the number
of reproductive females in that stream segment at time ¢:

(1) Nigrr2) = Sy

Salmon smolts from the MFSR migrate through the hy-
drosystem by one of two pathways: (1) via trapping and trans-
port by barge along the migratory corridor; and (2) via “in-
river” passage through (or over) eight dams, associated reser-
voirs, and intervening river corridors under their own power.
The survival of transported (or T-group) and in-river (or H-
group) fish during the migration year is further subdivided
into “hydrosystem” survival and “early ocean” survival. Hy-
drosystem survival is either a function of capture and barg-
ing conditions for transported fish, ¢y = 0.98 (McMichael
et al. 2011), or a function of hydrosystem conditions dur-
ing the migration year (t) for in-river fish, ¢y(). Smolts that
survive passage downstream through the hydrosystem must
next survive conditions in the Columbia River estuary and
nearshore Pacific Ocean through their first winter at sea

(hereafter “early ocean survival”), which we denote as ¢o(;) for
in-river fish and ¢1(;) for transported fish. The survival of indi-
viduals through these two pathways combines to determine
population-level survival during the migration year accord-
ing to the proportion of fish that experience the “transport”
pathway, §;), in contrast to the “in-river” pathway,

(2)  Nagesn) = Nigy) ((1 = 8¢)) dueybon) + 8¢ Pedre))

After the first winter at sea, we model the ocean survival
of salmon as a function of an assumed annual ocean survival
rate, ¢, = 0.80 (approximated from Ricker 1976), and matu-
ration probabilities that control whether age-3 or age-4 fish
return to spawn the following year (p3(), p4(r)). We assumed
all age-3 females remain in the ocean, a portion of age-4 and
age-5 females return as spawners (p3(;) and p4), respectively),
and all age-6 females return as spawners. Age-specific abun-
dances, annual ocean survival, and maturation probabilities
then define the distribution of ages among ocean residents,

(3)  Najtr1) = Nagyyda
Nagiz+1) = Nainda (1 — pap))
Nsit+1) = Nagirypa (1 — pag))

Similarly, these parameters define the distribution of ages
among the breeding stock, but with an additional “return”
survival term, ¢g, to account for mortality as adults migrate
upstream through the hydrosystem,

(4)  Rugr+1) = Najig)dapspPr
Rs(i141) = Nagit)Papamydr
Re(i t+1) = N5 rypadr

We assume that all adult fish that survive passage upstream
through the hydrosystem successfully spawn in their natal
habitat. Thus, the number of redds in each segment of the
MFSR is the number of returning adult females summed
across all ages:

(5)  Siit) = Ragiry + Rsr) + Reip)

Data and model fitting

Redd counts

Annual Chinook salmon redd surveys were conducted
at the end of the spawning season in September from
1995 through 2018 via low-altitude helicopter flights supple-
mented by ground-based surveys using methods described by
Thurow (2000). Surveys employed a spatially continuous sam-
pling design (Fausch et al. 2002), and individual redd loca-
tions were georeferenced with a global positioning system.
Streams deemed too small or steep to be accessible to Chi-
nook salmon were omitted from the survey area (Thurow
2000; Isaak and Thurow 2006). Georeferenced redd loca-
tions were snapped to the stream network and aggregated
at the scale of discrete river segments identified by Isaak
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and Thurow (2006). The average segment length was 33.8 km
(range = 17-54). Aggregated redd count data comprised a
data matrix of counts across 23 segments (i) for 24 years (t).
We modeled the number of redds observed using an over-
dispersed Poisson likelihood function (eq. S18).

Carcass fin age

From 1998 to 2019, Idaho Department of Fish and Game
(IDFG) monitored the age and sex of adult Chinook salmon
in the MFSR via post-spawning carcass surveys (M. Davison,
IDFG, personal communication).We used age estimates of fe-
males derived from counts of annual growth rings in fin ray
cross-sections to define our spawner age dataset. Three age
classes were observed among female Chinook salmon in the
MFSR during this time period: age 4, 5, and 6. We modeled
segment-scale redd counts as a function of spawner age dis-
tributions at coarser-scale “populations” (n = 8 in our study
area) defined by the Interior Columbia Technical Recovery
Team (ICTRT 2003; Fig. 1) because the distribution of carcass
survey points was too sparse at the segment scale. We mod-
eled the number of female carcasses observed at each age in
each year as a function of the proportion of returning females
at the age predicted by our model (eq. S17).

Hydrosystem passage

We used count data for PIT-tagged Snake River wild aggre-
gate spring/summer Chinook salmon (excluding jacks) from
the Comparative Survival Study (CSS) for the 1994-2019 mi-
gratory cohorts (McCann et al. 2020). We distinguished “in-
river” fish that avoided bypass or transport at designated
Snake River collector dams (Lower Granite, Little Goose,
Lower Monumental) from “transported” fish that were cap-
tured and transported from one of the collector dams to be-
low Bonneville Dam, according to the definitions of the C,
and T, passage groups in McCann et al. (2020). We estimated
the cohort-specific survival and observation probability of
Chinook salmon by tracking observations across three differ-
ent migratory phases: river transit as smolts, ocean residency,
and river transit as returning adults. From these phases, we
defined four release and recapture (or re-observation) occa-
sions: (1) passage at Lower Granite Dam as smolts (LGR), (2)
observation at Bonneville Dam as smolts (BON), (3) observa-
tion at Bonneville Dam as adults (BOA), and (4) observation
at Lower Granite Dam as adults (LGA). Counts at LGR during
the smolt stage were estimated quantities for the Cy and T,
groups defined in McCann et al. (2020), rounded to the near-
est integer, whereas the PIT tag counts at BON, BOA, and
LGA were from data used in the CSS (McCann et al. 2020).
Counts at LGR, BON, BOA, and LGA were taken from the
CSS (McCann et al. 2020) or provided upon request when not
presented in CSS reports (J. McCann (personal communica-
tion)). These hydrosystem PIT tag passage counts were for-
matted as multinomial capture histories for capture-mark-
recapture analysis (Kéry and Schaub 2012; Supplementary
material). We modeled mark-recapture count data using a
multinomial likelihood function for each of the in-river (eq.

"‘Canadian Science Publishing

§$15) and transported (eq. S16) smolt groups. We also spec-
ified, as data, point estimates of in-river hydrosystem sur-
vival for in-river smolts and transport probability for trans-
ported smolts of Snake River wild aggregate spring/summer
Chinook salmon presented by McCann et al. (2020) for the 25-
year period from 1994 to 2018. These time series data were
drawn from model-estimated in-river hydrosystem smolt sur-
vival and smolt transport probability using a Beta likelihood
function for each (eq. S14).

Survival covariates

We allowed in-river and early ocean survival to vary ac-
cording to six migration year covariates found to drive vari-
ation in Chinook salmon survival and hydrosystem passage
(Schaller et al. 2014; McCann et al. 2020): (1) SST, May-
June-July Sea Surface Temperature from the Comprehen-
sive Ocean-Atmosphere Data Set summarizing observations
from buoys and ships near the mouth of the Columbia River
(Slutz et al. 1985; McCann et al. 2021); (2) UWI, Bakun Up-
welling Index for 45 N latitude, 125 W longitude during
April (https:/fwww.cpc.ncep.noaa.gov/products/GODAS/coast
al_upwelling.shtml; Accessed: 3 November 2020); (3) PDO, av-
erage May-June-July Pacific Decadal Oscillation index (http:
[[research.jisao.Washington.edu/pdo/PDO.latest.txt; accessed
6 October 2020); (4) WTT, Water Transit Time through the
Columbia River hydrosystem from Lower Granite Dam to
Bonneville Dam (McCann et al. 2021); (5) PH, the average num-
ber of dam power house passages (as opposed to compar-
atively less dangerous passages via spill) predicted for out-
migrating Snake River Chinook salmon (PITPH, McCann et al.
2021); and (6) Z, a binary variable for smolt transport barge
schedule, which differed between 1993-2006 and 2007-2017
(Widener et al. 2021). In our covariate data set, SST aver-
aged 13.698 °C (SD 0.835) from 1988 to 2018, UWI aver-
aged —2.355 (SD 19.216) from 1988 to 2019, PDO averaged
—0.188 (SD 1.1090) from 1988 to 2019, PH averaged 2.696
powerhouse passages (SD 0.912) from 1994 to 2019, and WTIT
averaged 19.106 days (SD 5.436) from 1988 to 2019, and Z
was equal to 0 for 1993-2006 and 1 for all years after 2006
(Fig. S1).

