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Pacific salmon are an important cultural 
and economic resource around the Pacific 
Rim. In British Columbia (BC) they are a 

crucial economic resource both provincially and 
globally and are also relied upon by First Nation 
and coastal communities as a high priority food 
source. Economically, BC fisheries generate 1.0 
billion CAD annually, from combined sources 
of aquaculture, wild stocks, commercial and 
recreational fisheries. Unfortunately, many vital 
wild salmon populations are currently at risk and 
average returns are dwindling. In particular, Fraser 
River coho (Oncorhynchus kisutch) and Okanagan 
Chinook (O. tshawytscha) salmon have been listed 
as threatened, while Cultus and Sakinaw sockeye 
salmon (O. nerka) are endangered (DFO 2016).

Many factors contribute to the declines in Pacific 
salmon including pollution, habitat destruction 
(e.g., barriers to spawning areas), over-fishing, 
over-harvesting, and climate change. These factors 
are all predicted to have negative impacts on BC 
fisheries. However, despite knowledge of those 
stressors, many questions about the responses of 
Pacific salmon to extreme climate variability remain 

unknown. As global temperatures continue to rise 
and unprecedented changes in the environment are 
observed, information regarding these questions 
is crucial. Many scientists throughout the North 
Pacific are working to find answers. The North 
Pacific Anadromous Fish Commission (NPAFC) 
is currently working on a multi-vessel high seas 
expedition plan in 2021 to investigate Pacific salmon 
distribution, migration, growth, and fitness under 
present oceanic conditions. This endeavor may help 
to elucidate responses to climate change of these 
vitally important fish and what this will mean for the 
individuals and communities that depend on them.

To predict how Pacific salmon and their prey 
will respond to climate change, an understanding 
of how climate change and ocean acidification 
affect seawater habitats is required. The ocean is a 
dynamic and complex environment, especially along 
the west coast of Canada. This region is sensitive to 
acidification because its pH is already relatively low 
(Haigh et al. 2015). Multiple seawater parameters 
are affected by changing ocean conditions including 
temperature, salinity, dissolved oxygen, primary 
production, pH, and alkalinity. Coastal regions are 
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especially vulnerable, as they are subjected to 
the cumulative effects of freshwater and marine 
variations, urbanization, and waste disposals 
(Hare and Mantua 2000; Overland et al. 2006). 
Temperatures in the Strait of Georgia have been 
rising > 1°C per century, and the Fraser River has 
also been experiencing an increase in the number 
of days that temperatures exceed the limit for safe 
salmon migrations (> 18°C; Riche et al. 2014). It 
would be remiss not to briefly mention the North 
Pacific marine heatwave of 2014, colloquially termed 
‘The Blob,’ where sea surface temperatures rose 
3°C above normal levels (Bond et al. 2015). It is 
predicted that anomalies such as this will occur 
more frequently and generate even more extreme 
conditions—due to greenhouse gas emissions—as 
climate change progresses.

Increases in temperature affect the amount of 
oxygen than can be dissolved into sea water. The 
partial pressure of oxygen, commonly referred to 
as PO2 (mm hg), is an accurate way to determine 
oxygen levels in the water, not influenced by 
temperature or solubility. Oxygen diffuses more 
readily into cooler water than warm. Therefore, 
increasing ocean temperatures resulting from 
climate change can reduce the overall amount of 
oxygen available to aquatic organisms. Increases 
in ocean temperatures can also impact coastal and 
freshwater salmon habitats.

Decreases in oxygen saturation are positively 
correlated to higher salmonid embryo mortality 
rates (Malcolm et al. 2010). This is vital information 
concerning the development of salmonid embryos 
which subsequently affect the success of hatch 
rates and fry survival. Salmonid eggs are buried and 
incubated in redds for a period of 58 to 260 days 
(Sparks et al. 2019), with northern and southern 
salmon populations spawning at different times to 
optimize the conditions the eggs will be exposed 
to during the gestation period (Brannon 1987; 
Hodgson and Quinn 2002; Brannon et al. 2004). 
Additionally, an increase in temperature may shorten 
the development time of the salmonid embryos 
(Sparks et al. 2019) by increasing metabolic rates 
and activities to adapt to increasing temperatures, 
but this is not necessarily favourable. The shorter 
incubation time may lead to more synchronized 
spawning and decrease the portfolio effects of 
salmon—a diverse “portfolio” with variable spawn 
and hatch time increases resilience to climate 
change, similar to a diverse investment stock 
portfolio (Adelfio et al. 2019). Additionally, higher 
temperatures during incubation of pink salmon 
resulted in smaller fry and alevins compared to 
lower temperatures (Murray and Beacham 1985). 
However, temperature selection may also drive 
changes in developmental phenology. Warmer 

