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S3 Appendix:
Distinct population segment scores and
narratives

Supporting information for: Climate vulnerability assessment
for Pacific salmon and steelhead in the California Current Large
Marine Ecosystem

Lisa G. Crozier, Michelle M. McClure, Tim Beechie, Steven J. Bograd, David A. Boughton,
Mark Carr, Thomas D. Cooney, Jason B. Dunham, Correigh M. Greene, Melissa A. Haltuch,
Elliott L. Hazen, Damon M. Holzer, David D. Huff, Rachel C. Johnson, Chris E. Jordan, Isaac C.
Kaplan, Steven T. Lindley, Nathan J. Mantua, Peter B. Moyle, James M. Myers, Mark W.
Nelson, Brian C. Spence, Laurie A. Weitkamp, Thomas H. Williams, Ellen Willis-Norton

For each distinct population segment (DPS), we report final ranks for overall
vulnerability, biological sensitivity and climate exposure, with respective bootstrap
results. Bootstrap results show the percentage of draws that fell into each vulnerability
category. Note that it is possible for both sensitivity and exposure bootstrap results to
produce a majority of draws that qualify as very high, without the final rank qualifying as
very high, because overall rank was based on actual scores rather than replicate draws.
We also report the adaptive capacity score and a summary of the data quality. Within
each table, we show mean score and data quality for each attribute, as well as a graphical
representation of the score distribution.

We then provide a synopsis of life history characteristics and of the major ways in
which climate was expected to influence abundance and distribution for each DPS. We
then discuss scores for the three extrinsic attributes of population viability, hatchery
influence, and other stressors, recounting the key factors that led to these scores. Finally,
we discuss the potential in each DPS for adaptive capacity. Literature cited in these
narratives is not exhaustive: previous literature reviews, original listing documents, and
updated status reviews contain many additional references. Literature cited here is meant
only to highlight important sources that influenced particular scores. DPSs are ordered
by species and from south to north.
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Chinook Salmon (Oncorhynchus tshawytscha)

Sacramento River winter-run Chinook

Overall vulnerability—Very high (100% Very high)
Biological sensitivity—Very high (100% Very high)
Climate exposure—High (86% High, 14% Very high)
Adaptive capacity—Low (1.4)

Data quality—79% of scores > 2
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Life History Synopsis

Sacramento River winter-run Chinook adults leave the ocean before fully mature,
from December through April, and migrate predominantly as age-3 fish (O’Farrell et al.
2012; Satterthwaite et al. 2017). Adults hold in fresh water until spawning from
late-April through September, with peak spawning in July (Fisher et al. 2014; Killam
et al. 2016). Fry emerge from July to mid-October, and recent evidence from otolith
reconstruction suggests they rear in diverse tributary habitats along the Sacramento and
lower Sacramento River and in freshwater reaches of the delta for several months prior to
seaward migration (Phillis et al. 2018). Summertime spawning of this DPS is unique
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among Chinook salmon, and is presumably an adaptation to hydrologic and thermal
conditions in the spring-fed headwaters of the Sacramento River, which have been
inaccessible for the past eight decades due to construction of impassable dams. As a
result, these winter-run adults now depend on the cold tailwaters of an impassable dam.

Migrating smolts from this DPS experience higher survival during years with
greater freshwater flows and ensuing favorable water quality conditions (Perry et al.
2016). In wetter years, a significant proportion of juveniles can also gain access to
productive floodplain habitats, where growth rates are very high (Sommer et al. 2001).

Juveniles leave San Francisco Bay between January and April and enter the Gulf
of the Farallones (Pyper et al. 2013). For the co-occurring Central Valley fall/late
fall-run Chinook DPS, growth in the first ocean year is positively related to summer
upwelling and negatively related to sea surface temperature, wind stress curl, and scalar
winds (Wells et al. 2012). Faster freshwater growth rates have been shown to influence
early marine survival when ocean conditions are poor (\Woodson et al. 2013).
Sacramento River winter-run Chinook has a more southerly ocean distribution than
Central Valley fall-/late fall run Chinook salmon, and ocean distribution is concentrated
off the California central coast (Satterthwaite et al. 2015; Johnson et al. 2016). Whether
these distributions occur upon ocean entry as juveniles or later during the marine stage is
unclear. Sacramento River winter-run Chinook individuals are smaller at a given age
than Chinook from other Central Valley DPSs (Satterthwaite et al. 2012).

Climate Effects on Abundance and Distribution

Several factors contributed to the ranking of very high biological vulnerability to
climate change for Sacramento River winter-run Chinook. The greatest risk to this DPS
is its poor population viability, which was ranked very high, driven primarily by its
structure as a single population spawning outside of its historical range. The DPS is not
thriving under present climate conditions, which are likely to worsen.

As exemplified by the series of drought conditions and extremely warm ocean
temperatures during 2012-2016, this DPS is highly vulnerable to cumulative life-cycle
impacts over multiple life stages, as well as in consecutive cohorts (Johnson et al. 2016);
thus its sensitivity to cumulative life-cycle effects ranked very high. During the
2012-2016 drought, limited availability of cold water resulted in egg exposure to lethal
temperatures during summer and early fall (Johnson et al. 2017; Martin et al. 2017),
leading to near extirpation of wild year classes. Exposure to hydrologic regime shift,
stream temperature, and summer water deficit were ranked on the cusp between
moderate and high. These exposures are expected to worsen under future warming/drier
climate scenarios. Adults (their gametes), eggs, and early juvenile life stages all rely on
the availability of cold water from the Shasta Reservoir for survival during summer. The
amount of cold water available to achieve tolerable, let alone optimal, temperatures for
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these life stages is insufficient in some years and varies as a function of cumulative
snowfall, rainfall, reservoir stratification, and previous water deliveries (NMFS 2009).

The extent to which Sacramento River winter-run Chinook experience reduced
frequency of wetter annual conditions will likely influence recovery opportunities. While
flooding may pose a risk of redd scour to salmonids in general, it is not thought to be a
significant stressor for this DPS based on spawn timing and local habitat characteristics.
Large storm events do not typically occur during summer months, inflow to the reservoir
is lowest during summer, and outflow for agricultural deliveries are regulated (e.g., flood
control releases are uncommon).

Higher flood flows are thought to provide beneficial conditions for juvenile
salmon rearing and migration, with increased turbidity and cooler temperatures reducing
predation risk (reviewed by Perry et al. 2016). Large floodplain habitats such as the
Sutter and Yolo Bypasses are only fully inundated and available to juvenile salmon
during flood conditions. Access to productive, shallow-water rearing habitats confers
significant growth opportunity and likely survival benefits (Sommer et al. 2001;
Woodson et al. 2013). Thus, to the extent that climate change reduces the frequency and
duration of floodplain inundation, Sacramento River winter-run Chinook could be
negatively impacted. This was reflected in a high exposure rank for flooding, a moderate
exposure rank for hydrologic regime shift, and a moderate to high sensitivity rank for the
juvenile freshwater stage.

Sea-level rise is predicted to be more pronounced in southern estuaries along the
West Coast (Limburg et al. 2016). Recent projections for California estuaries suggest
potential sea-level rise exceeding 10 feet by the end of the century if there is rapid loss of
the Antarctic ice sheet (Griggs et al. 2017). Salmon transiting the San Francisco Bay
estuary are thought to have higher mortality rates associated with tidal flows in the delta
and estuary relative to unidirectional riverine flows (Perry et al. 2016). The extent to
which sea-level rise reduces the amount of habitat exposed to unidirectional flow may
influence juvenile salmon survival in the migration corridor. There is large uncertainty
on how sea-level rise will influence the tidal prism and the suitability of habitats now
used by Sacramento River winter-run Chinook. Sea level rise is also expected to reduce
the availability of tidal marsh habitats used by juveniles because most estuarine
shorelines are or will be armored, which will prevent migration to higher-elevation
marshes (Stralberg et al. 2011). Overall, rankings were high for exposure to sea level
rise and sensitivity in the estuary stage.

Sacramento River winter-run Chinook ranked moderate for sensitivity in the
marine stage, and high for exposure to upwelling. This DPS exhibits a relatively unique
ocean migratory behavior and a possibly a contracted distribution in the marine
environment. Genetic and coded-wire-tag analyses indicate that these fish have a more
southerly and nearshore marine distribution than other Chinook salmon ESUs and can be
found schooling together (Satterthwaite et al. 2015; Johnson et al. 2016). They also enter
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the ocean somewhat earlier and at a larger size than Central Valley fall-/late fall-run
Chinook. To the extent that changes in climate conditions vary with latitude, this DPS
may respond asynchronously with other Chinook ESUs, and may be more or less
vulnerable to changes in ocean conditions.

Extrinsic Factors

Sacramento River winter-run Chinook is listed as endangered under the U.S. and
California Endangered Species Acts. This DPS occupies the southern edge of the species
range. Adults are blocked from historical spawning habitat, and spawning is now
restricted to a single 50-km reach on the mainstem Sacramento River below Keswick
Dam. This constricted spawning distribution makes Sacramento River winter-run
Chinook particularly vulnerable to extinction (Lindley et al. 2007). Life-cycle modeling
evaluations identify Sacramento River winter-run Chinook as highly vulnerable to
extinction due to the frequency of drought conditions in its constrained spatial range
(Lindley et al. 2007, Hendrix 2008). Multiple life stages are blocked from cooler and
ecologically distinct headwaters due to Keswick and Shasta Dams. Therefore, efforts to
reintroduce these fish to historical habitats in Battle Creek and the McCloud River above
Shasta Dam are a high priority for recovery (NMFS 2009). Comparison of summer
temperatures in the McCloud River in 2014 vs. the lethal temperatures in the mainstem
Sacramento River highlight the loss of cooler summer temperatures in historical habitats
that are now unavailable to this DPS. Sacramento River winter-run Chinook ranked very
high in sensitivity to population viability and other stressors (including habitat loss).

For this DPS, Livingston Stone National Fish Hatchery plays an increasingly
important role in reducing extinction risk when natural returns are low. Conservation
hatcheries were scored as moderate in their effect on climate vulnerability in this
assessment. During the 2012-2016 drought, egg-to-fry survival in the Sacramento River
was exceptionally low for this DPS (<5% in 2014 and 2015: Johnson et al. 2017). A
threefold increase in the production and release of hatchery juveniles will likely play an
important role in preventing cohort failure of adult returns in 2017 and beyond.
However, there is an important tradeoff for this conservation hatchery in responding to
potential climate impacts on this DPS: to ensure adequate adult abundance while
minimizing impacts to genetic integrity from an increasing proportion of hatchery fish
(Johnson et al. 2016).

Adaptive Capacity

Sacramento River winter-run Chinook is sensitive to elevated temperatures at
multiple life stages under present climate conditions; thus this DPS is likely at its
physiological limit for adaptive capacity. At the southernmost region within the Chinook
range, the California Central Valley offers the fewest opportunities for adaptive capacity
among all Chinook salmon recovery domains. Thus, this DPS ranked low in overall
adaptive capacity.
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Due to historical population bottlenecks, Sacramento River winter-run Chinook
lacks genetic diversity relative to other Chinook salmon DPSs (Banks et al. 2000; Lindley
et al. 2007). This lack of genetic diversity may ultimately compromise the ability to
adapt to future climate change.

Efforts to reintroduce Sacramento River winter-run Chinook to its historical
habitats may reduce extinction risk by increasing spatial diversity and reducing reliance
on inconsistent cold-water reserves from the Shasta Reservoir. Such reintroductions will
provide the habitat and water quality templates upon which this DPS evolved. If access
is reinstated to some of the habitats and conditions that historically sustained these fish
during severe climate events (e.g., Ingram et al. 2013), locally adapted populations may
emerge that are capable of coping with future hydrologic regimes.

Age diversity in adult and juvenile Sacramento River winter-run Chinook is low
relative to that in other Chinook salmon DPSs (Satterthwaite et al. 2017). The vast
majority (85-100%) of adults leave the ocean and return to spawn at age-3, suggesting
very little carryover to older age classes (O’Farrell et al. 2012). All juveniles migrate at
age-0; however, they move downstream from natal spawning reaches over a protracted
period (Poytress et al. 2014). These juveniles rear in diverse habits as a function of
hydrologic conditions prior to entering the ocean over a relatively narrow window of time
(Pyper et al. 2013; Phillis et al. 2018). Reconstruction of adult otoliths indicate that
juveniles rearing in the delta and in tributaries to the mainstem Sacramento River (Deer
and Mill Creeks; American River) contribute significantly to adult returns (Phillis et al.
2018). This work also revealed that juveniles exhibit greater diversity in size, timing, and
habitat use than previously thought (Johnson et al. 2017). This remnant phenotypic
diversity and migration phenology may become increasingly important in ensuring some
component of the DPS experiences favorable riverine, estuarine, and ocean conditions
(Satterthwaite et al. 2014; Sturrock et al. 2015). However, impacts from the loss of
significant juvenile rearing opportunity in headwater and intermittent streams,
floodplains, and freshwater marshes cannot be understated. Such rearing opportunities
likely played a significant role in supporting a thriving Sacramento River winter-run
Chinook DPS that adapted to past climate extremes.
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Central Valley spring-run Chinook

Overall vulnerability—Very high (100% High)

Biological sensitivity—Very high (1% High, 99% Very high)
Climate exposure—High (78% High, 22% Very high)
Adaptive capacity—Low (1.56)

Data quality—53% of scores > 2
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Life History Synopsis

Central Valley spring-run Chinook adults migrate past the Golden Gate Bridge
and up the Sacramento River from late January to early February. After reaching
spawning areas from March through June, they hold in cold, deep pools to mature during
summer (CDFG 2003-2012). Spawning occurs in fall, and eggs incubate from about
September to March. Juveniles migrate downstream throughout spring of the same year
they hatched, although a small portion remains through summer and enters the ocean the
following spring.

Historically, spring-run Chinook inhabited most river systems of the Sierra
Nevada, but Chinook stocks have been extirpated from many of these watersheds.
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Remaining independent populations occur in relatively small tributaries of the
Sacramento River (Mill, Deer, and Butte Creek), each of which is about 500 km from the
ocean. A hatchery stock occupies the Feather River; however, this stock is assumed to be
a major threat to the genetic integrity of wild spring-run Chinook due to interbreeding
and hybridization in the hatchery between spring-run and fall-run fish (Johnson and
Lindley 2016).

Some age-0 juveniles rear in natal creeks, while others are thought to rear
downstream in the Sutter and Yolo Bypass flood-control channels, the Sacramento River,
or the Sacramento-San Joaquin Delta. The Sacramento-San Joaquin Delta is a
geographically extensive, highly engineered, and decidedly altered estuary draining
nearly the entire Central VValley watershed. It is not known but commonly assumed that
some or even many age-0 spring-run juveniles rear in the delta. Therefore, even though
estuary rearing time is unknown, some juveniles likely forage for one month or more in
the estuary while others simply migrate through (CDFG 1998; Brandes and McLain
2001; Whipple et al. 2012). The number of age-0 juveniles that rear in the delta is poorly
estimated because estimates rely solely on length-at-date criteria from recaptures at a
rotary-screw-trap (the only means of detection), and this method is inaccurate (Brandes
and McLain 2001; Harvey et al. 2014).

Central Valley spring-run Chinook has a relatively broad ocean distribution from
central California to Cape Falcon, Oregon, similar to that of the fall run (Satterthwaite
et al. 2015). Adults return to fresh water at age 2, 3, or 4, with the majority returning at
age 3 or 4. While in the ocean, these fish are subject to commercial and recreational
fisheries at ages 3 and 4 (Grover et al. 2004).

In part because of its low diversity, poor spatial structure, and low abundance
(Lindley et al. 2007; Williams et al. 2011), Central Valley spring-run Chinook is listed as
threatened under the Endangered Species Act.

Climate Effects on Abundance and Distribution

Central Valley spring-run Chinook ranked very high in overall, vulnerability to
climate change, consistent with the findings of Moyle et al. (2017). This DPS ranked
moderate and high, respectively, in exposure to stream temperature and summer water
deficit. Due to present climate stress in the freshwater habitats used for pre-spawn
holding, Central Valley spring-run Chinook also ranked very high in sensitivity at the
adult freshwater stage. In Butte Creek, which hosts the largest single run from this DPS,
high mortality of holding adults was associated with elevated water temperatures and
pathogen outbreaks in 2002 and 2003. All accessible spawning areas of Butte Creek are
below 1,000 ft in elevation.

Owing to the extremely vulnerable state of the Sacramento-San Joaquin Delta,
Central Valley spring-run Chinook ranked moderate for exposure to hydrologic regime

S3-11



Table of Contents

shift and stream temperature, but high for exposure to sea level rise. Because this DPS
is moderate-to-highly vulnerable to climate risks throughout its entire life cycle, it ranked
very high in sensitivity to cumulative life-cycle effects (see also Herbold et al. 2018).
Fish in this DPS migrate and rear in the Sacramento-San Joaquin Delta, where mortality
rates are high (Moyle et al. 2017); thus it ranked high in sensitivity at the estuary stage.

Although Central Valley spring-run Chinook scored relatively low in sensitivity
for early life history (egg incubation/early fry stage), there is evidence that temperatures
during incubation (September-March) sometimes exceed the critical limits for 100%
mortality (CDFG 1998). Rising temperatures could also affect juvenile growth and
development rates, especially for yearlings that may hold over summer in freshwater
tributaries.

Climate predictors associated with marine survival or behavior are not known for
Central Valley spring-run Chinook specifically, but for Pacific salmon in general, growth
and survival have been correlated with large-scale indicators, such as the
El Nifio Southern and Pacific Decadal Oscillations. Moreover, a strong correlation has
been shown between early marine survival and upwelling/sea surface temperature. Early
marine links between climate indicators and survival are better understood than later
marine links (Wells et al. 2007; Petrosky and Schaller 2010). Overall, Central Valley
spring-run Chinook ranked moderate in sensitivity at the marine stage, but high in
exposure to sea surface temperature and upwelling.

Extrinsic Factors

The California Central Valley and Sacramento-San Joaquin Delta are highly
altered systems, with impassable dams on nearly every major river and a very high
concentration of invasive predators. These anthropogenic effects prevent the species
from using high-elevation streams in the Sierra Nevada, where fish would have more
opportunities for refuge from predicted effects of climate change such as higher stream
temperatures, and lower snowpack. The few remaining populations of Central Valley
spring-run Chinook salmon are quite vulnerable to all three extrinsic factors. These
spring-run adults need to hold over summer in headwaters of the natal river, yet all
populations are relegated to relatively low-elevation streams. For these reasons, Central
Valley spring-run Chinook ranked very high in sensitivity to other stressors. This DPS
also ranked very high in sensitivity to hatchery influence due to its reliance on the
Feather River Hatchery program.

Central Valley spring-run Chinook is listed as threatened under the U.S.
Endangered Species Act. Spatial structure in this DPS was considered especially
vulnerable to climate change, and it ranked very high in sensitivity for population
viability.
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Adaptive Capacity

Central Valley spring-run Chinook ranked low in adaptive capacity. This was in
large part due to highly altered freshwater and estuary ecosystems, which have reduced
the number of viable life histories and created a situation where the species is highly
dependent on human management of resources (such as design flows to queue migrating
adults and keep temperatures cool).
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Central Valley fall/late fall-run Chinook

Overall vulnerability—Very high (21% High, 79% Very high)
Biological sensitivity—Very high (24% High, 76% Very high)
Climate exposure—High (87% High, 13% Very high)
Adaptive capacity—Low (1.5)

Data quality—68% of scores > 2
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Life History Synopsis

Adults of the Central Valley fall/late fall-run Chinook DPS enter rivers fully
mature and move quickly to spawning grounds (Williams 2006; Moyle et al. 2017). Peak
spawning typically occurs during October-November but can continue into early January.
Naturally spawned juveniles emerge from the gravel from December through March and
rear in fresh water for 1-7 months, moving downstream into large rivers after only a few
weeks, with most movement occurring at night.

This Chinook DPS has a life history that minimizes time spent in fresh water.
Juveniles migrate to the ocean in spring before water temperatures become too warm.
Thus these fish can exploit the lower-elevation reaches of Central Valley rivers prior to
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being exposed to summer temperatures that exceed thermal tolerances for salmon. These
characteristics also make them the preferred broodstock for use in hatcheries.

Turbidity has a strong positive relationship with survival during juvenile
migration, in part through its association with high flows and cooler temperatures
(CDWR 2016; Johnson et al. 2017). Historically, these juveniles likely foraged for
1-2 months on floodplains, where growth is demonstrably much faster than in rivers
(Sommer et al. 2001). Today, most river-reared fish enter the estuary at a relatively small
size and suffer high mortality as a consequence. Hatchery fish are typically released to
rivers at a larger size than their naturally spawned cohorts (Huber and Carlson 2015), but
naive fish released into clear, shallow water are subjected to heavy predation.

From the estuary, Central Valley fall/late fall-run Chinook juveniles move into the
Gulf of the Farallones, a food-rich region in most years due to wind-driven upwelling
associated with the California Current (Wells et al. 2012). Fish from this DPS spend 2-5
years at sea, where they feed on fish and shrimp. For juveniles, the early ocean
distribution is related to shallower waters with high chlorophyll concentrations and
proximity to the natal river (Hassrick et al. 2016). As adults, most of these fish remain
off the California coast between Point Sur and Point Arena, but some move into coastal
waters off Oregon (Palmer-Zwahlen and Jormos 2015; Satterthwaite et al. 2015).

Climate Effects on Abundance and Distribution

Central Valley fall-/late fall-run Chinook is sensitive to changing conditions at all
life stages but is particularly sensitive to conditions in the ocean and in estuaries, where
individuals spend most of their lives (Moyle et al. 2017; Herbold et al. 2018). This DPS
ranked moderate in sensitivity at the juvenile and adult freshwater stages and high at the
estuary and marine stages. Due to the dominance of hatchery fish, variation in estuary
arrival timing is greatly reduced, making the DPS as a whole much more vulnerable to
cohort collapse (Lindley et al. 2009). More generally, the highly altered freshwater
habitat and severe reduction life history viability of this DPS (Sturrock et al. 2015)
contributed to its rank of very high in cumulative life-cycle effects.

Central Valley fall/late fall-run Chinook ranked high in overall exposure
attributes, with nearly every score in the high category. This DPS was ranked high in
flooding due to expected dramatic increases in atmospheric river intensity and frequency.
Adults migrate in fall, often during the first large seasonal storms, and thus are affected
by storm timing. Exposure to hydrological regime shift was ranked moderate because of
the role played by snowpack in water management over the larger region. Although the
actual spawning area of this DPS is already rain-dominated, snowfall in the Sierra
Nevada Mountains still plays an important role. The Sacramento River is heavily
managed, and the potential for reservoir management to limit future impacts from
flooding and loss of snowfall was uncertain.
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As noted above, juveniles of this DPS emerge in winter and move quickly
downstream to the estuary in late winter through spring. However, they are vulnerable to
stranding during low flows or as a result of regional water management practices. Thus,
this DPS ranked high in exposure to sea surface temperature, upwelling, and sea level
rise.

Extrinsic Factors

The California Central Valley and San Francisco Bay-Delta are highly altered
systems, with impassable dams on nearly every major river and with high concentrations
of predators. Salmon runs are largely maintained by hatchery fish that exhibit high stray
rates, so the overall influence of domestication selection is high, with genetic
homogenization occurring among populations (\Williamson and May 2005; Johnson et al.
2012). For fall/late fall-run juvenile salmon, survival rates are variable among years but
generally low (Perry et al. 2010; Michel et al. 2015). Thus sensitivity to other stressors
for this DPS was ranked very high. Moyle et al. (2017) rated wild components of both
the late fall and fall run as "of high concern™ and on a pathway to extinction.

This DPS is regarded as a species of concern by the National Marine Fisheries
Service, and was ranked moderate for population viability. Nonetheless, concern is very
high for the late-fall life history and wild components of this DPS (Moyle et al. 2017).
The DPS is now dominated by hatchery fish and comprised of a single, genetically
uniform population under artificial selection (Williams 2006; Lindley et al. 2009),
driving its hatchery influence score to 3.9, the highest of all DPSs for this attribute.

Adaptive Capacity

Central Valley fall/late fall-run Chinook ranked low in adaptive capacity, largely
due to highly altered freshwater and estuary ecosystems, which have reduced the number
of viable life histories. As a result of these alterations, the DPS is highly dependent on
human management of resources, such as released flows from reservoirs to cue migrating
adults and keep temperatures cool.

Literature Cited

Life history information in this account is derived from Moyle (2002), Williams
(2006), and Moyle et al. (2017), which should be consulted for additional references.

CDWR (California Department of Water Resources). 2016. Final report: 2014
Georgiana Slough floating fish guidance structure performance evaluation project
report. Report of the CDWR, Bay-Delta Office, Sacramento, CA.

Hassrick, J. L., M. J. Henderson, D. D. Huff, W. J. Sydeman, M. C. Sabal, J. A. Harding,
A.J. Ammann, E. D. Crandall, E. P. Bjorkstedt, J. C. Garza, and S. A. Hayes.
2016. Early ocean distribution of juvenile Chinook salmon in an upwelling
ecosystem. Fish Oceanogr 25:133-146.

S3-17



Table of Contents

Herbold, B., S. M. Carlson, and R. Henery. 2018. Managing for Salmon Resilience in
California’s Variable and Changing Climate. San Francisco Est. Water Sci. 16.

Huber, E. R., and S. M. Carlson. 2015. Temporal trends in hatchery releases of fall-run
Chinook salmon in California’s Central Valley. San Francisco Est. Water Sci.
13:23pp.

Johnson, R., S. Windell, P. Brandes, J. Conrad, J. Ferguson, P. Goertler, B. Harvey, J.
Heublein, J. Israel, D. Kratville , J. Kirsch, R. Perry, J. Pisciotto, W. Poytress, K.
Reece, and B. Swart. 2017. Science advancements key to increasing
management value of life stage monitoring networks for endangered Sacramento
River Winter run Chinook salmon in California. San Francisco Est. Water Sci. 15.