Model fitting and assessment

We defined six response variables in our integrated model:
(1) redd counts, (2) spawner ages, (3) hydrosystem passage
counts for in-river group fish, (4) hydrosystem passage counts
for transported group fish, (5) smolt survival probabilities for
in-river fish, and (6) smolt transport probabilities. Redd count
data varied by segment and year; spawner age data are counts
of female carcasses that varied by ICTRT population, year,
and age; hydrosystem passage datasets varied by migration
year cohort and passage facility; and smolt survival and smolt
transport datasets varied by year. The joint distribution equa-
tion for our model (eq. S25), parameter definitions (Table S1),
and parameter estimation details are in the supplementary
material file.
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We fit our model using MCMC sampling in JAGS 4.3.0
(Plummer 2017) with the R package “runjags” (Denwood
2016)in R version 4.2.1 (R Core Team 2022). We ran our model
for a 1,000-iteration adaptation period and 1,000,000 itera-
tions of burn-in, followed by 500,000 iterations of posterior
sampling thinned to every 20 iterations across 5 chains. We
considered the model to have converged if the convergence
diagnostic, R (Gelman and Rubin 1992), was below 1.1 for all
estimated parameters. We also assessed convergence by vi-
sually inspecting and comparing each chain’s MCMC sam-
ple traces and posterior sampling distributions. We evalu-
ated goodness of fit by plotting the Freeman-Tukey discrep-
ancy statistic for real data versus that from simulated data
and calculated a Bayesian P-value indicating the probabil-
ity that the simulated discrepancy would be more extreme
than that of our empirical data (Gelman 2013; Conn et al.
2018).

Simulation analysis

The number of spawning adult females produced per
parental redd (X)) for each segment i and brood year t was
estimated as the product of smolt production during the
brood year (b(; ;) and SARs for subsequent smolt migration-
year cohorts (¢sar(r)):

(6)  Air = b rdsarp+2)

We conducted our simulation analysis using brood years
1988 through 2016, the last year with a corresponding ¢sag)
estimate in our model.

To assess the effect of SAR on population growth associ-
ated with each segment, we estimated 1; ;) for each segment
(i) in each cohort year (t) by varying average ¢sar from 1%
to 2% by increments of 0.2% and from 3% to 6% by incre-
ments of 1%, covering the range of established SAR goals
for Chinook salmon recovery (2%-6%; NPCC 2003). All sim-
ulations were conducted by subsampling 999 iterations from
model posteriors in each of our five parallel chains (n = 4995
subsampled posterior iterations) to simulate the distribu-
tion of A under ¢sar scenarios during our study period. To
propagate uncertainty in birth and survival parameter es-
timates, we first calculated the empirical geometric mean
of ¢sar(r) (#sar) from the migration years 1990-2018 (brood
years 1988-2016) for each posterior sampling iteration sub-
sampled from our model. We then calculated a ¢sag cor-
rection factor for each simulation scenario (X(sim)) by divid-
ing that scenario’s target ¢sar (SARim)) by the median of
Psar: X(sim) = SAR(sim)/median (¢sar). We multiplied the dis-
tribution of ¢sar subsampled from our model posteriors by
each scenario’s X(sim), Tesulting in a distribution of simulated
¢sar for each scenario with a median exactly equal to the tar-
get SAR(sim) and variance proportional to the variance of the
uncorrected ¢sar samples. For each scenario, we calculated
the posterior mean, median, and modal number of segments
with A>1 (indicating positive population growth). We also
compared these simulations against our baseline using the
estimated SAR.

Results

Data summary

Redd counts

Our redd count dataset included 18,468 redds observed
across 777 km of MFSR streams from 1995 to 2018. The small-
est basin-wide count occurred in 1995 (20 redds), and the
largest count was in 2,003 (2,271 redds), with an average an-
nual MFSR-wide redd count total of 770 (SD 593) and an oscil-
lating trend through the survey period (Supplementary mate-
rial, Fig. S2). In some years, a small number of segments were
not surveyed because of turbid conditions or poor flight con-
ditions during storms. Redd counts in the unsurveyed seg-
ments (“s” in 1995-1999, “r” in 1995, “q” in 1995, and “m”
and “n” in 2013) were estimated as stochastic variables in our
model, which allowed their imputation with associated un-
certainty.

Carcass age

From 1998 to 2019, 2,316 female carcass age estimates were
composed of three age classes: 1,190 were age 4, 1,099 were
age 5, and 27 were age 6. Most female ages were estimated
from carcasses collected in upper MFSR sub-basin popula-
tions (1853), and 463 age estimates were from carcasses in
lower sub-basin populations (Fig. 1 and Table S2).

Hydrosystem passage

Chinook salmon smolts were diverted from in-river pas-
sage and transported by barge with an average CSS-estimated
probability of 0.56 (SD 0.27) from 1994 to 2019, 0.79 (SD
0.12) from 1994 to 2006, and 0.32 (SD 0.13) from 2007
to 2019 (McCann et al. 2020). We assumed the transport
survival probability was 0.98 (McMichael et al. 2011). Chi-
nook salmon smolts that remained in-river survived migra-
tion from Lower Granite Dam to Bonneville Dam with an
average CSS-estimated probability of 0.53 (SD 0.13; range:
0.20-0.68).

Model results

All parameters had a R score below 1.1, consistent with
model convergence, and posterior sampling chains appeared
adequately mixed. Bayesian P-values based on the Freeman-
Tukey discrepancy statistic were Pry .., =0.15 for redd
counts, and Pyy,) = 0.14 and Pgm,) = 0.13 for multinomial
capture-mark-recapture datasets (Fig. S3). Visual assessment
of simulated vs. observed SARs (Fig. S2), redd counts (Fig. S4),
and redd count quantiles (Fig. S5) suggested our model was
moderately well-specified.

Reproduction

The posterior median of our MFSR-wide mean smolt pro-
duction rate was 104.48 smolts per female with a 90% Highest
Density Interval (HDI) of 67.6-161.1. Fitted random variance
terms suggested that the standard deviation (SD) of smolt pro-
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Fig. 3. Spatial distribution of reproductive rate, b (female smolts per redd) and population growth, A (redds per redd). In
dot-whisker plots (g, b), dots indicate the median of posterior samples, thick lines the 90% highest density interval, and thin
lines the 95% highest density interval. Panel (a) shows the reproductive rate (b) for each spatial unit (i.e., segment). Panel (b)
shows the growth rate (1) for each spatial unit. Panel (c) depicts the approximate spatial distribution of median growth rate
estimates across the MFSR (blue line) and its watershed (black outline), where points are labeled by segment to match median
and credible interval plots. Colors range from dark to light with increasing A.

Reproductive rate (bsegment)

duction among years, 1.69 (HDI 1.26-2.15), was substantially
larger than the SD among segments, 0.27 (HDI 0.18-0.38), and
the SD of random segment x year variation, 0.32 (HDI 0.23-
0.42). Segment-specific estimates of smolt production (female
smolts per redd, b) ranged from 62.8 (90% HDI 37.4-87.4) for
segment “r” to 159.5 (90% HDI 116.9-201.6) for segment “d”
(see Fig. 1).

Transport, out-migration, and survival

The average proportion of wild Chinook salmon smolts
transported, &), was 0.78 prior to 2007 and 0.33 during and
after 2007, varying interannually with a logit-scale SD of 0.37
(Table S3). Our estimate of survival for salmon out-migrating
through the hydrosystem (¢n(;)) was most strongly associated
with PH and a random year effect, with a weak effect from
WTT (Table S3). Early ocean survival for in-river fish (¢o))
covaried most strongly with SST, UWI, and WTT, with weak
effects of PDO and PH (Table S3). Early ocean survival co-
efficients were similar for fish transported by barge (¢t(;))
(Table S3). Resulting early ocean survival estimates varied
among years between 0.004 and 0.08 for in-river fish and be-
tween 0.002 and 0.06 for transported fish. Survival for return-
ing adult salmon traversing the Columbia River hydrosystem
from Bonneville Dam to Lower Granite Dam (¢gr) was 0.87
(90% HDI 0.800-0.938).

Maturation.

