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SALMON
INTRODUCTION
Fishing represents a way of life in the Port Gamble S’Klallam Tribe, and the Tribal community depends on
salmon for sustenance, income, and cultural identity. Puget Sound salmon stocks are extremely vulnerable
to a number of stressors, including shoreline development and armoring, flood control measures,
hydropower, deforestation, habitat degradation, hydrologic changes, and overfishing. Climate is an
important factor for anadromous fish and their habitats at every stage of their lifecycle (see Figure 1).
Figure 1. Climate change impacts on salmon across the life cycle. Source: University of Washington Climate Impacts
Group; modified from Wilderness Society 1993 [1].

As the climate continues to change, drivers that are likely to adversely affect our local salmon populations
include warmer water temperatures, lower oxygen levels, increased marine hypoxic events, and changes in
streamflow volume and timing. The timing of a selection of climate impacts on life history stages of
Chinook and coho salmon are shown in Figure 2. Direct biological effects on salmon include physiological
stress, depletion of energy resources, changing prey base, increased susceptibility to predation,
competition with invasive species, increases in diseases and pathogens, changes in habitat availability, and
barriers to spawning efforts.
Because of differences in life history and habitat among the different stocks and species of salmon,
steelhead, and trout, the same climate events can seem to affect different stocks and species in varying
ways, as shown in Table 1.
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Table 1. Potential biological vulnerabilities of salmon to changes in water flows and temperatures. Source: Adapted
from Nelitz et al. 2007 [2].

Life Stage

Chinook, Coho, Sockeye

Chum, Pink

Eggs

Scouring

Scouring

Stranding

Stranding

Change in hatch timing

Change in hatch timing

Change in growth rates

Change in growth rates

Thermal stress and mortality

Thermal stress and mortality

Oxygen stress

Oxygen stress

Change in prey density

Change in prey density

Change in competition

Change in competition

Fry

Parr

Change in growth rates
Thermal stress and mortality
Oxygen stress
Change in prey density
Change in competition

Smolts

Increased predation and competition
Change in growth rates
Oxygen stress
Delayed outmigration
Change in age at outmigration
Change in physiological function

Spawners

Change in run timing

Change in run timing

Increased disease susceptibility

Increased disease susceptibility

Thermal stress and mortality

Thermal stress and mortality

Reduced food conversion efficiency

Reduced food conversion efficiency

Increased predation

Increased predation

This chapter explores these issues in more detail.
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Figure 2. Timing of climate change effects on stream flow and temperature by life history stages of ocean-type Chinook salmon and coho salmon. Source: Adapted from
Beechie et al. (2012) with author permission [3].
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Threshold Values

Several aspects of water quantity and quality are vital for salmon at all life stages, as they can affect fitness,
susceptibility to disease, mortality risk, and other factors [4]. For adult salmon, the seven-day average of
the daily maximum temperature is considered lethal around 73°F; meanwhile, migration is reportedly
inhibited around 75°F, and the risk of disease increases around 57°F [4].
The following tables show known thresholds and ranges for environmental factors: Table 2 and Table 3
show maximum thermal tolerances for different salmonid life stages and species; Table 4 shows dissolved
oxygen thresholds; and Table 5 shows salinity tolerances for salmonids.
Climate change is expected to increase water temperatures, bringing them nearer to—or in some cases
over—established threshold levels [4]. For more information on how climate change is expected to affect
water temperatures, see the Ocean Temperature section of this chapter. Climate change is also expected
to affect sedimentation and dissolved oxygen levels in salmon habitat [4]. For more information on these
thresholds, see the Water Quantity and Flow section and the Water Quality section of this chapter.
Tolerance levels for pH are not provided here due to a lack of data and because physiological effects of
ocean acidification are expected to be minor for most adult salmon. Adult marine fish are effective acidbase regulators due to evolved ion regulation mechanisms in the gills [5], but more research is needed to
fully understand the impacts ocean acidification may have on juveniles. See the Ocean Acidification section
in this chapter for more information.
Table 2. Water temperature threshold ranges for salmon [6].

Temperature Range

Impact

55.4 – 58.1°F

Optimal range for spawning, rearing, and migrating

59.9 – 67.1°F

Range for increased disease risk in adults

68.9 – 70.7°F

Threshold for adult mortality

>70.7°F

Threshold for juvenile mortality

Table 3. Maximum weekly temperature upper thermal tolerances for salmonids [7].