Johnson, R. C., P. K. Weber, J. D. Wikert, M. L. Workman, R. B. MacFarlane, M. J.
Grove, and A. K. Schmitt. 2012. Managed metapopulations: do salmon hatchery
'sources' lead to in-river 'sinks' in conservation? PLoS ONE 7:e28880.

Lindley, S. T., C. B. Grimes, M. S. Mohr, W. Peterson, J. Stein, J. T. Anderson, L. W,
Botsford, D. L. Bottom, C. A. Busack, T. K. Collier, J. Ferguson, J. C. Garza, A.
M. Grover, D. G. Hankin, R. G. Kope, P. W. Lawson, A. Low, R. B. MacFarlane,
K. Moore, M. Palmer-Zwabhlen, F. B. Schwing, J. Smith, C. Tracy, R. Webb, B.
K. Wells, and T. H. Williams. 2009. What caused the Sacramento River fall
Chinook stock collapse? NOAA-TM-NMFS-SWFSC-447, U.S. Bur Commerce
NOAA-TM-NMFS-SWFSC-447, Santa Cruz, CA.

Michel, C. J., A. J. Ammann, S. T. Lindley, P. T. Sandstrom, E. D. Chapman, M. J.
Thomas, G. P. Singer, A. P. Klimley, R. B. MacFarlane, and M. Bradford. 2015.
Chinook salmon outmigration survival in wet and dry years in California’s
Sacramento River. Can. J. Fish. Aquat. Sci. 72:1749-1759.

Moyle, P. B. 2002. Inland fishes of California. University of California Press, Berkeley,
CA.

Moyle, P. B, R. Lusardi, P. Samuel, and J. Katz. 2017. State of the salmonids: Status of
California’s emblematic fishes 2017. Center for Watershed Sciences, University
of California, Davis and California Trout, San Francisco, CA. Available at
http://caltrout.org/sos/.

Palmer-Zwahlen, M. and B. Jormos. 2015. Recovery of Coded-Wire Tags from Chinook
Salmon in California’s Central Valley Escapement, Inland Harvest, and Ocean
Harvest in 2012. California Department of Fish and Wildlife, Santa Rosa.

Perry, R. W., J. R. Skalski, P. L. Brandes, P. T. Sandstrom, A. P. Klimley, A. Ammann,
and B. MacFarlane. 2010. Estimating survival and migration route probabilities
of juvenile Chinook salmon in the Sacramento—San Joaquin River Delta. N. Am.
J. Fish. Manage. 30:142-156.

Satterthwaite, W. H., J. Ciancio, E. Crandall, M. L. Palmer-Zwahlen, A. M. Grover, M.
R. O’Farrell, E. C. Anderson, M. S. Mohr, and J. C. Garza. 2015. Stock
composition and ocean spatial distribution inference from California recreational
Chinook salmon fisheries using genetic stock identification. Fish Res
170:166-178.

Sommer, T., M. Nobriga, W. Harell, W. Batham, and W. Kimmerer. 2001. Floodplain
rearing of juvenile Chinook salmon: evidence of enhanced growth and survival.
Can. J. Fish. Aquat. Sci. 58:325-333.

S3-18


http://caltrout.org/sos/

Table of Contents

Sturrock, A. M., J. D. Wikert, T. Heyne, C. Mesick, A. E. Hubbard, T. M. Hinkelman, P.
K. Weber, G. E. Whitman, J. J. Glessner, and R. C. Johnson. 2015.
Reconstructing the migratory behavior and long-term survivorship of juvenile
Chinook salmon under contrasting hydrologic regimes. PLoS ONE 10:e0122380.

Wells, B. K., J. A. Santora, J. C. Field, R. B. MacFarlane, B. B. Marinovic, and W. J.
Sydeman. 2012. Population dynamics of Chinook salmon Oncorhynchus
tshawytscha relative to prey availability in the central California coastal region.
Mar. Ecol. Prog. Ser. 457:125-137.

Williams, J. G. 2006. Central Valley salmon: A perspective on Chinook and steelhead in
the Central Valley of California. San Francisco Est. Water Sci. 4.

Williamson, K. S., and B. May. 2005. Homogenization of fall-run Chinook salmon gene
pools in the Central Valley of California, USA. N. Am. J. Fish. Manage.
25:993-1009.

S3-19



Table of Contents

California Coastal Chinook

Overall vulnerability—High (2% Moderate, 86% High, 12% Very high)
Biological Sensitivity—High (3% Moderate, 97% High)

Climate exposure—High (88% High, 12% Very high)

Adaptive capacity—Low (1.56)

Data quality—42% of scores > 2
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Life History Synopsis

In large rivers that remain open to the ocean all summer, fall-run adults of the
California Coastal Chinook DPS migrate from September through December or January.
In streams with bar-built estuaries, adult freshwater entry may be delayed until the onset
of fall rains (Myers et al. 1998; S. Harris, CDFW, personal communication). Spawning
generally occurs from October to December (Fukushima and Lesh 1998; Myers et al.
1998; M. Sparkman, CDFW, personal communication), and egg incubation from
November into April.

Fall-run Chinook salmon produce primarily ocean-type juveniles that reside for
less than one year in fresh water. These ocean-type juveniles migrate to estuaries or the

S3-20



Table of Contents

ocean between March and August of their first year (Gallagher 2001, 2003, 2004; Chase
et al. 2002, 2004, 2005). Early migrants are often young fry smaller than 50 mm,
whereas June and July migrants tend to be larger (~70 mm). A small fraction of juveniles
reside for a full year in fresh water and migrate the following spring (Sparkman et al.
2016), probably due to variation in individual growth rates rather than to a genetically
distinct life-history type.

Juvenile use of estuaries likely varies among populations of this DPS. Juvenile
Chinook have been reported in Humboldt Bay throughout summer, suggesting several
months of estuarine residence (\Wallace and Allen 2009). Many stream systems have
bar-built estuaries, with sand bars that recurrently close and open the marine connection,
creating seasonal freshwater lagoons. The majority of juveniles probably enter the ocean
before bar formation occurs, typically by late July, but some remain in the lagoon until
connectivity to the ocean is reestablished upon return of the wet season in October or
November (Madej et al. 2012).

In the ocean, California coastal Chinook are distributed primarily between
Pt. Reyes and southern Oregon, with highest abundances in the Fort Bragg and Klamath
subareas (Satterthwaite et al. 2014b, 2015; Bellinger et al. 2015). Most fish appear to
mature at age 3 or 4, with age-2 jacks comprising 5-11 % of returns (Myers et al. 1998).
Interannual variation in the percentage of each life-history type can be substantial.

Climate Effects on Abundance and Distribution

In fresh water, the interaction between changes in precipitation and warming will
likely have effects that propagate through the life cycle of California coastal Chinook.
Sensitivity to cumulative life-cycle effects was ranked high for this DPS. Changes in the
timing and magnitude of fall storms could adversely affect the ability of migrating adults
to enter streams and navigate to spawning areas. These conditions merited ranks of high
exposure to flooding and moderate sensitivity at the adult freshwater stage.

For the early life history (egg stage), likely climatic threats include redd scour
during high flows (exacerbated by habitat degradation) and deposition of fine sediments
in spawning gravels, both of which will be affected by rainfall intensity and frequency
(NMFS 2015). Additionally, incubation rates are dependent on water temperature
(Murray and McPhail 1988); thus, accelerated incubation and early emergence will occur
in a warmer climate. Stream temperature and hydrologic regime shift could be limiting
for the fraction of juveniles that migrate downstream in summer or spend a full year in
fresh water. This DPS ranked high in exposure to stream temperature. Climate change
could also affect estuarine habitat quality, especially in the summer dry season; thus,
California coastal Chinook ranked moderate in sensitivity at the estuarine stage.

The first spring and summer at sea is considered a critical period when most
ocean mortality occurs (Beamish and Mahnken 2001; Wells et al. 2012), although factors
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affecting ocean survival are complex and multi-scale. The state of the North Pacific High
(NPH) during winter influences subsequent productivity (Schroeder et al. 2009, 2013;
Black et al. 2011; Thompson et al. 2012), with a strong NPH maintaining both nutrient
levels and an abundant and diverse diet portfolio (Thayer et al. 2014). Timing of the
spring transition, and the intensity and consistency of upwelling (also affected by the
NPH) control the development, maintenance, and retention of krill populations and
forage fish, as well as affecting potential predators of salmon (Fiechter et al. 2015).

Because of the complexity of interactions operating at different scales, attempts to
directly correlate survival to individual environmental variables have not been especially
successful. However, the timing, intensity, and duration of upwelling are clearly key
factors likely to be affected by changing climate (Satterthwaite et al. 2014a). California
coastal Chinook ranked high in exposure to both mean sea surface temperature and
upwelling and moderate in sensitivity at the marine stage.

Extrinsic Factors

Historically, the California Coastal Chinook DPS included both spring- and
fall-run stocks, but the spring-run has been extirpated. This DPS is listed as threatened
under the U.S. Endangered Species Act (Spence et al. 2008; Spence 2016). Sensitivity to
population viability was ranked moderate to high for California Coastal Chinook with
sensitivity to other stressors ranked high. Threats include incidental harvest and dams
that block access to habitat on the Eel and Russian Rivers. Incidental harvest is
regulated, but its impacts remain highly uncertain (O'Farrell et al. 2012, 2015), and
indirect mortality from catch-and-release of undersized fish, as well as bycatch in
non-salmon fisheries, have been identified as concerns (NMFS 2015).

In fresh water, warm-adapted invasive species are likely to gain advantage with
climate change and prey on juvenile Chinook salmon or limit their use of preferred
habitat. Such species include non-native smallmouth bass, striped bass, channel catfish
(NMFES 2015), and Sacramento pikeminnow. Migrating adult Chinook salmon are
commonly intercepted by recreational fishing in the Eel and Russian Rivers (NMFS
2015). Although caught fish must be released, capture and handling occurs during
periods of thermal stress and has an impact that is likely to increase with climate change.

Adaptive Capacity

Overall, California Coastal Chinook ranked low in adaptive capacity. As
conditions in summer holding pools become less favorable, increased summer warming
will likely reduce opportunities for re-expression of the presently extirpated spring-run
life history.
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Upper Willamette River Chinook

Overall vulnerability—Very high (15% High, 85% Very high)
Biological sensitivity—Very high (20% High, 80% Very high)
Climate exposure—High (78% High, 22% Very high)
Adaptive capacity—Moderate (1.6)

Data quality—74% of scores > 2
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Life History Synopsis

Upper Willamette River Chinook adults arrive in fresh water from late winter
through early summer, hold in the river system, and mature during the warmest
temperatures of the year. Spawning occurs from late summer through much of fall, with
eggs incubating over winter. Juvenile life histories can be diverse (Schroeder et al.
2016). Fry emerge over a protracted period from early winter through mid-spring, with
juveniles rearing in fresh water for 8-16 months and exhibiting diverse patterns of habitat
use. Some juveniles migrate as subyearlings, with migration peaks in both spring and
fall. However, the majority remain in fresh water for a full year prior to migration.
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Estuarine use by subyearlings from this DPS can be extensive (Teel et al. 2014;
Rose 2015), while yearlings migrate rapidly through the estuary 1-2 months earlier than
other yearling Chinook smolts in the Columbia River (Weitkamp et al. 2015). Marine
distribution of subyearlings is poorly understood, but yearlings move rapidly northward
along the continental shelf during their first summer, and then likely rear in the central
Gulf of Alaska (Fisher et al. 2014; Teel et al. 2014; Riddell et al. 2018). As adults, Upper
Willamette River Chinook are widely dispersed in marine waters, from southeast Alaska
to the Oregon coast (\Weitkamp 2010). Most adults return after 2-3 years at sea. Because
both juveniles and adults use habitats throughout the Willamette River year-round, they
are exposed to climate risks in all seasons.

Climate Effects on Abundance and Distribution

Exposure attributes for Upper Willamette River Chinook salmon were ranked
high overall, due to very high scores for ocean acidification and stream temperature.
Mean August temperature was projected to increase 1.4°C by the 2040s, and 2.4°C by the
2080s. Other high exposure attributes included sea surface temperature and hydrologic
regime shift. Although approximately 90% of the basin is already rain-dominated, the
remaining 10% is very likely to change to rain-dominated by the 2040s. Scores for ocean
acidification and sea surface temperature were similar to those of most DPSs.

Sensitivity attributes for this DPS were ranked very high due to a host of factors,
including its very high vulnerability in the adult freshwater stage and very high
cumulative life-cycle effects reflecting threats to the species’ entire life cycle and to its
life history diversity.

Extrinsic Factors

Upper Willamette River Chinook scored high or very high in all three extrinsic
factor categories. Keefer and Caudill (2010) and Myers et al. (2018) highlighted the
factors posing potential or demonstrated threats to Willamette River salmonids. Upper
Willamette River Chinook is listed as threatened under the U.S. Endangered Species Act.
This DPS has low numbers of wild adults, with the majority of production hatchery
origin. Thus, Upper Willamette River Chinook was ranked very high for population
viability and hatchery influence. A high ranking for other stressors reflected the
following pressures on this DPS:

1) Loss of hundreds of kilometers of historical habitat due to impoundment by major
dams
2) Low survival of fish transported above dams

3) High pre-spawn mortality of adults linked to impaired temperature and flow regime
below dams

4) Widespread invasion of non-native species
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5) A host of contaminants, ranging from the traditionally important, such as heavy
metals, to the newer and more poorly understood, including nanoparticles, personal
care products, and human and animal pharmaceuticals (Yeakley et al. 2014).

These and other fundamental transformations of the Willamette River will be difficult to
reverse, given constraints imposed by human resource needs in a heavily populated
watershed along with projected climate change impacts (Moore 2015).

Adaptive Capacity

Modified environments available to Chinook salmon in the Willamette River have
exerted powerful selection pressures, such that the DPS itself may be fundamentally
transforming. For example, in the Green Peter Reservoir, individuals have been collected
that appear to have completed their entire life cycle in fresh water as the offspring of
adfluvial parents rather than as hatchery releases (Romer and Monzyk 2014). Use of
reservoirs may be under-reported, along with other juvenile life history patterns (Bourret
et al. 2014). However, the extent to which alternate rearing patterns represent viable
strategies vs. ecological traps is unknown (Bourret et al. 2014). Nonetheless, modified
reservoir operations to benefit juvenile production are being considered (Johnson and
Friesen 2014), despite uncertain outcomes (C. Murphy, Oregon State University, personal
communication).

Upper Willamette River Chinook exhibits a remarkable ability to survive in such
a highly altered system. However, given the elevated extrinsic pressure and depressed
natural production of this DPS, its capacity for further adaption is unclear. Thus Upper
Willamette River Chinook scored moderate for adaptive capacity.
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Middle Columbia River spring-run Chinook

Overall vulnerability—High (48% High, 53% Very high)
Biological sensitivity—High (93% High, 0.07% Very high)
Climate exposure—High (52% High, 48% Very high)
Adaptive capacity—Moderate (2)

Data quality—79% of scores > 2
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Life History Synopsis

Middle Columbia River spring-run Chinook adults migrate to natal tributaries in
April and May. Adults generally range from age-3 to -5, with age-4 dominating in most
years (Myers et al. 1998). Several large tributaries to the Columbia support production of
this DPS including the Deschutes, Klickitat, John Day and Yakima Rivers. These
tributaries enter the Columbia upstream from its mainstem dams, with the number of
dams in the migration corridor ranging from one for Klickitat River to four for Yakima
River populations. Adults migrate directly to natal tributaries and then hold over summer
for several weeks prior to spawning. Spawning occurs from late August through late
September depending on flow and temperature in specific watersheds. Emergence occurs
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in early spring, from February to May, with most populations peaking in March, again
depending on watershed-specific temperature and flow.

Middle Columbia River spring-run Chinook exhibits a yearling life history,
spending the first summer and winter in fresh water before the juvenile migration.
Following the pattern seen in other interior Columbia spring runs, smolts move rapidly
through the estuary (Weitkamp et al. 2015). After ocean entry, juveniles swim rapidly
northward along the continental shelf (Fisher et al. 2014; Teel et al. 2015). Like other
stream-type Chinook, the Middle Columbia River spring-run Chinook DPS is thought to
have an oceanic marine distribution, and individuals are rarely caught in coastal fisheries
(Healey 1983; Myers et al. 1998; Riddell et al. 2018).

This DPS is not listed under the ESA (Myers et al. 1998), but is identified as a
sensitive species by the State of Oregon (ODFW 2016 ). The DPS includes populations
existing under a range of habitat conditions within several major tributaries to the
Columbia River (Lindsay et al. 1989; Bare et al. 2014). Populations in the lower
elevation reaches of those tributaries are subject to higher temperatures during holding,
spawning, and juvenile rearing and are also most impacted by degraded habitats. In some
cases, impassable dams block access to higher-elevation habitats with colder
temperatures that could support production under projected future climate change.
Extirpated natural production areas in the Upper Deschutes Basin are the focus of
ongoing restoration efforts (Lindsay et al. 1989).

Climate Effects on Abundance and Distribution

Across the Middle Columbia River spring-run Chinook DPS, the majority of
populations are in watersheds transitioning from snow- to rain-driven flow patterns
(Ruesch et al. 2012; Dittmer 2013; Clifton et al. 2018). There is considerable variation
in flow and temperature regime within and across drainages used by this DPS. Summer
rearing conditions can be limited by temperature and flow, either overall or for large
sections of a majority of populations (Hatten et al. 2014). In upper-reach production
areas, extant populations are generally intact, but in lower tributary production areas,
declines in habitat quality have resulted in general losses of productive capacity. Most
populations are subject to peak summer temperatures during the prolonged pre-spawn
holding phase (Myers et al. 1998, Bare et al. 2014). The presence of tributary dams or
irrigation diversions in most drainages may exacerbate exposure to high temperatures.

A high overall sensitivity rank for this DPS stemmed from the combination of its
migration, adult holding, and juvenile rearing patterns. Negative effects of higher
temperatures during the adult and juvenile freshwater stages have been documented
(Ruesch et al. 2012; Tattam et al. 2015). Timing of the adult migration puts spawners at
risk of exposure to increasing late spring/early summer temperatures (Keefer et al. 2008)
through the Columbia River mainstem as well as the mainstems of large tributaries such
as the Yakima, John Day, and Deschutes River. In addition, adults hold over summer in
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upstream reaches prior to spawning in early fall. High pre-spawn mortality during this
phase has been observed and is believed to be associated with increases in stream
temperature and decreases in pool habitat (Bare et al. 2014). This DPS ranked very high
for the adult freshwater stage.

Spring-run juveniles spend a full year in fresh water and experience negative
effects on survival from high summer temperatures and low flows (Hatten et al. 2014;
Tattam et al. 2015). This DPS ranked high in sensitivity at the juvenile freshwater stage
and very high in exposure to hydrologic regime shift and stream temperature. Because
the majority of populations exhibit the yearling life history, loss of this rearing strategy
would mean significant loss of a characteristic of this DPS. Vulnerability at multiple life
stages increases the risk for cumulative life-cycle effects. For example, changes in
temperature and flow affect rearing, smolt survival, and migration timing, which in turn
may affect early marine survival (Crozier et al. 2008).

The hydrology of most river basins supporting Middle-Columbia spring-run
Chinook production are classified as transitional between rain-and snow-dominated flow
patterns. Climate models project that these basins will shift towards rain-dominated flow
regimes with earlier runoff peak flows and lower summer base flows (Dittmer 2013;
Clifton et al. 2018), thus exposure to hydrological regime shift was ranked high for this
DPS. These shifts would detrimentally affect juvenile rearing and adult pre-spawn life
stages. Stream temperatures in the Mid-Columbia River tributaries used by this DPS for
spawning and extended juvenile rearing are also warming rapidly, so exposure to stream
temperature was scored high.

Middle-Columbia spring-run Chinook exhibit ocean entry and return patterns
similar to those of Snake River spring/summer Chinook. Although estimated
smolt-to-adult return rates for this DPS are generally higher than those of Snake River
conspecifics, they are strongly correlated with estimates for Snake River spring/summer
Chinook. Based on these similarities, the Mid-Columbia spring Chinook DPS also
ranked high in sensitivity at the marine stage. Marine survival is lower for this DPS
during warm phases of the Pacific Decadal Oscillation, and rising sea surface
temperature will likely have impacts similar to the warm ocean conditions related to both
warm-phase PDO and low survival.

For Middle-Columbia spring Chinook, a longer juvenile freshwater residence
period resulted in a high rank for sensitivity at the juvenile freshwater stage. This DPS
scored low at the estuary stage due to its relatively short residence time in the estuary
(Teel et al. 2015; Weitkamp et al. 2015).

Of primary concern in cumulative life-cycle effects is the loss of unique life
history types historically enabled by the availability of a diverse set of habitats.
Functional losses of downstream rearing habitat due to degraded habitat quality have
already reduced or eliminated historical life history patterns in many populations (Ruesch
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et al. 2012; Tattam et al. 2015). Cumulative effects from shifts in successive life stages
may also reduce survival in subsequent life stages. For example, earlier migration timing
at the juvenile freshwater stage may mean fish are smaller at ocean entry, which in turn
may reduce survival at the early ocean stage. Thus, sensitivity of this DPS was
considered high for cumulative life-cycle effects.

Extrinsic Factors

Freshwater habitat loss and reduction in spatial structure are important concerns
for this DPS compared with others in this assessment. While some tributary spawning
and rearing habitats are in relatively pristine wilderness areas, most production areas for
this DPS are highly impacted by anthropogenic factors associated with agriculture, roads
and land development. Smallmouth bass, an introduced warm-water species and predator
on young-of-the-year Chinook, are present in several tributaries that support juvenile
rearing. Increasing temperatures are allowing bass to extend further upstream, potentially
overlapping juvenile spring Chinook rearing areas (Lawrence et al. 2012). Tributaries
that support spawning and rearing are located upstream from between one and four dams
on the mainstem Columbia River. As a result, dam passage impacts in warm years can
potentially vary in magnitude across populations. All of these threats contributed to a
high rank for this DPS in sensitivity to other stressors.

Adaptive Capacity

Middle-Columbia River spring-run Chinook salmon DPS was ranked moderate in
adaptive capacity overall. Some populations within this DPS may have sufficient
adaptive capacity to reduce juvenile freshwater residence time, either by migrating earlier
in the year or by increasing the proportion of subyearling migrants. Adults may have the
potential to shift migration timing earlier to avoid high stream temperatures in the
migration corridor. However, early migrant adults in this DPS will still need to hold for
extended periods until temperatures cool in the fall, and this will increase exposure to
high stream temperature. Increased energetic costs during the holding period could limit
adaptive capacity in the adult stage.
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Snake River spring/summer-run Chinook

Overall vulnerability—High (54% High, 46% Very high)
Biological sensitivity—High (97% High, 3% Very high)
Climate exposure—Very high (55% High, 45% Very high)
Adaptive capacity—High (2.1)

Data quality—79% of scores > 2
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Life History Synopsis

Snake River spring/summer Chinook adults enter the Columbia River from April
through June. Within about 2-3 weeks, most adults in this DPS pass eight major dams
spanning 462 km of the Columbia and Snake River-s. The Tucannon River population
leaves the Snake River downstream from Lower Granite Dam, and the Grande Ronde
populations leave the Snake River downstream from its confluence with the Salmon
River. Salmon River populations continue another 800-1500 km to elevations as high as
2000 m, with a full migration that usually spans several months.

Adults in this DPS typically arrive in tributaries at least one month before
spawning, and hold over the summer in deep pools before spawning in August or
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September. Populations at higher elevation streams spawn earlier than those at lower
elevations. Eggs incubate during winter and hatch in spring. Parr rear near spawning
areas or in lower elevation reaches, such as the Salmon and Grand Ronde Rivers.
However, little is known about specific overwintering habitat usage or impacts of
overwintering location on survival. The majority of juveniles from these populations
spend a whole year in freshwater before the smolt transition in April and May.

Most fish spend little time in estuary habitats and exhibit a rapid, directed juvenile
migration. Once they enter coastal waters, these fish move north along the continental
shelf (Fisher et al. 2014; Teel et al. 2014; Weitkamp et al. 2015). Like other stream-type
Chinook salmon, Snake River spring/summer Chinook are thought to have oceanic
marine distributions and are rarely caught by coastal fisheries (Healey 1983; Myers et al.
1998; Riddell et al. 2018). Most adults return after 2-3 years at sea, although some,
mostly hatchery fish and males, return after 1 year.

Climate Effects on Abundance and Distribution

Snake River spring/summer Chinook salmon has been closely studied as a
threatened and indicator species and is the subject of life-cycle modeling under climate
change conditions. The high overall sensitivity rank of this DPS stemmed largely from
characteristics of its migration. Negative effects of high temperatures encountered during
the adult and juvenile freshwater stages have been documented (Crozier and Zabel 2006;
Crozier et al. 2017a,b). Populations within this DPS that migrate later are called
summer-run fish. Examples are the Pahsimeroi and South Fork Salmon River
populations, which encounter stressful temperatures during the adult migration.
However, both spring- and summer-run populations are at risk for pre-spawn mortality
while holding in tributary habitats during peak summer temperatures (Bowerman et al.
2016). This DPS was ranked very high for the adult freshwater stage.

Because juveniles spend a full year in fresh water, they can experience negative
effects on survival from warm summer temperatures and low flows (Crozier and Zabel
2006; Crozier et al. 2008b). Juvenile survival during the smolt migration depends
strongly on rapid flows from snowmelt (Zabel et al. 2008; Faulkner et al. 2018). Thus,
sensitivity in the juvenile freshwater stage was ranked high. The Interior Columbia
recovery domain is likely to lose a substantial portion of snowpack, so this DPS was
ranked very high for hydrologic regime shift. Snake River spring/summer-run Chinook
also ranked very high in exposure to stream temperature change, elevating its
vulnerability to very high in both the juvenile and adult freshwater stages.