The probability of maturing at age 4 increased across our
study period from lows of near 0.25 in the mid-1990s to highs
near 0.75 approaching 2020, but with a high SD between se-
quential years of 0.89 on the logit scale (Fig. S6). The esti-
mated probability of an age-4 fish maturing at age 5 (p4) was
0.97 (HDI 0.96-0.98).
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SAR and population growth

The SAR for the in-river smolt passage group, SARp(;) (spe-
cific to the migration year cohort, t), varied annually be-
tween 0.1% and 3.0%, with an among-year arithmetic mean
of 0.87% and a geometric mean of 0.62% (Fig. S1a). The SAR
for the transported group, SARy(;), varied between 0.1% and
2.6%, with an among-year arithmetic mean of 0.97% and a ge-
ometric mean of 0.76% (Fig. S1b). The among-year geometric
mean of overall SAR, ¢sar, had a posterior median of 0.74%
(90% HDI 0.64-0.84) between 1988 and 2019, ranging from
its lowest value of 0.1% in 1993 to its highest value of 2.7% in
1999. The basin-wide average smolt production rate and ge-
ometric mean SAR combined to yield an average population
growth rate of 1=0.77, or a decline of 23% per generation.
Population growth rate estimates for individual segments de-
viated from this average according to the segment random ef-
fect on smolt production in eq. S1 (Supplementary material)
and ranged from 0.45 (90% HDI 0.28-0.63) for segment “r” to
1.15 (90% HDI 0.87-1.42) for segment “d”. Geometric mean
growth rates, A, were >1 for 4 of 23 segments, although the
HDI for these five segments all contained A=1 (Fig. 3). The re-
maining 18 segments had 1<1, including one segment where
A=0.9982 and eight segments with credible intervals that did
not include 1 (Fig. 3).

Simulation analysis

The posterior probability that all 23 segments in the MFSR
supported positive Chinook salmon population growth (i.e.,
A>1) was essentially zero. In the simulation analysis, 0 out of
4,995 posterior sampling iterations had A>1 in all segments.
Despite high variability in population growth rates at low
SAR, elevating ¢sag increased the number of productive seg-
ments and decreased its spread (Figs. 4a-4f). A simulated in-
crease in SAR from 0.74% (contemporary conditions) to 1%
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Fig. 4. Predicted number and location of MFSR river segments with positive Chinook salmon population growth rates under
Snake River smolt-to-adult return (SAR) survival scenarios. Horizontal bar plots indicate posterior distributions of the number
of MFSR river segments (23 total) with growth rates above replacement (A>1) and black dots indicate the median. Map panels
next to bar plots indicate the locations of the segments most likely to have growth rates above replacement under each SAR
scenario, with colors ranging from dark to light with increasing A.
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increased the number of productive segments from 5/23 to
16/23 (Fig. 4a). All 23 MFSR segments were predicted to sup-
port positive population growth for Chinook salmon at 1.8%
SAR or higher (Figs. 4 and 5).

Discussion

Chinook salmon are in decline in the MFSR. Despite an
abundance of high-quality natal habitat, our results suggest
that a hypothetically “average” stream segment in the MFSR
cannot produce enough smolts to overcome mortality that
occurs outside of the basin. We estimate that since 1995, Chi-
nook salmon have declined in 83% of stream segments that
comprise the MFSR (i.e., A<1 in 19/23 segments), supporting
the conclusion that a minority of “core” stream segments are
responsible for the continued persistence of Chinook salmon
in the basin (Isaak and Thurow 2006). This narrow portfo-
lio of viable spawning and rearing habitats (those with 1>1)
is threatened by persistent anthropogenic stressors such as
climate change, which will continue to erode both inland
stream habitats and ocean conditions (Crozier et al. 2021;
Jacobs et al. 2021). We conclude that the low proportion of
sub-populations with positive growth, high interannual vari-
ation in demographic rates, and low abundances that we ob-
served represent a high extirpation risk for Chinook salmon
in the MFSR, which corroborates recent status assessments
(e.g., Thurow et al. 2020; Johnson et al. 2021; Ford 2022).

Sub-populations of salmon are distributed across distinct
natal habitats within and among river networks. In the MFSR,
persistent, spatially distinct spawning aggregations (Isaak
and Thurow 2006) and fine-scale population genetic struc-
ture (Neville et al. 2006) support our delineation of spatial
sub-populations at a finer scale than those defined by the IC-
TRT (2003). In combination with low levels of connectivity,
spatial heterogeneity can confer stability across metapopu-
lations when sub-population fluctuations are asynchronous:
local re-colonization (or immigration into low-density popu-
lations) from a regional metapopulation pool reduces the risk
of synchronous extinctions (Heino et al. 1997; Sutcliffe et al.

1997). However, we found that synchronous temporal hetero-
geneity in smolt production rate (op(year) = 1.69) was much
larger than its spatial heterogeneity (opseg) = 0.27), suggest-
ing relatively high synchrony among MFSR sub-populations,
as also reported by Isaak et al. (2003). Under current condi-
tions, high temporal synchrony likely impedes the potential
resilience of Chinook salmon in this system (Isaak et al. 2007).
Under high temporal synchrony, sub-population booms and
busts will rarely be out-of-phase, a phenomenon that would
slow the “rescue” of low-abundance reaches in the MFSR by
more productive “core” habitats. Furthermore, analysis of
the wild MFSR Chinook salmon population genetic structure
(Neville et al. 2006) suggests that this synchrony is not a result
of high dispersal among stream segments.

Spatial heterogeneity may be expected to increase with spa-
tial scale as more widely separated pairs of sub-populations
become increasingly isolated from one another. Thorson et
al. (2014) reported that spatial variation of Chinook salmon
parr productivity (among-population SD = 1.11) was much
larger than its synchronous variation in time (among-year
SD = 0.67) across 15 populations in the Salmon River spread
over a larger spatial domain than segments in our study.
Although hatcheries influenced the dynamics of nine of
the 15 populations in Thorson et al. (2014), that study ex-
hibits higher spatial heterogeneity than we observed at a
smaller scale. Similarly, Schaller et al. (2014) observed lower
spatial variation in Chinook salmon intrinsic growth rates
across Snake River and John Day River populations (Table
2 in Schaller et al. 2014) than Nelson et al. (2019) observed
at a smaller spatial scale in Washington state and British
Columbia (Table 3 in Nelson et al. 2019).

We predict that increasing SARs from their current level
of 0.74% to 1.8% would result in positive population growth
in all 23 MFSR segments, indicating that recovery is achiev-
able for genetically and phenotypically diverse stocks in high-
quality natal habitats, even at SAR levels near the lower
bound of NPCC targets (2%-6%, NPCC 2003). However, Chi-
nook salmon productivity elsewhere in the Snake River ESU
may be lower than we observed in the MFSR, resulting in
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Fig. 5. Response surface of population growth rate (1) versus smolt production rate (b) and smolt-to-adult return rate (¢sar).
Color indicates population growth rate from red (low) to white (replacement) to blue (high), and the black dotted contour line
indicates an isocline of no net population growth (A=1). The SAR from 2% to 6% represents lower and upper management
targets for salmon restoration. Median segment-specific smolt production rates are plotted as black points at the geometric
mean ¢sar of 0.74% from 1994 to 2018. The arrow represents our simulated increase of SAR from 0.74% up to 2.0%, with gray
unfilled circles indicating projected 2 for each segment at ¢pgar = 2.0%.
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more muted responses to increases in SAR. For example,
Idaho’s Lemhi and Pahsimeroi Rivers have degraded habitats
and narrower salmon genetic diversity compared to the MFSR
(IDFG 2019), which may require SARs exceeding 1.8% to real-
ize the population growth benefits we predict for the MFSR.
Increasing SARs to meet NPCC goals (2%-6% with a mean of
4%, NPCC 2003) would thus facilitate the rebuilding of less
productive Snake River populations, heighten life history di-
versity and resilience, increase delivery of ocean-derived nu-
trients and food web subsidies, and rebuild harvestable and
sustainable populations (Petrosky et al. 2020; Storch et al.
2022).

Our estimates of Chinook salmon smolt production rates
in the MFSR are commensurate with independent estimates
for the MFSR and other Snake River spring/summer ESU sub-
populations. Our model predicts an average smolt produc-
tion rate of 104.48 smolts per spawner (log.b = 4.489) and
135 smolts per spawner (90% HDI 95.1-177.2) in the most
productive segment (segment “d”, comprising most of Marsh
Creek). Petrosky et al. (2001) reported that the productiv-
ity of Snake River wild Chinook salmon from 1962 to 1997
averaged 86 smolts per spawner. Other estimates of Snake
River Chinook salmon productivity are similar. Wilson (2003)
estimated that smolt production rates in Marsh Creek (our
segment “d”) were between 81.4 smolts per spawner (age-3
spawners) and 128.7 smolts per spawner (age 5 spawners) for
brood years 1962-1967 and between 61.8 and 97.8 smolts per
spawner (respectively) for broodyears 1990-1994. The model
of Zabel et al. (2006) suggested that at low spawner density,
the productivity of wild Snake River Chinook salmon was
165.1 smolts per spawner, a rate derived from a Beverton-Holt
function.