waters could result in a shift in spawning phenology 
so that the fry hatch when conditions are most 
favourable for their survival (Sparks et al. 2019). 
However, optimal temperature and oxygen 
conditions may not be the only factor involved in 
fry survival. Other factors that impact hatch rates 
and fry survival include pH, yolk-to-egg ratios, food 
availability, and predation.

Temperature is not the only variable that is being 
influenced by climate change. Since pre-industrial 
times, the concentration of atmospheric carbon 
dioxide (CO2) has been increasing exponentially, 
driving ocean acidification. Carbon dioxide reached 
the highest recorded levels, approximately 400 
ppm, after 800,000 years, in 2015 (Luthi et al. 
2008; Dlugokencky and Tans 2015). These levels 
are predicted to reach over 900 ppm by 2100 
(Meinshausen et al. 2011). A significant amount of 
this excess CO2 has been absorbed by the ocean, 
which has thus far acted as a carbon sink and 
reduced further consequences of climate change 
from occurring. However, by removing CO2 from 
the atmosphere, the partial pressure (PCO2) of 
marine systems is increased. As a result, ocean 
pH decreases, driving ocean acidification and 
environmental degradation (Doney 2010).

It is essential to measure ocean pH to monitor 
the rate of ocean acidification as climate change 
progresses. However, the additional ions present 
in saltwater make measuring and reporting pH 
significantly more complex than in freshwater 
(Brewer 2013), and the chemistry of the ocean’s 
carbon state must be considered when examining 
ocean acidification. The carbon state refers to 
the concentration of each chemical in the form of 
dissolved inorganic carbon (DIC). Atmospheric CO2 
(> 1%) dissolves into the ocean where it forms 
carbonic acid (H2CO3) in the presence of H2O. H2CO3 
will further dissociate into bicarbonate (HCO3

-) and 
a proton (H+), lowering the ocean pH and increasing 
the partial pressure of CO2 (PCO2). At the most acidic 
end, HCO3

- forms carbonate ions (CO3
2-) and H+ 

(Figure 1). Quantifying the ocean’s carbon state 
requires knowing temperature and salinity along 
with two of the following four variables: DIC, pH, 
total alkalinity, and PCO2. Including phosphate and 
silicic acid concentrations would further improve the 
accuracy of this measurement (Dickson et al. 2007).

As pH decreases, marine organisms that use 
CaCO3 to build and maintain carbonate structures 
(e.g., seashells) will be negatively impacted, as less 
is available to them (Haigh et al. 2015). Aragonite is 
a soluble form of CaCO3, commonly used by marine 
calcifiers to build their shells or other structures. 
The effects that ocean acidification will have on 
their ability to build and maintain these structures is 
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based on the aragonite saturation state (Ω).This can 
be calculated using the following equation: 

		  Ω = [Ca2+][CO3
2-] 

			        Ksp

In this equation, [Ca2+] is the concentration of 
calcium in the water, multiplied by the concentration 
of carbonate [CO3

2-] and divided by the equilibrium 
constant, Ksp. When Ω decreases to 3 or below, 
shelled organisms become stressed. At levels of Ω < 
1, their shells will begin to dissolve (Figure 1). In the 
Bering Sea, aragonite undersaturation is expected 
to exceed historic variability by 2044, and by 2062 
it will become chronic (Mathis et al. 2015 as cited by 
Crozier 2016).

Carbonate ion concentrations can be quantified, 
making it a useful measurement for tracking 
ocean acidification. The aragonite saturation 
state is closely linked to pH, decreasing as pH 
decreases. The impacts of ocean acidification are 
not only experienced by calcifying organisms. 
Though they possess no shells at risk of dissolving, 
with increasing ocean acidification, other marine 
organisms such as fish, will need to expend more 
energy to remove metabolic waste products such 
as CO2. The removal of these waste products is 
partially dependent on diffusion and ambient PCO2 
gradients (Hoffmann et al. 2013). Thus, with an 
increase in PCO2 in the water, the gradient will be 
decreased—and in severe cases—CO2 may not 
readily diffuse across the gill into the ambient water 
as easily. As a result, acid-base regulation becomes 
a challenge and fishes may experience difficulties 
with cardiorespiratory control as well (Ishimatsu et 
al. 2008).