Species

Upper thermal tolerance

Cutthroat trout (O. clarki)

73.9 °F

Rainbow trout (steelhead) (O. mykiss)

75.2 °F

Chum salmon (O. keta)

67.6 °F

Pink salmon (O. gorbuscha)

69.8 °F

Coho salmon (O. kisutch)

74.1 °F

Chinook salmon (O. tshawytscha)

75.2°F
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Table 4. Dissolved oxygen concentration limits for salmonid life stages (mg O2/L) [8].

Effect Level

Embryonic and Larval Life Stages1

Other Life Stages

No Impairment

11

8

Slight Impairment

9

6

Moderate Impairment

8

5

Severe Impairment

7

4

Acute Mortality Limit

6

3

Table 5. Salinity tolerances for smolting salmonids [9].

Species

Salinity2

Chinook

20 %

Chum

Not available

Sockeye

20 %

Coho

20 %

Pink

Not available

FRESHWATER ISSUES
WATER QUANTITY AND FLOW
Climate change-driven variations in rainfall, decreased snowpack, and increased warming will combine to
cause more frequent and more severe extreme flow events in the Northwest’s streams and rivers [10].
Changes in flow overall are largely driven by a shift from watersheds dominated by snowmelt and
rain/snow mix to watersheds dominated by rainfall and by increased variability of precipitation [10]. Lower
summer low-flow events and larger winter floods are projected to become more common in a warming
climate; both types of extreme events threaten salmon populations. As summer flow levels drop, water
temperatures will increase even further; together, these changes will reduce habitat for salmon [11]. In the
winter, other pressures arise: increased streamflow can scour river beds and potentially harm eggs and
juveniles (e.g., pushing juveniles out to marine waters too early) [11].
Low-flow Events
Summer low-flow events are predicted to become more widespread and more severe in river basins
throughout the Pacific Northwest as summers become drier and hotter [4]. During the summer of 2015,
several of the hatcheries operated by the Washington Department of Fish and Wildlife (WDFW)
experienced low water levels and high water temperatures, causing a loss of approximately 1.5 million
juvenile fish [12]. Sockeye salmon in the Columbia River basin encountered lethal temperatures of 76°F in