Our results suggest that increasing out-of-basin survival
would substantially increase population growth rates of Chi-
nook salmon in the MFSR basin, which corroborates the find-
ings of Marmorek et al. (1998) and McCann et al. (2017, 2019).
Under contemporary conditions, the very high mortality of
salmon during migratory and marine life stages limits the
productivity of Chinook salmon in the MFSR (Schaller et al.
2014; Thurow et al. 2020). Much of that mortality can be ex-
plained by the deleterious influence of Columbia and Snake
River dams (Raymond 1988; Schaller et al. 1999). Under con-
temporary conditions, Schaller et al. (2014) estimated that
Snake River Chinook salmon smolts, which pass eight dams,
survived to adulthood only 1/4 as well as John Day River popu-
lations, which pass three dams (Table 5 in Schaller et al. 2014).

Ocean conditions also strongly affect adult salmon returns
(Schaller et al. 2014), and climate change is degrading ocean
conditions, leading to reduced survival and growth of salmon
during marine life stages (Ohlberger et al. 2018; Crozier et
al. 2019, 2020, 2021). However, ocean conditions are beyond
the immediate control of resource managers, as is climate
change (ISAB 2018). In sharp contrast, hydrosystem passage
conditions are well within the capabilities of managers to
manipulate (ISAB 2018). If SARs continue trending down-
ward because of degraded ocean conditions (Chasco et al.
2017b; Crozier et al. 2019), improving conditions in the mi-
gration corridor will be of even greater importance (NPCC
2003; Johnson et al. 2021).

Numerous actions have been implemented over the past
40 years to promote the recovery of Snake River Chinook
salmon: structural modifications to dams; collection and
transportation of juveniles to the LCRE; rehabilitation and en-
hancement of natal and estuarine habitats; hatchery supple-
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mentation; harvest restrictions; reduced landscape develop-
ment; intensive predator control; reservoir drawdowns; and
increased spillover dams (NPCC 2014; Rieman et al. 2015;
NMES 2017). Despite this unprecedented effort, Snake River
Chinook salmon still face extinction or extirpation, suggest-
ing that novel, aggressive actions are necessary for recov-
ery (NOAA 2022; Storch et al. 2022). The primary remain-
ing management action to increase SARs is to reduce mor-
tality through the migration corridor and in the ocean by
breaching dams (NOAA 2022; AFS 2023). Breaching the four
lower Snake River dams and improving spill management for
salmon smolts at the remaining four lower Columbia River
dams is predicted to increase in-river survival of Snake River
Chinook salmon by nearly 22% (Table 2.7 in McCann et al.
2019). Through these direct survival benefits alone, our es-
timated SAR would increase from 0.74% to 0.90%. However,
river restoration is predicted to alleviate both direct and in-
direct mortality in the migration corridor, estuary, and ma-
rine environments (Budy et al. 2002; McCann et al. 2019). In
our model, in-river smolt survival was strongly negatively cor-
related with powerhouse passages (Sy(3), Table S3), and early
ocean survival of the in-river passage group was strongly neg-
atively correlated with water transit time (8o(), Table S3).
These results are consistent with evidence that reducing wa-
ter transit time and powerhouse passages will increase both
ocean survival and hydrosystem survival for in-river migrants
(Budy et al. 2002; McCann et al. 2019). McCann et al. (2019)
predicted that dam breaching would increase ocean survival
by 86% and would combine with hydrosystem survival ben-
efits to increase SARs by 2.6-fold (Table 2.10, McCann et al.
2019). A 2.6-fold increase in SARs from our estimated geo-
metric mean of 0.74% would result in a 1.9% SAR, sufficient
for all MFSR segments to support positive Chinook salmon
population growth (Figs. 4 and 5). Restoration strategies that
include breaching all four lower Snake River Dams thus offer
the highest probability of elevating MFSR Chinook salmon
SARs above 2% (McCann et al. 2020; Storch et al. 2022). Dam
removal may also bolster salmon resilience by promoting the
expression of more diverse life histories, as Munsch et al.
(2023) observed in the Elwha River.

Our model does not structurally estimate the effects of
density-dependence. We took this approach because popula-
tion densities of salmon in the MFSR throughout our study
period were at historic lows. For example, spawner abun-
dances in the MFSR from 2017 to 2021 averaged 1.4% of their
abundances during the mid-1960s (Thurow et al. 2020; Poole
et al. 2022). However, fish that aggregate may still experience
density-dependent intraspecific competition at low regional
densities if aggregation causes them to experience high lo-
cal densities (see Lloyd 1967). Indeed, some Columbia/Snake
River Chinook salmon populations have exhibited density de-
pendence in somatic growth and survival at low regional den-
sities (Walters et al. 2013; Thorson et al. 2014). If salmon ag-
gregate at low densities but occupy more stream reaches as
regional abundances increase (Jacobs et al. 2021), then fish
may not actually experience increased crowding, and the in-
tensity of competition might vary little as abundances in-
crease. In this case, our estimates of per-capita smolt pro-
duction already incorporate effects of density-dependence re-

sulting from localized aggregation (Isaak et al. 2007), and
thus our assessment of restoration efforts should be ro-
bust to increases in regional adult density. Conversely, if in-
creased regional density of adults depresses per-capita smolt
production (e.g., Petrosky et al. 2001; Zabel et al. 2006),
then our assessment of restoration efforts may be optimistic
and restoration might be more challenging than we have
estimated.

We assumed that the MFSR Chinook salmon population
segments defined by Isaak and Thurow (2006) represent iso-
lated sub-populations. Although Chinook salmon stray from
their natal streams, straying in the MFSR is reported at spatial
scales similar to our approximately 30 ki segments (Isaak
and Thurow 2006; Neville et al. 2006), which is smaller than
the straying distances reported for other systems like the
upper Columbia River (Hamann and Kennedy 2012). Fortu-
nately, our inferences are unaffected by analyzing data at
a larger spatial scale, although larger-scale analyses are less
able to evaluate spatial heterogeneity. For example, when we
estimated smolt production per spawner at the ICTRT scale,
we found slightly higher smolt production per spawner but
reduced variance among the 8 sub-populations relative to the
current analysis at the ~30 km segment scale with 23 sub-
populations (Jacobs 2021). Nevertheless, our results do sug-
gest the influence of some demographic connectivity among
segments within the MFSR. The areas with the largest and
most contiguous natal habitat patches (Bear Valley and Big
Creeks) tended to support the most salmon (Thurow et al.
2020; Jacobs et al. 2021), though these segments were not nec-
essarily the most productive. For example, segments “a”, “b”,
and “c” in Bear Valley Creek had the largest redd counts yet
supported growth rates roughly equivalent to replacement
(A~1), with median A slightly below 1 in each segment. Con-
versely, neighboring segments (Marsh Creek, Pistol Creek,
Upper Mainstem MFSR, and one segment within Big Creek
“w”) had population growth rates above replacement despite
relatively small redd counts in those segments (Fig. 1). There-
fore, immigration from neighboring segments might be re-
sponsible for sustaining the high density in Bear Valley Creek
while reducing densities at the neighboring sites. Some dis-
persal is also required to colonize new habitat patches, such
as those caused by debris flows that recruit wood and sedi-
ment into streams (Thurow 2015). The extent to which disper-
sal leads to the colonization of new patches or re-populates
stream reaches with few adult salmon warrants further in-
vestigation.

Chinook salmon spawner age has declined through time
in the MFSR, as the probability of spawning at age 4 (versus 5
or 6) generally increased between 1995 and 2018 from ~25%
to ~75% (Fig. S6). This observation is consistent with that of
Ohlberger et al. (2018), who found that the age and size of
both hatchery and wild Chinook salmon have declined across
the Pacific coast. Reductions in the body size of salmon may
reduce fecundity, and thus productivity (Healey and Heard
1984). Alternatively, shifts to earlier maturation might in-
crease spawner abundance by reducing the duration of ocean
residency and thus ocean mortality (e.g., Cline et al. 2019). We
did not account for the effects of reductions in adult size in
our model, though we did account for changes in age struc-
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ture. A reduction in the diversity of ages at maturation among
spawning fish also reduces life history diversity, which may
reduce population stability (Schindler et al. 2010). The poten-
tial conservation implications of a decline in spawning Chi-
nook salmon age and size in the MFSR thus warrant further
investigation.