Freshwater systems are known to have larger 
pH variations than oceanic systems. Freshwater 
pH ranges from 6.5–9.0, whereas the typical pH 
range of marine environments is more strictly 
regulated, varying between 7.8–8.1. Ocean pH 
generally decreases as DIC and PCO2 increase with 
depth (Haigh et al. 2015), although the North West 
Pacific Ocean is known for its upwelling regions 
which contribute to increasing pH variability by 
transporting cooler, deep water to the ocean 
surface (Feely et al. 2010; Figure 2). There is also 
a seasonal variation in pH, as it is typically lower 
in the winter and higher in summer. In marine 
ecosystems, normal variation is expected, and water 
must not be outside of 0.2 pH units from its typical 
range (USEPA 1976). However, overall CO3

2- has 
decreased by 16% and in open ocean surface waters 
by approximately 0.1 pH units (Orr et al. 2005). This 
trend is predicted to continue, with approximately 
50% CO3

2- and 0.3–0.4 pH unit decreases estimated 
to occur by the end of this century alone (Orr et al. 
2005).

Figure 1. Carbon state and the process of ocean acidification. 
Dissolved inorganic carbon (DIC) in the oceans is in the form 
of aqueous CO2, carbonic acid (H2CO3), bicarbonate ions and 
carbonate ions. In the presence of H2O, the carbonic acid 
dissociates into HCO3

- and a proton (H+). The bicarbonate 
further dissociates into carbonate ions and another proton. 
Increasing protons result in decreasing pH, and the ocean 
becomes more acidic. Figure from the Oregon Conservation 
Strategy (2016).

Figure 2.  Northern winds and seaward surface currents 
draw cooler water with low levels of dissolved oxygen, high 
nutrients and DIC moves up from the deep ocean towards the 
shelf. As the water approaches the shelf, plankton species 
further increase hypoxia as they consume the limited DO 
(dissolved oxygen) and release DIC (dissolved inorganic 
carbon), which can lead to toxic algae blooms depending on 
the circumstances. The dynamic upwelling systems, therefore, 
can contribute to ocean acidification and adds to the variability 
of ocean pH (Figure by Chan et al. 2019 where it was modified 
from Gewin (2011) by Moni Kovacs).

Changes in freshwater pH systems may have 
important implications for salmon during their early 
life stages, as well as the success of their spawning 
periods, due to their complex life cycles. After 
hatching and developing as fry, the juvenile salmon 
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must undergo smoltification to prepare for their 
next life stage in a marine ecosystem. Typically, 
the juveniles will begin their seaward migration 
and move back and forth as they acclimatize to 
increasing salinity until they reach the ocean. The 
effects of pH disruptions may become especially 
relevant during this sensitive life stage. These 
sublethal effects can include reduced growth, 
yolk-to-tissue conversion, and maximal O2 uptake 
capacity (Ou et al. 2015). Additionally, increased 
exposure to CO2 has been shown to reduce juvenile 
growth rates in Atlantic salmon (Fivelstad et al. 
2015), although some models have alternatively 
predicted ocean acidification to have a neutral or 
positive effect for Pacific salmon in the high seas 
(Reum et al. 2015). However, those models fail to 
consider the physical responses of Pacific salmon 
when exposed to aquatic acidification.

Ocean acidification may have the capability to 
disrupt additional physiological processes beyond 
smoltification. The ion gradients that control 
cognitive signaling and behavior are extremely 
sensitive to water chemistry, and those neural 
membranes may become damaged when exposed to 
conditions outside of the normal range (Schild and 
Restrepo 1998; Tierney et al. 2010). The olfactory 
cues in salmonids are also sensitive to disruptions 
in pH, particularly when caused by increases in CO2 
(Williams et al. 2018). A previous study by Williams 
et al. (2018) determined that juvenile coho salmon 
exposed to elevated CO2 experienced significantly 
disrupted neural pathways on a physiological level. 
This has potential implications for a salmon’s ability 
to home to its natal stream for spawning following 
the oceanic developmental phase of the life cycle 
(Dittman and Quinn 1996; Gerlach et al. 2007). 
Adult salmon unable to locate their natal streams 
may “stray” to new territories. Wild fish that stray 
into hatchery territory will have their eggs and milt 
collected, which increases the genetic diversity 
of the hatchery-origin fish. However, straying of 
hatchery fish into wild populations increases the 
chances of them breeding with wild salmon and can 
lead to decreased genetic diversity and fitness of the 
next generation of wild fish. Additionally, damage to 
the olfactory bulb of juvenile coho salmon caused by 
excessive CO2 exposure has been shown to decrease 
their ability to respond to alarm cues (Williams et al. 
2018). The failure to elicit an avoidance response to 
an alarm cue may make juveniles more susceptible 
to predators as well as increasing challenges 
experienced in locating and capturing prey (Dixson 
et al. 2010; Cripps et al. 2011; Williams et al. 
2018).