1
2

Assumed 3 mg/L difference between water column concentration and intragravel concentration where eggs and larvae occur.
Under experimental rearing temperature conditions of 50-59°F (10-15°C). Salmon reared at this salinity experienced no reduction in
growth rate [9].
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some rivers and streams as they tried to migrate upstream. Thousands of fish died, and many were
observed to have signs of bacterial infections [13].
Low streamflows are predicted to have substantial impacts on salmon populations during their freshwater
lifecycles [14]. Increased frequency and severity of low-flow events will limit both juvenile salmon
attempting to travel downstream to the ocean and adult salmon traveling upstream to spawn [14]. For
example, ocean-type Chinook, which use freshwater for spawning during summer months (when
streamflow is expected to be lowest), could confront more barriers to spawning with more frequent lowflow events [14]. In some extreme cases, low flows will prevent fish from reaching their spawning grounds
[15]. Extreme low flows may also compound the effects of increased water temperatures on salmon that
were discussed in the previous section [11].
The increase in low-flow events is attributed to a variety of factors related to climate change, including
increased evaporation, reduced springtime snowpack, and reduced summer precipitation [4]. With rising
winter temperatures, more winter precipitation will fall as rain rather than snow, which will greatly
influence flows in historically snow-dominated watersheds [4]. Warmer spring temperatures will also
trigger earlier spring snow melt [11].
Higher summer air temperatures will also directly reduce streamflows by increasing evaporation, especially
in wider, shallower channels [16]. It is important to note the feedback loop that exists between evaporation
and low streamflows: as evaporation reduces water flows, the water will warm further, making increased
evaporation likely [11]. As a result, summer base flows are projected to be lower, and fish will be forced
into smaller channels and less diverse habitats [16]. Projected declines in summer precipitation will only
exacerbate these conditions. Groundwater contributions and reservoir operations, where relevant, may
help offset some of the projected streamflow decline. Further study is needed to quantify the impacts of
these potential buffers as well as their reliability as a solution to low-flow events, given that a warmer
climate also creates a higher water demand for human uses.
Floods, Washout, and Scouring
A 2015 study by Ward et al. found that over the last half century, river flows in the Pacific Northwest have
become more variable [10]. In low-lying areas, this variability may be caused in part by stormwater runoff
from developed areas, but variability observed at higher altitudes—in areas with relatively low human
impacts—indicates that this change is also driven by larger shifts in weather patterns [10]. Overall, Ward et
al. found that while flow variability had a significant negative effect on Chinook population growth, high
flows themselves had mixed positive and negative effects [10]. Other studies, however, indicate that high
flows during incubation correlate with decreased Chinook salmon return rates, possibly due to scouring or
egg suffocation from increased sedimentation [14].
The danger of high-flow events is especially acute for fall- and winter-spawning salmon species [16]. As
severe floods start to happen more frequently, gravel scour will increase, leading to greater egg and alevin
mortality for fall- and winter-spawning species [16]. Lower flows in summer and autumn will require these
species—including Chinook, coho, chum, sockeye, and bull trout—to deposit eggs in the deeper, more
central areas of a channel; when high-flow events occur in the winter, incubating eggs and overwintering
juvenile fish will be exposed to higher risk of scouring [10]. Increased scouring directly limits population
growth by reducing the number of viable eggs that are able to grow into new generations of salmon [10].
While higher winter streamflows are expected to present a number of risks for salmon populations in the
Pacific Northwest, there may be some minor benefits. Ward et al. estimated a slight positive relationship
between mean winter flow and salmon productivity [10]. The study cited reduced predation on juveniles as
a benefit and a possible contributing factor to the increase in productivity [10]. These benefits, however, do
not necessarily outweigh the harms of high winter flows.
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Sediment Loading and Transport
While human-caused runoff plays an important role in sedimentation of streams and rivers, the projected
increase in extreme precipitation due to climate change—and the high-flow or flooding events often
caused by extreme precipitation—will also lead to more sedimentation in river and stream beds [11]. The
presence of fine sediment in spawning streams can cause salmon eggs or alevins to suffocate by reducing
available oxygen [11]. Sedimentation is also likely to reduce the amount of gravel substrate available for
spawning [11]. Together, these effects could have a significant effect on the survival of salmon spawn.
A 2009 meta-analysis of sedimentation studies found a linear negative relationship between sediment
concentrations and egg-to-fry survival in 34 of 39 studies analyzed [17]. The study found that all sizes of
sediment studied had a significant negative impact and that fine sediment is much more detrimental to
salmon survival than larger sediment particles [17]. On average, a 1% increase in fine sediment (less than
0.85 mm diameter) decreased survival rates among Chinook, coho, and chum salmon by nearly 17% [17].
The study also found evidence of a threshold effect in Chinook and steelhead survival, in which survival
rates dropped to less than 10% when fine sediment concentrations were greater than 25% [17].

WATER QUALITY
Stream Temperature
The projected rise in stream temperature will likely reduce the reproductive success for some salmon
species—particularly stream-type salmon with long freshwater rearing periods [4]. According to Mantua,
Tohver, and Hamlet, annual maximum stream temperatures throughout Washington are projected to
increase by 3.6 to 9°F by the 2080s [18].3 By the 2040s, temperature stress is expected to be one of the
most dangerous climate-driven pressures on salmon [19]. The danger of rising water temperatures is
particularly acute for some salmonid species in the Northwest (e.g., sockeye) that already live in conditions
near the upper range of their thermal tolerance [20]. An increase of even a few degrees above optimal
range can affect salmon in many ways, including by reducing available oxygen; decreasing growth rates;
increasing susceptibility to predators, toxins, and disease; and changing migration timing [15]. Average
water temperatures as low as 59°F have been shown to cause increased predation of salmonids and put
them at a competitive disadvantage with warm-water fish [4]. Figure 3 shows the increasing August air and
water temperatures projected throughout Washington State [18].4

3
4

Under both A1B and B1 emissions scenarios.
Under both A1B and B1 emissions scenarios.
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Figure 3. August mean surface air temperature (colored patches) and maximum stream temperature (dots) in
Washington State. Source: University of Washington Climate Impacts Group.