We conclude that increasing out-of-basin survival will
substantially increase population growth rates of Chinook
salmon in the MFSR basin. We have refined estimates of SARs
needed for population recovery in the MFSR and predict that
improving Chinook salmon SARs above 1.8% will lead to pos-
itive growth rates across all its sub-populations, though a
higher level of SAR may be necessary to support recovery
(i.e., increases in abundance) across the larger Snake River
ESU (e.g., McCann et al. 2017). High-quality natal habitats,
such as those that typify the MFSR, remain capable of sup-
porting viable Chinook salmon populations. However, our
results also demonstrate that restoring the Snake River mi-
gratory corridor to improve SARs is necessary to realize na-
tal habitat production potential. Despite their extraordinar-
ily long migration past eight major hydroelectric dams, wild
Chinook salmon still cling to persistence in the MFSR because
of their high genetic and phenotypic diversity and access
to exceptional natal habitat. Chinook salmon in the MFSR
therefore have very high recovery potential if survival out-
side the basin can be increased. The results of our analy-
sis are timely and applicable for discussions of management
actions and cost-benefit analyses addressing Snake River
salmon restoration. Our analysis also demonstrates that spa-
tially explicit time-series data in general, and our long-term
spatially continuous Chinook salmon redd dataset in partic-
ular, are valuable in ecological research and management
contexts.
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formation System (IFWIS) web reports [https://fishandgame.i
daho.gov/ifwis/portal]. Data from spatially continuous redd
counts in the Middle Fork Salmon River can be obtained
from RFT upon reasonable request at russ.thurow@usda.gov.
Novel code and data from our analysis are available at https:
/[doi.org/10.5281/zenodo.10117183.
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Supplemental material

Life-cycle modeling reveals high recovery potential of at-risk wild Chinook salmon via

improved migrant survival.
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1. Parameter descriptions

The parameters, data, and indexes for our statistical life-cycle model of Chinook salmon
in the MFSR are described in the main text and in the body of this supplemental material file. To
ease interpretation of our model, we have included a comprehensive table to define all 33
parameter objects (matrixes, vectors, and scalars), six data sets, and their indexes at the end of

this supplemental material file (Table S1).



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

2. Parameter estimation
1.1. Life-cycle transitions

We allowed smolt production rate, b; ¢, to vary hierarchically according to a MFSR-
wide natural logarithm-transformed mean production rate, log. b, and random effects of segment

(ap1(i))> year (@pz(r)), and segment X year (ap3(;t))s

bio =exp(log.b+ apigy + Apae) + Ap3cie))- (S1)

We estimated annual variation in the proportion of Chinook salmon smolts transported from

Lower Granite Dam to beyond Bonneville Dam, §(,), using a mixed-effects beta regression, in

which we allowed estimates to vary according to barge schedule (Z)),

logit(8)) = Bray + PryZe + reo. (52)

Bor and B;r are logit-scale regression coefficients and ar () is the random effect of year. We
included an effect of the shift in the barge transport policy, Br(2)Z(), following

recommendations by Williams et al. (2005). We similarly allowed survival of smolts through the
hydrosystem to vary annually according to a mixed-effects beta regression in response to WTT

(Xwrr@) and PH (Xpy () covariates with a random year effect (ay))

logit((;bH(t)) = Bu) + Bu)Xwrrew) + Bu)Xeuw) + Au)- (S3)

Early ocean survival was estimated separately for transported and in-river fish using mixed
effects logistic regression with both ocean and hydrosystem covariate effects and random year

effects. We assumed that summer sea surface temperature (Xgsr(p)), upwelling index (Xyw (),



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

summer PDO (Xppo(r)), Water transit time (Xy,rr(r)), and powerhouse passages (Xppy ()
covariates along with a random year effect (ay(s)) affected survival in the in-river group,

10git(¢o(t)) = Bo) + Bo)Xssr) + Bo) Xuwie) + BowyXppow) +
BosyXwrrw) + Bowe)Xpu@) + Xo(t)- (54)

We considered an identical model structure for the transported group, except we omitted
powerhouse passages and water transit time effects, assuming that a negligible fraction of

transported fish experience these in-river conditions,

10git(¢T(t)) = Br + BryXssro) + BrayXvwiw) + BrawXpepow) +
ar(e) (S5)

During our study period, few age-6 females returned to the MFSR, which suggested the
probability of age-4 marine fish returning as adults at age 5 (p,) was high and its inter-annual

variation was negligible; we therefore assumed it was invariant and replaced p4(;) in equations 3

and 4 with p,. Our age data and a general trend in declining age structure among Northeast

Pacific Salmon (Ohlberger et al., 2018) indicate that the probability of return at age 4, p5(;), may
have shifted over recent decades. We allow p3(4) to vary across years as a random walk
evaluated on the logit scale, where we estimate p3(.) at time ¢t = 1, and an annual deviation,

®p.(t—1)> drawn form a normal distribution with a mean of zero,

logit(psr) = logit(pa(e-1)) + pye-1). (S6)

We assume adult return migration survival is equivalent between transport groups and
temporally invariant for model simplicity, although transported fish have somewhat lower adult

migration survival than in-river fish (Crozier et al., 2020; McCann et al., 2020),
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logit(¢g) = Br. (57)

We estimated smolt-to-adult return probability for each out-migration year cohort in each MFSR
segment as a function of estimated passage transport, hydrosystem smolt survival, early ocean
survival, and hydrosystem adult survival (as described above), under assumed ocean survival
(¢4=0.8; Ricker, 1976) and barge transport survival of smolts (¢p5=0.98; McMichael et al.,

2011).

1.2. Cormack-Jolly-Seber sub-model

The Cormack-Jolly-Seber (CJS) capture-mark-recapture model estimates apparent
survival from recaptures of marked individual through time under imperfect detection (Cormack,
1964; Jolly, 1965; Seber, 1965). Recaptures are recorded during sampling “occasions” which are
discrete points in time when the population is sampled. Occasions in our study are defined by
passage facility and life stage mirroring a designation commonly used for smolt-to-adult return
passage data: Lower Granite Dam as smolts (LGR), Bonneville Dam as smolts (BON),
Bonneville dam as adults (BOA), and Lower Granite Dam as adults (LGA). For the purposes of
this mark-recapture analysis, we substitute [passage facility x life stage] for time, such that for
adults of a given out-migration cohort, passage at BOA or LGA at any age occurs during one

“occasion”.

Within our full model, we fit multinomial formulations of the Cormack-Jolly-Seber
capture-mark-recapture model (Kéry and Schaub, 2012) to estimate survival and observation.
Our CJS models were applied to wild spring/summer Chinook salmon PIT tagged and released
upstream in the Snake River basin and presented as the wild Snake River aggregate

spring/summer Chinook salmon group in the Comparative Survival Study (McCann et al., 2020).

4
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We built two CJS models to explain variation in counts from multinomial capture history
summary tables called “m-arrays”, one for each smolt passage pathway defined in our model: in-
river smolt passage (H group) and transported smolt passage (T group). The m-array is a matrix
where each row n is a recapture history for all fish released in the n-th occasion (Table S4, Kéry
and Schaub, 2011). We built 2 m-arrays representing recapture histories of Chinook salmon
cohorts passing Lower Granite and Bonneville dams, first as smolts and then as adults for the H
group (my) and the T group (my). Cohorts, C, refer to the smolt-migration year, and as such C is
equivalent to t during the smolt year. The m-arrays, mr;j x r) and my; 1), are indexed by
release occasion (j), recapture occasion (k), and migration year (t). Because T group fish were
transported past Bonneville Dam and were thus never observed there, their m-arrays include one
less recapture occasion (2 occasions: Bonneville Dam as adults and Lower Granite Dam as
adults) than the H group of in-river fish (3 occasions: Bonneville Dam as smolts, Bonneville
Dam as adults, Lower Granite Dam as adults) (Table S4). Three key assumptions of these
models, given our data, are that upstream survival probabilities across age classes are equivalent
(Chapter 5; McCann et al., 2022), that survival probabilities across tributaries of the Snake River
are equivalent (and thus reflect the MFSR), and that survival probabilities of males and females

are equivalent.
1.2.1.1.  Survival and observation probabilities

To implement our capture-mark-recapture model, we must model imperfect detection
leading to passage observation data because recaptures are a product of both survival and
observation probabilities. We allowed observation probability to vary by occasion during our

study period, with random variation across years,
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logit(p(k,c)) = 5(k) + Ap ey’

(58)
“ﬁ(k,c)NN(O' Up(k))'

where k indexes the recapture occasion, ¢ indexes the migration year cohort, p( . is occasion

and cohort-specific observation probability, 5(,{) is the average observation probability of each
occasion, and Ao is a random effect of cohort for each occasion, drawn from a normal

distribution with a mean of 0 and standard deviation of g;,(). Note that observation probability is
indexed by migration year cohort because observations across k occasions occurs at multiple
years, but CJS analyses are conducted by cohort. This model structure allows different
observation probabilities of smolts vs. returning adults at each dam, and for those probabilities to

vary by cohort (and thus across time) as a random effect.