A vast majority of populations in this DPS exhibit the yearling life history
strategy. Therefore, loss of this rearing strategy would mean loss of a significant
characteristic of this DPS, a threat reflected in the high score for cumulative life-cycle
effects. Carryover effects between life stages also increased the cumulative life-cycle
effects risk, as discussed below.
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Snake River spring/summer Chinook sensitivity was ranked moderate at the
marine stage, although some scorers considered the marine mortality risk to be high.
Marine survival for this DPS is lower during warm phases of the Pacific Decadal
Oscillation, and rising sea surface temperature will likely have impacts similar to the
warm ocean conditions related with both warm phases of the PDO and low adult survival
(Zabel et al. 2006; Crozier et al. 2008b). On the other hand, while the smolt migration is
slower in low snowpack years, earlier smolt migration timing might benefit this DPS in
relation to ocean upwelling. At present, much of the population enters the ocean later
than the optimal period for survival (Scheuerell et al. 2009).

Snake River spring/summer Chinook juveniles have a relatively short estuary
rearing period (Weitkamp et al. 2012, 2015), which resulted in its low rank in sensitivity
at the estuary stage. Longer freshwater rearing is generally observed to produce larger
smolts, which then typically spend less time in the estuary.

Of primary concern in the cumulative life-cycle effects attribute was a loss of
unique life history types, including the spring/summer adult run type and the yearling
juvenile life history type. Cumulative effects from shifts in successive life stages may
reduce survival in subsequent life stages. For example, earlier migration timing at the
juvenile freshwater stage may mean fish are smaller at ocean entry and less likely to
encounter favorable ocean feeding conditions. Such a timing alteration could in turn
reduce early marine survival (Crozier et al. 2008a). Thus, this DPS ranked high in
sensitivity to cumulative life-cycle effects.

Extrinsic Factors

Snake River spring/summer Chinook is listed as threatened, with most
populations at high risk (Ford et al. 2011), especially in the upper Grande Ronde and
upper Salmon Rivers. Estimated extinction risk under climate change scenarios is
significantly higher than under the historical climate regime (Crozier and Zabel 2013).
At present, abundance is low for this DPS, and it is considered highly sensitive to marine
conditions, owing to rapid declines in abundance during poor ocean years (Zabel et al.
2006). Early returning runs are susceptible to increased marine mammal predation in the
lower Columbia River (Sorel et al. 2017). Hatchery production of fish in this DPS is
substantial; among yearling Chinook passing Lower Granite Dam in 2017, 86% were
estimated to be of hatchery origin (Faulkner et al. 2018). Nonetheless, some hatcheries
do have supplementation control rules in place that prioritize conservation objectives.
Therefore, this DPS scored moderate in sensitivity hatchery influence.

Habitat loss and reduction in spatial structure are lesser concerns for much of this
DPS compared with others in this assessment because a relatively large proportion of its
spawning habitat is in protected wilderness area. Nonetheless, some populations are
highly impacted by anthropogenic factors (e.g., Upper Grand Ronde and Lower Snake),
especially land development and agriculture. Major dams throughout the migratory
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corridor can hinder passage of both juveniles and adults, especially in warm years.
Therefore, this DPS ranked high in sensitivity to other stressors.

Adaptive Capacity

Snake River spring/summer Chinook salmon may have sufficient adaptive
capacity to increase the production of subyearling smolts, or for yearling smolts to
migrate earlier in spring. Adults may have some flexibility in migration timing to avoid
high stream temperatures in the migration corridor. However, it is not clear whether
subyearling smolts will be viable in the future because they currently have very low adult
return rates. Furthermore, early migrating adults in this DPS still need to hold for
extended periods until temperatures cool in fall, and such holding will increase exposure
to high stream temperatures and risk of harvest. Increased energetic cost during the
holding period might also limit adaptive capacity in the adult stage. Thus behavioral
changes could ultimately reduce abundance in the basin. Nonetheless, this DPS ranked
high in adaptive capacity.
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Snake River fall-run Chinook

Overall vulnerability—High (35% Moderate, 65% High)
Biological sensitivity—High (35% Moderate, 65% High)
Climate exposure—High (100% High)

Adaptive capacity—High (2.3)
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Life History Synopsis

Snake River fall-run Chinook adults enter the lower Columbia River from late
summer through early fall (August-October). Females are predominately age 4-5, with
small proportions of age-3 and age-6 spawners, whereas adult males are predominately
age 3-5. Hatchery adults are skewed toward younger ages (~3 years), particularly among
males. After entering the Columbia River, the majority of adults migrate over 400 km to
pass Lower Granite Dam typically within 2-3 weeks. Because this DPS is close to
maturity upon freshwater entry, individuals spawn a relatively short time after entering
fresh water, from late October to early November (Connor et al. 2003b). Eggs incubate
in stream gravel through winter, and fry emerge from early April in the Hells Canyon
reach of the Snake River (where most individuals return to spawn) to late May in the
Grande Ronde and Imnaha Rivers (Connor et al. 2003b). Low winter temperatures may
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extend incubation times or limit the suitability of egg incubation in some locations
(Connor et al. 2003b).

Warm temperatures in summer may limit the time that juveniles spend near natal
locations, except in the cooler Clearwater River (Connor et al. 2005). Most juveniles
below the Clearwater River migrate as subyearlings, whereas within the Clearwater, a
small proportion migrates as yearlings. Hatchery releases are a mixture of subyearling
and yearling juveniles. All upper Snake and Clearwater rearing locations produce some
juveniles that overwinter in the lower Snake and Columbia Rivers. The extent of estuary
use and residence by these juveniles is not well known, but individuals are present in the
estuary during summer and early fall (Teel et al. 2014). During the first summer of ocean
residency, both subyearlings and yearlings remain in waters near the Columbia River
mouth, ranging south off Oregon and north of the West Coast of Vancouver Island
(Fisher et al. 2014, Teel et al. 2015). Adults are captured in coastal fisheries from
Southeast Alaska to Oregon (Weitkamp 2010).

Climate Effects on Abundance and Distribution

For Snake River fall-run Chinook, the upstream migration and pre-spawn holding
period extends from mid-August through October (Connor et al. 2019). Returning adults
are exposed to temperatures exceeding 20°C, with cumulative exposures highest for
early-returning adults (Keefer and Caudill 2015). This DPS ranked high for exposure to
stream temperature in the Snake River Basin, and models suggest that future migrants
may experience lower migration and spawning success due to rising temperatures
(Connor et al. 2018). Nonetheless, vulnerability of this DPS during the adult freshwater
stage was ranked moderate because most adults migrate after temperatures have peaked
and spawn after temperatures have declined in the fall.

Egg development is constrained by cold winter temperatures (Connor et al.
2003b), so rising stream temperature during incubation is of less concern for this DPS.
This was reflected in the low sensitivity score for early life history. Juvenile emergence,
growth, and migration occur earlier in warmer than in cooler spawning and rearing areas,
and certain areas not used as spawning habitat appear to be too cold (Connor and Burge
2003, Connor et al. 2003a,b). Juveniles have been observed to tolerate constant
temperatures of 22°C and fluctuating temperatures up to 27°C (Geist et al. 2010) and to
grow well in these conditions, even at reduced rations (Geist et al. 2011).

During the predominantly subyearling migration of this DPS, rapid growth and
thermoregulatory behavior (Tiffan et al. 2009) allow fish to avoid thermal stress, despite
generally warm summer temperatures in the lower Snake River (Connor and Burge
2003). Juveniles rearing in cooler reaches of the Clearwater River have shown a yearling
life history, and hence adaptability to a wide temperature range. Thus Snake River
fall-run Chinooke ranked low in sensitivity at the juvenile freshwater stage.
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Snake River fall-run Chinook exhibits a wide distribution across the eastern
Pacific Ocean, ranging from coastal British Columbia to California and Oregon. A
moderate relationship has been reported between survival of subyearlings and the Pacific
Decadal Oscillation, and between the northern copepod anomaly index and survival of
Columbia River fall chinook (Peterson et al. 2014). These findings were reflected in a
moderate score for marine stage.

Extrinsic Factors

Snake River fall-run Chinook salmon production is dominated by hatcheries, and
the DPS received a very high score for hatchery influence on climate resilience.
Extrinsic factors in lower reaches of the Snake and Columbia River range from an
increasing proliferation of non-native species (Sanderson et al. 2009) to a growing list of
contaminants (Yeakley et al. 2014). Mainstem dams on the Snake and Columbia present
challenges for both juvenile and adult migration (Smith et al. 2003; Keefer and Caudill
2015). These factors were reflected in a high sensitivity score for other stressors.

Adaptive Capacity

Despite considerable hatchery influence, the Snake River fall-run Chinook DPS
has extensive opportunity for habitat shift and flexibility in age at juvenile migration,
resulting in an overall high rank for adaptive capacity.
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Upper Columbia River spring-run Chinook

Overall vulnerability—High (73% High, 27% Very high)
Biological sensitivity—High (84% High, 16% Very high)
Climate exposure—High (86% High, 14% Very high)
Adaptive capacity—Moderate (1.8)

Data quality—79% of scores > 2
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Life History Synopsis

Upper Columbia River spring-run adults enter the Columbia River as an early part
of the aggregate run of spring/summer Chinook salmon, passing Bonneville Dam in April
and May (Keefer et al. 2008; Crozier et al. 2016). These fish migrate to three major
spawning areas and hold over summer in deep, cool pools before spawning in August or
September. Eggs incubate over winter and hatch in spring. The majority of juveniles
from these populations spend a full year in fresh water before the downstream migration
in April and May. Like other yearling Chinook migrants, juveniles from these
populations have a relatively brief estuary residency (Teel et al. 2014; Weitkamp et al.
2015). During their first summer in marine waters, they rapidly move northward along
the continental shelf (Fisher et al. 2014; Teel et al. 2015). Also like other stream-type
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Chinook, the Upper Columbia spring Chinook salmon DPS is thought to have an oceanic
marine distribution, and individuals are rarely caught by coastal fisheries (Healey 1991;
Myers et al. 1998; Riddell et al. 2018). Although some fish return after one year in the
ocean (mostly males and more hatchery than wild fish), most return after 2-3 years at sea.

Climate Effects on Abundance and Distribution

For Upper Columbia River spring-run Chinook, high overall sensitivity scores
stemmed largely from migration characteristics. Multiple studies have examined the
effect of climate change on water temperature and potential viability of populations in
this DPS (Cristea and Burges 2010; Honea et al. 2016). High pre-spawn mortality is
associated with adult holding in some lower tributaries. However, these lower-river
holding areas appears to be utilized mainly by hatchery production fish. Thus, wild
stocks do not appear directly threatened by high stream temperatures in holding
tributaries.

Increasing fines in sediment due to increased winter flooding has been highlighted
as a potential risk (Honea et al. 2016), although flooding was considered a lower risk for
this Chinook DPS than for others considered in this assessment. Upper Columbia River
spring-run Chinook ranked very high in sensitivity at the adult freshwater stage and very
high in exposure to hydrologic regime shift. Most of this DPS inhabits streams with
temperatures that are presently below optimal for growth, so short-term warming does
not pose an imminent threat to juvenile survival. Nonetheless, Upper Columbia
spring-run juveniles characteristically spend a full year in fresh water, and smolt survival
depends on high spring flows. Therefore, this DPS ranked very high in sensitivity to
climate change at the juvenile freshwater stage.

Long migrations contribute to climate risk for all upper Columbia River
populations; however, the spawning and rearing habitat of this DPS is of relatively high
quality compared to those of many other DPSs. Eggs incubate over winter, with
relatively low risk of warming, and this was reflected in a low mean sensitivity attribute
score. Flow regime in the Columbia Basin is strongly driven by snowmelt; therefore, loss
of snowpack and subsequent reduction in the spring freshet will affect juvenile rearing
and smolt migration. Although the spring smolt migration is slower in low snowpack
years, earlier migration timing might benefit this DPS because at present, much of the
population enters the ocean later than the optimal period for survival (Scheuerell et al.
2009). This was reflected in a moderate rank for sensitivity at the marine stage. The
longer juvenile residence period translates to a higher risk of freshwater mortality but
allows smolts to spend very little time in the estuary, lowering exposure to sea level rise.
Thus, Upper Columbia River spring-run Chinook ranked low in sensitivity at the estuary
stage.

The primary concern in terms of cumulative life-cycle effects was loss of the
unique life histories of spring-run adults and yearling juvenile migrants. Upper Columbia
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River spring-run Chinook is at less risk than Snake River spring/summer Chinook,
largely because of its earlier run timing, which largely avoids high temperature stress
during adult migration, prespawn holding, and juvenile rearing. Cumulative life-cycle
effects was ranked moderate.

Extrinsic Factors

Upper Columbia River spring-run Chinook is listed as threatened under the U.S.
Endangered Species Act, with most populations at high risk of extinction due to low
abundance and productivity. Spatial structure is also greatly depleted in this DPS
because much of the original spawning habitat is blocked by impassable dams.
Sensitivity to population viability was therefore ranked very high. This DPS also ranked
high in sensitivity to hatchery influence because it is heavily supplemented, and natural
production is low. Its location in an agricultural region contributed to a high rank for
other stressors, particularly water diversion and habitat loss.

Adaptive Capacity

Upper Columbia River spring-run Chinook may have sufficient adaptive capacity
to shorten the juvenile freshwater residence period, but the consequences of such a shift
for population viability are unknown. This DPS was deemed unlikely to shift upstream
migration timing substantially, and its overall rank for adaptive capacity was moderate.
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Life History Synopsis

Lower Columbia River Chinook exhibit two major life history types (Myers et al.
2006): a stream-maturing spring-run and an ocean-maturing fall-run. Each type
represents a coordinated suite of juvenile and adult life-history traits. For example,
spring-run adults enter fresh water in spring with a rising thermograph; these fish
historically return to the upper reaches of larger watersheds, which are not readily
accessible except during high flow (snowmelt) periods. Spring-run Chinook hold in
these headwater areas through summer and into early fall, when they spawn.
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Alternatively, fall-run adults return to natal streams with a falling thermograph,
entering freshwater in September and October at the onset of seasonal rains. At
freshwater entry, adults are at an advanced stage of maturity. Fall-run fish tend to spawn
in the lower reaches of most streams, although in some rivers they may migrate a
considerable distance (e.g. Cowlitz River). A variant of the fall-run is the late-fall run;
these fish enter the Columbia River at an early stage of maturity, retaining much of their
ocean silvering, and for this reason are called upriver brights. Their spawning begins in
November and extends into the winter months (Marshall et al. 1995).

In general, juvenile Chinook can move downstream as fry in late winter, but may
migrate throughout the year and into their second spring, depending on incubation and
rearing conditions. In headwater areas, where spring-run Chinook spawn, water
temperatures are colder, incubation and growth are slower, and juveniles may migrate in
autumn as subyearlings or in the subsequent spring as yearlings. Both fall and late-fall
juveniles migrate to the ocean primarily during their first year, with relatively few
yearling migrants observed (Rich 1920; Groot and Margolis 1991; Healey 1991).
Subyearling migrants from this DPS make extensive use of estuary habitats, while
yearlings are less estuarine dependent (Fresh et al. 2005; Teel et al. 2014).

After ocean entry, subyearlings will spend some time in the Columbia River
plume before migrating northward, commonly to coastal areas off British Columbia, but
at times as far as the southeast Alaskan panhandle (Fisher et al. 2014; Teel et al. 2015).
Yearling migrants, predominantly spring-run fish, move more rapidly through the
estuary, but are ultimately captured in the same coastal fisheries as subyearlings.

Both life history types have evolved freshwater traits that respond to changes in
temperature and precipitation, and are therefore susceptible to climate effects (Brannon
et al. 2004). These fish will spend 1-5 years in the ocean, maturing predominantly at
age 4 or 4, although early maturing (age-2) jacks are common (Myers et al. 2006). While
spring and fall-run Chinook have distinct life history traits, both exhibit considerable
plasticity in trait expression.

Climate Effects on Abundance and Distribution

Lower Columbia River Chinook had a high exposure score for summer stream
temperature. If spring-run adults or yearling juveniles are restricted to lower river
reaches due to lower flows, summer temperatures might become limiting. This DPS
scored moderate for hydrologic regime shift, indicating that reduced snowmelt and
higher winter flows may affect these fish in some areas. To access headwater areas,
spring-run Chinook rely upon high flows from snowmelt during April-June; thus a
reduced spring freshet might require earlier migration.

Timing of river entry for the spring run is triggered by a rising thermograph
(Keefer et al. 2008). If spring temperatures are higher and spring flows lower, adults may
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move into headwater reaches sooner than normal. It is conceivable that their energy
stores might be insufficient to sustain them from summer to the early fall spawning
period, when temperatures decline. Higher-resolution study of specific habitats is needed
to clarify the extent of this risk.

Fall-run adults return to fresh water at an advanced state of maturation during
September-October. For these fish, river entry is triggered in part by a falling
thermograph, so warmer temperatures may delay arrival at spawning grounds or require
fish to hold and spawn in waters at lethal or sublethal temperatures, resulting in direct or
indirect mortality (Schreck et al. 2013; Keefer et al. 2018). There is some indication that
holding in sublethal temperatures can degrade the quality of both male and female
gametes (McCullough et al. 2001; Lahnsteiner and Kletzl 2012). Late-fall adults from
this DPS may be less subject to deleterious temperatures given the November timing of
their freshwater entry. Timing of maturation and spawning strongly influences the
susceptibility of different run types to climate change.

As for nearly all Chinook DPSs, warmer winter temperatures will likely
accelerate embryonic development and emergence timing. Delayed spawning might
reduce temperature effects on emergence timing. However, warmer developmental
temperatures can still lead to degraded condition in alevins (Fuhrman et al. 2018), which
may have less yolk to tide them over until external food sources are available.

At present, we lack sufficient information on how stream productivity changes
with warming temperature to determine whether bioenergetic constraints will be
detrimental to salmon. Nevertheless, downstream migration is triggered by flow and
facilitated by snowmelt in spring. Whether directly or indirectly, Lower Columbia River
Chinook salmon juveniles will be affected by warmer stream temperatures, as well as by
changing estuary and coastal ocean conditions (Daly and Brodeur 2015).

Extrinsic Factors

Lower Columbia River Chinook ranked high in sensitivity to the role of
hatcheries, with diversity affected by major hatchery programs. This DPS is listed as
threatened under the U.S. Endangered Species Act, and was scored moderate for
population viability. Spatial structure is compromised in this DPS because major dams
limit or exclude access to historically important spawning habitat. Development in
lowland areas and diking has also diminished freshwater and estuary habitats. Adaptive
Capacity

Lower Columbia River Chinook ranked high in adaptive capacity overall, largely
because of high diversity in both juvenile and adult run timing across the DPS as a whole.
This rank does not imply that specific populations might not be at higher risk, or that
diversity within the DPS will not diminish in the future.
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Puget Sound Chinook salmon is notable for its large adult size and great life
history variation. Adults migrate into Puget Sound rivers in two to three seasonal runs.
The spring run returns during May-July with snowmelt from the Cascade and Olympic
Mountains and spawns primarily in higher-elevation tributaries. The summer/fall-run
returns from July to October during low-flow periods and spawns in lower-elevation
mainstem and large tributary reaches. There are 19 Chinook spawning populations in
Puget Sound, with population group spanning both the Olympic and Cascade watersheds
and ensuring broad spatial diversity across the region for this DPS. Migration corridors
in these watersheds are no greater than 100 miles from river mouth to spawning grounds,
S0 upstream migration can be quite rapid. These migrations can be delayed by stream
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temperatures, which vary dramatically across the Puget Sound region in part due to the
presence or absence of headwater glaciers. Adults spawn in large gravel beds, depositing
2500-7500 eggs. Eggs hatch in 4-7 months, and length of incubation is
temperature-dependent.

After emergence from redds, Puget Sound Chinook exhibits highly variable
juvenile life history strategies. Most migrate to Puget Sound as subyearling fry that rear
extensively in natal or nearby non-natal estuaries, coastal creek mouths, or other coastal
habitats for up to 4 months (Healey 1991; Beamer et al. 2005). Accordingly, Puget
Sound Chinook salmon may be regarded as highly dependent upon estuary environments
during the early life history. Nevertheless, other subyearlings develop as parr that rear an
equivalent time in riverine habitats before migrating. A smaller proportion of individuals
migrate as yearlings, but this life history type has decreased in recent years (Beechie et al.
2006).

After migration into Puget Sound in spring or summer, individuals may exhibit
extended residence within the Salish Sea before migrating to the Pacific Ocean, and some
individuals (termed blackmouth) remain for the rest of their lives as residents within the
Salish Sea. Ocean-going individuals tend to remain near the continental shelf, residing
from coastal British Columbia to southeast Alaska (Myers et al. 1998). Most Puget
Sound Chinook adults return to spawn after 3-6 years in marine waters (the dominant
year class is age 4), although a minority may return as age-2 jacks.

Climate Effects on Abundance and Distribution

Puget Sound Chinook salmon is subject to a wide variety of climate impacts. The
greatest risks likely occur during incubation, when eggs are vulnerable to high mortality
due to increased flooding and variability in seasonal flow (Ward et al. 2015). This was
reflected in a high sensitivity score for early life history (egg incubation). A high
exposure score for hydrologic regime resulted from the expectation from our analysis that
8% of spawning habitat will change from snow-dominated to transitional, and 16% will
change from transitional to rain-dominated (Appendix S2). These projections suggest
that winter flooding will become more common, directly affecting incubating eggs.
Stream temperature was ranked high in the extent of change expected, which could
increase pre-spawn mortality in low-elevation tributaries (Cristea and Burges 2010).

Rising temperatures during late spring and summer may also impact Chinook
juveniles in estuary and riverine habitats. Most Puget Sound estuaries already surpass
optimal rearing temperatures in summer, and the expectation of additional habitat
warming for this DPS was reflected in its high exposure score to sea surface
temperature. Thus Puget Sound Chinook is likely to face increased vulnerability, despite
its moderate score for estuary stage. Estuary rearing habitat in Puget Sound has already
been greatly impaired due to agriculture and urbanization and may be further degraded as
a consequence of sea level rise. Nevertheless, this DPS ranked moderate in exposure to
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sea level rise because Puget Sound is generally expected to experience less sea level rise
than recovery domains to the south.

Chinook salmon is a notable predator of crab larvae, including Dungeness crab,
which is thought to be sensitive to direct (Busch and McElhany 2016) as well as indirect
effects of ocean acidification on the benthic food web (Marshall et al. 2017; Hodgson
et al. 2018). However, such food web effects remain highly uncertain (Busch et al.
2013). Chinook salmon appears sensitive to a variety of ocean conditions, so upwelling
and ocean currents have potential to impact abundance of adult returns. Compared to
other DPSs, Puget Sound Chinook will likely have lower exposure to adverse
temperature impacts during upstream migration, holding, and spawning, although stream
temperature effects are more likely for summer/fall-run adult migrants.

Extrinsic Factors

Hatcheries play a large role in Puget Sound, with migrants through the sound
surpassing 70% hatchery origin in some areas (Rice et al. 2011). Rates of disease
prevalence and intensity are correlated with local abundance of hatchery fish (Rhodes
et al. 2011). Many hatcheries within the Puget Sound recovery domain are production
hatcheries. Genetic diversity of the Puget Sound Chinook DPS has been greatly impacted
by fish from the Green River, which has historically dominated the broodstock of all
regional hatcheries (Hard et al. 2015; Myers et al. 2015). Nonetheless, this DPS scored
moderate in vulnerability to hatchery influence, reflecting the perception by scorers that
other DPSs experience relatively higher impacts from hatcheries.

Chinook salmon life-history diversity has likely been reduced by hydropower
facilities that block high-elevation spawning areas, thereby reducing abundance of the
yearling life history type (Beechie et al. 2006). However, all Chinook life history types
have been impacted by losses of mainstem, floodplain, and estuary rearing habitats as a
consequence of forestry, agriculture, and urbanization (Simenstad et al. 2011). These
activities have also exposed spawning populations to contaminants correlated with lower
survival (Meador 2014). These impacts combined to produce a very high score for other
stressors.

Puget Sound Chinook is listed as threatened under the U.S. Endangered Species
Act, and population viability was ranked as moderate. Many populations show a
continued decline in adult returns (Ford et al. 2015). Marine survival is highly variable
among populations within Puget Sound (Ruff et al. 2017).

Adaptive Capacity

Puget Sound Chinook was ranked high in adaptive capacity because of its high
expression of life history variation. This DPS is expected to be somewhat resilient to
temperature extremes and to high mortality events associated with changes in flow.
Subyearlings exhibit great flexibility in residence among freshwater, estuarine, and
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marine habitats. As a consequence of change in both temperature and rearing habitat
capacity, relative habitat usage was considered likely to change based on local conditions
and growth opportunities. Furthermore, some large rivers within Puget Sound are
expected to increase in growth opportunity for salmon as a consequence of warming
(Beer and Anderson 2011); thus, not all climate change effects need result in negative
impacts to salmon populations.
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Coho Salmon (Oncorhynchus kisutch)

Central California Coast coho

Overall vulnerability—Very high (100% Very high)
Biological sensitivity—Very high (100% Very high)
Climate exposure—High (86% High, 14% Very high)
Adaptive capacity—Low (1.3)

Data quality—79% of scores > 2
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Life History Synopsis

Central California Coast coho adults typically enter rivers from November
through mid February (Shapovalov and Taft 1954; Weitkamp et al. 1995). Because many
central California estuaries are seasonally closed by sandbars, migration timing can
depend on bar-breaching hydrodynamics. Freshwater migration distances range from a
few to 50 km or more in larger watersheds such as the Russian River. Egg incubation
generally takes place between December and late April or early May (Shapovalov and
Taft 1954; Weitkamp et al. 1995).
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Juveniles exhibit a range of behaviors, life histories, and habitat associations, with
the majority residing about one year in fresh water before migrating to sea. In estuaries
seasonally closed due to sandbar dynamics, some age-0 juveniles will migrate only as far
as the ecotone between the stream and estuary. These juveniles reside in estuaries for
variable periods depending on temperature, dissolved oxygen, and salinity levels, but
they subsequently move back upstream without entering seawater (Miller and Sadro
2003; Koski 2009, Jones et al. 2014; Wallace et al. 2015). A small-to-modest fraction
may spend a second year in fresh water before migrating to sea (Bell 2001; Gallagher
et al. 2014). Downstream migrants typically enter the ocean between April and May
(Spence and Hall 2010).