Pacific Northwest salmon with stream-type life histories will be at risk of a range of impacts stemming from
increased thermal stress [4]. Higher temperatures can cause physiological stress, depletion of energy
reserves, and disruptions to breeding [11]. Summer temperatures could reach, or even exceed, the
incipient lethal temperature for salmon; furthermore, rising temperatures will favor non-salmonid species
better adapted to warm waters, such as bass, American shad, brook trout, and brown trout—potentially
increasing predation and competition in habitats where salmon are already strained by temperature and
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flow changes [16, 14]. A host of secondary impacts are also likely, including changes in habitat, migration,
and in the growth and development of embryos and fry [16].
Impacts on Growth and Juvenile Development

The growth and development of juvenile salmon is most influenced by food supply and water temperature
[14]. Embryos and juvenile fish are expected to develop more quickly due to rising winter and spring
temperatures [14]. Increases in water temperature have been shown to harm survival through changes in
incubation duration of eggs, time of emergence, and migration behavior of juveniles [14].
In winter, warmer water temperatures accelerate embryo development and can cause earlier emergence
of fry [16]. Juveniles will continue developing rapidly, possibly resulting in their migrating downstream and
entering the ocean earlier in the season, before the plankton they subsist on has reached sufficient levels
[11]. Warmer waters will also increase metabolic demands, requiring fry to consume more food to develop
properly. Growth rates will suffer if warmer streams cannot provide additional food resources to offset the
fry’s faster metabolism [16].
Before salmon can safely migrate to the ocean, they must undergo smoltification: changes necessary to
allow them to survive in marine waters. Increased temperatures during this phase can block or change the
timing of seaward migration, cause premature smoltification, or even reverse the smoltification process to
make salmon unable to tolerate saltwater [21]. Temperatures above 53.6 to 59°F have been shown to
impair smoltification [21].
Impacts on Spawning

Mature salmon returning to fresh water to spawn are also expected to face challenges due to rising
temperatures (marine temperature is discussed in the Marine Issues section of this chapter). In warmer
streams, cold-water salmon species experience increased metabolic rates and a decrease in available
energy for swimming; the consequences may include delays in upstream migration or a complete failure to
spawn. Areas of particularly warm water can create a thermal barrier that migrating salmon must swim
around. In some cases, the thermal barrier can prevent migrating salmon from spawning [11]. Mass
mortality due to predation, increased disease transmission, or lack of oxygen can occur when these barriers
cause salmon to group together in a single area [11].
A 2006 study by Goniea et al. found that average migration rates for fall Chinook salmon in the lower
Columbia River tended to slow when water temperatures reached about 68°F; fish were finding refuge in
cooler tributaries and waiting until temperatures dropped [15]. Fall Chinook and summer steelhead, which
initiate upstream migration in the summer and are listed under the Endangered Species Act (ESA), are
vulnerable to higher temperatures and lower streamflows. They will often take refuge in cooler tributaries
until temperatures become more tolerable [15]. Similarly, ESA-listed summer chum in Hood Canal are
vulnerable because they rely on low-elevation streams that will be altered through warmer temperatures
and reduced streamflow [4].
Rising temperatures have also been demonstrated to reduce the quality and viability of gametes (mature
sexual reproductive cells, i.e., sperm or eggs) in various fish species, although more research is needed to
thoroughly explore these effects in salmonids [22]. The optimal thermal range for salmon spawning falls
between 42 and 55°F, and various studies have shown that exposure to temperatures above 55.4°F just
prior to or during spawning can harm salmonid gametes, resulting in reduced fertilization rates and lower
embryo survival [21].
Rising temperatures are predicted to result in substantial loss of Washington’s headwater habitat.
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Worst case projections indicate a 22% loss by 2090 under a high emissions scenario [16]. Still, rising
temperatures could have a less severe impact in Washington than in Oregon and Idaho, where potential
loss of headwater habitat could exceed 40% by 2090 [16].
Impacts from Viral and Bacterial Diseases and Parasites