Estimation of survival and observation probability across passage facilities for each
cohort can then be used to define the multinomial probability of recaptures following each
release occasion (row) in the m-array, such as in the generalized example of a four-occasion CJS
study presented in Table S5. Several parameters control survival in our model, and apply to
distinct life stages that are distributed across CJS sampling occasions, and that vary with time
and cohort. Thus, we specified matrixes (1) that correspond to cohort-varying probability vectors
of survival rates between recapture occasions in m-array CJS analyses of H and T group
survivals (see Fig. 2). For each migration year cohort (indexed by c¢), H group survival vectors

were,
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Ta,e) =  PH(e)»
TH2,c) = ¢o(c)¢A¢A(1 - P3(c+2))¢A(1 —pg) +
¢o(c)¢A¢A(1 - P3(c+2))P4 + (59)

Do) PaP3(c+2)
T3, = g,

and T group survival vectors were,

TTr(1,c) = ¢B¢T(c)¢A¢A(1 - P3(C+2))¢A(1 —pa) +
¢B¢T(c)¢A¢A(1 - p3(C+2))p4 + (510)
PDr(0)PaP3(c+2)

TTr(2,c) = Pr-

1.2.1.2.  Multinomial m-array

In our case, the H group analysis is a four-occasion CJS study with the cell probabilities

of its m-array defined as a function of 7y ) and p( ) as follows,

P(my()) =
1- TH(1,0)P,0) —
a1 =pae) x 100 TPAO)X o1 - puo)Tuapee -
TP TH(2,0)P(20) o1 = Pea) X mya0 = Paomuee (1 —Peo) X
THGE,0OPGB) TH3,00P3,0)
1—-TheoPee —
1- X T
0 TH2,0)P(20) Tuzo(1 = Peo) a1 = Do) X
THE,OPGB) ;TH(B e ’)
,C ,C
0 0 TH(3,0P 3,0 1—-7myEoPaEe

whereas the T group analysis is a three-occasion CJS study with cell probabilities of its m=array

defined as a function of the parameters 77 ¢y and pr,c),

,(511)



133

134

135

136

137

138

139

140

141

142

143

144

145

146

1—Tra,0Prae —

7TT(l,C)(l - pT(l.C)) X Tr@ c)(l —Pra c)) X
7T ) )
P(my()) = AP TTr(2,0)PT(2,0) TTr(2,60)PT(2,0) : (512)

l 0 Tr(2,0)PT(2,0) 1 —7r0Pree J
1.3. Smolt-to-adult returns

The probability vectors 1y ;) and 77 ), defined in equations S9 and S10 respectively,

determine SARs for Chinook salmon overall and in each pathway. To express in terms of

migration year t, the SAR of H-group salmon (SARy ;) was a function of ¢y 1), Po(r)> Pas
P3(t+2)s Pa> and ¢, the SAR of T-group salmon (SARr()) was a function of (), Pr(e)> Pas
P3(t+2)» P4» and ¢g, and pathway-specific SARs were weighted by transport pathway probability

O(r) to predict overall SAR (¢sar),

3
SARy(c) = H”H(j,c)'

j=1
z (513)
SARr(e) = nﬂr(j,c)'

j=1

$sar = (1= 8))SARu(e) + 8(0)SARr(c),
where ¢ indexes the migration year cohort (all fish that migrated in year t = c). Note that our
indexing of SARs by smolt migration year (t) is equivalent to indexing by migration year cohort
(c), but to remain explicit about indexing parameters that integrate survival and maturation
processes across multiple years, we emphasize cohort variation by using the ¢ index for SARs in

equations S8 through S13 instead of t.
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1.4. Likelihoods

We defined six response variables in our integrated model: Yyeqa(it)> Vo ge(gqyt.a)’

My kt)» M1 kt)> YH() and Ys(r). Subscripts outside of parentheses indicate the data type (e.g.,
redd representing redd counts). Subscripts inside parentheses index the data matrix (e.g., i to
index stream segments, t to index years). Redd counts, y,eqq(i 1), vary by segment (i) and year

(t). Carcass counts, y 4 e(g@yta)y Vary spatially by the Interior Columbia Technical Recovery

Team (ICTRT, 2003) population that each segment belongs to (g(;)), year (t), and age (a).
Capture-mark-recapture passage datasets vary by migration year cohort (t) release occasion (j),
and passage observation occasion (k), represented by my; i ) for the in-river smolt passage
group and my; ) for the transported smolt passage group. Annual point estimates of in-river
hydrosystem survival, Yy ;), and the proportion of barged fish (ys(.)) are reported by McCann et

al (2020) which provides a more detailed intra-annual smolt survival analysis than we consider
here and which derive directly from passage timing data, of which the annual count data we

analyze in this manuscript is a simplification.

The likelihood of our model is the joint likelihood of our six datasets, conditional on

model structure and parameter estimates. First, the likelihoods for yy ;) and ys(;) are Beta
distribution draws from the probabilities ¢ () and &) (equations S2 and S3, respectively) and

the scale coefficients and r and 1, which control variance,

Ys@) ~ Beta (Tg 5(,;), T(g(l — 6(0)) )

(514)
Yuw) -~ Beta (7”1-1 Pu(e) rH(l - ¢H(t))) )
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The number of Chinook salmon from each cohort observed at passage facilities across time is
controlled by stage and location-specific survival, maturation, and observation probabilities. To
evaluate our CJS models, we used demographic variables to specify probability vectors
(P(my(, v) and P(mT(l-, 't))) that define the expected distribution of PIT-tagged fish counts in
our m-array mark-recapture capture histories. To predict the number of observed fish from each
release at subsequent recapture occasions, we defined the number of fish of each cohort released
during each release occasion as Yp— (My(j k) for the H group and Y3_;(my(jxr)) for the T
group. We use these quantities to specify the multinomial likelihood of our m-arrays on a per-

release-occasion (i.e., m-array row) basis for H group fish,

4
mH(J' ,t) ~ Multlnomlal (P (mH(]’ ,t))’ Z (mH(]’k’t))> ) (Sl 5)
k=1
and for T group fish,
3
mT(k’ ,t) ~ Multlnomlal (P (mT(j’ ,t))' Z (mT(j’k’t))) . (516)
k=1

The proportion of female Chinook salmon at each age observed in carcass count data is
the result of births, survival, and maturation probabilities. We modeled the number of female
carcasses observed at each age in each year, out of a known sample of female carcasses, for each
ICTRT population (g(;) as a function of the estimated proportion of returning females at age

predicted by our model,

Yage(gpt.1:3) ~ Multinomial (ﬁage(g(i)'t'li?»)’nage(g(i)'f))' ($17)

10
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where g(;) are the ICTRT populations that the segments (i) are assigned to, n,, e(gt) is the
number of female carcass ages observed at each age in each g(;), and Py g, (4 (o t1:3) is the
estimated proportional contribution of each age (age 4, age 5, and age 6: indexed by 1:3) in year
t across all segments within population sub-watershed g(;) in year t. This multinomial likelihood

statement informs maturation parameter estimation and helps partition mortality among

unobserved at-sea life stages and relatively well-observed migratory life stages.

We model the number of redds observed in segment i at time t (Vyeqq(ir)) as a Poisson

draw from 7)(; 1),

Yreaae) ~ Poisson(nys)),
Neo = Saoe’, (518)
giey ~ Normal(0, opys),

where S; + is the latent number of spawning females, 7(; 1) is the expected number of
observations, and &(; 1) is a natural logarithm-scale normally-distributed random effect with a
mean of 0 and a standard deviation of gp,;s. The £(; 1) term accounts for overdispersion in the

Poisson count process.
1.5. Priors and constraints

We specified our model to estimate dynamics from 1988 to 2018. To explain initial redd
counts in the time series, we hindcast the number of adult female salmon, S; +) (i.e., number of
redds), in each segment i during each unsurveyed year t that may have contributed recruits to
spawning runs in 1995 or later (i.e., 1988 — 1994). To do so, we predicted unknown segment
redd counts from the empirical relationship between the index redd counts of Brown (2002) and

our segment redd counts during the years they overlapped.
11
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We extracted counts from index reaches in the MFSR basin between 1988 and 2000
(Brown, 2002) and summed them by year to define the variable N, gex(r) Which represents the

annual sum of ground-based index redd counts in the MFSR. We assumed that the ratio of redd

. . y i .
counts in each segment to the sum of redds counted across MFSR index reaches (=<24%2) varjes
index(t)

by segment with random errors. Specifically, we assumed that the natural logarithm of this ratio
in each year varied randomly in time around a segment-specific mean (p(;)). We fit a linear
regression model to estimate the natural logarithm of the ratio between y(; 1) and Nipgex () by

segment during the years 1995 - 2000,

P = XB+ €,

519
€(,c)~Normal(0, ap), (519)

where X is a design matrix of segment indicator variables, 3 is a vector comprised of an intercept
term and n-1 segment-specific coefficients, and € is stochastic error. The fitted model was then
used to predict mean and standard error of each segment’s p(; ¢y (P(;) and o3 o’ respectively),

P = Elpan)

~ (520)
O—ﬁ(i) = StdErr [p(l)] .