In addition to affecting a salmonid’s ability to 
successfully capture prey, ocean acidification also 
threatens the survival of the prey species. For 

example, Pacific salmon typically feed on pteropods, 
whose swarming behavior allows salmon to feed 
on large clusters without having to exert much 
energy to find them (Armstrong et al. 2005, 2008). 
Ocean acidification decreases pteropod populations 
by limiting their ability to grow and maintain their 
shells. As PCO2 and temperatures increase, pteropods 
allocate more resources into a protective coating 
that prevents shells from being dissolved in waters 
that are undersaturated with aragonite (Byrne et 
al. 1984; Lischka and Riebesell 2012). Even so, 
reduced calcification under these conditions takes a 
toll on pteropod populations. In the Gulf of Alaska, 
there is a clear relationship between pteropod 
abundance and pink salmon survival (Doubleday and 
Hopcroft 2015). Therefore, under these conditions 
of heightened ocean acidification and decreased 
prey abundance, salmon must spend more time and 
energy foraging, which in turn reduces growth rates 
and ultimately survival.

Climate change may also increase competition for 
prey with other species, although more research is 
required to confirm the correlation between changes 
to inter-species and intra-species competition 
for Pacific salmon as a direct result of variables 
associated with changing ocean conditions. The 
previously described decrease in pteropod prey 
abundance due to ocean acidification will increase 
competition for all Pacific salmon that rely on 
them. Other organisms also compete with Pacific 
salmon for resources, although how climate change 
will influence their populations remains unclear. 
For example, during the International Year of the 
Salmon (IYS) winter 2019 Gulf of Alaska Expedition, 
a notable increase in northern sea nettles population 
(Chrysaora melanaster) was detected (Hunt et al. 
unpublished), likely originating from the Aleutian 
shelf. Their dry weight was approximately five 
times that of Pacific salmon, and since this sea 
nettle species are known to feed on zooplankton, 
they are likely a source of competition to Pacific 
salmon during the critical winter period for the 
salmon life cycle. How their responses to climate 
change may influence their competition for prey with 
Pacific salmon should be investigated, along with 
interactions between other species.

Invasive species are now common within aquatic 
communities and their introductions and survival in 
new ecosystems may be facilitated by the effects 
of climate change. In the Columbia Basin, invasive 
zooplankton have outcompeted native species in 
both reservoirs (Emerson et al. 2015) and the 
estuary (Bowen et al. 2015). The effects these 
invasive planktonic crustaceans have within the food 
web once they become established remain unclear. 
The invasive Asian copepod Pseudodiaptomus forbesi 
are now the dominant zooplankton during late 
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summer in the Lower Columbia River (Adams et al. 
2015). The invasive zooplankton are still prey for the 
Chinook salmon, but not the preferred prey (Adams 
et al. 2015) and may not have the same caloric 
content and benefits as the native zooplankton 
population. When preferred prey species are in 
decline, predatory fish may also switch to preying 
on smaller juvenile salmon (Willette et al. 2001). 
Additionally, in freshwater systems, increasing 
temperatures may also lead to increased predation 
on young salmon. The habitat range of predatory 
smallmouth bass is predicted to expand and overlap 
with that of Chinook juveniles with increasing 
aquatic temperature (Lawrence et al. 2015).

The ecosystem-based threats ocean acidification 
poses are amplified by those of economic 
importance. Shelled organisms are not only prey 
for salmon but are often harvested by humans for 
consumption as well. Thus, geoducks, oysters, and 
clams specifically, will negatively impact aquatic-
based economies as their populations decline 
due to ocean acidification (Figure 3). Along with 
shelled organisms, salmon are contributors to the 
Canadian economy. Commercially and recreationally 
harvested wild salmon species include Chinook, 
coho, sockeye, pink and chum, but unfortunately 
more data is needed to understand the full extent of 

how ocean acidification will affect their populations 
(Figure 3). Concerning pink salmon, it is predicted 
that decreasing ocean pH will likely have a negative 
impact, due to its impacts on their pteropod prey.