Salmon are susceptible to several bacterial and viral diseases and to parasites, many of which (though not
all) become more virulent as temperatures increase [23]. Higher temperatures significantly raise the risk of
fish mortality because thermally stressed fish are less resistant to disease, and pathogen populations
multiply and diseases progress more quickly in warm water [23]. As temperatures increase, pathogens that
were not historically prevalent could move into the newly warm waters, compounding the other pressures
fish will face under changing ocean and freshwater conditions [23]. According to an EPA review of
freshwater temperature effects on salmon life stages, freshwater above 60°F (15.6°C) presents a higher risk
of mortality related to disease transmission [23].
Some of the diseases expected to thrive under warming conditions include Columnaris (also known as Tail
Rot), which causes infections, as well as Furnunculosis (from Aeromonas species), which infects the gills and
peritoneal cavity, and causes hemorrhaging, tail rot, and liver infections [23]. Holt et al. found that
mortality rates for fish infected with Columnaris were between 4% and 20% when the water temperature
was at 59.9°F (depending on the species); at 64°F, mortality rates climbed to 52% for juvenile spring
Chinook, 92% for steelhead, and 99% for coho salmon [8]. Time to death also tends to accelerate as water
temperatures increase [23]. Another study by Groberg et al. found that rising temperatures led to
increased mortality and accelerated time to death after infection with Aeromonas salmonicida and
Aeromonas hydrophila for juvenile steelhead, coho, and spring Chinook [24].
A parasite-caused disease, Ichthyophoniasis, has been shown in studies to progress more quickly at higher
temperatures; the disease also reduces swimming performance relative to non-infected fish [25]. While
this disease is present in several fish species all over the world, it was unknown in Pacific salmon before the
mid-1980s [26]. Since then, the disease has appeared in Chinook salmon in the Yukon River in Alaska and
now infects more than 40% of returning salmon there [26]. Studies have shown that Ichthyophonus, the
parasite that causes the disease, is most virulent at temperatures of 59°F and above [26].
Ceratomyxa shasta (C. shasta), a myxosporidian parasite endemic to most rivers in the Pacific Northwest,
infects and kills pre-spawning and juvenile salmonids, including spring Chinook, coho, and sockeye salmon
as well as other trout species [23, 27]. Studies of C. shasta have shown that the likelihood of infection
increases when water temperatures are high, flows are low, or numbers of C. shasta are relatively high
[28]. The disease also progresses more quickly when temperatures are higher [23].
Myxobacteria, a bacterial disease that thrives in warm waters, causes bacterial gill disease and also benefits
from low dissolved oxygen [23]. Vibrio (Listonella)—generally a saltwater disease, but also present in
estuaries—reportedly has optimal growth in waters above 59°F [23]. According to Tribal staff, it causes red
spots and dark lesions as well as ulceration and evulsion of the eyes.
Proliferative kidney disease (PKD) has also been demonstrated to thrive in warmer temperatures. Several
field and laboratory studies of salmonids in Europe and along the west coast of North America have
documented increased prevalence of PKD during summer months in both wild and farmed fish [29].
Temperature is also positively correlated with incubation time and infection severity, wherein fish held at
warmer temperatures have developed signs of the disease earlier than fish held at lower temperatures
[30]. Furthermore, symptoms of the infection are often more severe at higher temperatures [30].
Bacterial kidney disease (BKD), which can cause high mortality in salmon, can be found in a wide range of
water temperatures and appears to be most lethal at otherwise optimal temperatures for salmonids [31].
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In an experiment with infected sockeye, coho, and steelhead in a range of temperatures from 39.2 to
68.9°F, the highest mortality was observed at 54°F, with lower mortality at higher and lower temperatures
[31]. Therefore, it is possible rising water temperatures may correlate with lower salmon mortality due to
bacterial kidney disease.
Dissolved Oxygen
Dissolved oxygen availability in freshwater streams is crucial for salmon
and can affect growth and development at all life stages as well as
affect feeding, swimming, and reproductive capabilities [6]. Lower
RESEARCH NEED
levels of available oxygen can decrease salmon fitness by lengthening
How do low
incubation duration, reducing growth potential and feeding behavior,
dissolved oxygen
impeding swimming behavior and fitness, and increasing the likelihood
of predation [8]. At higher water temperatures, fish need higher
conditions affect
dissolved oxygen levels, which could compound the stressors salmon
gamete viability?
are likely to encounter in a warming climate [32]. While multiple
studies have evaluated the effects of low dissolved oxygen on
salmonids [33, 34, 35], missing from the literature is an assessment of
low dissolved oxygen on gamete viability. Currently available research most often focuses on the impacts to
adult migration and to embryonic and larval stages.
During the embryonic and larval stages, salmonids are highly vulnerable to low levels of dissolved oxygen
[36]. Successful incubation requires adequate dissolved oxygen levels in the surrounding waters as well as
in the gravel, which are generally considered to have concentrations at least 3 mg/L lower than in the
water above [37]. Several studies show that embryo survival is low when dissolved oxygen content is less
than 5 mg/L [8]. At sub-optimal concentrations, embryo survival is reduced, and those that do survive can
experience problems such as premature or delayed hatching and reduced size [38]. A 2006 study of Snake
River fall Chinook salmon eggs in dissolved oxygen levels of 4 mg/L found that they took 6 to 10 days longer
to hatch and 24 days longer to emerge than eggs exposed to adequate dissolved oxygen levels [39].
Smoltification also requires adequate dissolved oxygen levels and water temperature [32]. Environments
where dissolved oxygen is too low and temperature is too high can delay smoltification, causing salmon to
be ill-equipped for saltwater life stages [32].
In a 2010 assessment conducted in California, salmonids were found to avoid areas of low dissolved oxygen
[32]. Salmonids that encounter such areas during spawning migration must travel further to avoid these
areas or spend more time waiting in more suitable habitats [32]. Since spawning salmon cease feeding
once they begin their migration, this extra time spent searching for favorable routes and water conditions
reduces energy available for gonad development and spawning [32].
Low dissolved oxygen could also increase exposure to pollutants and toxins in salmon [32]. To compensate
for decreased dissolved oxygen concentration, fish increase respiration and water intake through the gills,
which increases exposure to toxins present in the water and sediment [32]. Higher water temperatures
have also been shown to increase the toxicity of several chemicals and certain heavy metals, further
compounding the dangers of increased water temperature for salmonids [21].
Freshwater Acidification
The current literature has focused less on freshwater acidification than ocean acidification. In 2015,
however, Ou et al. looked at pink salmon and found that simulations of future increases in carbon dioxide
in freshwater adversely affected the growth, olfactory responses, and anti-predator behavior of pink
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salmon during early development [40].5 With pink salmon, Ou et al. expect that higher carbon dioxide
concentrations in freshwater could make fish emerge from the gravel at the usual time but at a smaller
size; predators are more likely to prey on smaller fish [40]. While Ou et al. noted that these findings may
not be generalizable to other salmon species, freshwater acidification also seems to diminish predator
avoidance behaviors in other salmonids, possibly due to effects on olfactory sensitivity [40].