Marine movements of Central California Coast coho are unclear, but tag recovery
data from hatchery populations to the north suggest that these fish inhabit marine regions
fairly close to their natal rivers (Pearcy and Fisher 1988; Weitkamp and Neely 2002;
Quinn and Myers 2005). The majority of adults return to spawn at age 3, though age-2
jacks can comprise a significant proportion of the run (Shapovalov and Taft 1954;
Weitkamp et al. 1995). Fish residing for 2 years in fresh water appear to return for
spawning at age 3 or 4 (E. Ettlinger, Marin Municipal Water District, pers. comm.).

Climate Effects on Abundance and Distribution

The Central California Coast coho DPS comprises the southern distributional
limit of its species, and thus already faces numerous limiting factors stemming from
climate effects. No formal studies were available on climate impacts to Central
California Coast coho, but the vulnerability assessment suggested four important threats:

1) Estuary breaching dynamics and water-quality are important for coho ecology; thus
coho populations are likely sensitive to rising sea-level, rising air temperatures, and
changes in stream flow. To reflect this threat, sensitivity in the estuary stage was
ranked high for Central California Coast coho, as was exposure to sea level rise and
stream temperature. Based on these scores, the estuary stage was considered a
highly vulnerable life stage for this DPS, and its exposure to flooding was also
ranked very high. It is important to note that flooding can have positive effects on
bar-breaching, despite negative effects on eggs in the gravel.

During dry periods, California estuaries naturally develop sand bars that close the
estuary, block fish passage, and alter hydrological functioning. In many streams,
recent drought has delayed and sometimes prevented the winter breaching of sand
bars that allows migrating adults to enter fresh water. Some juveniles use estuaries
during the closed phase, but these fish are impacted, and can even be killed, by poor
water quality in closed estuaries, primarily due to high temperatures, low levels of
dissolved oxygen, and high salinity (Smith 2009). In closed estuaries, water quality
depends on complex interactions between stream flow, over-bar exchange of fresh
and marine waters, breaching dynamics of sand bars, wind, and other factors.
Changes in sea-level, air temperature, and the amount and timing of precipitation are
likely to alter these interactions in ways that further impact coho.
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2) For coho eggs and juveniles, the interaction between hydrologic change and
warming will likely have sub-lethal effects that propagate through the life cycle.
Warmer water temperatures accelerate development and hatching of eggs (Murray
and McPhail 1988), as well as affecting metabolism, growth, and development of
juveniles (Spence 1995). Streambed scour may increase due to more extreme winter
flows, which may in turn increase the deposition of fine sediments, thereby
increasing egg mortality (Shapovalov and Taft 1954; Stillwater Sciences and EA
Engineering 1997). Deposition of fine sediments may also obstruct the emergence of
alevins, although this relationship may not be entirely predictable (Ward et al. 2015).
Sensitivity in the early life history stage was ranked moderate.

3) Fog dynamics in summer are associated with coastal upwelling in the nearshore
ocean and can have a significant influence on maximum temperature and evaporation
in local streams. Central California Coast coho ranked moderate in exposure to
upwelling but high in exposure to sea surface temperature and stream temperature.
For juveniles, summer and fall are high-stress periods characterized by low flows,
diminished food production, and high metabolic demands caused by warm
temperatures. Sensitivity in the juvenile freshwater stage was thus ranked very high
for this DPS. Changes in the fog regime would further directly affect the juvenile
freshwater stage, which is already a stressful period. However, the future fog regime
is highly uncertain: fog may intensify, diminish, or change in seasonality or
year-to-year consistency (Johnstone and Dawson 2010).

4) Depending on the balance of these factors in the adult, early life history and juvenile
freshwater stages, fish may or may not transition to the smolt stage during the
historical juvenile migration period. A shift in smolt timing in turn may have fitness
consequences due to a potential mismatch between ocean entry timing and favorable
ocean conditions or due to closure of migration corridors by sandbar formation
(Osterback et al. 2018). Owing to the combination of very high scores for adult and
juvenile freshwater stages and the potential for lost access between freshwater and
ocean habitats, this DPS ranked very high in cumulative life-cycle effects.

Broadly, marine survival of coho populations across Oregon and California
appears sensitive to specific aspects the Pacific Decadal Oscillation, such as timing of the
spring upwelling transition, strength of upwelling in spring, and sea-surface temperatures,
although relationships are complex (Lawson 1997; Mantua et al. 1997; Ryding and
Skalski 1999; Beamish et al. 2000; Koslow et al. 2002; Logerwell et al. 2003).
Movement of coho salmon in response to ocean regime is not well understood, but the
first few months at sea appear to be critical to marine survival (Pearcy 1992). Thus,
overall sensitivity in the marine stage was ranked moderate.

Extrinsic Factors

The Central California Coast coho DPS is listed as endangered under the U.S.
Endangered Species Act and ranked very high in sensitivity to population viability. In
the most recent viability assessment, 8 of 12 independent populations were extant in this
DPS, but none were considered at low risk of extinction (Spence 2016). Assessing the
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viability of Central California Coast coho DPS is challenging due to the scarcity of
long-term datasets for most populations. Available data indicated that all independent
and dependent populations were well below recovery targets, and in some cases,
exceeded high-risk thresholds. An area of particular concern was the downward trend in
abundance of virtually all dependent populations throughout the DPS. Downward trends
in dependent populations may indicate that they are less able to maintain connectivity or
act as buffers against declines in neighboring independent populations. Independent
populations might therefore become more isolated with time (Spence 2016).

Stressors that limit viability in this DPS include pollution and poor water quality,
especially in areas of heavy agricultural and urban development (NMFS 2012), as well as
modest bycatch in Chinook and coho fisheries off California and Oregon (Williams et al.
2016). Many stream and estuarine habitats used by this DPS have been significantly
reduced in extent, quality, or complexity due to flood-plain alteration, lack of large
woody debris, water diversions, and other stressors. These historic habitat alterations
will likely reduce the resilience of coho to climate change, but an ongoing, long-term
effort to improve habitat conditions could aid resilience over time. For these reasons, this
DPS ranked high in sensitivity to other stressors.

For Central California Coast coho populations, persistence is supported by two
conservation hatcheries involving captive rearing of adults. Conservation hatcheries
scored lower in this risk assessment than production hatcheries, so overall sensitivity to
hatchery influence was ranked low for this DPS. However, hatchery risks include loss of
genetic diversity (Satterthwaite et al. 2015) and possible inbreeding depression, in
addition to fungal infection at the southernmost hatchery. Marine survival of
conservation hatchery fish has generally been poor compared to that of fish from other
hatcheries.

Adaptive Capacity

Central California Coast coho ranked low for adaptive capacity. This DPS
comprises the southern distributional limit of the species, apparently having maximized
its ability to modify its life history.
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Southern Oregon/Northern California Coast coho

Overall vulnerability—Very high (28% High, 72% Very high)
Biological sensitivity—Very high (44% High, 56% Very high)
Climate exposure—High (66% High, 34% Very high)
Adaptive capacity—Low (1.56)

Data quality—58% of scores > 2
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Life History Synopsis

In general, Southern Oregon/Northern California Coast coho salmon exhibit a
3-year life cycle. Adults enter natal streams and rivers from mid-November to January,
coincident with the onset of rain-induced freshets in fall or early winter. However, entry
into the Rogue River can occur as early as late August or early September (\Weitkamp
et al. 2015). Spawning may take place in small-to-moderate coastal streams and
tributaries or larger rivers and usually occurs within a few days to a few weeks of
freshwater entry. Depending upon water temperature, eggs incubate for approximately
8-12 weeks before hatching, after which alevins continue to reside in the gravel for an
additional 2-8 weeks (Sandercock 1991). Fry emerge in early spring.
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Juveniles exhibit a range of behaviors, life histories, and habitat associations. The
majority reside about one year in fresh water before migrating to sea. Some juveniles
may reside in estuaries for variable periods depending on temperature, dissolved oxygen,
and salinity levels, but they subsequently move back upstream without entering the ocean
(Miller and Sadro 2003, Koski 2009; Jones et al. 2014; Wallace et al. 2015). Wallace
et al. (2015) found that the estuaries of stream tributaries to Humboldt Bay provided
major rearing habitat for coho juveniles, including the estuaries of small streams in which
no coho spawn.

In more northern latitudes, a significant proportion of juvenile coho may spend a
second or even third full year in fresh water (Sandercock 1991). This life-history pattern
has also been documented in the California portion of this Southern Oregon/Northern
California Coast coho DPS (Bell and Duffy 2007) and in the Central California Coast
coho DPS to the south (Gallagher et al. 2014). However, only a small-to-modest fraction
of these fish may spend a second year in fresh water before migrating to sea.

During winter, juvenile coho need refuge from high, turbid flows. Typically, these
refuges are side-channels (Bell 2001), complex masses of large woody debris, and small
tributaries (Ebersole et al. 2006).

For Southern Oregon/Northern California Coast coho, the smolt migration occurs
in spring, generally peaking in April or May (Weitkamp et al. 1995). Migratory behavior
can be triggered by a range of environmental stimuli (Spence and Dick 2014), reflecting
adaptation to differences in the timing and predictability of favorable ocean conditions
(Spence and Hall 2010). Characteristics that have been recognized as influencing
migratory behavior include stream flow, fish size, day length, water temperature, and
food density.

The ocean phase of coho salmon typically lasts about 1.5 years; however, a
proportion of male fish return after only 6 months at sea as precocious males, or jacks,
which are substantially smaller than adults returning after a full 18 months (\Weitkamp
et al. 1995). The proportion of precocious males in the escapement population can be
highly variable (Sandercock 1991).

After entering the ocean, juvenile coho initially remain in nearshore waters close
to the natal stream, as suggested by tag recovery data from hatchery populations north of
this DPS (Beamish et al. 2018). Coho salmon can range widely in the North Pacific
Ocean, but specific ocean movements of Southern Oregon/Northern California Coast
coho are poorly understood. Beamish et al. (2018) provide a detailed overview of coho
marine diets. In general, they summarize coho salmon off the coast of North America as
opportunistic visual predators. Typical prey items found in fish collected from the
California Current, included larval or juvenile fishes, decapod larvae, euphausiids,
amphipods, juvenile squid, and terrestrial insects.
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Climate Effects on Abundance and Distribution

An understanding of the geographical make-up of the Southern Oregon/Northern
California Coast coho DPS is critical to understanding climate effects on its abundance
and distribution. The geographic setting of this DPS includes three large basins and
numerous smaller basins across a diverse landscape. The Rogue and Klamath Basins
extend beyond the Coast Range and include the Cascade Mountains. The Eel River
Basin also extends well inland, including portions at relatively high elevation and
portions that experience dryer and warmer summer temperatures. Numerous moderate
and smaller coastal basins of the DPS experience relatively wet, cool, and temperate
conditions. These contrast with conditions in the Rogue, Klamath, and Eel interior
sub-basins, which range from snowmelt-driven hydrographs to hot, dry summers to cold
winters. In terms of environmental conditions, the lower-elevation portions of these large
basins are more similar to the smaller coastal basins than they are to the interior
sub-basins (Williams et al. 2006).

Predicted problems faced by Southern Oregon/Northern California Coast coho
include increases in stream temperature, for which sensitivity was rated high, as well as
increased variability in flows, reflected in a high score for flooding. This DPS may also
be affected by changed ocean conditions, although the nature of such impacts remains
highly uncertain.

Overall sensitivity attributes were ranked high, although in bootstrap resampling,
a majority of resamples produced a very high score. This DPS was borderline between
high and very high, indicating that many individual attributes included multiple very
high tallies. Nearly all life stages contributed to this result, with sensitivity ranking very
high at the juvenile freshwater stage, high at the estuary and marine stages, and high for
cumulative life-cycle effects.

This DPS also ranked high for exposure overall. Contributing to this overall
score were high rankings for flooding, sea surface temperature, and sea level rise.
Because juvenile coho rear in rivers over the summer, they are highly sensitive to stream
temperature and thus highly vulnerable in the juvenile freshwater life stage. Thus
Southern Oregon/Northern California Coast coho ranked very high in exposure to stream
temperature. The high exposure rank of this DPS for flooding reflected potential effects
of flood risk on the early life history and adult freshwater stage, because winter storms
overlap both adult migrations and spawning. In the future, the combination of changes in
storm dynamics and sea level rise may impact lagoon habitat in ways that have not been
fully explored. Nonetheless, this DPS is especially diverse in its dependence on lagoon
habitat. Specifically, components from the three large inland basins could contribute to
greater resilience to sea level rise for this DPS than for the strictly coastal ESUs further
south.

S3-68



Table of Contents

Extrinsic Factors

Climate change impacts to Southern Oregon/Northern California Coast coho are
superimposed on stressors such as dams, water diversions, and erosion from logging.
Thus sensitivity to other stressors was ranked very high. These threats increase the
likelihood of rapid extirpation as time passes without dramatic action to protect and
enhance habitats. Such dramatic action is planned with the removal of four dams on the
Klamath River, which is scheduled to occur in 2021. In addition, genetic management
plans are in place for all three hatcheries influencing this DPS, and multiple dams have
been removed on the Rogue River.

Southern Oregon/Northern California Coast coho is listed as threatened under the
U.S. Endangered Species Act, and sensitivity for population viability was ranked high.
Although long-term data on abundance in this DPS are scarce, the last two viability
assessments indicate little change in abundance trends (\Williams et al. 2016). All
populations fail to meet viability criteria, although all are extant, unlike the Central
California Coast coho salmon DPS immediately to the south.

Adaptive Capacity

Because this DPS is near the southern range limit for coho, it appears to have little
capacity to adapt to warmer streams, and adaptive capacity was ranked low for Southern
Oregon/Northern California Coast coho salmon. However, habitat is particularly diverse
within this DPS, and this diversity will likely cause greater differentiation in response to
climate impacts and possibly a wider range of responses than possible for the more
southerly Central California Coast coho salmon DPS. The three large basins that
penetrate coastal mountain ranges include snowmelt-driven hydrographs, hot dry
summers, and cold winters, while the numerous moderate and smaller coastal basins
inhabited by this DPS experience relatively wet, cool, and temperate conditions. The
contrast between coastal and interior sub-basins provides a range of environmental
conditions that will most likely be impacted differently by climate-driven changes.
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Oregon Coast coho

Overall vulnerability—Moderate (60% Moderate, 40% High)
Biological sensitivity—Moderate (58% Moderate, 42% High)

Climate exposure—High (6% Moderate, 94% High)

Adaptive capacity—Moderate (2.0)

Data quality—89% of scores > 2
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Oregon Coast coho salmon displays an ocean-maturing phenotype, with adults
generally returning to spawn in freshwater tributaries from late September through
January. This late run timing is especially characteristic of populations inhabiting large
coastal lakes in the central coast (Ford et al. 2004). Adults tend to enter larger rivers
earlier and may delay migration into smaller tributaries until precipitation and stream
discharge is sufficient (Clark et al. 2014). Information on coho age at reproduction is
summarized by Weitkamp et al. (1995). Females return predominately at age 3, after 18
months at sea, whereas males may return at age 3 or ~age 2, after only 6 months at sea.
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Eggs of Oregon Coast coho salmon incubate from October through March, and
juveniles emerge throughout late winter and spring. Like other coho salmon in this
region, most juveniles enter the ocean at age 1 (Weitkamp et al. 1995). Juveniles have
been shown to make extensive use of estuary habitats when they are available
(Wainwright and Weitkamp 2013). Females of this DPS typically spend about 16 months
at sea (Sandercock 1991), while male ocean residence time varies as indicated above.

Oregon coast coho is widely distributed in marine waters. During the first
summer, some individuals remain in local waters off the Oregon and Washington coasts,
while others move rapidly northward along the continental shelf off Alaska (Morris et al.
2007; Van Doornik et al. 2007; Beamish et al. 2018). As maturing adults, fish from this
DPS are caught in coastal fisheries from Vancouver Island to Monterrey Bay (\Weitkamp
and Neely 2002).

Climate Effects on Abundance and Distribution

In September, early returning adults may encounter seasonally warm temperatures
or low flows that delay entry into spawning tributaries. However, Oregon Coast coho
adults will typically hold in estuaries or larger rivers and rapidly ascend tributaries to
spawn when conditions become suitable (Clark et al. 2014). Autumnal drops in stream
temperature and increases in stream discharge improve conditions for adult migration as
well as egg incubation. Thus, incubating eggs are unlikely to be exposed to excessively
warm temperatures or desiccation.

Because juveniles typically spend at least one year in fresh water, they can be
exposed to warm summer conditions or stress from low flows (Ebersole et al. 2009). In
winter, exposure to floods may displace juveniles or reduce egg survival (Nickelson et al.
1992). Flood exposure was expected to change somewhat less for this DPS than for those
with more southerly populations, which were projected to face larger changes in flooding
due to atmospheric rivers. Oregon Coast coho ranked high in sensitivity at the juvenile
freshwater stage and in exposure to stream temperature; thus the juvenile freshwater
stage for this DPS was considered a highly vulnerable life stage. Exposures may vary
significantly among major freshwater habitats where coho juveniles rear. These habitats
include coastal dune lakes, coastal tributaries, and the Umpqua River—the only habitat
occupied by this DPS that includes the Cascade Mountains within its catchment
(Wainwright and Weitkamp 2013). The former two habitats frequently warm to levels
that pose physiological or survival challenges to coho salmon, and also support a large
contingent of non-native warm-water fishes, which may have negative ecological effects
(Sanderson et al. 2009). However, declines in snowpack could also have negative
consequences for coho inhabiting inland tributaries of the Umpqua River.

Information regarding the potential sensitivity of Oregon Coast coho salmon to
climate change is of mixed quality. However, it is certain that exposure to changing
marine conditions will occur, for example, with increasing levels of ocean acidification.
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The importance of marine conditions to productivity (number and size of returning
adults) was stressed by Wainwright and Weitkamp (2013), and Oregon Coast coho
scored high in sensitivity at the marine stage in this assessment. However, data quality
for these threats was limited.

Extrinsic Factors

Although production hatcheries were once more prevalent in the recovery domain
of Oregon Coast coho, hatchery propagation has been significantly reduced to only three
facilities (NMFS 2011). Accordingly, sensitivity of this DPS to hatchery influence was
ranked low. Sensitivity to other stressors was ranked moderate. Oregon Coast coho
salmon is listed as threatened under the U.S. Endangered Species Act. However, it is
considered at lower risk of extinction than other coho DPSs and scored low for
population viability.

Adaptive Capacity

Oregon Coast coho ranked moderate for adaptive capacity, as it likely has
flexibility in the juvenile rearing period similar to that of other coho salmon. Adults are
less constrained in freshwater entry timing than California coho, and thus could
potentially respond temporally to changing environmental conditions.
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Lower Columbia River coho

Overall vulnerability—High (30% Moderate, 60% High)
Biological sensitivity—High (29% Moderate, 71% High)
Climate exposure—High (2% Moderate, 98% High)
Adaptive capacity—Moderate (2.4)

Data quality—89% of scores > 2
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Lower Columbia River coho salmon is an ocean-maturing phenotype typical of its
species, with adults returning to spawn in freshwater tributaries of the lower Columbia
Basin from late September through November. Fish tend to enter larger rivers earlier,
and may delay migration into smaller tributaries until precipitation and stream discharge
is sufficient (Clark et al. 2014). Information on age at reproduction indicates that females
predominately return at age 3, after 18 months at sea, whereas males may return at age 3
or 2, after only 6 months at sea (\Weitkamp et al. 1995).

Eggs of Lower Columbia River coho salmon incubate from October through
March, with juveniles emerging throughout late winter and spring. Most juveniles enter
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the ocean at age 1 (Weitkamp et al. 1995). Juvenile migrants are believed to move
quickly through the Columbia River estuary, although some individuals may make
extensive use of estuarine habitats (\Weitkamp et al. 2012; Craig et al. 2014). Upon entry
into the open ocean, juveniles use nearshore marine habitats with some fish remaining in
local waters and others moving northward along the continental shelf to central Alaska
(\VVan Doornik et al. 2007; Fisher et al. 2014; Beamish et al. 2018). Maturing coho
salmon are caught in ocean fisheries from Vancouver Island to Monterrey Bay
(Weitkamp and Neely 2002). Females typically spend about 16 months at sea
(Sandercock 1991), while male residence times are variable, as noted above.

Climate Effects on Abundance and Distribution

In September, early-returning adults may encounter seasonally warm
temperatures or low flows that delay entry into spawning tributaries. However, adults
will typically hold in estuaries or larger rivers and rapidly ascend tributaries to spawn
when conditions become suitable (Clark et al. 2014). Seasonal drops in stream
temperature and increases in discharge improve conditions for adult migration as well as
egg incubation. Thus, incubating eggs of Lower Columbia River coho salmon are
unlikely to be exposed to excessively warm temperatures or desiccation.

Because coho juveniles typically spend at least one year in fresh water, they can
be stressed by warm stream conditions or low flows in summer (Ebersole et al. 2009) and
by floods that may displace them or reduce available habitat in winter (Nickelson et al.
1992). High ranks for sensitivity in the juvenile freshwater stage and for exposure to
stream temperatures were reflective of these findings, and resulted in the juvenile
freshwater stage rank as a highly vulnerable life stage for Lower Columbia River coho.
Though the quality of information was mixed, sensitivity in the marine stage is ranked
high because of the relatively high certainty of exposure to changing marine conditions
will occur, namely high levels of ocean acidification. However, data quality used to
evaluate climate-related threats was limited, and future evidence may alter these
rankings.

Extrinsic Factors

Although production hatcheries are present and were historically more prevalent,
the latest status review reported that multiple populations consist predominantly of
natural spawners (Ford et al. 2015); thus Lower Columbia River coho ranked moderate in
sensitivity to hatchery influence. Similarly, the DPS ranked moderate for the importance
of other stressors, such as dams that block access to colder spawning tributaries and
effects of urbanization. Lower Columbia River coho salmon is listed as threatened under
the U.S. Endangered Species Act, and population viability was ranked moderate for this
DPS.
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Adaptive Capacity

The adaptive capacity of Lower Columbia coho was ranked moderate. This DPS
likely has an amount of flexibility in the juvenile rearing period similar to that of other
coho. Adults in this DPS are less constrained in freshwater entry timing than California
coho, and thus could potentially respond temporally to changing environmental
conditions.
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Puget Sound coho

Overall vulnerability—High (8% Moderate, 92% High)
Biological sensitivity—High (7% Moderate, 93% High)
Climate exposure—High (1% Moderate, 99% High)

Adaptive capacity—High (2.1)
Data quality—89% of scores > 2
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Puget Sound coho adults migrate relatively short distances (<1-150 km) upstream
to spawning grounds. Migration begins in late summer or early fall and is often timed
with rain events. Coho take advantage of shallower floodplain channels to spawn
(Weitkamp et al. 1995). Most coho smolts migrate at age 1+, but a significant proportion
may migrate in spring or fall at age 0+. Subyearling coho rear in estuaries, but may
employ several strategies. Some rear in the estuary of the natal river and then move to
nearshore areas or move back upstream. Others leave as fry and find small, non-natal
rearing streams. Average rearing time for age 1+ fish is less than one week, while rearing
time is likely more than 4-10 weeks for subyearlings (Beamer et al. 2010; Koski 2009;

Jones et al. 2014).
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Most Puget Sound coho move directly into deeper waters of Puget Sound and
then out to coastal waters from Oregon to northern British Columbia (Morris et al. 2007;
VVan Doornik et al. 2007). However, some may rear for an extended time within Puget
Sound and may be captured in deeper waters of the sound into November. Most fish
migrate relatively short distances in the ocean, and maturing fish are caught in fisheries
from Vancouver Island to the Washington coast and within the Salish Sea (\Weitkamp
et al. 1995). Early marine climate signals explain a large proportion of the variation in
total return rate (Beamish et al. 2000; Beamish and Mahnken 2001; Zimmerman et al.
2015a). Almost all females return after 2 winters at sea, although males may return as
jacks (Weitkamp et al. 1995).

Climate Effects on Abundance and Distribution

Few studies have examined the effect of climate factors on the population
productivity of Puget Sound coho. In colder systems, some juveniles migrate at age 2+
(Zimmerman et al. 2015a) Rearing in rivers is likely limited by low flows in summer.
High flows in winter may also impact survival, particularly in areas with few floodplains,
side channels, or off-channel rearing areas. This was reflected in the high sensitivity
rank for this DPS at the juvenile freshwater stage. Summer temperature barriers exist in
some lowland river systems, and these conditions are likely to worsen under climate
change. Puget Sound coho also ranked high in exposure to stream temperature and
hydrologic regime shift, causing its juvenile freshwater stage to be ranked as a highly
vulnerable life stage. Based on our analysis, by 2080, about 10% of Puget Sound coho
spawning habitat is expected to shift from transitional to rain-dominated, and about 2%
from snow-dominated to transitional (Appendix S2). Yearlings do not rear extensively in
estuaries, but use them as refuges during large floods.