Due to the economic and conservational 
consequences of ocean acidification, there are 
water quality guidelines to assist policy managers in 
making decisions to decrease the effects of ocean 
acidification. Unfortunately, air pollution is a major 
source of CO2 emissions that are driving ocean 
acidification. This makes regulating water quality 
guidelines a challenge since it is air quality that must 
first be addressed. Air quality is impacted through a 
variety of anthropogenic activities, such as driving 
cars and burning fossil fuels. Regulations to control 
emissions must be enforced on a global scale in 
order to have the greatest impact on preventing 
further ocean acidification. In the meantime, there 
are federal laws in Canada and the United States, 
such as the Clean Air Act which regulate the 
sources of air pollution, along with the Clean Water 
Act which regulate water pollutants (Craig 2015). 
However, as previously noted, clean water and air 
are intricately linked and may influence each other.

Regulations tend to focus on guidelines for single 
parameters, forming guidelines based on individual 
standards. It is important to consider the cumulative 
effects of multiple stressors on organisms, as they 
may become more sensitive to changes in water 
quality parameters when more than one condition 
is outside of their typical range. While an organism 
may be more tolerant to changes in water quality 
separately (e.g., temperature stress), if this happens 
in occurrence with another stressor (e.g., pH), 
then the combined stress of temperature and pH 
may have a synergistic effect with a greater impact 
than predicted. The United States Environmental 
Protection Agency (USEPA) now recognizes pH 
as one of its water quality standards, along with 
a variety of other regulations such as specific 
contaminate levels. As one of its water quality 
standards, this means that there is an acceptable 
range that must be maintained, and this value is 
region-specific with seasonal variations. In marine 

Figure 3. The impacts of ocean acidification and estimated 
economic value for species that are harvested either (A) in 
the wild or (B) are a farmed species. The size of the circle 
represents the species value, while squares are species 
that may be impacted by ocean acidification but are not 
commercially harvested. The effects of ocean acidification are 
represented by solid colours, while uncertainty is shown by 
stippling. The asterisks (*) representants indirect effects on 
that species. Figure from Haigh et al. 2015, where the trophic 
level was adapted from Preikshot 2007 (Madrone Environmental 
Services, Duncan, BC), and landed value for economic estimated 
were based on data from BC Ministry of Agriculture (2012) and 
DFO (2013) for euphausiids. Refer to Haigh et al. (2015) for the 
R code that was used to generate this figure.
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ecosystems, normal variation is expected, but 
water must not vary more than 0.2 pH units from 
the typical range of 6.5–8.5 (USEPA 1976). Above 
or below this range can result in damage to the 
ecosystem, which could include bleaching corals, 
a variety of physiological impacts to fish and/or 
shelled organisms, or risks of toxic algal blooms.

Rapidly developing environmental changes, 
like ocean acidification and climate change, have 
the potential to negatively impact our oceans and 
underline the imperative need to increase our 
understanding of the implications they may have 
on Pacific salmon. The anadromous nature of these 
already threatened fish may make them more 
susceptible to climate change and the resulting 
lower ocean pH, since they rely on both freshwater 
and marine ecosystems to complete their life cycles 
(Crozier et al. 2008). Southern populations, such 

as the declining Puget Sound Chinook, are not 
doing well and many salmon are decreasing their 
ranges along the California Current System as they 
cannot survive the increased temperatures (Cheung 
et al. 2015). However, there are some positive 
salmon populations and production trends worth 
mentioning. Pacific salmon species in Northern 
regions are found to be increasing in areas that 
were previously unfavourable for them (Logerwell 
et al. 2015) and there may be phenological changes 
that would favour migration (Kovach et al. 2015; 
Sergeant et al. 2015; Stich et al. 2015; Crozier 
2016) and spawn timing (Lyons et al. 2015) under 
these new conditions. Predicting how Pacific salmon 
will respond to their changing environment presents 
a formidable challenge, and thus it is imperative 
that we understand the mechanisms behind those 
responses to effectively make decisions for their 
conservation and sustainability.
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