We used these predicted means and standard errors served as priors of the &(; ¢y variable, which
was then multiplied by Nijgex(r) from Brown (2002) to hindcast segment-specific abundances in

our model,

In (E(i,t)) ~ Normal (ﬁ(l-), Uﬁ(i))'

(521)
In(Sqe) = n(Ningex(p)) + In (f(i,t))'

12
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We provided an informative Gamma prior for log. b, with @« = 64 and = 14, to
provide a plausible mean and distribution of numeric scale smolt production rates for Chinook
salmon in the MFSR basin based on the literature (e.g., Petrosky et al., 2001), while still
constraining the parameter to greater-than-zero values. Logit-scale regression coefficients, Sz,
Bcw)> By, and Bg, along with the initial logit-scale return probability of age 4 marine phase
female Chinook salmon (p3(1)), were given Gaussian priors with a mean of 0 and a standard
deviation of 2, that are weakly informative on the probability scale (Hobbs and Hooten, 2015;
Northrup and Gerber, 2018). As a tuning step to aid model convergence, all logit-scale
regression coefficients in equation S3, except By ;) (the intercept term), were given a prior
standard deviation of 1 with a mean of 0 to reflect relatively modest covariate effects. We
provided an informative Gaussian prior for p, with a mean of 2 and a standard deviation of 2 on
the logit scale (a mean of 0.88 on the probability scale), reflecting evidence that few Snake River
Chinook salmon currently remain in the ocean after age 5. Random variance terms, @1y, @p2(t)>
Ap3(it)> As(t)> XH(1)> Xo(t) AT (t)> Xps(t—1)> aNd E(; 1), were drawn from a Gaussian distribution
with a mean of 0 and an estimated standard deviation parameter: 03,1, 033, p3, 05, Oy, Op, O,
03, and 0p,;s, respectively. These standard deviations, along with the scale coefficients 75 and
Ty used in our Beta regression sub-models used to estimate parameters in equation S2 and S3,

were given weakly informative half-Cauchy priors with a mean of 0 and a scale of 2.25 (Gelman,

2006).

We assumed that observation probability was generally consistent across time at each of

the passage facilities (regardless of transport group) during our study period, but that each
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246

247

248

249

250
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252

253

occasion had distinct observation probability. We defined prior distributions for the logit mean

observation probability (p(x)) and random inter-year variation (5x)),

ﬁ(k) ~ Normal(O,\/E),
Tp(k) ~ Half—Cauchy(O,\/E), (522)
Ap(k,c) ~ Normal(O, aﬁ(k)).
These combined to predict observation probability in each time and at east passage facility from

1994 onward when Snake River PIT passage count data were available. For the H group (and

recalling that indexing by migration cohort c¢ is equivalent to t during the migration year),

logit(p(k,c)) = ﬁ(k) + Ap(k,c): (523)

Since observation probability at each passage facility was assumed identical for H and T groups,
but the k-th passage facility was offset for the two groups (T group lacks the BON observation

group), p for the T group was defined,

Pr(1,c) = P2,c)

P1(2,c) = P@3.0)- (524)
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1.6. Posterior and joint distributions

An expression of our model’s posterior distribution and its proportionality to the joint
distribution, where symbols are defined in Table S1, bold regular type represents matrices (e.g.,
Vredd), DOld italic type represents vectors (e.g., Bg), italic type represents scalars (e.g., os), and
bracket notation [a|b] represents a conditional probability distribution (where the probability of

a is conditional on b):

S,R,N,b, 8, by, b0, b1, dr, P3, 04 Bu: Bo, Bs: Br, Br, P, PN, §,

my, m
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3. Tables

Table S1. Symbols used in the model and their definitions. Bold regular type represents
matrices (€.2., Yread), bold italic type represents vectors (e.g., By), and italic type represents
scalars (e.g., 05).

Indexes
i

g
t
c

a

Data
Vredd
Yage

Ys

YH

mry

Parameters

S

R

bu

Definition
Stream segment index from 1 through s=23.
The ICTRT population of each stream segment.
Year index from 1 through Y=32.
Migration year cohort index from 1 through Y=32 (¢ = t during the migration
year).
Age index, used when determining age distribution of spawners where ages 4, 5,
and 6 are indexed by a=1 through A=3.
CIJS release occasion index.
CJS recapture occasion index.

Redd counts indexed by stream segment and year, Y eqa(i¢)-

Ages of adult carcasses after spawning in the MFSR, indexed by the ICTRT
population, year, and age, Yage(g(i),t,a)-

Annual point estimates of the proportion of barged fish, Y5 from McCann et al.
(2020).

Annual point estimates of in-river hydrosystem survival, yy ) from McCann et
al. (2020).

Capture-mark-recapture passage dataset for the in-river smolt passage group,
indexed by migration year cohort (t), release occasion (j), and passage
observation occasion (k), My(j k.¢)-

Capture-mark-recapture passage dataset for the transported smolt passage group,
indexed by migration year cohort (t), release occasion (j), and passage
observation occasion (k), My k1)

A matrix of counts of spawning adult Chinook salmon indexed by segment and
year, Sg ¢).-

A matrix of counts of returning adult Chinook salmon indexed by age (age 4, 5,
and 5), segment, and year, Ry(; ¢), Rs(i 1), Re(it)-

A matrix of counts of immature Chinook salmon indexed by age (age 1 though
5), segment, and year, Ny ¢y, Na(i,t), N3(i,e) Nacit)r Nsio)-

A matrix of smolt production rate (number of smolts produced per spawning
female) indexed by segment and year, b(; 1.

A vector of the proportion of out-migrating Chinook salmon smolts that
experience the “transport” pathway through the Columbia River, indexed by
year, 6(t)

A vector of hydrosystem survival probabilities — survival during in-river
outmigration of Chinook salmon smolts — as a function of hydrosystem
conditions during the migration year, indexed by year, ¢y ).
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ér

Pr

P3

P4

Bo
Bs
Br
Br

5]

A vector of survival probabilities of “in-river” group Chinook salmon smolts
while migrating through the Columbia River estuary and nearshore Pacific Ocean
through their first winter at sea, indexed by year, ¢ ).

A vector of survival probabilities for “transport” group Chinook salmon smolts
while migrating through the Columbia River estuary and nearshore Pacific Ocean
through their first winter at sea, indexed by year, ¢r ().

Survival probability of returning adult Chinook salmon to account for mortality
as adults migrate upstream through the hydrosystem.

A vector of maturation probabilities of ocean-resident age-3 Chinook salmon,
indexed by year, p3().

Maturation probability of ocean-resident age-4 Chinook salmon.

Vector of regression coefficients explaining variation in hydrosystem survival of
“in-river” group smolts

Vector of regression coefficients explaining variation in early ocean survival of
“in-river” group smolts

Vector of regression coefficients explaining variation in the probability of
transport vs. in-river passage

Vector of regression coefficients explaining variation in early ocean survival of
“transport” group smolts

The logit transform of the survival probability of returning adult Chinook
salmon.

A matrix of observation probabilities in the capture-mark-recapture passage
analysis, indexed by occasion and migration year corhort, p( ) or equivalently
expressed by migration year (though recognizing that true years vary across k),
Pk,t)-

A vector of average expected observation probabilities in the capture-mark-
recapture passage analysis, indexed by occasion, 5(1()

A matrix of the expected number of redd observations, indexed by segment and
year, (o)

A matrix of ratios of redd counts in each segment and each year to redd counts in
the index survey data presented by Brown (2002) for the time period 1988-2000,
indexed by segment and year, §(; 1).

A vector of standard deviations of random variation in observation probability in
the capture-mark-recatpure dataset, indexed by occasion, oy,

The standard deviation of random variation in smolt production rate among
segments.

The standard deviation of random variation in smolt production rate among
years.

The standard deviation of random variation in smolt production rate across years
and segments.

The standard deviation of random variation in in-river smolt passage survival
among years.

The scale coefficient for the beta regression predicting in-river group smolt
survival.
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Op

Os
Ts

.up3

p3

Opois

The standard deviation of random variation in early-ocean smolt survival for the
in-river passage group among years.

The standard deviation of random variation in transport probability among years.
The scale coefficient for the beta regression predicting the proportion of
transported smolts.

The standard deviation of random variation in early-ocean smolt survival for the
transported passage group among years

The maturation probability for age-3 ocean resident Chinook salmon among
years at the beginning of our study.