MARINE ISSUES
Predicting the effects of climate change on salmon in marine environments is much more challenging than
for freshwater. Information about the behavior patterns of salmon in marine environments is limited, and
uncertainties remain about how marine ecosystems will be affected by climate change [11]. However, a
range of direct and indirect impacts on salmonids in open-ocean ecosystems have been projected [41].
These impacts, described below, stem predominantly from climate-driven increases in water temperature
and acidity.

OCEAN TEMPERATURE
Warming ocean temperatures in the North Pacific—a
principal foraging and overwintering region for most stocks
of Pacific salmon—are projected to reshape, and possibly
dramatically reduce, the open ocean habitat of salmon
[41]. Some studies have identified a potential northward
shift of the warmest thermal boundary for salmonids by
the middle of the 21st century [42, 43]. Such a shift would
have considerable impacts on salmon by reducing suitable
habitat, particularly during summer months [44]. However,
Abdul-Aziz et al. note that salmon could adapt to changes
in marine temperature in various ways, including through
acclimation, evolution, or changes in migration timing or
routes [44].
Impacts on Nearshore and Marine Habitat
Under a moderate emissions scenario (A1B), Abdul-Aziz et al. project that by 2100, North Pacific summer
habitat will decrease 86% for Chinook; 45% for sockeye; 36% for steelhead; and approximately 30% for
coho, pink, and chum (compared to 1980 levels) due to warmer temperatures [44]. Projected winter
habitat for sockeye is also anticipated to decrease by over one-third [44].
Nearshore and estuarine habitats are also at risk from rising water temperatures, in addition to risks from
sea level rise and changes in freshwater flows [44]. These ecosystems play a critical role for salmon and
steelhead, which can spend up to a few months in them to acclimate as they transition from freshwater
streams to open ocean [44].
Eelgrass, which provides habitat and forage for salmon and other marine species, could be impacted by
several climate-related changes [45]. Eelgrass distribution could be altered as a result of increased
sedimentation, disturbance of the substrate, reduced light availability, increased water temperature,
nutrient loading, pollution, and introduction of invasive species [45]. On the other hand, increased