Climate change will likely reduce freshwater rearing capacity as a result of
summer low flows and high water temperatures, thereby increasing the proportion of
estuarine-dependent type juveniles. However, rearing in estuaries is likely already
temperature-limited in late spring and summer (Miller and Sadro 2003; Hall et al. 2018).
Delayed rainfall can interrupt adult migration and extend exposure of adults to mortality
risk within Puget Sound, as well as present spawn timing challenges (\Weitkamp et al.
1995). All of these factors could greatly impact marine survival. Early marine climate
signals such as temperature, upwelling, or sign of the Pacific Decadal Oscillation
explained a large proportion of variation in total return rate for coho, suggesting climate
change may have significant impacts (Beamish et al. 2000; Beamish and Mahnken 2001;
Zimmerman et al. 2015a). These risks were reflected in a high sensitivity score for Puget
Sound coho at the marine stage.

There may be linkages between declining adult body size, egg size, and juvenile
size at migration, leading to life-cycle based shifts in total mortality (Holtby et al. 1990).
Some of these shifts may be the consequence of marine or incubation thermal regimes
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(Quinn et al. 2004). Nonetheless, Puget Sound coho was not considered at imminent risk
from these shifts and ranked low for cumulative life-cycle effects.

Sea level rise is affecting the amount of rearing habitat, but these losses may be
offset in some places by higher sedimentation rates. This DPS ranked moderate in
exposure to sea level rise. Juvenile coho feed on marine arthropods, including crab
larvae, krill, and amphipods. Some crabs, including Dungeness crab are thought to be
sensitive to direct effects of ocean acidification (Busch and McElhany 2016), as well as
to indirect effects of ocean acidification on the benthic food web (Marshall et al. 2017;
Hodgson et al. 2018). Fish larvae are also an important food source for coho, and may be
physiologically sensitive to ocean acidification (Daly et al. 2009; Sweeting and Beamish
2009). Owing to these potential indirect effects, Puget Sound coho, as all DPSs in this
analysis, ranked very high in exposure to ocean acidification.

Extrinsic Factors

Some regions of Puget Sound are experiencing losses in primary production and
increases in eutrophication, possibly due to anthropogenic nutrient inputs (Snover et al.
2005). These increases can be exacerbated by higher temperatures and increased
stratification, and could impact fish via losses in secondary production and hypoxia
(Snover et al. 2005). In addition, when high flow events are preceded by extended dry
periods, non-point source pollutants may accumulate rapidly in streams and cause
pre-spawn, egg, and juvenile mortality (Scholz et al. 2011). These factors contributed to
an overall ranking for other stressors as high.

Puget Sound coho is not presently protected under the Endangered Species Act
and ranked low in sensitivity to population viability. However, populations of this DPS
historically have low abundance, particularly those in south Puget Sound. Likely this is a
result of lost or degraded spawning habitat in small creeks, as well as loss of floodplains
in larger rivers (Pess et al. 2002; Zimmerman et al. 2015b).

Adaptive Capacity

Puget Sound coho ranked high in adaptive capacity. Climate change will likely
reduce summer rearing capacity as a result of lower flows and higher temperatures, but
coho retain the capacity to shift to a more estuarine-dependent life history type.
Historically, coho in Puget Sound had a more protracted spawning period, which
extended to March in some rivers. Under higher winter flood scour conditions, later
spawn timing might be more successful. (Weitkamp et al. 1995). Adults also display
climate-sensitive plasticity in run timing, which might allow them to avoid high stream
temperature prior to spawning and subsequent maladaptive early emergence of fry.
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Chum Salmon (Oncorhynchus keta)

Columbia River chum

Overall vulnerability—Moderate (3% Low, 97% Moderate)
Biological sensitivity—Moderate (2% Low, 97% Moderate, 1% High)
Climate exposure—Moderate (85% Moderate, 15% High)

Adaptive capacity—Moderate (1.9)

Data quality—=84% of scores > 2
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Life History Synopsis

Columbia River chum salmon adults enter fresh water at an advanced state of
maturation and begin spawning in November in tributaries closest to the Columbia River
mouth, such as Grays River and Big Creek. Later in the season, adults progress to
tributaries farther upstream, such as Hamilton and Hardy Creek, although spawning is
restricted to areas below Bonneville Dam (Johnson et al. 1997). Columbia River chum
usually spawns in alluvial fans and in the lower reaches of medium and large streams
(Salo 1991; Myers et al. 2006). Chum has been observed spawning just above the level
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of saltwater intrusion and tidal influence. A remnant summer-run chum salmon
population still exists in the Cowlitz River. Although information is limited, these fish
enter the river earlier, migrate relatively farther upstream to pass Mayfield Dam (rkm 80),
and spawn earlier than other Columbia River chum populations. Chum will also seek out
areas of groundwater seeps (Bakkala 1970; Salo 1991). For example, there are a number
of spawning areas in the mainstem Columbia River where groundwater percolates
through the gravel (Rawding and Hillson 2003). Finally, chum tends to spawn in large
aggregations, possibly to improve juvenile survival through predator swamping.

Juveniles migrate to the ocean soon after emergence, and may spend weeks in the
estuary and Columbia River plume (Salo 1991; Johnson et al. 1997). Thus, growth and
survival during the first year is less dependent on freshwater than on estuarine conditions
relative to other salmonids. In the estuary, juvenile chum feed on copepods and
gammarid amphipods (Salo 1991). Once in the ocean, juveniles grow quickly and begin
moving along the coast in a northerly direction (Weitkamp et al. 2012). Chum salmon
typically has a high seas distribution, and fish from Washington rear from the Gulf of
Alaska west to the International Date Line and north into the Bering Sea (Urawa et al.
2018). Although there have been relatively few studies, tagged Columbia River chum
have been recovered in fisheries off of British Columbia and Southeast Alaska, with the
majority of fish returning at age-4- and age-5. In contrast to other salmon, chum salmon
spend most of their lives in the ocean and little time in fresh water, either as juveniles or
adults.

Climate Effects on Abundance and Distribution

Given the late-autumn return and spawn timing of Columbia River chum,
temperatures under climate change scenarios may not be limiting for adult prespawn
survival or early life history. Furthermore, the preferential spawning in areas with
groundwater seeps provides relatively constant incubation conditions and would
moderate somewhat the effect from changes in temperature and precipitation. For chum
that spawn in the lowermost reaches of Columbia River tributaries, sea level changes
could result in an expansion of areas influenced by saltwater intrusion or tidal (slack
water) influence.

Estuary and ocean temperature conditions may change more rapidly than
incubation conditions, especially at groundwater seeps, and such changes could leave
juvenile migrants “out-of-sync” with nursery conditions. Accordingly, Columbia River
chum ranked moderate in sensitivity to cumulative life-cycle effects. The small size of
juvenile emergent chum migrating to the estuary makes them especially vulnerable to
changing conditions in the lower river and estuary as well. For example, the quantity,
type, and timing of zooplankton that juvenile chum feed upon while rearing in the estuary
and nearshore environs may be dramatically altered under climate change, especially due
to ocean acidification. It is during this early ocean entry period that chum salmon are
most vulnerable to alterations in their environment.
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Extrinsic Factors

Columbia River chum is listed as threatened under the U.S. Endangered Species
Act, and this DPS ranked moderate in sensitivity for population viability, but low in other
external sensitivity attributes, such as other stressors and hatchery influence.

Adaptive Capacity

Columbia River chum ranked moderate in adaptive capacity.
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Hood Canal summer-run chum

Overall vulnerability—High (31% Moderate, 69% High)
Biological sensitivity—High (27% Moderate, 73% High)
Climate exposure—High (5% Moderate, 95% High)
Adaptive capacity—Moderate (1.7)

Data quality—=84% of scores > 2
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Life History Synopsis

Adult migration begins in late summer for Hood Canal summer-run chum, with
relatively short distances to spawning grounds (<1-60 km). Adults spawn in both large
and small river systems, and therefore have access to a broad array of habitats that
support spawning. Chum salmon adults typically spawn in the lower reaches of rivers
and in side channels and riffles. Eggs incubate in late summer and fall, when
temperatures may approach stressful thresholds. High fall river flows increase bed load
sediment, which may lead to scouring of redds. Juveniles enter the ocean during the first
spring as fry or subyearlings after spending up to one month in fresh water. This short
period of freshwater rearing occurs during winter months, when temperature variation is
low. In late winter, juvenile chum can spend up to one month in shallow estuarine waters
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(all salinity zones) before moving to the ocean. After leaving estuaries, juveniles may
exhibit extended residency within Puget Sound before migrating, and may even
overwinter in the sound (Salo 1991; Johnson et al. 1997). Juveniles in the ocean move
northward along nearshore areas to Alaska.

Chum salmon consume a wider variety of prey than other Pacific salmon species
(Davis et al. 2009), and the diet of these fish may confer greater resiliency on this species
in confronting impending ecosystem transitions. Chum salmon are micronectivores,
zooplanktivores, and piscivores. In general, North American chum populations undergo
extensive ocean migrations into the Gulf of Alaska and subarctic North Pacific Ocean
(Urawa et al. 2018). Chum has been estimated to tolerate an absolute thermal range of
0-15.6°C in all seasons and frequently observed ranges of 1-13°C during spring to fall
and 1.5-10°C during winter (Abdul-Aziz et al. 2011). Due to a lack of extensive marking
efforts, the ocean distribution of Hood Canal summer-run chum is not as well known.

Age at maturity is highly variable (age 3, 4, and 5). Adults may aggregate in
estuaries near river mouths for up to one month prior to upstream migration and may be
stressed by warm temperatures or hypoxia at this time.

Climate Effects on Abundance and Distribution

A relatively small number of studies have examined the effect of climate factors
on abundance, distribution, or productivity of West Coast chum salmon. Eaton and
Scheller (1996) found a maximum weekly average upper thermal tolerance for chum
salmon of 21°C. Early marine climate signals such as coastal sea surface temperature
and PDO explain a small proportion of the variation in total productivity for chum
salmon off Washington and the west coast of Vancouver Island. Increased productivity is
associated with warmer coastal SSTs (and a positive PDO) a few months prior to and
during the early marine period (Mueter et al. 2005). Accordingly, this DPS ranked low in
sensitivity at the marine stage.

Mantua et al. (2010) suggested that the unique life history of Hood Canal
summer-run chum makes this DPS especially vulnerable to the climate change impacts
because adults spawn in small shallow streams during late summer, eggs incubate in fall
and early winter, and fry migrate to sea in late winter. This DPS ranked moderate in
sensitivity during the adult freshwater stage and early life history. For the low-elevation
Hood Canal streams historically used by summer chum, predicted climate change effects
include multiple negative impacts. Such impacts stem from higher water temperatures
and reduced streamflow in summer and the potential for increased redd scour from peak
flows of greater magnitude in fall and winter. Thus, Hood Canal summer-run chum
ranked high in exposure to both stream temperature and summer water deficit, largely
due to effects on returning adults and hatched fry. Likewise, sensitivity to cumulative
life-cycle effects was ranked high for this DPS.
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Abdul-Aziz et al. (2011) developed spatially explicit representations of open
ocean thermal habitat for chum salmon. They found that under a multimodel ensemble
average of climate model outputs using the A1B emissions scenario, summer habitat area
for chum salmon declined by 29% for the 2080s, with the largest habitat losses in the
eastern half of the Gulf of Alaska. Wintertime habitat area losses were 19%, with
reductions at the southern end of the historical range offset somewhat by habitat area
gains in the southern Bering Sea. Whether a general northward and westward
displacement of the most frequently observed thermal open ocean habitat will have
substantial impacts on the life-cycle productivity or spawning distribution of chum
salmon is unknown. However, West Coast chum salmon populations are likely
vulnerable to the projected displacement of high seas thermal habitat. Sensitivity in the
marine stage was ranked low for Hood Canal summer-run chum, but exposure to mean
sea surface temperature ranked moderate.

Juvenile chum consume crustaceans, including amphipods and copepods, which
may be impacted by ocean acidification. However, chum is known to consume jellyfish
(Arai et al. 2003), which might be more resilient to OA than crustaceans. Jellyfish
become more abundant in warmer years and may offer food sources to juvenile chum that
are not taken advantage of by other species. Puget Sound chum salmon appear to
compete with pink salmon, so climate effects on pink will indirectly affect chum
(Ruggerone and Nielsen 2004; Greene et al. 2015).

Extrinsic Factors

Hood Canal summer-run chum salmon is listed as threatened under the U.S.
Endangered Species Act, and a 2011 status review update suggested further decline in
some populations (Ford et al. 2011). This DPS ranked high in sensitivity for population
viability, but low in sensitivity to hatchery influence and other stressors.

Adaptive Capacity

Summer run Hood Canal chum salmon ranked moderate for adaptive capacity.
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Puget Sound chum

Overall vulnerability—Moderate (32% Low, 68% Moderate)
Biological sensitivity—Moderate (32% Low, 68% Moderate)
Climate exposure—Moderate (47% Moderate, 53% High)
Adaptive capacity—Moderate (1.9)

Data quality—=84% of scores > 2
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Life History Synopsis

Adult Puget Sound chum migrate relatively short distances to spawning grounds
(1-60 km). Migration begins in late summer, when adults may encounter low flows and
relatively high stream temperatures. Puget Sound chum spawns in both large and small
river systems, and therefore has access to a broad array of habitat areas that support
spawning. Chum typically spawns in the lower reaches of rivers and in side-channels and
riffles. Incubation occurs in the cool, wet months of fall and winter, when temperatures
are generally unlikely to approach stressful thresholds for eggs. Juveniles enter the ocean
during the first spring as fry or subyearlings, spending up to one month in fresh water.
This short period of freshwater rearing occurs during winter months when temperature
variation is low. During late winter, juveniles can spend up to one month in shallow
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estuarine waters of all salinity zones before moving to the ocean. After leaving estuaries,
juveniles may exhibit extended residency within Puget Sound before migrating and may
even overwinter in the sound. In the ocean, juveniles move northward along nearshore
areas to Alaska (Johnson et al. 1997). Age at maturity is highly variable (typically age 3,
4,0r5).

In general, West Coast chum salmon undergo extensive ocean migrations into the
Gulf of Alaska and subarctic North Pacific Ocean (Urawa et al. 2018). West Coast chum
populations are estimated to tolerate an absolute thermal range of 0-15.6°C in all seasons,
and a frequently observed range of 1-13°C during spring-fall and 1.5-10°C during winter
(Abdul-Aziz et al. 2011). In marine environments juvenile chum consume crustaceans,
including amphipods and copepods, which may be impacted by ocean acidification.
Chum salmon consumes a greater variety of prey than other salmon species (Davis et al.
2009), including gelatinous zooplankton (Arai et al. 2003).

Climate Effects on Abundance and Distribution

Chum salmon adults may aggregate in estuaries near river mouths for up to one
month prior to migration and may be stressed by warm temperatures or hypoxia at this
time.

A relatively small number of studies have examined the effects of climate impacts
on abundance, distribution, or productivity of West Coast chum salmon. Eaton and
Scheller (1996) found that the maximum weekly average upper thermal tolerance for
chum salmon was 21°C. Exposure to summer stream temperature and hydrologic regime
shift was a concern, largely hatched fry and adults returning to rivers. Nevertheless,
Puget Sound chum ranked low for both of these exposure attributes. Flow conditions
may be highly variable, and are projected to become more extreme with climate change.
High fall river flows increase bed load sediment, which may lead to redd scour. Sea level
rise and potential storm surge risks pose the greatest climate-related stressors during
estuary rearing, although this DPS ranked low in sensitivity at the estuary stage.

Early marine climate signals such as coastal SST and PDO may explain a small
proportion of variation in the total productivity of chum salmon off Washington and the
west coast of Vancouver Island, with increased productivity associated with warmer
coastal SSTs (and positive PDO) a few months prior to and during the early marine
period (Mueter et al. 2005).

Abdul-Aziz et al. (2011) developed spatially explicit representations of open
ocean thermal habitat for North American chum salmon, using a multimodel ensemble
average of climate model outputs under the A1B emissions scenario. They projected a
decline in summer habitat area for chum salmon of 29% by the 2080s, with the largest
habitat losses in the eastern half of the Gulf of Alaska. Wintertime habitat area losses
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were 19%, with reductions at the southern end of the historical range offset somewhat by
habitat area gains in the southern Bering Sea.

Whether a general northward and westward displacement of the most frequently
observed thermal open ocean habitat will have substantial impacts on life-cycle
productivity or spawning distribution for chum salmon is unknown. However, West
Coast chum salmon populations would likely be vulnerable to projected displacements of
high seas thermal habitat. Puget Sound chum ranked moderate in exposure to mean sea
surface temperature and low in sensitivity at the marine stage.

Increasing abundance of jellyfish in warmer years may proffer an advantage to
juvenile chum in availability of food sources not usable to other salmon (Arai et al.
2003). Nevertheless, Puget Sound chum appears to compete with pink salmon, so
climate impacts to pink salmon could indirectly affect this DPS (Ruggerone and Nielsen
2004; Greene et al. 2015). There may be linkages between declining adult biomass, egg
size, and juvenile size at migration, that lead to life-cycle based shifts in total mortality.
Size trends are negative over time for many chum populations. These patterns may result
in part from thermal regimes during incubation or marine growth (Johnson et al. 1997).

Extrinsic Factors

Some regions of Puget Sound are experiencing losses in primary production and
increases in eutrophication, possibly due to nutrient inputs. These can be exacerbated by
higher temperatures and increased stratification, and could impact fish via hypoxia and
losses in secondary production (Moore et al. 2008). However, sensitivity to other
stressors (such as pollutants) was ranked low for Puget Sound chum.

Fall run Puget Sound chum is not presently listed under the U.S. Endangered
Species Act. In some areas of the sound, chum run sizes are increasing, while in others
they have declined precipitously. This DPS ranked moderate in population viability.

Adaptive Capacity

Puget Sound chum ranked moderate in adaptive capacity.
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Pink Salmon (Oncorhynchus keta)

Puget Sound pink (odd- and even-year pink combined)

Overall vulnerability—Moderate (30% Low, 70% Moderate)
Biological sensitivity—Moderate (30% Low, 70% Moderate)
Climate exposure —Moderate (68% Moderate, 31% High)
Adaptive capacity—Moderate (2.0)

Data quality—=89% of scores > 2
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Life History Synopsis

Puget Sound pink salmon adults migrate a relatively short distance to spawning
grounds (30-150 km), mostly during summer or early fall. Pink juveniles enter Puget
Sound as age-0 fry and rear in the sound briefly, rarely residing through summer (Heard
1991). Most spend limited time in estuaries that are not constrained by temperature or
flow (Heard 1991). Migration out of Puget Sound begins in summer, and along with pink
salmon from other Salish Sea populations, this DPS migrates slowly northward along the
continental shelf, reaching northern British Columbia by fall before heading offshore into
the Gulf of Alaska (Radchenko et al. 2018). Pink salmon returns as a mature adult after
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one winter at sea (Heard 1991; Ruggerone and Goetz 2004). Some regions of Puget
Sound are experiencing losses in primary production and increases in eutrophication,
possibly due to nutrient inputs. These losses can be exacerbated by higher temperatures
and increased stratification, and could impact fish in this DPS via hypoxia and losses in
secondary production (Moore et al. 2008; Mauger et al. 2015).

Climate Effects on Abundance and Distribution

We know of no studies that have examined the effect of climate impacts on
productivity of Puget Sound pink, but a few have examined pink salmon marine survival
with regard to climate stressors. During early marine residence, climate signals such as
temperature, El Nifio, and PDO explained a large proportion of variation in total return
rates (Mantua et al. 1997, Ruggerone and Goetz 2004). In freshwater, warmer winters
would likely result in shorter incubation periods and higher flows during emergence,
which would likely increase sedimentation and result in higher egg-to-fry mortality
(Myers et al. 1998; Zimmerman et al. 2015). For Puget Sound Pink salmon, early life
history (egg incubation stage) was the only sensitivity attribute ranked moderate.

Puget Sound pink ranked moderate in exposure attributes overall, with three
factors contributing to that ranking: hydrological regime, mean sea surface temperature
and sea level rise.

Summer temperature barriers exist in some lowland river systems, and these are
likely to expand (Heard 1991). In Puget Sound, summer and fall temperatures in a
minority of watersheds may already be near the maximum threshold. Nonetheless,
stream temperatures in this region are expected to change somewhat less than in other
regions.

Juveniles consume marine arthropods including copepods, which may be
impacted by ocean acidification. A major component of pink salmon diets is pteropods
(Armstrong et al. 2005), for which there is strong evidence of impacts from ocean
acidification (Lischka and Riebesell 2012). How readily pink salmon might switch prey
remains unclear (Kaczynski et al. 1973; Godin 1981; Armstrong et al. 2008).
Furthermore, pink is the only Pacific salmon species with demonstrated developmental
sensitivity to low pH (Ou et al. 2015).
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Extrinsic Factors

Some regions of Puget Sound are experiencing losses in primary production and
increases in eutrophication, possibly due to nutrient inputs. These can be exacerbated by
higher temperatures and increased stratification, and could impact fish via hypoxia and
losses in secondary production. In addition, when high flow events are preceded by
extended dry months, non-point source pollutants have caused pre-spawn, egg, and
juvenile mortality (Scholz et al. 2011).

Adaptive Capacity

Puget Sound pink salmon ranked moderate for adaptive capacity.
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Sockeye Salmon (Oncorhynchus nerka)

Snake River sockeye

Overall vulnerability—Very high (57% High, 43% Very high)
Biological sensitivity—Very high (91% moderate, 9% low)
Climate Exposure —High (99% High)

Adaptive capacity—Low (1.4)

Data aualitv—79% of scores > 2
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Life History Synopsis

Snake River sockeye has the longest freshwater migration (1,500 km) to the
highest elevation (2,000 m above sea level) of any sockeye salmon DPS. Adults enter
fresh water from mid-June to mid-July and typically arrive at Redfish Lake, Idaho, or
nearby lakes in the second half of August. Adults reside in the relatively cool, deep, lake
water until they spawn in October. Spawning occurs along edges of the lake and near the
mouths of some tributaries. Natural-origin juveniles typically rear in lakes for one year,
although a small proportion may stay longer. Smolts migrate rapidly with the spring
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freshet and are thought to pass quickly through the Columbia River estuary. At present,
population sizes are too low to be well-documented in marine sampling programs.
However, individuals are thought to move relatively quickly northward toward the Gulf
of Alaska (Tucker et al. 2015) to offshore feeding grounds (Farley et al. 2018). The
majority of Redfish Lake sockeye adults return after 2 years at sea, although spawning
migrations can occur after 1-6 years in the ocean (Crozier et al. 2015).

Climate Effects on Abundance and Distribution

Life-stage sensitivity attributes were high overall for this DPS, and its rank of
very high sensitivity in the adult freshwater stage essentially caused the very high score
for cumulative life-cycle effects. Rates of adult and juvenile migration survival are
strongly correlated with temperature in the Columbia River, and catastrophic effects of
temperature on the adult migration have been observed recently. Adult migration
survival to spawning grounds ranged from 1% in the extremely warm year of 2015 to
60% in the more average year of 2010 (Crozier et al. 2015, 2018).

The anadromous component of the Redfish Lake population nearly disappeared
altogether in the early 1990s, and has rebounded somewhat in recent years due to large
releases of captive broodstock and improved ocean survival (\Williams et al. 2014; Ford
et al. 2015). Ocean survival is well-predicted by environmental indices, particularly
upwelling and the Pacific Northwest Index (Williams et al. 2014). However, specific
climate impacts on marine survival were uncertain, leading to a moderate score for this
DPS at the marine stage.

Snake River sockeye ranked low in estuary stage sensitivity because of its rapid
migration from fresh water to the early marine stage. Risk during early life history was
also scored low because of the high elevation and relatively stable lake temperatures that
influence the egg stage. Scores for the juvenile freshwater stage were spread across
many bins (SD = 0.89) due to uncertainty in how juvenile rearing and migration would be
affected by climate change. The primary rearing lake is likely to remain suitable for
sockeye, but the long-distance migratory stage is sensitive to lower freshets that will
result from reduced snowpack.

Because smolt production is now dependent on hatchery releases, there is great
uncertainty in how management and fish condition will change in the future. Many
juveniles are transported past the eight dams along their migration route, which improves
juvenile survival but has negative effects on marine survival and adult migration success
(Crozier et al. 2015, 2018). All of these anthropogenic influences make predictions about
wild sockeye difficult.

In exposure attributes, this DPS scored very high for stream temperature and
ocean acidification and high for hydrologic regime and sea surface temperature.
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Extrinsic Factors

This DPS is listed as endangered under the U.S. Endangered Species Act, and
natural production remains extremely low. Spatial diversity is limited to two main
spawning areas within Redfish Lake, although some spawning occurs in other locations.
Finally, genetic diversity has been maintained through careful captive breeding, but
ultimately stems from very few anadromous individuals collected in the 1990s and a
resident population that has continued to produce smolts. Thus, Snake River sockeye
salmon scored very high for the population viability attribute.

Snake River sockeye also ranked high for the other stressors attribute, due mainly
to the hydrosystem and its associated impacts on the migratory stage. Spawning and
rearing habitat for this DPS is pristine in high-elevation wilderness area. Although
historic mining and forestry has affected the spawning gravel in Redfish Lake, and
sediment deposits in spawning areas have caused spawning locations to change over
time, ongoing habitat threats are minimal.