The standard deviation of random walk variation in maturation probability for
age-3 ocean resident Chinook salmon among years.

The standard deviation of random variation in the expected number of redd
observations.

20



327

328

Table S2. Number and age distribution of female Chinook salmon carcasses collected in eight
ICTRT (2003) populations within the Middle Fork Salmon River (Fig. 1), 1998-2019

MFSR Sub-basin

Population

Lower
Lower
Lower
Lower
Upper
Upper
Upper
Upper

Total

Big Creek

Camas Creek

Loon Creek

Lower Management Area
Sulphur Creek

Upper Management Area
Bear Valley Creek
Marsh Creek

Aged Age5 Age6 Total
157 99 5 261
80 50 0 130
41 31 0 72

0 0 0 0
143 57 0 200
4 3 0 7
357 464 14 835
408 395 8 811
1190 1099 27 2316
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Table S3. Median and 90% highest density interval (IHDI to hHDI) for stochastic model
parameters. Indexes for S5 refer to (1) intercept, (2) barge schedule. Indexes for S refer to (1)
intercept, (2) water transit time, and (3) number of powerhouse passages. Indexes for 3, refer
to (1) intercept, (2) SST, (3) UWI, (4) MJJ PDO, (5) WTT, and (6) PH. Indexes for 5 refer to
(1) intercept, (2) SST, (3) UWI, and (4) MJJ PDO. Indexes on p and g, refer to PIT tag
observation occasions of (1) BON, (2) BOA, and (3) LGA.

Parameter Median 1HDI hHDI
Bs(1) 1.265 0.897 1.639
Bs(2) -1.96 -2.466 -1.441
Br) 0.135 -0.023 0.288
Bu(2) -0.042 -0.224 0.135
Bu(3) -0.332 -0.511 -0.145
Bo) -3.911 -4.13 -3.693
Bo2) -0.345 -0.572 -0.119
Bo(3) 0.445 0.177 0.734
Bo(a) -0.146 -0.408 0.118
Bocs) -0.408 -0.654 -0.17
Bos) -0.016 -0.352 0.314

Br 1.933 1.388 2.72
Br -4.361 -4.566 -4.159
Br) -0.118 -0.307 0.065
Bre) 0.448 0.158 0.728
Brea -0.26 -0.496 -0.018
log.b 4.649 4214 5.082

121 -1.935 -2.286 -1.573

D> 2.083 1.031 3.117

D3 2.262 1.471 3.221

Hp3 -0.178 -1.838 1.475

Upa 3.41 3.102 3.722

Ts 11.12 3.725 27.022

Ty 49.244 11.174 139.324

Op1 0.274 0.183 0.377

Op2 1.685 1.26 2.154

Op3 0.322 0.225 0.421

Os 0.367 0 0.707

oy 0.375 0.21 0.55

0o 0.538 0.37 0.728
Op(1) 1.057 0.778 1.373
Op(2) 343 2.487 4.496
Op(3) 0.274 0 0.658
Opois 0.306 0.26 0.354

Op3 0.894 0.644 1.187

or 0.505 0.342 0.691
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Table S4. An example m-array taken from our data on the in-river group for migration year
2018. To interpret the table, the first row indicates the recapture histories for fish tagged
during the first occasion, indicating that 557+51+1+8044=8653 fish were tagged during the
first occasion, 557 were next observed passing the Lower Granite Dam as smolts, 51 were next
observed passing Bonneville Dam as Smolts, 1 was next observed passing Bonneville Dam as
an adult, and 8044 fish were never re-observed. The second row indicates that of the
7+0+550=557 fish that were observed during the second occasion, 7 were observed passing
Bonneville Dam as smolts, none were observed passing Bonneville Dam as adults, and 550
were never reobserved. The third row indicates that of the 47+11=58 fish that were observed
during the second occasion, 47 were observed passing Lower Granite Dam as adults and 11
were never reobserved

Recapture Occasion

Release Occasion 2 (BON) 3 (BOA) 4 (LGA) Never recaptured
1 (LGR) 557 51 1 8044
2 (BON) 0 7 0 550
3 (BOA) 0 0 47 11
329
330
331
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Table S5. The expected values of the entries of the m-array for a four occasion Cormack-Jolly-
Seber capture-mark-recapture study, based on the underlying model parameters for survival
(¢) and observation probability (p), and the number of released individuals. Each row’s cell
probabilities comprise the multinomial distribution for each release occasion. Note that multi-
line entries in cells of columns 3 and 4 are products, e.g., cell (1,3) is the product

¢1(1 —p)P,p,.

Recapture Occasion

Never recaptured

Releqse 5 3 4
Occasion

1 $ir1 P (1 —pq) $:(1—py)
202 $2(1 —p,)
P33
2 0 202 $2(1 —p,)
303
3 0 0 $3p3

1— 101 — ¢1(1 — p)d2p2

—$1(1 = p1¢2(1 — p2)Psp3
=1-—)(rel.occ 1)

1= ap; — P.(1 — pr) P33
=1 — Y(rel. occ 2)

1— ¢p3p3 =1 — Y(rel. occ 3)
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4. Figures
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Fig. S1. Posterior median and 90% credible interval of smolt-to-adult survival rate (SARs)
across out-migration year for in-river (H group, panel a) and transported (T group, panel b)
Chinook salmon smolt passage groups. Posterior estimates are conditional on random among-

year variation. The red line traces annual estimates of SARs for the corresponding passage group

in the Comparative Survival Study (McCann et al. 2020). Sub-panels on the right margin show
annual variation in the covariates we used to explain Chinook salmon survival: Sea surface
temperature (SST), April Bakun upwelling index (UWI), Average Pacific Decadal Oscillation
index during May, June, and July (PDO), Columbia River hydrosystem water transit time
(WTT), and the average number of powerhouse passages by smolts migrating through the
Columbia River hydrosystem (PH).
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Fig. S2. A stacked time-series plot of annual Middle Fork Salmon River redd counts divided into
stream segments denoted by Isaak and Thurow (2006). The sub-panel in the upper right corner of
the time-series plot shows the distribution of pairwise Pearson’s correlation coefficients among
segments. The map key denotes the letter label of each segment, and maps by color to the
stacked time-series plot.
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Discrepancy of simulated data

10 20 30 40
Discrepancy of data

Fig. S3. Posterior predictive checks of Freeman-Tukey discrepancy statistics for redd counts and cohort-
specific Cormack-Jolly-Seber (CJS) survival sub-models. Panels a describes the discrepancy associated
with the Poisson redd counts, panel b describes the discrepancy associated with the CJS models of fish
that out-migrate via the in-river pathway (H group), and panel c describes the discrepancy associated with
the CJS model of fish that out-migrate via the transport pathway (T group).
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364  Fig. S4. (Page 1/2) Figure showing the correspondence between observed and simulated redd
365  counts over time in each MFSR stream segment. Gray ribbons are the 90% highest density

366 interval, grey lines are the average simulated redd count at each time point, and black dots are
367  observed redds from our dataset. Panels are labeled by stream segment (Fig 1). Note: this figure
368 includes 23 panels across 2 pages. (1/2)
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370  Fig. S4. (Page 2/2) Figure showing the correspondence between observed and simulated redd
371  counts over time in each MFSR stream segment. Gray ribbons are the 90% highest density

372  interval, grey lines are the average simulated redd count at each time point, and black dots are
373  observed redds from our dataset. Panels are labeled by stream segment (Fig 1). Note: this figure
374  includes 23 panels across 2 pages.
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Fig. S5. Visual quantile distribution check for the redd count dataset (y) versus simulated redd
counts (y*'™). We estimated the 5th through 95th percentiles of redd counts and that of simulated
redd counts across segments and time (at 5% intervals) for each posterior sampling iteration in
each chain. We then plotted distributions of simulated quantiles against corresponding data
quantiles and compared to a 1:1 line to evaluate posterior predictive performance across the data
distribution. Whiskers are the 95% credible intervals. Axes are square root-scaled (instead of
log-scaled) to facilitate visualization without omitting zeros.
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Fig. S6. Age-at-return predictions and parameters. Panel a shows the posterior median
probability that age 3 fish return to spawn at age 4 across years with 90% (thick line) and 95%
(thin line) credible intervals. Panel b shows the posterior distribution of u, on the logit scale,

which is equal to the logit transform of the initial maturation probability, p3(;). Panel ¢ shows the
posterior distribution of a,,, on the logit scale, which controls temporal variation in step size and

direction in the random walk equation. Panel d shows the posterior distribution of p, on the
probability scale, representing the probability that age 4 ocean fish will return to spawn at age 5.
In our model, all age 5 ocean fish return to spawn at age 6.
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