5

Freshwater CO2 concentrations of 1,000 and 2,000 µatm were used to simulate end-of century projections for atmospheric CO2
conditions.
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dissolved carbon dioxide concentration benefits eelgrass by increasing rates of photosynthesis and
productivity [46]. More study is needed to fully understand the potential effects of climate change on
eelgrass.
Impacts on Feeding and Predation
Increased ocean temperatures could have direct physiological effects on salmon, and may reduce their
survivability by altering the marine food web [15]. Increased sea surface temperatures could increase
metabolic costs to salmon, reducing growth and fitness [47].
One study on juvenile Chinook salmon along the coasts of
Washington and Oregon found that warmer ocean conditions
increased metabolic demands, leading salmon to consume 30%
RESEARCH NEED
more food; however, even in these circumstances, salmon were
How will coastal hypoxia change
smaller and had lower return rates than those in cold-ocean
in the Pacific Northwest as a
regimes [48]. A study on the effects of increased atmospheric
carbon dioxide on sockeye salmon also predicted that adult
result of climate change?
Fraser salmon would be smaller and less abundant [47]. On the
other hand, in their summary of published literature, Beamish et
al. write that ocean warming could expand feeding areas by
allowing salmon to spread into new northern waters [41].
Marine temperature changes also have the potential to increase
predation of salmon, as warmer waters could bring more
predators such as Pacific hake and mackerel to the region [41].
These temperature increases may also reduce the number of
other smaller fish in newly warmed areas, leading predators to
rely more heavily on salmon [11].
Dissolved oxygen
Salmonid metabolic demands require highly oxygenated waters
[8]. Salmonids have maximal swimming fitness when the daily
minimum dissolved oxygen levels are above 8 or 9 mg of dissolved
oxygen per liter of water (mg/L) [8]. Canadian water quality
guidelines for the protection of aquatic life recommend minimum
concentrations of dissolved oxygen of 8 mg/L in marine and
estuarine waters [49]. Growth, food conversion efficiency, and
swimming performance are reduced at dissolved oxygen
concentrations below 5 mg/L [50]. Even concentrations above
hypoxic levels (generally defined as less than 2 mg/L) can be
dangerous to salmon: lethal impacts begin to occur when
dissolved oxygen concentrations fall below 3 mg/L for longer than
3.5 days [8, 51].

Figure 4. Areas with low dissolved oxygen
(impaired waters) or waters of concern, based on
a 2012 water quality assessment. Source:
Washington State Department of Ecology [60].

Increased water temperature decreases dissolved oxygen [51]. As a result, climate change is predicted to
increase the likelihood of hypoxia through temperature changes as well as through seasonal variations in
coastal wind and upwelling patterns that bring hypoxic waters from lower depths to nearshore zones [51].
Hood Canal, in particular, has had longstanding issues with hypoxia due to a combination of nutrient runoff
and geography that makes water exchange and circulation difficult [52]. Areas of low dissolved oxygen in
Puget Sound and Hood Canal are shown in Figure 4 and Figure 5.
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Hypoxia has already resulted in massive die-offs of
marine fish and invertebrates in the Pacific Northwest
[51]. For species that are poorly adapted to such
conditions, hypoxia can directly change behavior and
reduce growth, reproductive success, and survivability
[51].

OCEAN ACIDIFICATION
Few studies have researched the direct effects of
projected ocean acidification on Pacific salmon species or
on the ability of Pacific salmon to adapt to decreased
aquatic pH levels. Studies on tropical reef fish
demonstrate reduced growth, behavioral changes, and
decreased survival; however, less research has been
done on impacts on fish in temperate areas [53].
Studies of other types of fish, such as Atlantic cod (Gadus
morhua), suggest that fish with high ion regulatory
Figure 5. Measured and interpolated oxygen
capacity will be able to tolerate water with lower pH
concentrations in Hood Canal, August 2006.
levels [54, 55]. However, Ou et al. found that elevated
Source: Hood Canal Dissolved Oxygen Program
(HCDOP) citizen monitoring data and UW
carbon dioxide levels in seawater negatively affected the
Spatial Analysis Lab projection [61].
growth rates of pink salmon after they migrated to
marine environments [40]. The study also noted that
nearshore marine environments, where pink salmon live and grow before migrating offshore, may have
highly variable acidification levels [40]. Additional research is needed on other salmon species and on the
cumulative and interactive effects of climate change because ocean acidification will occur in concert with
other changes to the marine environment [56].
Salmon are also likely to experience impacts from ocean acidification through food web interactions [53].
Pteropods are an important part of the marine food web and a large source of food for several fish species
including juvenile pink salmon, as well as chum and sockeye salmon [56]. Pteropod populations are
expected to decline as a result of ocean acidification [56]. In addition to potential reductions in available
prey for some salmon species, pteropod declines could cause other species that rely on them to shift
predation toward juvenile salmon [53].
For more information on ocean acidification trends and projections, see the Observed and Projected
Climate Changes chapter.