This DPS has been totally dependent on a conservation hatchery using captive
broodstock derived from a handful of Redfish Lake anadromous sockeye combined with
residuals, or resident sockeye (Ford et al. 2015). A long-term sockeye reintroduction
plan for the Stanley Basin is organized around three phases 1) genetic conservation of the
natal stock, 2) lake recolonization and 3) promoting natural adaptation (Kline and Flagg
2014). A large-scale hatchery facility specifically designed to accommodate levels of
production projected for phases 2 and 3 is now in operation. The score associated with
hatchery influence for this DPS was moderate. Best practices in maintaining this captive
broodstock have proven that a conservation hatchery is capable of re-establishing an
anadromous run, even after a devastating period of unsuccessful migration.

Adaptive Capacity

Snake River sockeye salmon scored low in adaptive capacity. Sockeye is unlikely
to respond to climate change by changing its life history characteristics, other than
reverting to a fully freshwater type. Such a reversion would constitute the complete loss
of a fundamental characteristic of this DPS. It is possible that the resident population in
Redfish Lake has already contributed significantly to the present anadromous broodstock.

Furthermore, little potential habitat exists that might improve in suitability. Low
population abundance and spatial diversity suggest limited genetic heterogeneity that
would support rapid adaptation. If anadromous adults are able to respond to natural
selection, adult migration timing might shift to avoid high temperatures and low flows in
summer, as has been observed in the larger, naturally reproducing Okanogan and
Wenatchee sockeye DPSs (Crozier et al. 2011).
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Lake Ozette sockeye

Bootstrap vulnerability—91% moderate, 9 % low
Bootstrap sensitivity—91% moderate, 9 % low
Bootstrap exposure—99% high

Adaptive capacity—Low (1.5)

Data quality—84% of scores > 2
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Life History Synopsis

Lake Ozette sockeye adults migrate a short distance over 2-3 days (on average)
through the Ozette River between April and mid-August, with peak returns in May or
June. Adults then hold in Lake Ozette for 3-9 months before spawning, when they
display two different spawning behaviors: beach spawning and tributary spawning.
Beach spawning occurs between mid-October and early February, with a peak in early
January. The largest aggregation of tributary spawners migrates an additional 5-8 km
upstream to Umbrella Creek, where early arriving fish may hold for up to several weeks
before spawning. Tributary spawning occurs somewhat earlier than beach spawning,
from early October to early January, with a peak in late November.
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Fry typically emerge from both habitats in late March-April and rear for a full
year in the lake, attaining a large size relative to other sockeye populations. Estuarine
residence is not well known in terms of location and duration. After ocean entry, Lake
Ozette sockeye juveniles are thought to stay nearshore until fall before migrating offshore
to the Gulf of Alaska. However, a few juveniles genetically identified as Lake Ozette
sockeye have been recovered in coastal waters off British Columbia (Beacham et al.
2014). Marine distributions of sockeye are thought to encompass oceanic regions of the
subarctic Pacific (Farley et al. 2018). Marine survival of fish in this DPS is relatively
high compared with other sockeye. Most adults spawn at age 4, but in the past decade
spawner age has expanded to include age-3 and age-5 adults.

Climate Effects on Abundance and Distribution

Lake Ozette sockeye scored mostly moderate and low in life stage sensitivity to
climate change. Adult migrants might face higher predation during low flow periods and
can experience some temperature stress if heat spells coincide with migration periods
(Haggerty 2009). However, the migration is short and occurs in spring and early
summer, so adults can likely avoid both high temperatures and low flows. Lake
temperatures are relatively cool and do not pose an imminent threat at either the adult or
juvenile freshwater stages. High flows might reduce suitable spawning habitat because
of conditions during redd construction or fine sediment accumulation lowering incubation
survival.

Marine survival presumably fluctuates with climate for this DPS, as has been
observed widely in other sockeye populations. However, the relatively large body size of
smolts from this DPS appears to have buffered it historically from severely depressed
returns during poor climate years. In terms of exposure attributes, this DPS was scored
high for sea surface temperature and stream temperature, and very high for ocean
acidification.

Extrinsic Factors

For Lake Ozette sockeye, sensitivity was ranked high for population viability and
other stressors. The abundance of this population is still low, and there has been some
loss in the spatial distribution of beach spawners. Nonetheless, spatial and temporal
diversity has been increasing, and productivity has fluctuated.

This DPS received one of its higher sensitivity scores (mean 2.7) for other
stressors. Extensive timber harvest in the basin has increased fine sediments in stream
and beach habitats, reducing suitable spawning area. Increased peak flows and
temperatures may exacerbate the effects of fine sediment. Large amounts of fine
sediment were recruited into tributaries and then expelled into the lake during extensive
forest harvest in the last century. Beach spawning at the tributary mouths is no longer
observed, presumably because of fine sediment accumulation in the spawning gravel.
The two remaining beach spawning locations are 5-56 km from tributary mouths.
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Furthermore, introduced largemouth bass is now present in Lake Ozette in low numbers,
and these numbers are likely to expand in a warmer climate.

Negative hatchery impacts are thought to be relatively low for this population.
There is a supplementation hatchery, but use of non-native brood stock is minimal.
Overall, supplementation has enhanced diversity in spatial distribution and age structure,
which should improve resilience to climate change. Nonetheless, the population is not
self-sustaining, and negative hatchery impacts are possible; these risks led to moderate
scores for hatchery influence.

Adaptive Capacity

Lake Ozette sockeye scored low in adaptive capacity. Sockeye are unlikely to
respond to climate change by changing life-history characteristics. Furthermore, little
habitat exists that could potentially be improved to become more suitable for these fish.
Low population abundance and spatial diversity suggest limited genetic heterogeneity
that would support rapid adaptation. At present, adult migration spans a broad temporal
window (April to mid-August), but this period may contract as adults attempt to avoid
high temperatures and low flows in summer.
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Steelhead (Oncorhynchus mykKiss)

Southern California Coast steelhead

Overall vulnerability—High (99% High, 1% Very high)
Biological sensitivity—High (100% High)

Climate exposure—High (99% High, 1% Very high)
Adaptive capacity—Low (1.56)

Data quality—63% of scores > 2
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Life History Synopsis

For Southern California Coast steelhead, spawning primarily occurs from January
through April and incubation from January through May. Juveniles probably migrate as a
mix of age-1 and -2 smolts, but juvenile age class is poorly known. These populations
are likely highly opportunistic in their movement patterns due to the natural uncertainty
of rainfall and migration flows in the region. Small estuaries of numerous coastal
streams provide key rearing habitat for the important "lagoon anadromous” life-history
type, especially in summer and early fall (Boughton et al. 2007a; Hayes et al. 2008). In
addition to the anadromous life-history, varying proportions of populations may pursue a
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freshwater-resident life history, reaching sexual maturity without migrating to the ocean.
Proportions of the resident type vary depending on local environmental conditions.

Ocean migration of Southern California Coast steelhead is poorly understood, but
limited data indicate that fish from this DPS travel to the central subarctic North Pacific
Ocean (Burgner 1992; Hayes and Kocik 2014). In general, North American steelhead
undergo extensive ocean migrations into the Gulf of Alaska and subarctic North Pacific
Ocean, and are estimated to tolerate an absolute thermal range of 2.8-15.8°C for all
seasons and a frequently observed range of 6-12.5°C from spring to fall and 5-11°C
during winter (Abdul-Aziz et al. 2011; Myers 2018). Typical age at maturity is thought
to vary between age 2 and age 4, but among-year variation in age class is not well
understood.

Climate Effects on Abundance and Distribution

The Southern California Coast steelhead DPS encompasses the southern range
limit of the species, inhabiting coastal stream systems southward to the Tijuana River at
the U.S. border with Mexico, and with scattered outlying populations on the Pacific coast
of the Baja California peninsula. Migration and life history patterns are strongly
constrained by geographic patterns of rainfall and surface flow in this arid region.

Rainfall in this recovery domain is substantially lower and more variable than in
regions to the north, and very rarely occurs in summer, resulting in a natural pattern of
disconnected surface flows during the dry season and in dry years. Disconnections are
structured by geomorphic processes, typically occurring in low-gradient alluvial
channels, tributary junctions, and estuary mouths, where sediment tends to accumulate.
Thus, some of the most secure habitats are steep highland creeks, which are both cool and
well-watered, but frequently disconnected from the ocean. Southern California Coast
steelhead appears to have adapted to this challenging landscape, primarily by exhibiting
resilient physiology and by retaining life-history plasticity that allows individuals to
opportunistically pursue either a freshwater-resident or anadromous life history.

A critical limit seems to be the ability of parr to grow rapidly and attain the smolt
stage at a large size, since large smolts have significantly higher rates of survival to
adulthood (Boughton et al. 2015). This DPS ranked moderate in sensitivity at the
juvenile freshwater and estuary stages, while its other life stages ranked low. Exposure
to sea level rise was ranked high due to the risk of losing critical lagoon rearing habitat.

Although this DPS occurs in relatively warm and xeric stream systems, it has
never been shown to have higher thermal tolerance than the rest of the species. Instead,
perennial creek habitats where the species occurs typically have peak daily temperatures
lower than 18°C (Boughton et al. 2007b). These stream temperatures are buffered by
evapotranspiration in the riparian tree canopy (Boughton et al. 2012) or by upwelling in
the nearby Pacific Ocean. However, juvenile O. mykiss have been documented to
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withstand peak daily temperatures up to ~29-30°C in the aftermath of a canopy-replacing
wildfire (Sloat and Osterback 2013), suggesting a capacity for high thermal tolerance
during extreme events. Southern California Coast steelhead ranked moderate for
exposure to stream temperature and summer water deficit, primarily because of the link
between summer climate and ocean upwelling, for which its exposure also ranked
moderate. However, we noted that the spread in expert scores was relatively high for this
DPS, reflecting greater uncertainty about the stability of these habitats in the face of
climate change.

Southern California Coast steelhead ranked high for flood exposure. Many river
channels that serve as migration routes for this DPS are dry or have sections that are dry
except immediately after winter storms. Therefore, migration occurs only during the
brief periods after these storms and may not occur at all in dry years due lack of surface
flow. Some years see large numbers of adults trapped in fresh water before they can
migrate back to the ocean (Barnett and Spence 2011). Streamflow between storms is the
primary climate-driven barrier to migration. Water velocities and sedimentation during
winter storms may also limit survival (Boughton et al. 2009, 2015), depending on habitat
conditions. Particularly important during such storms is the availability of large
roughness elements such as boulders and coarse wood, which provide velocity refugia.

Abdul-Aziz et al. (2011) developed spatially explicit representations of open
ocean thermal habitat for steelhead. They found that under a multi-model ensemble
average of climate model outputs using the A1B emissions scenario, summer habitat area
for steelhead declined by 36% for the 2080s, with the largest habitat losses in the
northeast Pacific Ocean. Wintertime habitat area losses were 2%, with reductions at the
southern end of the historical range largely offset by gains in the Bering Sea and Sea of
Okhotsk. Whether a general northward and westward displacement of thermal
open-ocean habitat will have substantial impacts on the life-cycle productivity or
spawning distribution of West Coast steelhead is not known. However, these populations
are vulnerable to the projected displacement of high-seas thermal habitat. Thus, this DPS
ranked high in exposure to sea surface temperature and moderate in sensitivity at the
marine stage.

Extrinsic Factors

Southern California Coast steelhead ranked high for other stressors. Major
threats to this DPS include water withdrawals for agriculture and domestic use. Such
withdrawals reduce stream flows and can make channels shallow or dry them outright,
lowering water tables enough to kill riparian vegetation and destabilize channel structure.
Extensive channelization in habitats occupied by this DPS has already reduced vegetative
shading and hyporheic exchange. In many cases, stream banks have been completely
replaced with concrete. This DPS is also confronted by many invasive species, especially
in the urbanized areas of Los Angeles and San Diego, and occupies rivers such as the
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Santa Ynez, which are managed for summer agricultural water supply (Moyle 2002;
Marchetti et al. 2004; Robinson et al. 2009).

Fisheries impacts on Southern California Coast steelhead are thought to be low,
with recreational fisheries limited to streams above impassable barriers. Poaching during
low-flows may be a problem in some streams, particularly in the disconnected pools of
urban areas during the summer low-flow season or between storms during the migration
season.

In addition, this DPS faces many geomorphic stressors: sea level rise interacts
with coastal urban development, especially around estuaries; floodplains disconnected via
levees exacerbate extreme flashiness in stream flows; and dams sequester sediment in
streams where arid climate and flashy storms produce large movements of sediment.
Additional habitat loss is related to the presence of an invasive plant (Arundo) that uses
much water and traps fine sediments. There are also numerous infrastructure barriers to
dispersal. Finally, anthropogenic breaching of lagoon/estuary systems poses an
additional threat to populations in this DPS. Climate change exacerbates all of these
threats because it will reduce usable habitat throughout the range of this DPS (Moyle
etal. 2017, p. 327.).

Southern California Coast steelhead is listed as endangered under the Endangered
Species Act, and its sensitivity to population viability ranked high. Abundance,
productivity, spatial structure, and diversity are all at high risk for this DPS. No
hatcheries influence this DPS at present, but hatchery supplementation is being discussed.

Adaptive Capacity

This DPS has already evolved life-history flexibility to deal with the challenges of
a warm and arid climate, including coexistence of anadromous and resident forms in the
same population. However, because habitat is already so limited, there is little room for
future adaptation by this DPS, and its adaptive capacity ranked low. Moyle et al. (2017)
came to a similar conclusion.
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South Central California Coast steelhead

Overall vulnerability—Moderate (56% Moderate, 44% High)
Biological Sensitivity —Moderate (56% Moderate, 44% High)
Climate exposure—High (99% High, 1% Very high)
Adaptive capacity—Moderate (1.6)

Data quality—63% of scores > 2
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Life History Synopsis

Adults of the South Central California Coast steelhead DPS enter streams in
winter and spawn shortly thereafter (Moyle et al. 2017). Spawning periods extend
primarily from January through April, and incubation primarily from January through
May. Smolts enter the ocean in April and May and probably rear for 1-2 years, but this
rearing period is poorly understood. Small estuaries of numerous coastal streams provide
key rearing habitat for the important "lagoon anadromous" life-history type, especially in
summer and early fall when lagoon closures restrict ocean access (Boughton et al. 2007a;
Hayes et al. 2008). Thus, in addition to the anadromous life-history, fish from this DPS
may pursue a freshwater-resident life history, reaching sexual maturity without migrating
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to the ocean. This strategy is employed by varying proportions of each steelhead
population, depending on local environmental conditions.

Ocean migrations of South Central California Coast steelhead are poorly
understood, but limited data indicate that these fish travel to the central subarctic North
Pacific Ocean (Burgner et al. 1992; Hayes and Kocik 2014). In general, North American
steelhead undergo extensive ocean migrations into the Gulf of Alaska and subarctic North
Pacific Ocean, occupying regions with an absolute thermal range of 2.8-15.8°C for all
seasons, and a frequently observed range of 6-12.5°C during spring-fall and 5-11°C
during winter (Abdul-Aziz et al. 2011; Myers 2018). Typical age at maturity is thought
to vary between 2 and 4 years, but the factors that determine among-year variation are not
clear.

Climate Effects on Abundance and Distribution

For South Central California Coast steelhead, a critical limit seems to be the
ability of parr to grow rapidly and complete the smolt transition at a large size, since
large smolts survive to adulthood at considerably higher rates (Boughton et al. 2015).
This DPS ranked moderate in sensitivity at both the juvenile freshwater and estuary
stage, due in part to potential negative effects of warmer or more variable thermal
conditions on realized growth (Boughton et al. 2007b). Its rank for exposure to sea level
rise was high because sea level rise could lead to the loss of critical lagoon rearing
habitat. Lagoons provide the primary habitat for producing large smolts in some systems.

South Central California Coast steelhead ranked low in sensitivity scores for other
life stages. Although this DPS inhabits relatively warm and xeric stream systems, it has
not been shown to have higher thermal tolerance than the rest of the species. Instead,
perennial creek habitats where steelhead typically occur have peak daily temperatures
below 18°C (Boughton et al. 2009), with stream temperature buffered by
evapotranspiration in the riparian tree canopy (Boughton et al. 2012) or by the upwelling
regime in the nearby Pacific Ocean. However, just south of the range occupied by South
Central California Coast steelhead, juvenile O. mykiss were reported to have withstood
peak daily temperatures up to ~29-30°C in the aftermath of a canopy-replacing wildfire
(Sloat and Osterback 2013), suggesting a capacity for high thermal tolerance during
extreme events. South Central California Coast steelhead ranked moderate for exposure
to stream temperature and summer water deficit, primarily because of the link between
summer climate and ocean upwelling regime, for which this DPS was also ranked at
moderate exposure risk. Nevertheless, the spread in expert scores was relatively high,
reflecting greater uncertainty about the stability of these habitats in the face of climate
change.

This DPS ranked high for exposure to flooding. Increasing floods could be
beneficial for this region because many of the channels in which fish migrate are dry or
have sections that are dry except immediately after winter storms, and migration occurs
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only during these brief periods. Migration may not occur at all in dry years due to lack of
surface flow. In some years, large numbers of adults are trapped in fresh water before
they can migrate to the ocean (Barnett and Spence 2011). Streamflow between storms is
the primary climate-driven barrier to migration, and increasing variability in flows could
pose further challenges (Black et al. 2018). Water velocities and sedimentation during
winter storms may also limit survival (Boughton et al. 2009, 2015), depending on habitat
conditions such as the presence of velocity refugia.

Abdul-Aziz et al. (2011) developed spatially explicit representations of thermal
habitat for steelhead in the open ocean. They found that under a multi-model ensemble
average of climate model outputs using the A1B emissions scenario, summer habitat area
for steelhead declined by 36% for the 2080s, with the largest losses in the northeast
Pacific Ocean. Wintertime habitat area losses were 2%, with reductions at the southern
end of the historical range largely offset by habitat area gains in the Bering Sea and Sea
of Okhotsk. Whether a general northward and westward shift of its most frequently
observed thermal ocean habitat will have substantial impacts on steelhead life-cycle
productivity or spawning distribution is not known. However, this DPS may be
vulnerable to the projected displacement of high seas thermal habitat; therefore, it ranked
high in exposure for sea surface temperature.

Extrinsic Factors

South Central California Coast steelhead ranked high for other stressors,
consistent with the conclusions of Moyle et al. (2017). A major threat is water
withdrawal for agriculture and domestic use. Such withdrawals lower groundwater levels
and reduce stream flows, making stream channels shallow or completely dry, as well as
killing riparian vegetation and widening channels to dry sandy washes (Kondolf 1982).
There are many invasive species in the larger inland watersheds of the Pajaro and Salinas
River, and the latter has a hydrograph that is highly altered by summer agricultural flows
(Moyle 2002; Marchetti et al. 2004; Robinson et al. 2009). Fisheries impacts are thought
to be low, with recreational fisheries generally limited to streams above impassable
barriers or, during migration seasons, to catch-and-release fisheries in short sections of
channel near the ocean. Poaching during summer low-flows may be a problem in some
streams.

In addition to these, the South Central California Coast steelhead DPS faces many
geomorphic stressors: sea level rise interacts with coastal urban development, especially
around estuaries; levees disconnect floodplains, exacerbating the extreme flashiness of
regional stream flows and reducing groundwater infiltration; and dams sequester
sediment and starve downstream channels of gravel. In lower-elevation streams, arid
climate and flashy storms produce large movements of fine sediment (Harrison et al.
2018). Additional habitat loss is related to the presence of an invasive plant Arundo,
which uses much water and traps fine sediments. There are numerous infrastructure
barriers to population dispersal. Finally, anthropogenic breaching of lagoon/estuary
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systems poses an additional threat to populations in this DPS. Climate change will
exacerbate all of these extrinsic threats by reducing usable habitat throughout the DPS
range (Moyle etal. 2017, p. 327).

No hatcheries influence this DPS at present, but hatchery production is being
discussed. South Central California Coast steelhead is listed as threatened under the U.S.
Endangered Species Act, and its overall population viability ranked moderate. For
overall vulnerability of this DPS, abundance ranked high, productivity moderate, spatial
structure low, and diversity high.

Adaptive Capacity

This DPS has already evolved life-history flexibility to deal with a warm, arid
climate, including coexistence of anadromous and resident forms in the same population.
Because of this life history flexibility, South Central California Coast steelhead ranked
moderate for adaptive capacity overall.
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California Central Valley steelhead

Overall vulnerability—Moderate (76% Moderate, 24% High)
Biological Sensitivity —Moderate (76% Moderate, 23% High)
Climate exposure—High (99% High, 1% Very high)
Adaptive capacity—Moderate (1.7)

Data quality—63% of scores > 2
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Life History Synopsis

The California Central Valley steelhead DPS includes populations spawning in
the Sacramento and San Joaquin Rivers and their tributaries. Detail on the life history of
Central Valley steelhead is covered by Williams (2006) and Moyle et al. (2017). For
these steelhead populations, the peak adult migration seems to have occurred historically
from late September to late October, with some creeks such as Mill Creek showing a
small run in mid-February (Lindley et al. 2006). This DPS was once found throughout
Central Valley rivers, but more than 80% of historic habitat is now above dams (Lindley
et al. 2006). Juveniles generally migrate from late December through the beginning of
May, with a peak in mid-March. There is a much smaller peak in fall, and juvenile
migrations are generally cued to high-flow events.

S3-116



Table of Contents

Juvenile steelhead are opportunistic predators on anything available in their
rearing streams, from aquatic and terrestrial insects to small fish. However, benthic
aquatic insect larvae are the mainstay of their diet. Below reservoirs, zooplankton may
be important as well. Diets shift with season and size of the juveniles. At times, salmon
eggs, juvenile salmon, sculpins, and suckers may be important prey for yearling steelhead
and may be key prey items for rapid growth. Once they migrate to sea, steelhead prey
largely on fish and crustaceans. Ocean movements of fish in this DPS are poorly
understood.

Steelhead juveniles typically spend little time in estuarine habitats compared to
other juvenile salmonids (Hayes and Kocik 2014; Myers 2018). During marine
residence, steelhead juveniles move rapidly offshore and are widely distributed across the
subarctic North Pacific (Myers 2018). California Central Valley steelhead is presumed to
have originally spent 1-2 years at sea before returning to spawn at sizes of 40-50 cm FL.
Present-day hatchery steelhead spend 1-3 years at sea and spawn at 50-80 cm FL. There
is little evidence of repeat spawning.

Climate Effects on Abundance and Distribution

Climate impacts to California Central Valley steelhead are similar to those
detailed for northern steelhead in the account of Moyle et al. (2017). This DPS ranked
high in climate exposure attributes overall because of high rankings for exposure to
flooding and sea surface temperature, and a very high ranking in exposure to ocean
acidification. California Central Valley steelhead ranked moderate in overall sensitivity,
with the estuary stage being the main intrinsic contributing factor.

Extrinsic Factors

California Central Valley steelhead ranked high in sensitivity to hatchery
influence because production hatcheries dominate composition of this DPS (Moyle et al.
2017). Indeed, catch from the U.S. Fish and Wildlife Service Chipps Island midwater
trawl indicates a continued decline in steelhead natural production since 2010, with the
proportion of adipose fin-clipped steelhead reaching 95% (Johnson and Lindley 2016).
Nimbus Hatchery steelhead remain genetically divergent from other Central Valley
lineages because the broodstock originates from coastal steelhead stocks (Pearse and
Garza 2015). However, maintenance of this coastal ancestry creates vulnerability to
hybridization with other Central Valley populations (NMFS 2009). For this reason,
researchers have suggested that Nimbus broodstock be replaced by O. mykiss with native
American River ancestry (Abadia-Cardoso et al. In press).

Central Valley steelhead is listed as threatened under the U.S. Endangered
Species Act. This DPS was ranked moderate for population viability, although the latest
status review considered the anadromous life history type to be at high risk of extinction.
There are populations of resident O. mykiss above dams that may be more similar
genetically to ancestral populations than the present listed populations below the dams
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(Pearse and Garza 2015; Pearse and Campbell 2018). Upstream from major dams,
resident O. mykiss use reservoirs like the ocean, and this life history type may maintain a
genetic reservoir for steelhead and provide some gene flow to populations below dams.

Maintenance of varied steelhead life history types is dependent on the
growth-survival-fitness landscape between resident and ocean strategies (Satterthwaite
et al. 2010). Many naturally spawned steelhead and rainbow trout have adapted a
resident strategy in Central Valley rivers, where temperatures are artificially cool in
summer. These fish remain in freshwater, foregoing ocean growth benefits to avoid high
mortality during migration through the Sacramento River and San Joaquin River Delta,
along with potentially adverse ocean conditions (Lindley et al. 2009; Perry et al. 2016).
Considering that dams have blocked access to the majority of historical habitat, but that
rearing conditions have improved in some reaches for resident life history types, the
Central Valley steelhead DPS ranked moderate the ranking for other stressors was
moderate.

Adaptive Capacity

Central Valley steelhead exhibit flexible reproductive strategies, which have
historically allowed for persistence in spite of variable conditions in the Central Valley.
Adaptive capacity ranked moderate for adaptive capacity because despite a flexible life
history, its range is severely limited to areas below dams.

As in other steelhead DPSs, the relationship between anadromous and resident
rainbow trout is complex, but populations with both life history types offer the greatest
adaptive evolutionary potential (Pearse et al. 2014). Anadromous steelhead produce
many more eggs than resident fish and improve gene flow among rivers, maximizing
genetic diversity. Resident fish persist when ocean conditions cause poor survival of
anadromous types, while anadromous fish can recolonize streams in which resident
populations have been wiped out by drought or other natural disasters.

Scorers considered that populations of O. mykiss in the California Central Valley
will likely persist, even under severe climate change scenarios, because resident and
adfluvial forms will remain in the cold-water streams above dams. Presumably this DPS
will be much less abundant, with more scattered populations, in response to climate
change. Few populations may remain in valley floor streams except below reservoirs,
where cold-water releases can be sustained through long periods of drought (e.g.,
Berryessa Reservoir).
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Central California Coast steelhead

Overall vulnerability—Moderate (65% Moderate, 35% High)
Biological Sensitivity Moderate (65% Moderate, 35% High)
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Life History Synopsis

Central California Coast steelhead exhibits considerable life history variation,
though all adult migration occurs during winter (Moyle et al. 2017). Populations are
found in streams below natural and man-made barriers from the Russian River south to
Aptos Creek. Adults from this DPS enter rivers from October to May, depending on the
system (Shapovalov and Taft 1954; Busbhy et al. 1996; Osterback et al. 2018), and can
spawn soon after completing migration. However, most spawning occurs during late
spring, thus avoiding the damaging effect on redds of winter floods common to Central
California Coast watersheds. In Waddell Creek, the majority of spawners were
comprised of age-3+ and age-4+ fish (35 and 46%, respectively); only 17% were repeat

S3-120



Table of Contents

spawners (Shapovalov and Taft 1954). Shapovalov and Taft (1954) identified 32
different combinations of freshwater/saltwater year type, although most were among the
following four combinations: 2/1 (30%), 2/2 (27%), 3/1 (11%), and 1/2 (8%).

Central California Coast steelhead eggs hatch in 25-35 days, depending on
temperature, and alevins emerge from the gravel as fry after 2-3 weeks. Fry move to the
stream edges but switch to deeper water as they grow larger. The abundance of juveniles
in tributaries to San Francisco Bay is positively correlated with elevation, stream
gradient, dominant substrate size, and percent native species. Conversely, juvenile
abundance is negatively correlated with stream order, average and maximum depth,
wetted channel width, water temperature, water clarity, percent open canopy,
conductivity, percent pool habitat, and total number of fish species (Leidy 2007).

Juveniles move downstream during all seasons of the year, though in smaller
coastal systems, movement is limited during the low-flow periods of late summer and
fall. Often, significant numbers of age-0 fish move downstream with the onset of fall
rains, though most likely take up residence in lagoons rather than moving out to sea. The
smolt migration typically takes place from February to May, with older age classes
tending to migrate somewhat earlier in this window (Shapovalov and Taft 1954,
Osterback et al. 2018). Some juveniles migrate to the estuary after spending only a few
months in the upper watershed, while others spend 1-2 years rearing in fresh water. Both
types typically spend 1-10 months rearing in the estuary prior to ocean entry, although
some smolts migrate directly to the ocean without estuarine occupancy. Parr transitions
to the smolt stage at sizes ranging from 90-150 mm FL or more.

Favorable conditions for rapid growth occur in lagoons at the mouths of streams
and in stream reaches with high summer flow. Juveniles often remain in such lagoons
after they close, foregoing ocean access (Hayes et al. 2008; Bond et al. 2017). These fish
experience high growth rates, often doubling in length; the mean FL of fall lagoon
residents can be over 200 mm. Juvenile steelhead larger than 150 mm FL have a
significant survival advantage in the ocean; they comprised 85% of the returning adult
population in Scott Creek, although they made up less than half of the estuary population.

Reconstructions from Central California Coast steelhead tagged with archival tags
have indicated that these fish move rapidly offshore and are widely distributed across the
subarctic North Pacific (Hayes et al. 2012). This pattern is consistent with high seas
distributions of other West Coast steelhead populations (Myers 2018).

Climate Effects on Abundance and Distribution

Central California Coast steelhead ranked high in exposure due to high scores for
sea surface temperature, sea level rise, and flooding, in addition to ocean acidification.
Increased variability in winter flows may lead to increased risk of redd scour in flood
years and lack of attraction flows in drought years. Sea level rise is an important threat
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because of heavy reliance on lagoon habitat for juvenile rearing. Other predicted
exposure problems faced by this DPS included increases in stream temperature and
summer water deficit, both of which were ranked moderate.

Overall sensitivity was ranked moderate for Central California Coast steelhead,
but 35% of bootstrapped samples ranked high. This DPS was ranked moderate at both
the estuary and freshwater juvenile stages because of its extended periods in both
environments. Fish from this DPS reside 1-3 years in fresh water and often an entire year
in lagoons. During these life stages, steelhead from this DPS are very sensitive to water
quality and habitat access.

Extrinsic Factors

For Central California Coast steelhead, risk attributes related to climate change
are superimposed on existing threats, such as dams and other impassable barriers, water
diversions, agricultural development, urbanization, logging practices, and hatchery
influence (Bushy et al. 1996). These combined risk factors increase the likelihood of
rapid extirpation as time passes without dramatic action to protect and enhance habitats.

There is no directed commercial or recreational fishing for Central California
Coast steelhead in the ocean. However, recreational steelhead fishing occurs in several
rivers within the range of this DPS. Regulations prohibit retention of natural-origin
Central California Coast steelhead in these fisheries; however, retention of up to two
hatchery-origin steelhead per day is allowed. Incidental mortality from these recreational
fisheries is not well documented (Spence 2016). For these reasons, Central California
Coast steelhead ranked high in the other stressors attribute.

Central California Coast steelhead is listed as threatened under the U.S.
Endangered Species Act. Quifiones and Moyle (2014) rated this DPS as “highly
vulnerable” to climate change as a result of its low population abundance, greatly reduced
and fragmented stream flows, and highly altered watersheds.

Adaptive Capacity

Adaptive capacity for Central California Coast steelhead was ranked moderate
because this DPS presumably benefits from some buffering by rainbow trout populations
in the headwaters of its natal streams. These populations can produce individuals that go
out to sea and present a potential source of extensive life history variation. If conditions
become unfavorable for the anadromous type, this DPS would likely shift towards a
higher proportion of resident fish.
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Northern California steelhead
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Life History Synopsis

Northern California steelhead adults exhibit both summer- and winter-run
migration timing. In larger watersheds such as the Mad and Eel River, freshwater entry
for winter-run fish can occur as early as September or October. In smaller watersheds,
some of which are subject to bar formation, freshwater entry typically begins in
December and continues into April or May (Busby et al. 1996). Neither flow nor
temperature is generally problematic for winter-run adults. Summer-run populations
migrate primarily from April to June or July (Moyle et al. 2008). Migration distances
range from a few kilometers in systems such as Redwood Creek to more than 250 km in
the Middle Fork Eel River, and distances were even longer prior to dam construction.
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Summer-run adults depend on cold-water refuges that often occur at tributary junctions or
in thermally stratified pools (Nielsen et al. 1994; Moyle et al. 2008).

Age at maturity varies considerably within and among populations of Northern
California steelhead. The predominate life history of winter-run spawners includes 2
years in fresh water and 1-2 years at sea; however, fish may spend anywhere from 1-3
years in fresh water and up to 3 years at sea (Busby et al. 1996). Additionally, adults
may survive to spawn a second or third time. Progeny of summer-run adults remain in
fresh water 1-3 years, with 2 years being most common, and spend 1-3 years at sea, with
1-2 years being most common.

Non-anadromous individuals add to the suite of life histories in this DPS,
Additionally, the DPS includes a "half-pounder” life history where fish migrate to sea for
2-4 months, return to fresh water to overwinter in non-reproductive condition, and then
return back to sea. The "half-pounder” type is found in the Eel and (possibly) Mattole
Basins (Snyder 1925; Moyle et al. 2008). During marine residence, steelhead moves
rapidly offshore and is widely distributed across the subarctic North Pacific (Myers
2018). Juvenile steelhead typically move rapidly through estuarine habitats (Hayes and
Kocik 2014; Myers 2018). However, for rivers in this DPS, ocean access can be
intermittently blocked by barrier sandbars, forcing fish to inhabit lagoons until ocean
access is restored (Hayes and Kocik 2014).

Climate Effects on Abundance and Distribution

In general, flood risk exposure ranked higher for DPSs in California than for those
in the Pacific Northwest. Climate-related concerns from flooding include redd scour
during high flows and deposition of fine sediments in spawning gravels. Risk of redd
scour is exacerbated when large wood and other structural elements are lacking. Change
in rainfall intensity and frequency and shifts in the timing of peak flows will affect the
risk of both red scour and sediment deposition. Despite these potential risks, Northern
California steelhead ranked low in sensitivity during early life history (egg stage), likely
due to spawn timing that occurs somewhat later than peak flooding.

At present, low flow conditions during spring can result from low snowpack or
low spring precipitation. Such flow conditions can hinder migration of adult summer
steelhead, causing them to over-summer in suboptimal (i.e., warmer) habitats lower in the
watershed. This behavior has been observed in Northern California steelhead in the Van
Duzen and Middle Fork Eel Rivers (S. Thompson and S. Harris, CDFW, personal
communication). Summer-run steelhead were considered to have higher vulnerability to
climate change in the California multi-species recovery plan because of additional
exposure to high summer stream temperatures.

Northern California steelhead ranked moderate in exposure to stream temperature
and in sensitivity at the juvenile freshwater stage. Sensitivity of steelhead was ranked
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lower than that of Chinook and coho because steelhead tends to use habitat over a
broader range of temperatures than these other species (Myrick and Cech Jr 2001).

Steelhead uses lagoons extensively (Zedonis 1992; Cannatta 1998; Wallace and
Allen 2007, 2015), and thus is likely sensitive to changes in lagoon dynamics. Poor
water quality (high temperature, low dissolved oxygen, high salinity) can limit use of
lagoons in some watersheds and at certain times of the year (J. Kiernan, NMFS SWFSC,
unpublished data). Lagoon water quality is dictated by complex interactions between
stream flow, over-bar exchange of marine water, breaching dynamics of sand bars, wind,
and other factors. These processes affect the relative quantity of fresh and saline waters
and the degree of mixing, which in turn affects salinity-driven stratification of the water
column, with the potential to create anoxic conditions (Atkinson 2010).

In extreme cases, mixing of anoxic waters that occurs with breaching of sand bars
has been known to cause fish kills (Smith 2009). However, there was uncertainty in how
climate change would affect these dynamics because of the interaction between sea level
rise, air temperature rise, and change in precipitation (see additional discussion of climate
effects for Central California Coast coho). Once steelhead smolts enter the ocean, they
tend to move offshore relatively quickly, heading primarily in a northward direction
(Hayes and Kocik 2014). In sum, Northern California steelhead sensitivity was ranked
moderate in the estuary stage, with moderate exposure to sea level rise.

However, this DPS was rated high for exposure to change in sea surface
temperature because changes in temperature across the entire marine range of this species
are projected to exceed two standard deviations. In exposure to ocean acidification,
Northern California steelhead was rated very high because it exceeded 14 standard
deviations across the marine range.

Overall the moderate vulnerability score for this DPS reflected long periods of
exposure to change in both the freshwater and marine environments (multiple years per
juvenile). For winter-run steelhead, these periods were tempered by moderate sensitivity
stemming from tolerance of warm conditions, reproductive timing that avoids peak
temperatures, and the ability to wait for intermittent precipitation events. Increased
summer warming would likely reduce or eliminate some populations of the summer-run
type due to loss of summer habitat. Adults residing in freshwater during summer are
likely at higher risk within this DPS.

Extrinsic Factors

Northern California steelhead ranked moderate in sensitivity to hatchery
influence. Mad River Hatchery operates the only active hatchery program in the
geographical range of this DPS. However, Mad River broodstock was established with
out-of-basin fish, primarily from the Eel River, and this hatchery population is not
considered part of the DPS. Outbreeding between hatchery and wild steelhead in the
Mad River is considered a significant risk factor, as in some years hatchery-origin

S3-126



Table of Contents

steelhead may constitute more than 60% of spawners in the Mad River and its tributaries
(Spence 2016).

Northern California steelhead is listed as threatened under the U.S. Endangered
Species Act, and was therefore ranked moderate for population viability (Spence 2016).
Its sensitivity to other stressors, including fisheries and invasive species, was ranked
moderate. There is no directed commercial or recreational ocean fishing on
natural-origin stocks in this DPS, and ocean harvest is thought to be relatively rare.
However, recreational steelhead fishing occurs in many rivers within this DPS. While
regulations prohibit retention of natural-origin Northern California steelhead in these
fisheries, retention of hatchery-origin steelhead is allowed. Incidental mortality from
these recreational fisheries is poorly documented (Spence 2016). Water diversion,
land-use practices, pesticides, invasive species (striped bass and pikeminnow), and dams
on the Eel and Mad Rivers have been identified as extrinsic threats (Moyle et al. 2008;
NMFS 2015).

For a majority of Northern California steelhead populations, as well as for the
Central California Coast steelhead and California Coastal Chinook DPSs, the
Multispecies Recovery Plan assessed the quality and extent of estuary and lagoon rearing
habitats. Estuary and lagoon habitats were considered in poor condition compared to
other habitat components.

Adaptive Capacity

Northern California steelhead was ranked high in adaptive capacity because of its
substantial life-history diversity, which includes both winter- and summer-run types, as
well as a wide age range at smolt migration and maturation. Although other coastal
steelhead have similar life histories, this DPS benefits from less xeric ecosystems than
other California steelhead, which might provide Northern California steelhead with a
greater buffer from extreme conditions with climate change.
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Lower Columbia River steelhead

Overall vulnerability—Moderate (2% Low, 92% Moderate, 6% High)
Biological sensitivity—Moderate (3% Low, 93% Moderate, 3% High)
Climate exposure—High (98% High, 2% Very high)

Adaptive capacity—High (2.3)

Data quality—S84% of scores > 2

Expert Data Expert Scores Plots
Lower Columbia River Steelhead Scores Quality (Portion by Category) mL
ow
Early life history 1.5 2.8 bl
: : | - @ High
Juvenile freshwater stage 21 2.8 —, M Very High
Estuary stage 1:2 23 =1 1
b Marine stage 2 2
£ 9 —
= Adult freshwater stage 16 2.8 [
5 e
> Cumulative life-cycle effects 1.8 2 P
= -
3 Hatchery influence 3.2 25 e |
3 Other stressors 2.7 2.5 ____m|
Population viability 2.5 28 :
Ocean acidification sensitivity 1.9 1.8 P |
Sensitivity Score Moderate
Stream temperature 3.4 2.5 . — I |
Summer water deficit 2.6 2 — ' |
Flooding 2 2
n == |
[ e B
% Hydrologic regime 17 28 — T
5
§ Sea level rise 1.8 2 e I
°§ Sea surface temperature 3.2 23
I — . |
L;-J- Qcean acidification exposure 3.9 3 -_
Upwelling 1.6 18 —
Ocean currents 1.8 1 -_—
Exposure Score High
Overall Vulnerability Rank Moderate
Life History Synopsis

Lower Columbia River steelhead adults migrate year-round, but are generally
classified as summer- or winter-run types. Migration is generally from December to
April for the winter run and from April to November for the summer run (Busby et al.
1996). Spawning in both runs occurs predominantly in winter and spring, when
temperatures generally are not severe. Incubation and early rearing occurs in late spring,
at temperatures generally below critical limits (\Wade et al. 2013). Rearing conditions do
not appear to be limited by temperature at present (Busby et al. 1996; Wade et al. 2013).

Steelhead may spend multiple years in fresh water as juveniles, increasing
sensitivity to environmental conditions at the freshwater juvenile stage relative to other
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salmonid species. Nonetheless, the panel considered overall evidence for tolerance of
this DPS to a broad range of temperatures, leading to a sensitivity score of low for the
juvenile freshwater stage. Although low, sensitivity for this DPS was scored slightly

higher at the juvenile than at other life history stages. Fish from this DPS spend little

time in the estuary as they migrate directly to marine waters (\Weitkamp et al. 2015).

Lower Columbia River steelhead smolts generally exhibit early ocean migratory
patterns that limit their exposure to potential climate change effects. Like most West
Coast steelhead populations, juvenile migrants in this DPS exhibit rapid westward
movement, indicative of an offshore distribution. This marine distribution extends across
the subarctic Pacific Ocean (Myers 2018), limiting exposure to nearshore conditions such
as changes in upwelling or sea level rise (Daly et al. 2014; VVan Doornik et al. 2019).
Spawning migration distances are also relatively short, limiting exposure of adult fish to
freshwater threats, and there are no effects of mainstem dams for this DPS except for the
few populations above Bonneville Dam.

In the Lower Columbia River, altered stream and riparian habitats, including loss
of side-channel rearing areas, are key impacts affecting each population, especially in
downstream reaches. Several populations have significant habitat area blocked by
tributary dams (NMFS 2013).

Climate Effects on Abundance and Distribution

Lower Columbia River steelhead sensitivity ranks were moderate overall,
reflecting substantial exposure to changes in the freshwater environment tempered by
tolerance to warm conditions and reproductive timing that avoids peak temperatures.

For Lower Columbia River steelhead, exposure to ocean acidification ranked very
high, as it did for all species in this assessment. Very high scores for this attribute
resulted from the strong magnitude of expected pH change, the broad spatial extent of
ocean acidification, and the relatively high certainty in the direction of change. Exposure
of this DPS was also ranked high for sea surface temperature, reflecting the broad spatial
extent of this attribute. This DPS also ranked very high in exposure to stream
temperature and moderate in exposure to summer water deficit.

Lower Columbia River steelhead ranked low in exposure to nearshore attributes,
since juveniles tend to spend less time in the nearshore environment and migrate offshore
relatively quickly. Nearshore exposure attributes for which this DPS ranked low included
sea level rise, upwelling, and ocean currents.

Wade et al. (2013) found that relative to other Pacific Northwest steelhead, Lower
Columbia River steelhead had moderate exposure to expected changes in stream
temperature and high exposure to changes in flow. Lower Columbia River steelhead was
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expected to have high sensitivity scores based on its habitat condition and threatened
population status.

Lower Columbia River steelhead juveniles migrate rapidly through the estuary in
late spring and experience a short window of exposure to estuarine influence relative to
other species (Fresh et al. 2005). Therefore, exposure was low for sea level rise effects
on the estuary. However, these juveniles use the estuary more extensively than many
other juvenile steelhead, and therefore this DPS had slightly higher exposure scores for
sea level rise than other Oregon and Washington stocks.

Extrinsic Factors

Lower Columbia River steelhead ranked high for hatchery influence, and
moderate for both other stressors and current population viability: most hatcheries are
production hatcheries. More specifically, among populations for which data are
available, five of nine winter-runs had more than 40% hatchery adults in the spawning
population, and 3 of 5 summer-runs had more than 25% hatchery adults (Good et al.
2005).

The Lower Columbia River was discussed as an area with high and diverse
human impacts, which led to the score of moderate for other stressors. These other
stressors include potential loss of floodplain habitats and invasive species (NMFS 2013).
Dams limit or block access to the higher elevation spawning habitat that would have
otherwise provided cold-water refuge from climate change (Myers et al. 2006; Ford et al.
2015). In the Lower Columbia River, except for the Wind River summer-run population,
all populations of steelhead have moderate to very low probabilities of persistence (Good
et al. 2005; NMFS 2013). Both abundance and productivity are low (Good et al. 2005).

Adaptive Capacity

Lower Columbia River steelhead can tolerate a broad range of temperatures and
has a very flexible life history. However, this DPS may have to shift migration or spawn
timing in response to hydrologic regime change effects (\Wade et al. 2013). Overall, this
DPS ranked high in adaptive capacity.
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Upper Willamette River steelhead

Overall vulnerability—High (47% Moderate, 51% High, 2% Very high)
Biological sensitivity—High (51% High, 49% Moderate)

Climate exposure—High (95% High, 5% Very high)

Adaptive capacity—Moderate (1.8)

Data quality—84% of scores > 2
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Life History Synopsis

Upper Willamette River steelhead is an ocean-maturing phenotype with adults
entering fresh water from late winter to early spring (March-April). Adults spawn within
a few weeks of freshwater entry (April-June), with eggs incubating in stream gravels
through mid-summer (Busby et al. 1996). Juveniles generally spend 2-3 years in fresh
water prior to migration, and in the Willamette and other systems, some individuals
complete the life cycle entirely within fresh water (Kendall et al. 2015). Migrating
steelhead juveniles are believed to spend little time in the Columbia River estuary
(Weitkamp et al. 2015) and move directly offshore to feeding areas across the subarctic
Pacific Ocean (Light et al. 1989; Daly et al. 2014; Van Doornik et al. 2019).
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Climate Effects on Abundance and Distribution

For Upper Willamette River steelhead, two of the three contributors to high
exposure scores were attributes of the marine environment: ocean acidification and sea
surface temperature. Sensitivity of upper Willamette River steelhead to ocean
acidification, however, was ranked just below moderate. Similarly, sensitivity of upper
Willamette River steelhead to sea surface temperature was ranked moderate. However,
data quality scores for sensitivity attributes indicated that information is lacking.

Stream temperature was the most important freshwater exposure factor for this
DPS because steelhead juveniles generally rear for one or more years in fresh water
before migrating (Busby et al. 1996). Of the four recognized populations of winter
steelhead in the Upper Willamette River Basin (Myers et al. 2006), all inhabit rivers that
drain the west slopes of the Cascade Range. However, only the North Santiam River
extends to the high Cascades region, where snow melt and ground water contribute
significantly to stream flows (Chang et al. 2018). Access to much of this historical
spawning habitat in the North Santiam is blocked by impassable dams (Ford et al. 2015).
Studies of steelhead in other basins have shown warmer summer temperatures associated
with development of anadromy, whereas a resident life history type was more prevalent
in streams with colder summer water temperatures (McMillan et al. 2012). In contrast,
the distribution of native steelhead in the upper Willamette Basin is not cleanly
associated with gradients in summer stream temperature.

In the Willamette River Basin, native late-winter migrating populations occur in
watersheds draining the Cascade Mountains on the eastern edge of the basin.
Interestingly, native steelhead populations are not believed to inhabit the upper extremes
of the basin, nor the tributaries of its western edge, which drain the Coastal Range,
although steelhead are known to migrate much longer distances to reach spawning
grounds in other watersheds (Busby et al. 1996). In other systems, longer steelhead
migrations are associated with adult returns in summer. Thus, the late winter entry of
Willamette River steelhead, which is believed to be an adaptation to allow historical
passage over Willamette Falls (Busby et al. 1996), may pose a temporal constraint on the
migration distance that native steelhead can attain prior to spawning. Such time
constraints may be more important than temperature in terms of the distribution of
steelhead in the Willamette Basin.

Extrinsic Factors

One of the most important attributes driving sensitivity of upper Willamette River
steelhead was hatchery influence, which was ranked high. Though hatchery propagation
of this lineage is no longer occurring, there are established populations of non-native
winter-run steelhead, active hatchery summer-run steelhead production, and feral natural
production of non-native summer- and winter-run steelhead in the basin (Bushy et al.
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1996; Van Doornik et al. 2015). There may also be a legacy of stocking non-native
hatchery rainbow trout to support recreational harvest in reservoirs and rivers.

In the Willamette Basin, historically introduced, non-native steelhead with earlier
winter run-timing have established to varying degrees in west-side tributaries that drain
the Oregon Coast Range (Busby et al. 1996). Recent analyses indicate these non-native
steelhead are genetically distinct from native populations to the east (\an Doornik et al.
2015). Results of this work also indicate that native steelhead and resident rainbow trout
in the upper Willamette Basin are distinctive, yet form a definable lineage relative to
non-native winter and non-native summer-run steelhead. Genetic analyses of native
rainbow trout and native winter steelhead in the basin does not indicate a substantial level
of introgression (\VVan Doornik et al. 2015). Genetic analysis of fish from the nearby
Sandy River suggests that non-native hatchery rainbow trout do not readily hybridize
with native winter steelhead (Winans et al. 2018).

Ecological effects from this suite of non-native, hatchery-derived populations of
summer and winter steelhead and rainbow trout are a concern, though not well
understood, partly because such effects can be extremely difficult to rigorously quantify
(Weber and Fausch 2003). This applies to largely unquantified direct and indirect
effects, such as attraction of very large numbers of anglers to harvest non-native
steelhead and trout (and other salmonids, such as hatchery spring Chinook). These
popular river and reservoir fisheries may lead to incidental mortality of native juvenile
and adult winter steelhead. Such effects can be magnified in locations where access of
native fish is constrained by the presence of impassible dams (Sheer and Steel 2006).

In addition to non-native salmonids, there are growing numbers of non-native
fishes spreading throughout the basin, and the effects of these species may equal or
exceed threats from non-native salmonids (Williams 2014). Most of these species are
tolerant of much warmer water temperatures than salmonids, and climate warming could
lead to their increased dominance over, or consumption of, upper Willamette River
steelhead (Carey et al. 2011; Lawrence et al. 2012).

The Willamette River Basin supports the highest human population densities in
the state of Oregon, and there are a variety of growing threats related to urbanization and
water quality. These threats include unknown levels of pollution from a host of personal
care and pharmaceutical products that are difficult to detect, often unregulated, and
biologically active at extremely low concentrations (Yeakley et al. 2014).