HARMFUL ALGAL BLOOMS
Pacific salmon could also be negatively affected by a changing climate through increased harmful algal
blooms (HABs) [53].
In particular, HABs can harm salmon through the several toxic algae species that thrive under low oxygen
and lower pH marine conditions. Heterosigma akashiwo, a toxic algae species, has killed millions of wild
and aquaculture salmon in Puget Sound since the mid-1970s [57] and thrives under increased dissolved
carbon dioxide concentrations [53]. The diatoms Chaetoceros concavicornis and Chaetoceros convolutus,
which cause salmon mortality through gill damage, also thrive during HABs [58].
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In a study of coho salmon that were administered domoic acid (produced by the phytoplankton Pseudonitzchia) orally, the salmon showed no observable neurological effects and passed the toxin through their
kidneys and bile [59]. The study also found that while most of the acid is passed without causing symptoms,
some of the toxin remains in the tissue for several days [59]. This asymptomatic condition means that fish
might be able to continue feeding during toxic blooms; in doing so, they would continue to accumulate and
pass on the toxin through the food web. Salmon only exhibited neurotoxic symptoms when injected with
domoic acid rather than through oral gavage methods designed to mimic natural exposure [59].
Refer to the Harmful Algal Blooms chapter for more information on HAB causes and projected impacts to
other ecosystems and species.

LOOKING AHEAD
Based on the climate science projections and the review of relevant literature, Tribal staff concluded the
following about possible changes for Hood Canal salmon populations:


Change in development timing: Current recovery could backslide due to earlier intergravel egg
development, earlier emergence, and earlier outmigration. If salmonid food sources are not
readily available, salmon may grow more slowly and be more vulnerable to predation.



Increased pathogens and disease: Higher temperatures could trigger many issues, such as elevated
pathogen vulnerability and respiratory stress. Disease outbreaks may therefore increase.
Respiratory stress in adults could reduce egg—and possibly sperm—viability, which could lead to
reduced spawn-to-fry survivals. If non-viable eggs become a source for the fungus saprolegnia,
this could suffocate adjacent live eggs. Meanwhile, respiratory stress in juveniles could increase
vulnerability to predation and reduce growth rates, both of which would further affect survival.



Lethal temperatures / dissolved oxygen exposure: Direct mortality is likely to occur, especially
during times of severe drought.

Interviews
Experts interviewed for this chapter agreed that coho and stream Chinook, which spend more time in
freshwater, will likely be hardest hit by climate change impacts in Puget Sound. They will have fewer
migration options as streams heat up, and their eggs will be vulnerable to increased winter flooding events.
Salmon are likely to remain available for income and sustenance, but some species will be more readily
available than others. Interviewees expected that warm-adapted species like chum and pinks would be less
vulnerable. Washington could look more like California does now, where temperatures are warmer and
salmon populations are still stable.
There were somewhat differing opinions on steelhead, with one interviewee indicating that they are
relatively tolerant of warmer waters and another interviewee noting that some tributaries could become
unsuitable for steelhead.

“Tribes may have to be flexible in what they expect from salmon populations. For example,
there may not be large king salmon available in the future, so they may have to rely on pinks,
chum, etc. I expect that biomass will still be adequate but will likely consist of different species
than what is currently relied upon.
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“It is important to note that salmon are already stressed due to anthropogenic impacts such as
pollution, habitat disconnection due to development, and water withdrawals. As a result,
salmon populations already have reduced resilience to climate variability. Habitat restoration
is vital to increase natural resilience.”
Lisa Crozier, Research Ecologist
Some locations will be affected more than others; for example, streams in already rain-dominated systems
will be less affected than streams that will see a shift from snow to rain.
In terms of timing, interviewees expected to see more impacts on salmon within the next 30 to 40 years.
One noted that it will take a while for the climate change signal to dominate natural variability in salmon
populations; the most severe impacts and rapid population declines will happen when extreme natural
variability overlaps with climate change.
Habitat restoration efforts—such as riparian restoration projects that increase shading of streams as well
as floodplain reconnection projects—are already important today and will also help to increase resilience
to climate change impacts in the future. For example, well-connected floodplains with diverse channels and
different flow and temperature regimes give salmon more options for migration, rearing, and protection
from flushing.
One interviewee also noted that more data would help inform consideration of climate impacts during
restoration planning. For example, mapping thermal refugia and deploying more thermographs in
particular watersheds would help identify high priority locations for restoration actions.

“I expect we will be seeing regular impacts on salmon by the 2050s and 2060s. We might see
shifts in distribution with climate change, but not a complete loss of salmon. The diversity of
life histories has given salmon lots of ways to deal with climate variability.”
Tim Beechie, Research Fish Biologist, NOAA
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