Therefore, other stressors (which include non-native fish species and human
caused habitat degradation) was ranked high, and was the highest-ranking climate
sensitivity attribute for upper Willamette River steelhead.
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Adaptive Capacity

Winter steelhead in the upper Willamette River have an extended freshwater
residency, and the majority of naturally produced smolts migrate during their second
spring (Keefer and Caudil 2010). Although it is possible for winter steelhead to complete
the life cycle as resident O. mykiss, there is little information on the frequency of this life
history trajectory, and it is not thought to be common among naturally produced fish.
While juvenile winter steelhead will redistribute themselves during freshwater residency,
cooler, higher-elevation rearing habitat in tributary basins is either not present (Molalla
and Calapooia River), inaccessible due to impassable dams (North Santiam, Brietenbush,
and Middle Santiam River), or severely degraded (South Santiam River). There is
considerable flexibility in both juvenile migration (Keefer and Caudil 2010) and adult
return timing (Jepson et al. 2015) to adapt to temperature extremes. There has been no
hatchery supplementation of winter-run steelhead since the late 1990s, and with the
exception of hybridization with non-native summer-run and early winter-run steelhead,
the genetic integrity of this DPS is thought to be relatively intact (\Van Doornik et al.
2015). Upper Willamette steelhead ranked moderate for adaptive capacity.
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Middle Columbia River steelhead

Overall vulnerability—High (10% Moderate, 90% High)
Biological sensitivity—High (10% Moderate, 90% High)
Climate exposure—High (99% High)

Adaptive capacity—Moderate (2.0)

Data quality—=84% of scores > 2
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Life History Synopsis

Middle Columbia River steelhead includes both a summer run, or
stream-maturing phenotype and a winter-run, ocean-maturing phenotype. In the
Columbia River, arrival of adults from this DPS may occur nearly every month of the
year, with those that return early spending well over 6 months in fresh water before
spawning. Following this period, spawning occurs over a 7-month window, from
January to July. Spawn timing varies by phenotype (ocean or freshwater maturing) and
ambient conditions (e.g., flow, temperature). Emergence occurs over a smaller window,
generally ranging from May through July.
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As do juveniles from other steelhead DPSs, Middle Columbia River steelhead
juveniles generally spend 2-3 years in fresh water prior to migration, and some
individuals complete the life cycle entirely within fresh water (Kendall et al. 2015).
Migrating juvenile steelhead are believed to spend little time in the Columbia River
estuary (Daly et al. 2014; Weitkamp et al. 2015) and move directly to offshore feeding
areas across the subarctic Pacific Ocean (Myers 2018; VVan Doornik et al. 2019).

Climate Effects on Abundance and Distribution

Though marine exposure attributes ranks were high for Middle Columbia River
steelhead, the corresponding sensitivity attributes of this species are poorly understood,
and this was reflected in the generally low-ranking data quality for both marine and
estuarine attributes. Linkages between adult returns and marine conditions have not been
extensively evaluated for this DPS, although some inferences can be made from general
ocean distribution information and temporal patterns in smolt-to-adult return rates.

Although detailed information on ocean distributions for Columbia River
steelhead is not available, past studies suggest that steelhead from Pacific coastal systems
generally occur in the Gulf of Alaska and subarctic waters south of the Aleutian Islands
(Light et al. 1989). Abdul-Aziz et al. (2011) developed spatially explicit representations
of open ocean thermal habitat for steelhead. They found that under a multimodel
ensemble average of climate model outputs using the A1B emissions scenario, summer
habitat area declined by 36% for the 2080s, with the largest losses in the northeast Pacific
Ocean. Wintertime habitat area losses were 2%, with reductions at the southern end of
the historical range largely offset by gains in the Bering Sea and Sea of Okhotsk.

Whether a general northward and westward displacement of the most frequently
observed thermal open ocean habitat will have substantial impacts on the life-cycle,
productivity, or spawning distribution of these steelhead is not known. A recent study of
smolt-to-adult return ratios found similarities in annual marine survival patterns, with
regional groupings for Puget Sound, British Columbia and coastal Washington and
Oregon (Kendall et al. 2015). These groupings suggest that for steelhead,
marine/estuarine factors associated with the point of ocean entry may be a more
important determinants of year class survival than general conditions in the adult ocean
range.

The life stage at which Middle Columbia River steelhead had the highest
sensitivity to climate change was the adult freshwater stage. Because many adults spend
months in fresh water prior to spawning and hold during the warmest temperatures and
lowest flows of the year, they may be particularly vulnerable to climate-related impacts to
freshwater habitat. This general threat to the summer-run life history contributed to the
moderate rank in cumulative life cycle effects for this DPS.
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Extrinsic Factors

Exposure to other stressors ranked high, and for Middle Columbia River
steelhead, these include particular challenges from dams, which limit adult movement up
and downstream during summer pre-spawn periods and repeat spawning attempts.
Adults are also vulnerable to predators and angling in thermal or flow refuges. Many of
these stressors influence adults primarily, but juveniles also face habitat stress. Other
stressors likely to be exacerbated in the face of climate change include widespread
invasion of non-native, warm-water species (Sanderson et al. 2009) and biological effects
from contaminants (Yeakley et al. 2014). Hatchery influence, both within and outside of
the mid-Columbia, was ranked high in reducing the resilience of this DPS. Straying of
hatchery fish from populations outside of this DPS is a well-known phenomenon.
Mid-Columbia River steelhead is listed as threatened under the U.S. Endangered Species
Act, but is considered at lower risk than other interior steelhead (Ford et al. 2015).

Adaptive Capacity

Mid-Columbia River steelhead exhibits diverse life histories. Recent work on
interactions between anadromous and resident types of O. mykiss in the middle Columbia
region and throughout the range of steelhead has shown that both types can and often do
interbreed (Hard et al. 2015; Kendall et al. 2015), as is the case for many salmonids
(Sloat et al. 2014). Local factors such as reproductive isolation in space or time or
population sizes of either type may govern how different forms of O. mykiss interact.
There is good evidence that resident rainbow trout can increase resilience of steelhead, as
returning adults of the latter can be traced to resident parents (Kendall et al. 2015).
Middle Columbia River steelhead ranked moderate for overall adaptive capacity.
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Snake River Basin steelhead

Overall vulnerability—High (9% Moderate, 88% High, 3% Very high)
Biological sensitivity—High (9% Moderate, 91% High)

Climate exposure—High (97% High, 3% Very high)sa

Adaptive capacity—Moderate (1.8)

Data quality—S84% of scores > 2
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Life History Synopsis

The majority of Snake River steelhead adults enter the Columbia River and
migrate upstream in late summer/early fall, with migration peaking from August to
October (Robards and Quinn 2002; Copeland et al. 2017). Many stocks hold through
winter in mainstem reaches of the Columbia or Snake River and complete migration the
following spring (Keefer et al. 2008). Peak spawning generally occurs from April to
May, depending on temperature and flow conditions, and spawning tributaries are 800 to
1,500 km upstream from the Columbia River mouth. Depending on spawn timing and
temperature, fry emerge from the gravel from May through July.
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Age at juvenile migration varies among populations of this DPS, but is generally
correlated with elevation and annual stream temperature (Busby et al. 1996).
Lower-elevation populations are dominated by 2-year-old juvenile migrants, whereas
higher elevation areas tend to produce both 2- and 3-year-olds.

Steelhead juveniles migrate through the Columbia River estuary relatively rapidly
in late spring, with a very short window of exposure to estuarine habitats (Fresh et al.
2005; Weitkamp et al. 2015). However, avian predation imposes significant mortality on
juveniles during movement through the estuary (Evans et al. 2012, 2016). Once in the
ocean, Snake River Basin steelhead generally exhibit rapid westward movement and have
an offshore marine distribution across the subarctic Pacific Ocean (Light et al. 1989; Daly
et al. 2014; Myers 2018; Van Doornik et al. 2019).

Climate Effects on Abundance and Distribution

Snake River Basin steelhead ranked high in sensitivity attributes overall, in part
because of high sensitivity at the adult freshwater stage. Most populations are subject to
high stream temperatures during the upstream migration and pre-spawn holding phases
(Wade et al. 2013). Moreover, for populations in Lower Snake River tributaries, the
presence of mainstem dams (particularly Lower Granite Dam) may exacerbate straying.
Snake River Basin steelhead also ranked high to very high in exposure to increased
stream temperature and summer water deficit during the upstream migration and holding
periods, indicating high vulnerability to climate change at the adult freshwater stage.

Although detailed information on ocean distributions for this DPS is not available,
past studies suggest that steelhead from Pacific coastal systems generally occur in the
Gulf of Alaska and in subarctic waters south of the Aleutian Islands (Light et al. 1989).
Abdul-Aziz et al. (2011) developed spatially explicit representations of open ocean
thermal habitat for steelhead. They found that under a multimodel ensemble average of
climate model outputs using the A1B emissions scenario, summer habitat area declined
by 36% for the 2080s, with the largest losses in the northeast Pacific Ocean. Wintertime
habitat area losses were 2%, with reductions at the southern end of the historical range
largely offset by gains in the Bering Sea and Sea of Okhotsk.

Whether a general northward and westward displacement of the most frequently
observed thermal open ocean habitat will have substantial impacts on the life-cycle,
productivity, or spawning distribution of these steelhead is not known. A recent study of
smolt-to-adult survival trends found similar patterns in annual marine survival for stocks
within regional groupings for Puget Sound, British Columbia and coastal Washington and
Oregon (Kendall et al. 2017). Such patterns suggest that marine/estuarine factors
associated with the point of ocean entry may be more important determinants of
year-class survival for steelhead than general conditions in the adult ocean range.
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Despite moderate to high exposure scores for flooding, stream temperature, and
summer water deficit, Snake River Basin steelhead ranked low to moderate for sensitivity
at the early life history (egg incubation) and juvenile freshwater stages. Sensitivity of
egg incubation was rated low because stream temperature and flows are generally well
within tolerance limits. Therefore, this DPS is likely somewhat less vulnerable at the egg
incubation and juvenile rearing stages. Sensitivity scores were low to moderate for the
estuary stage. Snake River Basin steelhead ranked high in exposure to sea surface
temperature, with low exposure to ocean currents, upwelling, and sea level rise.
Sensitivity was ranked moderate for the marine stage.

Extrinsic Factors

High sensitivity scores for hatchery influence and other stressors contributed to
an overall high vulnerability ranking for Snake River Basin steelhead. Both production
and conservation hatchery programs are present, and potential for interactions varies
considerably across major population groups and populations (Ford et al. 2015; Copeland
et al. 2017). Just over one-half of populations in this DPS have relatively low levels of
direct hatchery influence, but the potential for such impacts is high for many remaining
populations. Populations with little direct hatchery influence represent a wide range of
habitat conditions across the DPS. However, the majority of populations with high
hatchery influence are in upper reaches of the Salmon River.

Several populations are subject to relatively high exposures to other stressors,
including water withdrawals, riparian and stream habitat degradation, etc. Water
withdrawals in some populations have resulted in reduced flows that impact
spawning/rearing habitat and downstream migration/rearing corridors. Altered stream
and/or riparian habitats, including loss of side-channel rearing areas, are key impacts
affecting all major population groups. These factors could have significant impacts to
more than one-half of extant populations.

Adaptive Capacity

Snake River Basin steelhead ranked moderate for adaptive capacity overall, but
there was a large number of low scores. This DPS could potentially shift its adult return
and upstream migration timing to avoid peak temperatures in late summer, but such a
shift may lead to increased negative effects from lower flows. For populations in high
temperature or low flow areas, there are limited opportunities to shift juvenile rearing
patterns to avoid climate change effects.

S3-145



Table of Contents

Literature Cited

Abdul-Aziz, O. I, N. J. Mantua, and K. W. Myers. 2011. Potential climate change
impacts on thermal habitats of Pacific salmon (Oncorhynchus spp.) in the North
Pacific Ocean and adjacent seas. Can. J. Fish. Aquat. Sci. 68:1660-1680.

Busby, P. J., T. C. Wainwright, G. J. Bryant, L. J. Lierheimer, R. S. Waples, F. W.
Waknitz, and I. V. Lagomarsino. 1996. Status review of west coast steelhead from
Washington, Idaho, Oregon, and California. U.S. Dep. Commerce NOAA Tech.
Memo. NMFS-NWFSC-27.

Copeland, T., M. W. Ackerman, K. K. Wright, and A. Byrne. 2017. Life history
diversity of Snake River steelhead populations between and within management
categories. N. Am. J. Fish. Manage. 37:395-404.

Daly, E. A., R. D. Scheurer, R. D. Brodeur, L. A. Weitkamp, B. R. Beckman, and J. A.
Miller. 2014. Juvenile steelhead distribution, migration, feeding, and growth in
the Columbia River estuary, plume, and coastal waters. Mar. Coast. Fish. 6:62-80.

Evans, A. F., N. J. Hostetter, D. D. Roby, K. Collis, D. E. Lyons, B. P. Sandford, R. D.
Ledgerwood, and S. Sebring. 2012. Systemwide evaluation of avian predation on
juvenile salmonids from the Columbia River based on recoveries of passive
integrated transponder tags. Trans. Am. Fish. Soc. 141:975-989.

Evans, A. F., Q. Payton, A. Turecek, B. Cramer, K. Collis, D. D. Roby, P. J. Loschl, L.
Sullivan, J. Skalski, M. Weiland, and C. Dotson. 2016. Avian pedation on
jvenile sImonids: satial and tmporal aalysis bsed on aoustic and passive integrated
transponder tags. Trans. Am. Fish. Soc. 145:860-877.

Ford, M. J., K. Barnas, T. Cooney, L. G. Crozier, M. Diaz, J. J. Hard, E. E. Holmes, D.
M. Holzer, R. G. Kope, P. W. Lawson, M. Liermann, J. M. Myers, M. Rowse, D.
J. Teel, D. M. V. Doornik, T. C. Wainwright, L. A. Weitkamp, and M. Williams.
2015. Status review update for Pacific salmon and steelhead listed under the
Endangered Species Act: Pacific Northwest. National Marine Fisheries Service,
Northwest Fisheries Science Center, Seattle. Available from
www.nwfsc.noaa.gov/publications/scipubs/searchdoc.cfm.

Fresh, K. L., L. L. Casillas, L. L. Johnson, and D. L. Bottom. 2005. Role of the estuary
in the recovery of Columbia River basin salmon and steelhead: an evaluation of
the effects of selected factors on salmonid population viability. U.S. Dep.
Commerce NOAA Tech. Memo. NMFS-NWFSC-69.

Keefer, M. L., C. T. Boggs, C. A. Peery, and C. C. Caudill. 2008. Overwintering
distribution, behavior, and survival of adult summer steelhead: Variability among
Columbia river populations. N. Am. J. Fish. Manage. 28:81-96.

Kendall, N. W., G. W. Marston, and M. M. Klungle. 2017. Declining patterns of Pacific
Northwest steelhead trout (Oncorhynchus mykiss) adult abundance and smolt
survival in the ocean. Can. J. Fish. Aquat. Sci 74:1275-1290.

Light, J. T., C. K. Harris, and R. L. Burgner. 1989. Ocean distribution and migration of
steelhead (Oncorhynchus mykiss, formerly Salmo gairdneri). Fisheries Research
Institute, University of Washington, 8912, Seattle, WA.

Myers, K. W. 2018. Ocean ecology of steelhead. Page 1090 in R. J. Beamish, editor.
The ocean ecology of Pacific salmon and trout. American Fisheries Society,
Bethesda.

S3-146



Table of Contents

Robards, M. D., and T. P. Quinn. 2002. The migratory timing of adult summer-run
steelhead in the Columbia River over six decades of environmental change. Trans.
Am. Fish. Soc. 131:523-536.

Van Doornik, D., D. Kuligowski, C. A. Morgan, B. Burke, and T. R. Seamons. 2019.
Insights, from genetic analyses, into stock-specific distribution of juvenile
steelhead (Oncorhynchus mykiss) from the Columbia River during early marine
migration. Fish. Bull. NOAA. 117:97-106

Wade, A., T. Beechie, E. Fleishman, N. Mantua, H. Wu, J. Kimball, D. M. Stoms, and J.
Stanford. 2013. Steelhead vulnerability to climate change in the Pacific
Northwest. J. Appl. Ecol. 50:1093-1104.

Weitkamp, L. A, D. J. Teel, M. Liermann, S. A. Hinton, D. M. Van Doornik, and P. J.
Bentley. 2015. Stock-specific size and timing at ocean entry of Columbia River
juvenile Chinook salmon and steelhead: Implications for early ocean growth. Mar.
Coast. Fish. 7:370-392.

S3-147



Table of Contents

Upper Columbia River steelhead

Overall vulnerability—High (1% Moderate, 98% High, 1% Very high)
Biological sensitivity—High (1% Moderate, 99% High)

Climate exposure—High (99% High, 1% Very high)

Adaptive capacity—Moderate (1.8)

Data quality—S84% of scores > 2
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Life History Synopsis

The majority of Upper Columbia River steelhead adults enter fresh water and
migrate upstream from July through October, with the migration generally peaking in
August and September. Adults from all populations overwinter in the Columbia River or
in its major tributaries upstream from Priest Rapids and Rock Island Dam. They
complete migration the following spring. Spawning tributaries are 800-900 km upstream
from the river mouth, and spawning occurs from March through June. Depending on
spawn timing and temperature, fry emerge from the gravel in June and July, although
emergence may be as late as September in upper-elevation tributaries due to cool
temperatures.
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Age at juvenile migration varies among populations in this DPS, and migration
timing is generally correlated with elevation and annual stream temperatures. Most
juveniles migrate at age-2 and age-3, although smolts ranging from age-1 to age-7 have
been observed (Bushy et al. 1996).

Smolts migrate through the estuary relatively rapidly in late spring, with a very
short window of exposure to estuarine habitats (Fresh et al. 2005; Weitkamp et al. 2015).
However, avian predation imposes significant mortality on juvenile steelhead moving
through the estuary (Evans et al. 2012, 2016). Once in the ocean, Columbia River
steelhead generally exhibits a rapid westward movement with an offshore marine
distribution across the subarctic Pacific Ocean (Light et al. 1989; Daly et al. 2014; Myers
2018; Van Doornik et al. 2019).

Climate Effects on Abundance and Distribution

Upper Columbia River steelhead ranked high overall in sensitivity attributes, in
part because of its high score for the adult freshwater stage. Populations encounter peak
summer temperatures during adult migration and pre-spawn holding (Wade et al. 2013).
This DPS also ranked high in exposure to stream temperature, reflecting its high
vulnerability at multiple life stages and contributing to its high ranking for cumulative
life cycle effects.

Although detailed information on the ocean distribution of Columbia River
steelhead is not available, past studies suggest that steelhead from Pacific coastal systems
generally occur in the Gulf of Alaska and in subarctic waters south of the Aleutian
Islands (Light et al. 1989). Abdul-Aziz et al. (2011) developed spatially explicit
representations of open ocean thermal habitat for steelhead. They found that under a
multimodel ensemble average of climate model outputs using the A1B emissions
scenario, summer habitat area declined by 36% for the 2080s, with the largest losses in
the northeast Pacific Ocean. Wintertime habitat area losses were 2%, with reductions at
the southern end of the historical range largely offset by gains in the Bering Sea and Sea
of Okhotsk.

Whether a general northward and westward displacement of the most frequently
observed thermal open ocean habitat will have substantial impacts on the life-cycle,
productivity, or spawning distribution of these steelhead is not known. A recent study of
smolt-to-adult survival trends found similarities in patterns of annual marine survival for
steelhead stocks, with regional groupings for Puget Sound, British Columbia, and coastal
Washington and Oregon (Kendall et al. 2017). Such patterns suggest that
marine/estuarine factors associated with the point of ocean entry may be a more
important determinants of year class survival for steelhead than general conditions in the
adult ocean range.
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Upper Columbia River steelhead ranked moderate to high in exposure to
flooding, stream temperature, and summer water deficit. However, sensitivity at the
early life history and juvenile freshwater stage was rated low because at present, stream
temperatures and flows are well within tolerance limits. Sensitivities were low to
moderate at the estuary stage. Exposure was high for sea surface temperature and low
for ocean currents, upwelling, and sea level rise. Sensitivity was moderate at the marine
stage.

Extrinsic Factors

Upper Columbia River steelhead scored high in all three extrinsic sensitivity
attributes (population viability, hatchery influence, and other stressors). This DPS is
listed as threatened under the U.S. Endangered Species Act, similar to other interior
Columbia steelhead. However, Upper Columbia River steelhead is at higher risk than
other northwest steelhead, and was reported to be in danger of extinction in a prior status
review. Spatial diversity is low because all extant populations are in a single population

group.

Large-scale mitigation hatchery programs are operating in three of the four
tributaries that sustain natural production of this DPS, with ongoing straying into the
fourth tributary (Entiat River). Proportions of hatchery adults in natural spawning areas
of the Wenatchee River have declined in recent years due to relative increases in natural
production, changes in hatchery release levels and locations, and (possibly) changes in
broodstock practices aimed at increasing natural characteristics. In the Methow and
Okanogan Rivers, proportions of hatchery spawners in natural spawning areas remain
very high, although efforts have been initiated to evaluate relative reproductive success as
well as release and broodstock strategies.

Altered stream and riparian habitats, including loss of side-channel rearing areas,
are key impacts affecting all populations, especially in downstream reaches. Water
withdrawals result in reduced flows that impact spawning and rearing habitats, especially
for the Methow and Okanogan populations, as well as downstream migration corridors.

Adaptive Capacity

Upper Columbia River steelhead ranked moderate for adaptive capacity overall.
This DPS may have some latitude to shift timing of adult migrations to avoid peak late
summer temperatures (Robards and Quinn 2002), but the consequences of such timing
shifts are not known. In each river population, individuals occupying the mid-to-lower
reaches are subject to annual high stream temperatures and summer water deficits, and
there are limited opportunities to shift juvenile rearing patterns. Anadromous O. mykiss
may have some opportunities to expand summer rearing and overwintering to habitat
areas upstream, but the amount of suitable habitat is limited compared to the potential
loss of habitat in downstream reaches.
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Puget Sound steelhead

Overall vulnerability—High (39% Moderate, 69% High)
Biological sensitivity—High (30% Moderate, 70% High)
Climate exposure—High (1% Moderate, 99% High)
Adaptive capacity—High (2.1)
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Life History Synopsis

Within the Puget Sound steelhead DPS, winter-run adults migrate from November
to May, and summer-run adults from May to October. Migration distances in Puget
Sound are relatively short (<150 km). Spawning occurs primarily in March and April,
although it can start as early as January in lowland, rain-dominated areas, and peak as late
as May or June in cooler, snow-dominated locations (Myers et al. 2015). In some
locations there is a clear distinction between winter-run and summer-run spawning areas.
For example, in basins with partially impassable barriers, winter migrants are blocked,
and only the summer-run is successful. Conversely, in short, rain-dominated basins, most
spawners are winter-run. However, there is also overlap in spawning areas and timing,
where segregation of the two run types is not clear (Myers et al. 2015).
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Survival through the incubation period is not well documented, but there are
potential temperature effects for summer-run Puget Sound steelhead. Temperatures and
flow levels during incubation are generally below maximum limits for most populations.
Most juveniles migrate to Puget Sound at age 2. In the White, Nisqually, and Green
Rivers, 16-20% of juvenile migrants are age 1, while in the Skagit, Snohomish, and
Elwha Rivers, 15-27% are age 3. Puget Sound steelhead appears to have a relatively
short estuary residence time, with juveniles moving to the Strait of Juan de Fuca within
1-3 weeks (Weitkamp et al. 2014). Ocean migrations are poorly understood, but limited
data indicate that they travel to the central subarctic North Pacific Ocean (Burgner et al.
1992, Myers 2018). In general, North American steelhead undergo extensive ocean
migrations into the Gulf of Alaska and subarctic North Pacific Ocean, areas with an
absolute thermal range of 2.8-15.8°C for all seasons and a frequently observed range of
6-12.5°C from spring through fall and 5-11°C in winter (Abdul-Aziz et al. 2011).

There is a moderate amount of variation in age at maturity, but most individuals
in this DPS spend 2 years at sea and typically mature after 1 to 3 years. Deer Creek
summer-run steelhead spend one year at sea (Myers et al. 2015).

Climate Effects on Abundance and Distribution

Puget Sound steelhead rear in the sound year-round; thus, it ranked moderate in
exposure to summer water deficit and high in exposure to stream temperature and
flooding (see also Wade et al. 2013). All three freshwater life stages were scored low to
moderate in sensitivity. However, because spawning typically occurs after the peak
storm season, this DPS received a lower sensitivity score for early life history (egg stage)
compared with Puget Sound Chinook and coho. Winter-run adults are not sensitive to
summer stream temperature or low flows during migration (Beechie et al. 2013).
However, the summer run may have higher sensitivity to the extent that partially
impassable barriers constrain their migration timing. The relatively short juvenile
migration distances reduce dependence on the size of the spring freshet, so that these
juveniles are less sensitive to changes in snowpack than those from interior steelhead
DPSs.

Abdul-Aziz et al. (2011) developed spatially explicit representations of open
ocean thermal habitat for steelhead. They found that under a multimodel ensemble
average of climate model outputs using the A1B emissions scenario summer, habitat area
declined by 36% for the 2080s, with the largest losses in the northeast Pacific Ocean.
Wintertime habitat area losses were 2%, with reductions at the southern end of the
historical range largely offset by gains in the Bering Sea and Sea of Okhotsk.

Whether a general northward and westward displacement of the most frequently
observed thermal open ocean habitat will have substantial impacts on the life-cycle,
productivity, or spawning distribution of this DPS is not known. However, West Coast
steelhead salmon populations may be vulnerable to the projected displacement of high
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seas thermal habitat. Puget Sound steelhead ranked high for exposure to sea surface
temperature, and moderate in sensitivity at the marine stage.

Extrinsic Factors

Puget Sound steelhead is listed as threatened under the U.S. Endangered Species
Act, and therefore ranked moderate for sensitivity to population viability. All extant and
viable summer-run populations are in the North Cascades population group, indicating a
relatively limited spatial distribution. Habitat fragmentation (Hard et al. 2015) led to a
high rank in the other stressors category. Outplanting of hatchery fish has historically
been widespread in Puget Sound, and this DPS ranked high in sensitivity to hatchery
influence. Most Puget Sound DPSs had low scores for diversity and spatial structure,
largely because of extensive hatchery influence, breeding populations, and freshwater
habitat fragmentation or loss. There has been some loss of accessible habitat above dams
in some river basins (Hard et al. 2015).

Adaptive Capacity

Puget Sound steelhead ranked high for adaptive capacity. Steelhead has a very
flexible life history that is responsive to environmental conditions. If growth conditions
change, these fish are relatively capable of changing the age at which they smolt. Adults
migrate across a wide temporal window even to the same spawning areas, and thus this
DPS likely has the flexibility to change migration timing if needed. Nonetheless, some
habitat locations with partially impassable barriers may become inaccessible due to
altered temperatures and flows.
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